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Polarization-resolved electron spin resonance in a two-dimensional electron system
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We report on polarization-resolved electron spin resonance (ESR) in a two-dimensional electron system in
AlAs quantum wells. The transmission spectra in the subterahertz frequency range reveals unusual behavior
as a function of the light polarization and of experimental geometry. In the Faraday geometry, the excitation
conditions for spin resonance are reversed compared with the cyclotron resonance, while in the Voigt geometry
the absorption exhibits a twofold dependence on the azimuthal angle of an in-plane static magnetic field. These
results contradict a pure magnetic nature of ESR in AlAs quantum wells, revealing a dominating Dresselhaus
spin-orbit coupling as a microscopic mechanism of the electric-dipole absorption. A theoretical model that
includes an inversion asymmetry and the spin-orbit coupling successfully explains the experimental observations.

DOI: 10.1103/4lyv-jvq5

An electron ensemble with a nonzero spin degree of free-
dom represents a quantum object that may be coupled to
classical electromagnetic radiation. This interaction can lead
to resonant radiation absorption and spin excitation, known as
electron spin resonance (ESR). The spin-light interaction for
a free electron can be well understood using the semiclassical
Bloch formalism [1]. Within the quantum approach, the ESR
is typically described as a result of magnetodipole transitions
between Zeeman-split spin sublevels. In most practical cases,
such as conduction electrons in solids, the presence of strong
internal electric fields makes the task more complex. These
fields enable the spin-orbit interaction (SOI), which is the
coupling of electron spin to its kinetic motion [2—4]. The
AC electric field of light modulates the electron wave vector,
leading to an effective oscillating SOI-induced magnetic field
that causes spin rotation [5,6]. Electron spin resonance excited
by such mechanism is called electric-dipole spin resonance
(EDSR). The ability to manipulate spins using an electric field
is of great importance for electronic applications. It enables
precise control of individual spins at the nanoscale, bridging
conventional electronics and spintronics [7—11]. Additionally,
the spin-light coupling in the quasioptical scheme can be
effectively tuned and boosted by using standard resonators
where the electric field is accumulated and enhanced [12-15].

An electric-dipole contribution to the spin excitation exists
for conduction electrons in bulk crystals with strong SOI
[16-18] and also for localized spins in quantum dots [8]. Sev-
eral attempts have been made to experimentally investigate
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the physical nature of ESR in semiconductor heterostructures
containing two-dimensional (2D) electrons [19-22]. Surpris-
ingly, these studies yielded controversial results. For example,
ESR has a magnetic-dipole origin in a GaAs quantum well
with strong spin-orbit coupling [19] and, counterintuitively,
it exhibits an electric-dipole nature in silicon quantum wells
[21]—an electron system with two orders of magnitude
weaker SOI. A significant challenge in these experiments is
the difficulty of maintaining a pure polarization state of elec-
tromagnetic radiation in the microwave and terahertz (THz)
frequency ranges. For example, in Refs. [19,22], the relatively
narrow Hall-bar and metallic contacts may have introduced
distortions to the electric and magnetic fields of the inci-
dent wave. Similarly, a complex field distribution inside a
microwave resonator with a sample inside [20,21] may also
complicate the analysis.

In this work, we investigate the polarization-dependent
terahertz absorption of the spin resonance in an AlAs-based
two-dimensional electron system. We employ a quasioptical
technique [23] with large samples to ensure a high degree
of polarization purity leading to strong sensitivity of ESR to
the polarization of light. The obtained results provide strong
evidence that the spin resonance in AlAs quantum wells is
electric-dipole active and originates from the Dresselhaus
spin-orbit interaction, which is a result of the bulk inversion
asymmetry (BIA).

The samples under study were fabricated from
AlAs/Al,Ga;_,As (x =0.46) heterostructures grown
along the [001] direction via molecular beam epitaxy.
The heterostructures contained a 4.5 nm AlAs quantum well
(QW) hosting a two-dimensional electron system (2DES);
see Ref. [24] for details. The bottom conduction band of bulk
AlAs material has three energy-degenerate valleys located at
the X points of the Brillouin zone and aligned along the [100],
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FIG. 1. (a) Fermi surface of the bulk AlAs. Electrons in a 4.5 nm
quantum well occupy the Z valley, marked by red color. (b) Results
of the transport measurements at 7 = 1.8 K. Left blue axis shows
longitudinal resistivity py,.(B), whereas the right red axis corresponds
to Hall resistivity p,,(B). (c) Schematic diagram of the quasioptical
setup in the sub-THz range.

[010], and [001] crystallographic directions, respectively
[Fig. 1(a)]. The corresponding elliptical Fermi contours are
characterized by a heavy longitudinal mass m; = 1.1 m( and
a light transverse mass my = 0.2mgy, where my is the free
electron mass [24]. Quantum confinement along the [001]
direction favors the occupation of the Z valley by electrons
with isotropic mass in the QW plane, as confirmed by the
optical [25], magnetotransport [26], and cyclotron resonance
(CR) spectroscopy [27,28]. Standard indium contacts to the
2DES were formed along the sample boundary in the van der
Pauw geometry. The contacts were placed well outside the
diaphragm such as not to affect the polarization state of the
radiation. This fact has been further confirmed by the strong
polarization sensitivity of the cyclotron resonance. Typical
low-temperature electron density of n; =2.05x10' cm™>
and mobility of 1 = 5x10° cm?/(V s) have been obtained
from the transport measurements [Fig. 1(b)].

An experimental setup of the present experiment is de-
picted in Fig. 1(c). A 8x8 mm? sample is mounted on a
sample holder with a 6 mm diaphragm at the location of the
sample. The entire arrangement is oriented in the Faraday
(field out of plane) or Voigt (field in plane) geometries inside
an optical cryostat, with a split-coil magnet providing the field
up to £8 T. The cryostat is equipped with 100 um thick
mylar inner and outer windows, where the outer openings
are covered with black polyethylene foil to block the visible
light. The monochromatic radiation incident perpendicular to
the sample surface is generated by backward-wave oscilla-
tors operating in the frequency range of 50-600 GHz [23].
The linear polarization of the electromagnetic wave is set
by wire-grid polarizers. Circular polarization is generated by
the phase shifter, which is equivalent to a tunable A /4 plate
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FIG. 2. (a) Configuration of quasioptical experiments in Fara-
day geometry with circular polarization. (b) Transmission through
the sample as a function of magnetic field at f = 200 GHz. Both
cyclotron resonance (CR) and electron-spin resonance (ESR) are
observed simultaneously in the transmission but for opposite sign of
the magnetic field. Enlarged transmission curves for the cyclotron-
resonance active (CRA) and inactive (CRI) regime are given in
(c) and (d), respectively.

(see Ref. [29] for more details). The radiation is directed into
the cryostat by the system of mirrors and lenses. The signal
transmitted through the sample is modulated by a chopper
at a frequency of 23 Hz and detected by a helium-cooled
bolometer using a lock-in detection scheme referenced to the
chopper frequency. All measurements are done at the base
sample temperature of 7 = 1.8 K.

The first set of experiments was carried out in the Faraday
geometry with magnetic field applied parallel to the propaga-
tion direction of the THz light [Fig. 2(a)]. Figure 2(b) shows
the transmission as a function of the magnetic field measured
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at a fixed frequency f = 200 GHz for circularly polarized
radiation. The frequency corresponds to a Fabry-Pérot max-
imum of the substrate transmission to eliminate the influence
of the dielectric substrate [30]. For negative magnetic fields,
a CR is clearly observed. The CR frequency, w. = eB/m.c,
with e being the electron charge, yields an effective cyclotron
mass of electrons m. = 0.27 my close to the value of the trans-
verse mass my, expected in such structures. It is consistent with
previous studies of narrow AlAs quantum wells [25-28] and
confirms that electrons occupy a single Z valley. The CR is
absent at the positive polarity of the magnetic field. The strong
polarization sensitivity of the CR peak further proves that the
radiation is strongly circularly polarized. Both the cyclotron
resonance and the ESR show a clear Lorentz-like waveform
consistent with the Drude model for dynamical conduc-
tivity in the quasiclassical approximation and for circular
polarization [31].

Surprisingly, an additional narrow peak emerges in the
cyclotron-resonance inactive (CRI) polarity for positive mag-
netic fields around B = 7.65 T [Fig. 2(d)]. Experiments show
that the magnetic field position of this peak scales lin-
early with the frequency corresponding to the single particle
spin-splitting energy AE = g, ugB (for more data, see Sup-
plemental Material [32]) with the g factor g, = 1.88 0.01
perfectly consistent with Landé factors measured previously
in Ref. [33]. This experimental finding allows us to attribute
this narrow feature to the electron spin resonance. The pos-
sibility of detecting the ESR in the quasioptical setup with a
controlled polarization state of light enables a comprehensive
investigation of one of the most fundamental questions in
solid-state physics: How do classical electromagnetic waves
interact with a quantum spin degree of freedom? The mech-
anism of such interaction is uncovered below on the basis of
further experiments and modeling.

Importantly, the spin resonance is absent in the cyclotron-
resonance active (CRA) regime, Fig. 2(c). This observation
directly contradicts the standard mechanism of magneto-
dipole induced ESR since for g, > 0 the electron spin
precession and the cyclotron motion occur in the same di-
rection. This non-trivial polarization dependence indicates the
excitation of the resonance through the electric dipole mech-
anism in the presence of Dresselhaus spin-orbit interaction,
as we demonstrate below. The ESR peak has a quality factor
of Q ~ 850, indicating a weak coupling of the observed mag-
netic resonance with the electromagnetic environment and a
long spin relaxation times typical of the quantum Hall effect
regime at odd filling factors [34-37]. It is important to note
that the filling factor of the system is v = 1 at the magnetic
fields of our experiment, as shown in Fig. 1(b). Therefore, the
electron system is fully spin-polarized at the magnetic field of
the spin resonance B = 7.65 T.

To gain further insight into the physics of the spin-light
interaction, we have performed ESR experiments with the
magnetic field oriented in the plane of the quantum well and
with linearly polarized THz radiation. Figure 3 shows the
transmission through the sample at f = 209 GHz when the
magnetic field is parallel to the [100] axis (Voigt configu-
ration) and for different angles ® between the ac electric
field EAC and static magnetic field I§, see insets. A distinct
spin resonance is observed at a magnetic field of B=7.55T.
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FIG. 3. Transmission through the sample at frequency f =
209 GHz in the Voigt configuration, with external magnetic field
oriented along the [100] axis within the sample plane. The maximum
ESR amplitude occurs when the angle © = £B, EAC is 90°, while
zero signal is observed for ® = 0°. The curves are offset vertically
by 0.02. The right insets sketch the configurations of the experiment.

The corresponding g factor is g, = 1.98 £ 0.01 [32]. The
resonance amplitude changes with variation of ® reaching its
maximum at ® = 90°. It is surprising that in this geometry,
the ESR reaches its maximum, as the alternating magnetic
field of the wave is parallel to the static magnetic field B. In
addition, we observe no resonance at ® = 0°, where the mag-
netically excited resonance is expected. These experimental
findings unambiguously prove that the observed electron spin
resonance is not driven by the oscillating magnetic field of the
wave but rather is induced by its electric field via the spin-orbit
interaction in the AlAs well.

In a next step, we vary the in-plane direction of the ex-
ternal magnetic field. The angle « sets the orientation of the
field B with respect to the [100] axis. In Fig. 4, the polar
diagrams of the ESR resonance amplitudes are depicted for
three different angles: « = 0°, o« = 22.5°, and o = 45°. Each
diagram was recorded by rotating the polarization of the in-
cident electromagnetic wave while maintaining the sample in
a fixed position in the cryostat. As in the previous section,
the rotation angle, ® = /B, EAC, is the angle between the
external magnetic field and the electric field of the wave.
The diagram with & = 0° and therefore B || [100] corresponds
to the resonances in Fig. 3 discussed above. In the case of
B || [110] (« = 45°), the situation changes dramatically. Now,
when EAC | B, the resonance is seen, but for A€ L B no
resonance can be detected. Thus, by rotating « by 45° we have
rotated the amplitude dependence on ® by the double angle,
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FIG. 4. Polar diagrams of the ESR resonance amplitude versus
angle ® = /B, EAC between an external magnetic field and the
electric field of the incident wave. Each diagram was measured for a
fixed angle o between the external magnetic field and the [100] axis:
o = 0°, 22.5°, and 45°, respectively. Points show the experimental
data. Solid lines correspond to the theory, Eq. (3). The top left panel
shows the orientation of the sample with respect to an incident THz
wave and an external magnetic field. Note the double angle rotation
of the excitation curve compared to the angle in the experiment.

200 = 90°. Indeed, in the intermediate case of o = 22.5°, the
polarization dependence shows the same shape as for ¢ = 0°,
but it is rotated by 45° in ®. Thus, turning the DC magnetic
field B from the crystallographic direction [100] by an angle
o, we rotate the polarization dependence on ® by the double
angle 2. Our experiments show that the resonant magnetic
field does not depend on «, indicating the in-plane isotropy
of the sample. However, for a magnetic dipole interaction, we
would not expect the ESR signal to depend on the relative
orientation of the static magnetic field and the crystal axes of
the sample, which is in contrast to our observations.

Theory and discussion. Electron spin dynamics is con-
trolled by real magnetic fields, both static and alternating,
as well as by effective fields resulting from the spin-orbit
coupling. All these contributions can be expressed in terms
of the following Hamiltonian:

8 - = = -
H=)" %%B%B;ff, B =B+ B +BP°. ()
o

Here gop (o, B = x,y, 7) are the Cartesian components of the
g-factor tensor, ug = |e|h/(2mpc) is the Bohr magneton, o,
are the 2 x2 Pauli matrices representing the spin operator, and
an effective magnetic field BT has contributions both from the
real magnetic field B + BAC and the wave vector k-dependent
effective field produced by the spin-orbit coupling, E}%O.

The symmetry analysis [32] shows that in the case of the
symmetric heterostructure, the Z valley of AlAs quantum

well has D, point symmetry and the effective field can be
expressed as

EZQB‘A = i(—kx, ky, 0), )
MBEx

where S is the parameter describing the bulk inversion asym-
metry (Dresselhaus) term, and we recall that g, is the in-plane
component of the electron g-factor. In the presence of elec-
tromagnetic radiation, the components of the wavevector are
replaced by k—k— (e/ch)A”C with the vector potential
AAC = _i(c/w)EAC.

Owing to the effective magnetic field induced by the spin-
orbit coupling, the ESR can be excited by an electric field
component EAC of the electromagnetic wave [5].

Now we demonstrate that the Dresselhaus contribution is
indeed responsible for the observed ESR both in the Faraday
and Voigt geometries, while BAC and the Rashba structure-
inversion asymmetry term described by Ego o (ky, =k, 0)
are both irrelevant.

Indeed, the experiments in the Faraday geometry, Fig. 2,
demonstrate that the ESR occurs for the CR inactive magnetic
fields. For g, > 0, it implies that the rotation of BAC that
causes the CR and the rotation of B that causes the ESR
should be in the opposite directions [32]. It is only possible
for the spin-orbit magnetic field in the form of Eq. (2) that
rotates in the opposite sense to the rotation of BAC and EAC of
the THz wave.

Additional calculations show [32] that the dependence of
ESR signal on the angles « = /B, [100] and © = /B, EAC
in the Voigt geometry takes the form

Iesg o sin® Qa — ©), 3)

fully in line with Figs. 3 and 4, demonstrating a characteristic
dipolelike distribution reproducing the experimental depen-
dence, Fig. 4.

For magnetodipole transitions where the ESR is excited
via BAC and for Rashba-type (structure inversion asymmetry)
spin-orbit coupling, E;O’SIA o (ky, —k, 0), the ESR intensity
Iesr o cos” ©, and is « independent.

The parameter describing the bulk inversion asymmetry
B can be extracted from the experimental data. Theory [32]
shows that the ratio of dips in the transmission for ESR and
CR takes the form

ATesg ’ B\ mec? 1, o\’ 4

ATer <hc> iy f,,(wc—i—a)L) ' @
where 7, ~ 1.3 ns and 1, ~ 1.1 ps are the relaxation times
controlling the linewidths of ESR and CR in the Faraday
geometry, respectively. The experiment gives g ~ 7 meVA,
which agrees with the estimate from the spin-splitting en-
hancement [38]. Note, the magnitude of the effective magnetic
field produced by EAC via the spin-orbit coupling, Eq. (2)
|BSOAC| = 28e/(upgshw)|EAC|, exceeds by far |BAC|, con-
firming a dominant role of the spin-orbit interaction in the
ESR. Therefore, the interaction between spin and light should
retain its electric dipole nature in a vast class of material
systems with even stronger SOI, including both conventional
epitaxial structures [39,40] and the van der Waals stacks
[41-43].
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In conclusion, we have studied the interaction between
electromagnetic radiation and the spin ensemble of a two-
dimensional electron system hosted in an AlAs quantum well.
In the Faraday geometry, the spin resonance was observed
exclusively when using circularly polarized electromagnetic
waves in the polarity of the magnetic field that is normally
inactive for cyclotron resonance. In the Voigt geometry, the
amplitude of the spin resonance showed a strong dependence
on the relative orientation of the incident electromagnetic
wave with respect to the crystal axes of the sample and the
static magnetic field. These findings reveal the mechanism of
spin resonance excitation in this system. Through theoretical
analysis, we have shown that the observed ESR is driven
by the electric field component of the incident radiation and

results from the Dresselhaus spin-orbit interaction, originating
from the bulk inversion asymmetry. Our results demonstrate
not only that resolving the polarization dependencies of ESR
in a 2DES is experimentally feasible but also that it is a power-
ful tool for identifying the underlying EDSR mechanism and
reconstructing the spin-orbit coupling in these systems.
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