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In this paper, we examine how spin-orbit interaction induced by the Rashba effect affects the optical
spectrum of a two-dimensional electron gas �2DEG�. The calculation is carried out on the basis of a standard
random-phase approximation for electron-electron interaction. It is found that for a spin-split 2DEG, the
spectrum of optical absorption depends strongly on two opticlike plasmon modes caused by inter-spin-orbit
excitation. More interestingly, we find that the position and the width of the spectrum relate directly to
important spintronic properties. From these theoretical findings, we propose that the Rashba spin splitting can
be identified optically and important spintronic coefficients of a 2DEG can be measured via optical
experiments.
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In recent years, the investigation of spin-polarized elec-
tron systems has become a fast-growing research area in con-
densed matter physics and electronics, owing to potential
applications in future quantum computation and quantum
communication.1 It has been realized that unlike diluted
magnetic semiconductors for which an external magnetic
field B is required to achieve spin splitting of the carriers, the
spin polarization of electrons or holes can also be observed
in narrow-gap semiconductor quantum wells even at B=0.2

In such systems, the spontaneous spin splitting of the two-
dimensional electron gas �2DEG� can occur via inversion
asymmetry of the microscopic confining potential due to the
presence of the heterojunction.3 This effect corresponds to an
inhomogeneous surface electric field and, hence, is electri-
cally equivalent to the Rashba spin splitting or Rashba
effect.4 Thus, narrow-gap quantum-well structures �such as
InAs- and In1−xGaxAs-based 2DEG systems� can serve as
advanced spin-electronic �or spintronic� devices such as
spin-based transistors,5 waveguides,6 filters,7 etc.

At present, one of the most popularly used experimental
techniques to identify the Rashba spin splitting �RSS� in a
2DEG is magnetotransport measurements under the condi-
tion where the Shubnikov–de Haas �SdH� oscillations are
observable. From the periodicity of the SdH oscillations, the
electron density in different spin branches can be measured
and, from this result, the Rashba parameter can be
determined.8–11 From a technical point of view, there are
several drawbacks in using the magnetotransport experi-
ments for the measurement of the spintronic properties. First,
relatively high B fields are required, especially for high-
density samples, in order to observe the SdH oscillations.
Second, other spin effects occurring at B�0 �e.g., Zeeman
splitting� may mix with the RSS. Third, Ohmic contacts have
to be made on the sample to conduct the transport measure-
ments. Hence, in order to carry out sample characterization
more accurately and easily, it is more favorable to use optical
experiments for the measurement of the spintronic proper-
ties. Recently, Xu found that in a spin-splitting 2DEG, two

opticlike plasmon modes �± can be excited via inter-spin-
orbit electronic transition and the frequencies of such collec-
tive excitations relate directly to the spintronic coefficients
such as electron density in different spin branches and the
Rashba parameter.12 It is well known that in an electron gas
system, the electronic transitions through charge- and spin-
density oscillations can result in optical absorption and/or
emission. As a result, opticlike plasmon modes can also be
excited and detected optically from a spin-split 2DEG. Since
the publication of Ref. 12, a serious question has been asked
about how spin-orbit interaction �SOI� can affect the optical
absorption and whether the optical spectrum induced by el-
ementary electronic excitation can be used to determine the
spintronic properties of a 2DEG. In this paper, we attempt to
answer these questions by examining the effect of electron-
electron �e-e� interaction on fast-electron optical spectrum of
a spin-split 2DEG.

For a 2DEG formed in the xy plane, the Schrödinger
equation including SOI can be solved analytically.6 Applying
the electron wave functions to the e-e interaction induced by
the Coulomb potential, we can calculate the bare e-e inter-
action. We know that for a spin-degenerate 2DEG, the e-e
interaction conserves both the linear and spin momentum
during an e-e scattering event.13 For a 2DEG with the RSS,
the linear-momentum conservation still holds because the
momentum flowing into the interaction should equal that
flowing out. However, for a 2DEG in which the RSS de-
pends explicitly on the linear momentum, the requirement of
linear-momentum conservation can flip spins of the two col-
liding electrons. Hence, spin flip may occur in a spin-split
2DEG via e-e interaction. Taking these points into account
and considering a case where only the lowest electronic sub-
band is occupied, we can derive the Fourier transform of the
matrix element for a bare e-e interaction.12 Moreover, using
the energy spectrum of a spin-split 2DEG, the electron
density-density �d-d� correlation function can be obtained, in
the absence of e-e screening, as14,15
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Here, �= ����� is defined for electronic transition from the
�� branch to the � branch with �= ±1 referring to different
spin branches, �� is the excitation energy, E��k�
=�2k2 /2m*+��k is the energy spectrum of a spin-split
2DEG with k= �kx ,ky� being the electron wave vector, m* is
the electron effective mass, � is the Rashba parameter which
measures the strength of SOI, q= �qx ,qy� is the change of
electron wave vector during an e-e scattering event, and f�x�
is the Fermi-Dirac function. Furthermore, Akq

� =1+��k
+q cos 	� / �k+q� with 	 being the angle between k and q.
Thus, under the random-phase approximation, the dynamical
dielectric function matrix becomes12


��,q� = �
1 + a1 0 0 a4

0 1 + a2 a3 0

0 a2 1 + a3 0

a1 0 0 1 + a4

� . �2�

Here, �=1= �++ �, 2= �+−�, 3= �−+ �, and 4= �−−� are de-
fined for different transition channels, j=1 and 4 �2 and 3�
are for intra-SO �inter-SO� transition, aj =−VqGq� j

0�� ,q�,
Vq=2�e2 /�q with � being the dielectric constant of the ma-
terial, and Gq=	dz�	dz�0�z���2�0�z��2e−q�z�−z� with 0�z�
being the ground-state electron wave function along the z
direction. In this study, we use a matrix to represent the
dielectric function. For a spin-split 2DEG which is essen-
tially a two-level system when only the lowest subband is
included, there are four channels for electronic transition
�i.e., j=1, 2, 3, and 4 defined here� induced by e-e interac-
tion. Hence, the dielectric function is a 4�4 matrix. This is
similar to a spin-degenerate 2DEG when two electronic sub-
bands are taken into consideration.16 The inverse dielectric
function matrix then takes the form


−1��,q� = �
1 − a1

* 0 0 − a4
*

0 1 − a2
* − a3

* 0

0 − a2
* 1 − a3

* 0

− a1
* 0 0 1 − a4

*
� , �3�

where a1
*=a1 /a14, a2

*=a2 /a23, a3
*=a3 /a23, a4

*=a4 /a14, a14
=1+a1+a4, and a23=1+a2+a3. Using Eq. �2�, the plasmon
modes can be determined by the determinant of the dielectric
function matrix �
�� ,q��=a14a23 via �
�� ,q��→0.12 This ap-
proach is similar to those dealing with a spin-degenerate
2DEG where the two- or multilevel structures are caused by
the presence of more than one electronic subband.16 In the
presence of e-e screening the electron d-d correlation func-
tion becomes

����;q� = �
�


��
−1��;q���

0��;q� . �4�

Using the Kubo formula in the absence of electronic scatter-
ing centers �such as impurities and phonons�, the optical
spectrum or conductivity for a spin-split 2DEG can be cal-
culated through15

���� = − e2� lim
q→0

�1/q2� �
��,�

Im ������,q� . �5�

Here ���� is induced by current-current correlation via elec-
tron interactions with the external electromagnetic field,17

which normally does not change the wave vector of an elec-
tron, and that is why q has to be small in Eq. �5�. This is in
contrast to conventional dynamic conductivity induced by
electronic scattering mechanisms.18 At the long-wavelength
�i.e., q→0� limit, one finds limq→0 q−2 Im �++�� ,q�
=limq→0 q−2 Im �−−�� ,q�=0 so that the intra-SO transition
does not contribute to the optical spectrum. Moreover, we
find that a strong optical absorption can occur via inter-SO
transition, especially for transition from a lower � spin
branch to a higher � branch. When q→0 and for low tem-
peratures �i.e., T→0�, considering only the processes for op-
tical absorption �i.e., ��0�, the optical conductivity induced
by inter-SO transition is given by

���� = �e2/16�����− − ����� − �+�

� 
 2�1 + 2 Re a2 + 2�Re a2�2�
�1 + Re a2 + Re a3�2 + �Im a3�2 − 1� , �6�

with Re a2=−��p
2 /�0��ln���+ /�−���+�−� / ��+�+��,

Re a3=−��p
2 /�0��ln���− /�+���−�+� / ��−�−��, and Im a3

= ���p
2 /�0�����−−�����−�+�. Here, the �¯� part comes

from e-e screening, ��x� is a unit-step function, �p
2

=2�e2neq /�m* is the plasmon frequency of a spin-
degenerate 2DEG, �0=16�ne� /m*, �±=4���n± /�, and
ne=n++n− is the total density of the 2DEG. For T→0 the
electron density in the � spin channel is12 n±

= �ne /2�� �k� /2���2�ne−k�
2 with k�=m*� /�2, which re-

sults in

�− − �+ = 4m*�2/�3. �7�

From Eq. �6�, we see immediately that the edges of the
spectrum are respectively at ��±=4���n± /� and the
width of the spectrum is �−−�+=4m*�2 /�3. It has been
demonstrated12 that �± are frequencies of two opticlike plas-
mon modes induced by inter-SO electronic transition. Thus,
the shape and profile of the optical spectrum of a spin-split
2DEG are determined mainly by inter-SO plasmon excita-
tion.

In this paper, we consider an InGaAs/ InAlAs-based
2DEG in which strong RSS has been observed
experimentally.8,9,11,19 The electron effective mass for In-
GaAs is m*=0.042me with me being the electron rest mass.
We take the typical sample parameters for a heterojunction in
the calculations. When the total electron density ne is about
1011 cm−2, the Rashba parameter � for the heterojunction
can reach up to �3–4��10−11 eV m.8,19 Using these sample
parameters, the opticlike plasmon frequency induced by
inter-SO transition is of the order �±5 THz. In the calcu-
lations, the plasmon frequency �pq1/2 is taken as 0.5 THz,
which is much smaller than �±.

The dependence of the optical conductivity on total elec-
tron density ne and the Rashba parameter � is shown, respec-
tively, in Figs. 1 and 2. Because the optical absorption coef-
ficient is proportional to optical conductivity,20 ���� can
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represent basic features of the optical absorption spectrum.
From Figs. 1 and 2, we see that for a spin-split 2DEG the
optical spectrum induced by e-e interaction via plasmon ex-
citation takes roughly a rectangular shape. Because optical
absorption is achieved mainly via inter-SO electronic transi-
tion, the position and the width of the spectrum are deter-
mined by the frequencies of two opticlike plasmon modes
�±. When q→0, �p

2 q���0 so the influence of the e-e
screening on the shape of the spectrum is rather weak except
at the absorption edges. From Fig. 1, we note that at a fixed
value of �, the blueshift of the spectrum can be achieved via
increasing the total electron density, because �± increases
with ne. However, varying the electron density of a sample
does not change the width of the spectrum. It should be
noted that although �±=4���n± /� is a functional form of
ne, �−−�+ does not depend on ne �see Eq. �7��. From Fig. 2,
we find that the strength of SOI affects strongly both the
position and the width of the optical spectrum. At a fixed ne,
the increase in � leads to a blueshift and to a broadening of
the optical spectrum, because the plasmon frequencies �±
increase with � and their difference depends on �2 �see Eq.
�7��. Our numerical results indicate that when �p�1 THz,
���� depends very little on the value of �p, similar to the
dispersion relation of the inter-SO plasmon modes �± shown
in Ref. 12.

An important conclusion we can draw from these theoret-
ical results is that if we can measure the optical spectrum of

a spin-split 2DEG, important spintronic coefficients can be
obtained optically. From the width of the spectrum, we can
determine the value of the Rashba parameter using Eq. �7�.
From the position or edges of the spectrum, we can obtain
two plasmon frequencies �±=4���n± /� and then the elec-
tron densities in the � spin branches n±. Thus, the total
electron density ne=n++n− and the spin polarization P
= �n−−n+� /ne can be determined straight away. The results
shown in the paper indicate that at a q→0 and T→0 limit,
the amplitude of ���� induced by elementary electronic ex-
citation is roughly a universal value �����e2 /16�. From
Eq. �6�, we see that Re a2Re a3 Im a3�p

2 q so that
Re a2Re a3 Im a3�1 while q→0. This implies that the
e-e screening affects weakly the shape and amplitude of
����. We note that the present study deals with an ideal case
where the electronic scattering mechanisms �e.g., impurities
and phonons� are not taken into consideration. These scatter-
ing centers can shift and broaden the electron density of
states via self-energies21 and, therefore, can alter the d-d cor-
relation function and the current-current correlation. As a
result, the shape and the amplitude of ���� may be affected
by impurity and phonon scattering. However, it has been
demonstrated theoretically22 that at the long-wavelength
limit, the phonon scattering does not affect the plasmon
modes of a spin-split 2DEG. Together with the fact that the
impurity scattering affects also weakly the plasmon modes of
an electronic system,23 we believe that for a high-mobility
sample �i.e., for weak impurity scattering� at low tempera-
tures �i.e., for weak phonon scattering�, the basic features of
the optical spectrum are mainly induced by e-e interaction
via collective excitation. Namely, the width of the optical
spectrum for a spin-split 2DEG should depend very little on
electronic scattering mechanisms. Furthermore, it is known
that for a spin-degenerate electron gas, the plasmon fre-
quency normally lead to an absorption peak in optical con-
ductivity. For a spin-split 2DEG, we see here that two
optical-like plasmon frequencies correspond to two absorp-
tion edges. The reason behind this interesting feature is that,
in contrast to fully quantized electronic states in energy
space in a spin-degenerate 2DEG, the strength of SOI and
the separation of the � spin branches in a 2DEG with SOI
depend on the electron wave vector k in k space. In such a
case, the e-e interaction, especially for inter-SO transition, is
achieved mainly through varying k. Consequently, an el-
ementary electronic excitation such as a plasmon depends on
the changes of k, which should obey the momentum and
energy conservation laws. Our results indicate that when
�+����−, the scattering channels open up for inter-SO
electronic transition accompanied by the absorption of pho-
tons. Hence, the plasmon frequencies �± are at the edges of
absorption spectrum.

Recent photoconduction measurements on spin-split
2DEGs have shown that spin-induced optical absorption
does occur in InGaAs-based quantum wells.24 It should be
noted that in these experiments, the response of spin-split
electrons to the radiation fields is detected by transport mea-
surements �i.e., the Ohmic contacts are still required and the
magnetic fields are present to observe the cyclotron reso-
nances�. From a theoretical point of view, the photoconduc-

FIG. 1. Optical conductivity ���� as a function of excitation
frequency � at a fixed Rashba parameter � for different total elec-
tron density ne as indicated. Here, �p= �2�e2neq /�m*�1/2 and �±

=4���n± /� with n± being the electron density in the � spin
branch.

FIG. 2. Optical spectrum ���� as a function of excitation fre-
quency � at a fixed total electron density ne for different Rashba
parameters � as indicated.
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tivity is mainly induced by electron-photon-impurity
�-phonon� scattering25 and all possible values of q can make
a contribution. Hence, the spectrum observed by photocon-
duction measurement differs from those obtained from opti-
cal experiments. Optical spectra of spin-degenerate electron
gas systems have been observed through techniques such as
optical absorption or transmission,26 the Raman spectrum,27

ultrafast pump-and-probe experiments,28 etc. On the basis
that the optical spectrum of a spin-split 2DEG is mainly
induced by opticlike plasmon excitation via inter-SO transi-
tion, the optical spectrum of a spin-split 2DEG can also be
measured using these state-of-the-art experimental tech-
niques. In particular, it is known that the plasmon frequency
of a spin-degenerate 2DEG depends on changes of electron
wave vector via �pq1/2. To measure the optical spectrum
of such a system, techniques such as grating couplers are
needed.28 However, the plasmon frequencies �± induced by
inter-SO transition in a 2DEG with RSS are opticlike and
well defined. Hence, the optical spectrum of a spin-split
2DEG can be more easily measured optically.

In this work, we have found that the optical spectrum
induced by electron-electron interaction in a spin-split 2DEG

relates directly to important spintronic properties. Through
examining the position and the width of the fast-electron
optical spectrum, these spintronic properties can be mea-
sured easily and accurately. We have proposed a way to de-
termine optically the spintronic coefficients such as the
Rashba parameter, electron density in different spin orbits,
spin polarization, etc. As a conclusion, we believe that the
Rashba spin splitting in a narrow-gap 2DEG can be identi-
fied optically and the drawbacks of sample characterization
using magnetotransport experiments can be overcome. Fi-
nally, we hope that the important and interesting theoretical
predictions in this paper merit attempts at experimental veri-
fication.
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