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2 We report an inelastic light scattering study of the cyclotron spin-flip mode in the two-dimensional
electron system at filling � � 1. The energy of this mode can serve as a probe of the many-body exchange
interaction on short length scales. Its magnetic field dependence is compared with predictions based on
Hartree-Fock theory. They agree well when including the nonzero width of the electron system. From the
measured energies, the exchange enhanced g factor is extracted. It diverges at small fields and differs
largely from g factors obtained via transport activation studies.
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The recent focus on making use of the spin degree of
freedom has also revived an interest in basic studies of the
enhanced g factor and itinerant ferromagnetism at, for
instance, filling � � 1 in GaAs=AlGaAs and Si=SiGe
two-dimensional heterostructures (� � n=N�, where n is
the electron density and N� is the orbital degeneracy per
unit area of a Landau level) [1–6]. For weak Zeeman
coupling, the � � 1 ground state is nondegenerate with
the total spin quantum number S � N�=2 and the spin
projection along the magnetic field axis Sz � N�=2. The
simplest neutral excitations referred to as spin excitons
have a single reversed spin. Their nature changes from
having collective spin-wave character in the long wave
limit qlB ! 0 to having single particle character in the
opposite limit qlB ! 1. Here, q is the 2D momentum, and
lB is the magnetic length. A spin exciton in the limit qlB !
1 is composed of an excited electron in the empty spin
branch of the Landau level and the hole left behind at a
large spatial separation in the filled branch of the Landau
level with opposite spin [7]. The energy to form such a pair
at zero temperature is the exchange enhanced spin split-
ting. It is written as geff�B��BB, where geff�B� is the
enhanced or effective g factor and �B is the Bohr magne-
ton, and can be obtained from temperature dependent
transport experiments.

From such a collection of transport studies [1–4], we
conclude that this splitting at fixed filling � � 1 increases
in essence linearly with B; i.e., geff remains more or less
constant. This observation contradicts simulations within
the Hartree-Fock (HF) framework. They predict that the
exchange enhanced spin splitting is proportional to

����
B
p

[7,8]. Some attempts have been made to extend the theory.
In one instance, dynamical screening of the exchange
interaction was incorporated within the random phase
approximation (RPA) [9]. The screening correction was
found to be important below 1 T. At larger fields though,

the RPA contribution is fairly small. Spin texture excita-
tions, referred to as finite-size Skyrmions and carrying one
unit of (topological) charge, have also been considered
[10]. The Skyrmion approach has been successful in elu-
cidating some nuclear resonance [11], optical absorption
[12], and transport experiments [2]. However, it does not
provide an explanation for other transport [1,3–6] and
luminescence data [13]. All the aforementioned experi-
mental techniques deal with averaged, macroscopic char-
acteristics of the 2D electron system, which apart from
Coulomb interaction are likely also influenced by poorly
controlled perturbations such as, for instance, the disorder
potential. In general, it would be highly desirable to obtain
experimental data on the exchange interaction with a
method for which the outcome is not affected by disorder
or fluctuations on length scales exceeding the magnetic
length but for which only the interparticle scale matters.

It turns out that the energy of the cyclotron spin-flip
mode—an excitation which as opposed to a spin exciton
involves a concurrent change of the orbital and spin quan-
tum numbers—measured with inelastic light scattering
may just provide this information about the exchange
interaction even when measuring at small wave numbers
[14]. For other excitations such as magnetoplasmons and
spin excitons, the exchange interaction contributes only at
large momenta, difficult to access in experiment, as a result
of the Kohn and Larmor theorems [15,16]: homogenous
electromagnetic radiation incident on a translationally in-
variant electron system is unable to excite internal degrees
of freedom associated with the Coulomb interaction, and in
a system with rotational invariance in spin space Coulomb
interaction does not contribute to the energy of zero-
momentum spin excitons. Such arguments, however, do
not apply to the zero-momentum cyclotron spin-flip mode
(CSFM). Both theory and experiment have established that
this mode excited from spin-polarized ground states ac-
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quires considerable exchange energy even for q! 0
[8,14,17,18]. Moreover, the CSFM is dispersionless, i.e.,
its energy is basically constant, up to wave number q�
1=lB [14,17]. Hence, a violation of translation symmetry
on distances larger than the magnetic length (due to dis-
order for instance) does not disturb the CSFM energy. This
mode may thus be regarded as a unique local probe of
many-body interactions. It has already proven valuable for
understanding the physics of neutral excitations of some
quantum Hall states [19–22]. Here, its properties are ex-
ploited to test how well Hartree-Fock theory performs over
a large magnetic field span as well as to obtain the ex-
change enhanced geff as a function of B. These measure-
ments shed new light on the behavior of geff as they reveal
a dramatic difference with values acquired from activated
transport experiments.

Our studies were carried out on single sided doped
Al0:33Ga0:67As=GaAs quantum wells (QWs) with a QW
width of 20, 25, and 30 nm. The mobility varied between 2
and 7� 106 cm2=V s and the density n ranged from 1 to
2:5� 1011 cm�2. The latter was changed using the opto-
depletion effect and measured by means of photolumines-
cence [23]. The experiments were performed at 0.3 K. The
optical measurements were carried out with a multiple
glass fiber arrangement [18]. One fiber transmitted a
Ti:sapphire laser beam tuned above the fundamental band
gap in GaAs in order to excite the electronic system at a
power density below 0:1 W=cm2. The scattered light was
collected with another fiber. The angles between the sam-
ple surface and the fibers responsible for pumping and
collecting defined the transferred momentum. By having
multiple collecting fibers at different angles, it was pos-
sible to change in situ the transferred momentum. The
scattered light was dispersed in a T-64000 triple spectro-
graph and recorded with a CCD camera.

Figure 1(a) shows typical Raman spectra at filling � �
1. They exhibit four lines. Two of them correspond to
collective excitations: the hybrid magnetoplasma (MP)
and the cyclotron spin-flip mode [18]. The MP energy at
qlB ! 0 may be estimated from the RPA formula [24]

 @!MP�q� �
�����������������������������������
�@!c�

2 � �@!p�
2

q
: (1)

Here, !p � �ne2q=2��0m	e�1=2 is the plasma frequency,
and !c � eB=m	 is the cyclotron frequency. The
cyclotron-spin-flip energy can be written as

 ECSFM�q� � @!c � jg	�BBj � ��q; B�: (2)

It is composed of three contributions: the cyclotron gap, the
bulk Zeeman energy g	�BB (g	 � �0:44), and a Coulomb
term ��q; B� equal to the difference between the interac-
tion energy of the ground state and the excited state with
one spin flipped [14,17]. The bulk Zeeman term at the
experimental conditions in Fig. 1 is only 0.16 meV and
negligible compared to the other terms. The observed
Coulomb term is large [inset of Fig. 1(a)] and hence it
can be measured with high precision. Little is known about

the nature of the remaining spectral features in Fig. 1(a). In
Ref. [14], they are attributed to inelastic light scattering
from the MP mode with momenta corresponding to ex-
tremal points in the dispersion. Such scattering might be
possible, if wave vector conservation no longer strictly
holds due to short scale residual disorder.

At the experimentally accessible momenta, the MP dis-
persion 6behaves linear [Fig. 1(c)]. The CSFM energy,
however, shows no change with wave number [Fig. 1(b)].
Hence, one can replace ��q; B� in Eq. (2) with ��0; B� for
the q values accessible in experiment. Figure 1 illustrates
how the CSFM energy enhances in narrower QWs. The
increase in ��0; B� with decreasing QW width originates
from reduced Coulomb softening as the width of the wave
function in the growth direction shrinks. To properly ac-
count for this nonzero thickness effect, the Fourier compo-
nents of the Coulomb potential v�q� � e2=2��0q should
be multiplied with a geometrical form factor F�q�: �v�q� �
v�q�F�q�. The form factor is given by

 F�q� �
Z 1

0
dz
Z 1

0
dz0j �z�j2j �z0�j2e�qjz�z

0j; (3)

where  �z� is the wave function in the growth direction.
The form factor monotonically decreases with q to reflect

 

FIG. 1. (a) Raman spectra at 8.5 T (� � 1) for a 20 and 25 nm
QW. The inset compares ��0; B � 7:6 T� extracted from experi-
ment for three QWs (solid triangles) with a Hartree-Fock simu-
lation (dashed line). The upper graphs display the dispersion of
the Raman shift (RS) in the long wavelength limit for the
CSFM (b) and the MP mode (c).
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that the effective Coulomb potential �v�r� �R
d2qeiqr �v�q�=4�2 falls off slower than it would for a

1=r behavior. Note that the form factor is itself independent
of B. The dependence of ��0; B� on B enters through the
magnetic length lB. It selects the range of q values that
contribute to the interaction energies [see Eqs. (4) and (5)
below]. In small B fields when l=lB 
 1 (l is the full width
at half maximum of the wave function) the Coulomb inter-
action is effectively 2D and scales with

����
B
p

. In the opposite
limit at high fields where l=lB � 1 electrons can be
thought of as long charged rods interacting via Coulomb
forces and the Coulomb interaction softens. The interac-
tion energy then exhibits a weak logarithmic B dependence
instead. In the experiment of Fig. 2, indeed ��0; B� in-
creases slower than

����
B
p

at high fields. A transition between
both limits occurs in the range of fields studied: l=lB � 2 at
9 T.

In Fig. 2 the experimental values for ��0; B� are com-
pared with HF simulations as in Refs. [7,8], but with the

inclusion of the geometrical form factor. When the CSFM
is excited the electron system loses the electron exchange
self-energy �00�B� of the 0th Landau level,

 �00�B� � �
Z d2k

�2��2
�v�k�e�k

2l2B=2; (4)

as there exists no exchange interaction between the elec-
trons in different spin states. This energy loss is partly
compensated by the exciton binding energy

 E10
v �0; B� � �

Z d2k

�2��2
�v�k�

�
1�

k2l2B
2

�
e�k

2l2B=2; (5)

between the excited electron in the first Landau level and
the hole left behind in the zeroth Landau level (vertex
corrections). Because of different orbital quantum num-
bers, the electron and hole form a ‘‘p’’ exciton [25]. These
two terms contribute to ��0; B� [14,26]:

 ��0; B� � ��00�B� � E
10
v �0; B�: (6)

The solid lines in Fig. 2 show the theoretical result. The
agreement with the experiment is noteworthy, but only if
finite thickness is taken into account. The dotted lines are
obtained for the strict 2D case and are far off. In Fig. 3(a)
the same experimental data for the different QW widths W
are replotted but the values are normalized by dividing with
the theoretical ratio �W�0; B�=�25 nm�0; B� (the subscript
denotes the QW width).

The exchange self-energy �00�B� is related to the ex-
change enhanced spin splitting observed in magnetotran-
sport experiments [1–6] according to jgeff�BBj �
jg	�BBj ��00�B�. In the strict 2D case, i.e., when F�q� �
1, j�00j=��0; B� � 2 for any field [14]. The influence of
finite width alters this ratio from 2 at B � 0 to 3 at high
field as shown for the 25 nm QW in Fig. 2. The excellent

 

FIG. 2 (color). ��0; B� values extracted from Raman experi-
ments for QWs with different widths (open symbols) in com-
parison with Hartree-Fock simulations, which take into account
the nonzero width of the wave function via form factor F�q�
(solid lines). Dotted lines show the

����
B
p

behavior predicted by
Hartree-Fock for the strict 2D case, i.e., when F�q� � 1.
Different symbols correspond to different heterostructures used
for collecting the data. The form factor is calculated from the
wave function, which itself is obtained from a self-consistent
solution of the Schrödinger and Poisson equations. The inset
pictorially explains the softening of the Coulomb interaction
with B when the FWHM of the wave function l exceeds lB. The
middle panel shows on the right axis ��00=��0; B� (blue
curves) and �E10

v =��0; B� (red curves) for a 25 nm QW (long-
dashed curve) and the strict 2D case (short-dashed curve).

 

FIG. 3 (color). (a) Normalized values of ��0; B� (same sym-
bols as in Fig. 2) for the 20, 25, and 30 nm QWs. The
normalization coefficient is equal to the ratio of ��0; B� for a
QW of width W predicted by theory to the theoretical value of
��0; B� for a 25 nm QW. The solid line is the Hartree-Fock result
for the 25 nm QW. The previously reported data point from
Ref. [14] is also displayed as a blue diamond. (b) The exchange
enhanced geff versus density (or equivalently B) calculated from
the experimental data points as described in the text. Previously
reported data from transport activation experiments are also
shown: red squares [1], black diamonds [2], 8green triangles
(down) [3], and blue triangles (up) [4].
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agreement of the ��0; B� values with theory warrant the
extraction of geff from the data using the calculated ratio
j�00j=��0; B�. The results are plotted in Fig. 3(b) and
compared with previously reported values of geff from
magnetotransport [1–4]. The two sets of data differ largely.
At low B the exchange enhanced geff acquired via Raman
scattering exceeds the transport data by an order of mag-
nitude. It reaches values as high as 60 and seems to diverge
in the B! 0 limit as expected from a dimensional analy-
sis. The activation data, on the other hand, coalesce onto a
horizontal line, which describes a B-independent jgeffj of
approximately 6. A previously reported Raman data point
[14] as well as a data point obtained with a different
method [28] agree with our results. The divergence is in
line with the predicted Stoner instability [29] for dilute 2D
electron systems at B � 0 [28,30–32], although our ex-
perimental arrangement is unable to proof7 this instability.

We conjecture that this large discrepancy between the
Raman and transport results originates from the different
susceptibility to the disorder potential of the quantities
measured in these experiments. As a consequence of ran-
dom potential fluctuations, electrons of the lowest Landau
level experience on average a weaker exchange field than
the HF field and the activation energy and hence the g
factor extracted from activation studies is significantly
reduced. In fact, although the sample mobility may not
be the best measure of the random potential fluctuations,
indeed the activation gap is systematically smaller in lower
mobility samples [1]. In Raman scattering, however, the
signal stems from those parts of the sample where the
CSFM exists, i.e., where translation symmetry is not vio-
lated on the scale of the interparticle distance. Hence, by
looking at the CSFM, only those areas in the sample with
ferromagnetic ordering are selected. In those regions the
exchange energy reaches its maximum HF value. This self-
selection mechanism is absent in macroscopic transport
studies. Scattering from regions with no ferromagnetic or-
der might be responsible for the background signal, span-
ning from the MP energy to the CSFM energy (Fig. 1). This
interpretation is strengthened by the observation of an
enhanced background in samples with lower mobility.

In conclusion, we have investigated the magnetic field
dependence of the cyclotron spin-flip mode energy of the
� � 1 quantum Hall ferromagnet using inelastic light scat-
tering. Exchange interaction energies extracted from these
measurements agree well with a Hartree-Fock simulation
provided that the finite width of the 2D system is taken into
account. In the high field limit, the nonzero width turns the
Coulomb interaction energy nearly independent of the
magnetic field. In the low field limit the observed energies
suggest a divergence of the effective electron g factor as
one would expect from theory, but in disagreement with
activated transport studies. A measurement of the CSFM
energy seems to avoid the influence of the disorder poten-
tial, which apparently averages and results in the drasti-
cally reduced g values deduced from transport studies.
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