
PHYSICAL REVIEW B 109, L161302 (2024)
Letter

Terahertz chiral subwavelength cavities breaking time-reversal symmetry
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We demonstrate terahertz chiral subwavelength cavities that break time-reversal symmetry by coupling the
degenerate linearly polarized modes of two orthogonal sets of nanoantenna arrays using the inter-Landau-level
transition of a two-dimensional (2D) electron gas in a perpendicular magnetic field, realizing normalized
light-matter coupling rates up to �R/ωcav = 0.78 with a dispersion that is modified by the parasitic capacitive
coupling between the orthogonal antennas. The deep subwavelength confinement of the nanoantennas means that
the ultrastrong-coupling regime can be reached even with a small number of carriers compared to Fabry-Pérot
cavities, making it viable to be used with a variety of 2D materials. The nondegenerate circularly polarized
ground state was only obtained after carefully optimizing the optical design to minimize the parasitic coupling
to linearly polarized light.
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Introduction. A new class of quantum materials possessing
nonclassical properties has emerged along with the growing
understanding of how quantum effects control the macro-
scopic properties of matter [1]. Topological states of quantum
matter exhibiting nonlocal properties emerging from its mi-
croscopic degrees of freedom have become a rapidly growing
field in this regard, starting with the discovery of the first
topologically nontrivial state, the quantum Hall state [2]. The
quantization of the Hall conductivity in a two-dimensional
electron gas (2DEG) arises due to the Berry curvature in-
duced by the magnetic field breaking time-reversal symmetry.
Classical light in the form of optical Floquet drives has re-
cently emerged as a way to engineer the topological properties
of quantum matter, exemplified by the Floquet topological
insulator [3,4]. Circularly polarized light in particular has
shown special promise for Floquet-induced topological band
structures due to its potential for also breaking time-reversal
symmetry [5,6]. Floquet engineering, where nonequilibrium
light-matter states are formed by means of an external optical
drive, possesses similarities to cavity quantum electrodynam-
ics, where hybrid light-matter states are created by means of
cavity strong light-matter interactions [7–10]. The prediction
of a modified ground state containing virtual light excitations
and matter excitations in the ultrastrong light-matter coupling
regime has raised the possibility of engineering nontrivial
topologies using the quantum fluctuations of a cavity [11].
The development of chiral cavities supporting nondegenerate
circularly polarized modes by breaking time-reversal symme-
try is especially important in this context.

The time-reversal symmetry of a cavity can be broken by
means of strong light-matter coupling to the inter-Landau-
level transition of a high-mobility two-dimensional electron
gas in a perpendicular magnetic field [12]. The cyclotron
motion of the electrons due to the Lorentz force has an an-
gular frequency which lies in the terahertz (THz) range and
is given by ωc = eB/m∗, where e is the electron charge, B

is the magnetic flux density, and m∗ is the effective electron
mass. At low temperatures it becomes quantized into a har-
monic system of Landau levels separated in energy by h̄ωc

and due to Pauli’s exclusion principle and angular momentum
conservation the magnetic-field-dependent inter-Landau-level
transition consists of the two Landau levels closest to the
Fermi surface EF . It has a large in-plane collective dipole mo-
ment due to the large dipole moment of the electron cyclotron
motion combined with the large degeneracy of the Landau
levels, given by | �d| ∝ elB

√
Ne, with Ne being the total electron

density and lB = √
h̄/eB the magnetic length [13]. Therefore

the rate of light-matter interaction quantified by the vacuum
Rabi frequency �R ∝ �d · �Evac can easily exceed the thresh-
old for the ultrastrong-coupling regime of �R/ωcav > 0.1
if this transition is coupled to the electric field �Evac of a
THz cavity mode, resulting in a hybrid light-matter system
of Landau polaritons [14]. Metamaterial-based THz cavities
containing such hybrid states possess the useful property of
being easily accessible both optically using THz time-domain
spectroscopy and by electronic magnetotransport measure-
ments. In particular, since electronic measurements feature
an energy scale of ∼kBT , which at cryogenic temperatures is
orders of magnitude smaller than the energy scale of the cavity
resonance, they offer the possibility for studying the modified
ground state of the ultrastrong-coupling regime [15,16].

Fabry-Pérot cavities breaking time-reversal symmetry have
been demonstrated by incorporating a quantum well contain-
ing a two-dimensional electron gas [17]. In such cavities
the two independent degenerate linearly polarized orthogo-
nal modes are coupled by the inter-Landau-level transition
of the 2DEGs placed in the center. The combined system
can be described in terms of a Hopfield model [18] con-
sisting of two degenerate circularly polarized modes, one
left-hand circularly polarized (LCP) and one right-hand cir-
cularly polarized (RCP), where only the mode corotating with
the cyclotron resonance couples actively, whereas the other
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FIG. 1. (a) The linearly polarized nanoantenna modes are coupled to the time-reversal symmetry-breaking inter-Landau-level transition of
the 2DEG (in blue), giving rise to nondegenerate circularly polarized modes. In a terahertz time-domain spectroscopy (THz-TDS) transmission
measurement the cyclotron motion is either corotating or counter-rotating with the incoming circularly polarized THz pulse depending on the
direction of the magnetic field, and therefore couples either to the lower and upper polariton modes or to the counter-rotating mode, respectively.
(b) Scanning electron micrograph of a fabricated nanoantenna array (the inset shows a zoom-in on the unit cell). (c) Room-temperature
THz-TDS transmission measurement at zero magnetic field (red curve) showing the presence of only a single well-pronounced cavity resonance
together with the quality factor estimated using a Lorentzian fit (black curve). (d) Circular dichroism calculated from a finite-element simulation
at the upper polariton frequency with B = Bcav = m∗ωcav/e illustrating the chiral character of the mode in the region of the 2DEG. The image
is weighted (using the alpha factor, i.e., the transparency) by the magnitude of the electric field to illustrate the degree of circular dichroism
only where the field is the strongest.

counter-rotating mode is only coupled to the cyclotron reso-
nance via the counter-rotating terms of the minimal coupling
Hamiltonian. The resulting coupled system possesses three
nondegenerate circularly polarized modes [19]: lower and
upper polariton modes corotating with the electron cyclotron
motion and a counter-rotating mode with a dispersion referred
to as the vacuum Bloch-Siegert shift, after the first observed
phenomenon in nuclear magnetic resonance under strong
irradiation [20].

An advantage of using a metamaterial cavity instead of
a Fabry-Pérot cavity is its deep subwavelength confinement,
which leads to an extremely large electric field enhancement
of a factor ∼100 and therefore a large vacuum electric field
inside the cavity Evac ∼ 250 V/m due to the small effective
mode volume Veff ∼ 10−9(λ/2n)3. The ultrastrong-coupling
regime is therefore reached with only ∼2000 electrons in
the gap (see Supplemental Material A [21]). THz metamate-
rial cavities with a crosslike structure have previously been
demonstrated [22], exhibiting both a deep subwavelength
confinement and high-quality factor. However, the difficulty
of obtaining two orthogonal linearly polarized modes cou-
pled by a 2DEG in such geometries is challenging due to
the significant capacitive coupling between the orthogonal
directions. A half-wave dipole antenna consisting of two
λ/4 dipole nanoantennas separated by a capacitor gap has a

linearly polarized electric field inside the gap, and a cross-
dipole or turnstile antenna consisting of two orthogonal
half-wave dipole antennas with a mutual capacitor gap
containing a 2DEG features the same electromagnetic compo-
nents as the Fabry-Pérot cavity and is a conceptually simple
way to implement a chiral subwavelength metamaterial cavity.
The chiral cavity illustrated in Fig. 1(a) consists of an array
of nanoantennas with length 150.5 µm, width 2.0 µm, and a
mutual gap of 2.5 µm. A scanning electron micrograph of a
fabricated array can be found in Fig. 1(b). An array was used
in order to enhance the directionality of the antennas [23]. The
resulting cross-dipole nanoantenna array in the absence of a
magnetic field possesses a single resonance with frequency
fcav ≈ 365 GHz and a quality factor Q ≈ 3 determined from
room-temperature THz time-domain spectroscopy measure-
ments as shown in Fig. 1(c).

The antennas were defined and connected to a square mesa
by a deep dry etching of 10 µm using a SiO2 hard mask,
which was chosen because of its relatively low THz refractive
index of 2.1. Since the strength of the electric field in between
the orthogonal antennas is proportional to the permittivity,
this reduces the stray electric field and consequently also the
amount of parasitic capacitive coupling. Patches were added
to further reduce the parasitic interaction between the orthogo-
nal nanoantennas and maximize the linear electric field inside
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the capacitor gap that is coupled to the 2DEG. The degree
of chirality of the design was quantified by the amount of
circular dichroism [24],

CD = | �ERCP|2 − | �ELCP|2
| �ERCP|2 + | �ELCP|2

, (1)

of the electric field in plane with the 2DEG with values rang-
ing from perfectly LCP, −1, to perfectly RCP, +1. Figure 1(d)
depicts the circular dichroism extracted from a finite-element
simulation of the coupled system where the 2DEG was
modeled as a gyrotropic material, i.e., with a tensorial conduc-
tivity. The in-plane electric field of the upper polariton mode
was used to illustrate that in the antenna gap the electric field
is mainly LCP. Regions with differing amounts of circular
dichroism can be found outside of the antenna gap, showing
also that the resulting cavity is not perfectly chiral. The cav-
ity modes of nanoantennas differ from those of Fabry-Pérot
cavities because the electric field is not strictly confined to
the gap. The electric field from one half-wave dipole antenna
will, due to the residual capacitive coupling and skin effect,
modify the current distribution in the orthogonal one. This in
turn changes the electric field distribution also inside the gap,
making the electric fields of the two orthogonal modes not be
fully linear and decoupled from each other.

Stripes of 2DEG were kept underneath the nanoantenna
instead of etching patches of 2DEG in the capacitor gap as the
latter would yield a two-dimensional (2D) plasma frequency
proportional to 1/

√
W , that with a width of W = 2.5 µm

would be ωp/2π ∼ 400 GHz. This would lead to a zero-field
value of the magnetoplasmon dispersion quasiresonant with
the cavity and consequently a strong quenching of the cou-
pling strength [25]. However, the presence of the 2DEG below
the antenna arms gives rise to a continuum of magnetoplas-
mon modes [26]. The deep subwavelength confinement of
the antennas means that the wavelength is much larger than
the gap, which leads to diffraction. A large fraction of the
light scattered from the gap will have a significant momentum
component in plane with the 2DEGs and can be absorbed by
this continuum. This leads to a reduction in transmission since
these magnetoplasmon modes have large nonradiative losses
due to their electric field being in plane with the 2DEGs.
Because the frequency range of this continuum of modes is
just above the cavity resonance, this leads to the disappearance
of the signature of the upper polariton and counter-rotating
modes at low magnetic fields, an effect referred to as polari-
tonic nonlocality [27]. To mitigate the impact of this effect the
nanoantennas are lifted off the surface in the region outside
the gap by a layer of SiO2 with a thickness up to 1.0 µm.
A variation in the thickness of approximately 100 nm was
introduced into this insulating SiO2 layer by etching stripes
at irregular distances and irregular widths before depositing
the nanoantennas in order to further break up the continuum
of magnetoplasmon modes [28].

High-mobility single and multiple quantum well
GaAs/AlGaAs heterostructures were used for the fabrication
of samples with different rates of light-matter interaction
using standard clean-room photolithography techniques
(see Supplemental Material D [21]). The fabricated
samples were then measured using a THz time-domain
spectroscopy setup with a bandwidth of 0.1–3 THz equipped

with a split-coil superconducting magnet to probe the
transmission as a function of perpendicular magnetic field
from B = −8 T to B = +8 T [29]. Two broadband THz
retarders mounted at an angle of 45 ◦ were used in order
to measure the transmission of circularly polarized light. A
vertically polarized terahertz pulse was generated using an
interdigitated GaAs photoconductive antenna photoexcited
by the femtosecond pulses from a 70-MHz Ti:sapphire laser,
which was converted to circular polarization by the first THz
retarder. The transmitted pulse after the sample was then
converted back to vertical polarization by the second THz
retarder for electro-optic detection, which was done using a
3-mm 〈110〉 ZnTe crystal. The incoming circularly polarized
THz pulse is corotating with the electron cyclotron motion for
B < 0 T and therefore only couples to the corotating lower
and upper polariton modes in this region whereas for B > 0 T
it couples to the counter-rotating mode. The cavities exhibit
excellent agreement with the dispersion of a single-mode
Hopfield model [13] when probed with linear polarization
(see Fig. 7 in the Supplemental Material [21]) and the degree
of chirality can therefore be determined by the degree of
asymmetry between positive and negative magnetic fields and
the agreement with the dispersion of the Hopfield model with
circularly polarized modes (see Supplemental Material A [21]
and Refs. [13,18,19] therein). Measurements of samples with
a different number of quantum wells were used to study the
system as a function of coupling strength (see Fig. 2).

Despite the measures taken the lower polariton and
counter-rotating modes still exhibit significant broadening due
to polaritonic nonlocality, which increases with the number
of quantum wells. The upper polariton branch is also barely
visible, as can be seen in Fig. 2. The lower polariton mode
in the multiple quantum well samples also shows significant
deviations from the Hopfield model, implying that despite
the stripe geometry there is still the presence of a magne-
toplasmon dispersion. A consequence of the mesa design is
that the stripe geometry significantly modifies the Coulomb
interaction configuration within the system. This can modify
the dispersion of the magnetoplasmon modes and introduce a
new category of low-frequency edge magnetoplasmon modes
that are independent of the antenna [30]. Since these modes
exist purely because of the stripe geometry they are not mit-
igated by lifting the antenna off the surface, and although
they possess an acoustic dispersion and would consequently
normally not be excited, because of the deep subwavelength
confinement and subsequent diffraction they could induce
significant absorption, and therefore also contribute to the dis-
appearance of the polariton dispersion at low magnetic fields,
in addition to modifying the dispersion of the lower polariton
mode. To compensate for these effects the coupling strength
was fitted only with the lower polariton mode at B = −8 T
and the counter-rotating mode at B = +8 T. The normalized
coupling strengths �R/ωcav are however in excellent agree-
ment with the expected

√
Ne dependence of the total electron

density, providing strong evidence for the chiral nature of the
metamaterial.

The measurement of a single quantum well sample can
be found in Fig. 3(a) together with the fitted normalized
coupling strength. The dispersion shows excellent agree-
ment for the LP mode, suggesting that in contrast to the
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FIG. 2. Terahertz time-domain spectroscopy measurements of left-hand circularly polarized light as a function of perpendicular magnetic
field at a temperature of T = 3.2 K for samples with (a) 15 quantum wells, (b) 30 quantum wells, and (c) 40 quantum wells. (d) shows the
scaling of the normalized coupling strength as a function of the number of quantum wells. The excellent agreement between the normalized
light-matter coupling and its expected

√
Ne dependence provides good evidence for the chirality of the nanoantenna arrays.

multiple quantum well samples there is no magnetoplasmon
dispersion. The counter-rotating mode however is suppressed
and deviates in the region of the cavity resonance. The van-
ishing of the counter-rotating and upper polariton modes at
low magnetic fields can be understood in terms of the polari-
tonic nonlocality, which is still present despite the measures
taken to mitigate it. To understand the deviation it should
be noted that the deep subwavelength confinement of THz
nanoantennas renders them suitable for modeling as lumped-
element RLC circuits coupled by a gyrotropic material in the
capacitor gap. It can be shown (see Supplemental Material
B [21], including Refs. [31–34]) that a circuit model that
takes the broken time-reversal symmetry into account pos-
sesses the same dispersion as the Hopfield model for a chiral
Fabry-Pérot cavity, provided that there is negligible capacitive
coupling between the nanoantennas outside the 2DEG region.
In Fig. 3(b) the circuit transmission model in the absence of a
parasitic interaction between the antennas is shown, together
with the Hopfield dispersion. When a parasitic interaction
is added, the counter-rotating mode at magnetic fields B <

Bcav ≡ m∗ωcav/e competes with the lower polariton mode due
to the parasitic interaction in the case of a single quantum
well, as can be seen in Fig. 3(c). The effects of the parasitic in-
teraction include a modified dispersion and loss of the modes,
an opening of a gap in the dispersion of the counter-rotating
mode at ωcav = ωc, and magnetic field-dependent polarization

states of the cavity modes. This model also explains why
the effect of the parasitic interaction decreases with electron
density and is therefore smaller in the multiple quantum well
samples. Minimizing its effect requires minimizing the stray
electric field outside the gap and maximizing the intracavity
one. For such a field enhancement long nanoantennas were
chosen to make the inductance as large as possible with re-
spect to the capacitor gap for a given cavity frequency ωcav ≈
1/

√
L(C − Cpar ), where Cpar denotes the parasitic capacitance

between the orthogonal antennas.
Conclusion and outlook. We have demonstrated a THz

chiral subwavelength cavity on the basis of including a
time-reversal symmetry-breaking element, a 2DEG in a
perpendicular magnetic field. The discrepancies between
measurements and the circuit and Hopfield models can be
understood within the framework of parasitic capacitive cou-
pling between the orthogonal nanoantennas and polaritonic
nonlocality due to their deep subwavelength confinement. The
issue of polaritonic nonlocality remains significant despite the
measures taken to mitigate it, with the measures only being
effective in the single quantum well sample. This is most
likely because the distance between the nanoantennas and the
2DEGs is still smaller than the total thickness of the multiple
quantum well heterostructure, even for nQW = 15. However,
its effects of reducing transmission at low magnetic fields
and vanishing of the upper polariton mode does not impact
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FIG. 3. (a) THz-TDS measurement for a single quantum well sample as a function of perpendicular magnetic field together with a fit of
the Hopfield model with circular polarization [19] using the LP mode. (b) and (c) show the simulated transmission of the circuit model with
and without parasitic capacitive coupling between the orthogonal antennas, respectively. (d) Finite-element simulation of the transmission of
the cavity, modeling the 2DEG as a gyrotropic material.

the degree of chirality of the cavity. In a next step the direct
effect of the electromagnetic vacuum field on the 2DEG can
be investigated by means of magnetotransport measurements
in a van der Pauw configuration [35], taking advantage of the
symmetry of the chiral cavity.

By further reducing the gap size this system also offers the
possibility of exploring the few-electron regime beyond the
dilute regime of few excitations in which the Hopfield model
is valid [36]. Additionally, it can be used with a variety of
2D materials such as graphene, instead of the GaAs/AlGaAs
quantum wells used here.

Since emphasis was placed on conceptual simplicity in the
design, other geometries that would suffer less from parasitic
capacitive coupling between the modes can be explored, for
example, ones where the gap is surrounded by three antennas
instead of four.

The effect of the circularly polarized ground state of the
cavity on other systems could be studied by bringing them
into close physical proximity with its capacitor gap. However,
one aspect that has not been fully explored in this Letter are

the effects of using an array of nanoantennas compared to
just a single cross, in particular how the chiral character of
the electric field inside one gap is modified by its neighbors
since they are coupled via their mutual inductance. If the array
can be utilized as a coupled cavity system to impose a chiral
electric field distribution onto a gap without 2DEG, this could
enable studying the effect of a chiral electromagnetic ground
state on other systems, with the caveat of the presence of the
external magnetic field.
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