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The universal value of the Faraday rotation angle close to the fine structure constant (α ≈ 1=137) is
experimentally observed in thin HgTe quantum wells with a thickness on the border between trivial
insulating and the topologically nontrivial Dirac phases. The quantized value of the Faraday angle remains
robust in the broad range of magnetic fields and gate voltages. Dynamic Hall conductivity of the holelike
carriers extracted from the analysis of the transmission data shows a theoretically predicted universal value
of σxy ¼ e2=h, which is consistent with the doubly degenerate Dirac state. On shifting the Fermi level by
the gate voltage, the effective sign of the charge carriers changes from positive (holes) to negative
(electrons). The electronlike part of the dynamic response does not show quantum plateaus and is well
described within the classical Drude model.
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The strong spin-orbit coupling and an inverted band
structure in mercury telluride makes this material a nearly
universal tool to probe novel physical effects, with the film
thickness being a tuning parameter [1,2]. If the thickness of
HgTewells is below critical, d < dc ≈ 6.3 nm, the sequence
of the conduction and valence bands is conventional and a
trivial insulating state is realized. For thicker films and in the
bulk mercury telluride, the inversion of valence and con-
duction bands leads to topologically nontrivial surface states
[3,4]. This state is characterized by the locking of the electron
spin and the electron momentum, and they are topologically
protected against nonmagnetic impurity scattering.
If the HgTe well exhibits critical thickness, the gap

between the valence and conduction bands disappears and a
two-dimensional (2D) electron gas is formed with a Dirac
cone dispersion [1,2]. Close to the center of the Dirac cone,
the electron spin is not a good quantum number but has to
be replaced by pseudospin or helicity [3,5]. Because of the
particle-hole symmetry of these states, the quantum Hall
effect shifts by a half integer and takes the form σxy ¼
γðnþ 1=2Þe2=h. In the well-investigated case of graphene
[6,7], the states are fourfold degenerate, i.e., γ ¼ 4, as two
Dirac cones are present in the Brillouin zone which are both
doubly spin degenerate.
Magneto-optics in the terahertz range has proven to be an

effective tool for investigating two-dimensional conducting
states in several quantum systems, such as graphene [8–10],
Bi2Se3 [11–14], and HgTe [15–22]. Magneto-optical spec-
troscopy has the advantages of being contact free and of
directly accessing the effective mass mc via the cyclotron
resonance Ωc¼eB=mc. Here, B is the external magnetic
field.
In the dynamical regime, the unusual character of the

quantum Hall effect in systems with Dirac cones can be

shown [23–26] to lead to universal values for the Faraday
and Kerr rotations of θF ¼ α ∼ 1=137 and θK ¼ π=2,
respectively. Such predictions have recently been con-
firmed experimentally in graphene [9], where the
Faraday angle is additionally doubled, as two Dirac cones
exist in the Brillouin zone. Very recently [27–29], several
groups announced the observation of the quantized Faraday
and Kerr rotations from the surface states of various
topological insulators. In our previous work [29], the
universal Faraday rotation was observed on surface states
in a three-dimensional topological insulator, realized in
thick strained HgTe film.
Compared to thick strained films with 3D carriers, in

HgTe wells with critical thickness, a two-dimensional
electron gas is realized. In this case there is no gap between
the valence and conduction bands, resulting in Dirac
dispersion of the 2D carriers. Because of the double
degeneracy of the Dirac cone, the quantized dynamical
Hall conductivity with γ ¼ 2 may be expected.
In this Letter we present the results of the terahertz

experiments in HgTe quantum wells with critical thickness.
Compared to graphene [9], here a single valley Dirac
fermion system is realized revealing strong spin-orbit
coupling. Critical sample thickness ensures a 2D character
of charge carriers which can be tuned using a transpar-
ent gate.
Mercury telluride quantum wells have been grown on

(013) oriented GaAs substrates by molecular beam epitaxy,
as described elsewhere [30]. The results on two samples
with thickness close to critical are presented: sample 1 with
d ¼ 6.3 nm and sample 2 with d ¼ 6.6 nm. The gate on
both samples has been prepared ex situ using a mylar film
with d ¼ 6 μm as an insulating barrier and a semitrans-
parent metallized film as a gate (Ti, R ¼ 600 Ω=□). In the
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experiment, the gate conductivity is seen as a magnetic
field-independent and frequency independent contribution
to σxx. No measurable effect of the gate on Hall conduc-
tivity has been observed, which agrees well with the low
mobility of the gate carriers.
The experimental results in this Letter have been

obtained using a Mach-Zehnder interferometer operating
at submillimeter wavelengths (0.1–1 THz) [31]. The
interferometric arrangement has enabled us to obtain
the absolute values of complex transmissions through the
sample in parallel and crossed polarizer geometries [32].
The experimental procedure is shown schematically in
Fig. 1. External magnetic fields up to 7 T have been applied
using a superconducting magnet with polypropylene win-
dows. The transmission experiments have been done in the
Faraday geometry; i.e., a magnetic field is applied along the
propagation direction of the electromagnetic radiation. In
total, four experimental parameters are measured, and a full
characterization of the transmitted radiation is obtained
including the polarization state. With this information, the
Faraday rotation angle θ and the ellipticity η can be
obtained directly [19,32,33].
Explicit equations for calculating the matrix of the

conductivity from the measured transmission are given
in Ref. [33]. In these calculations the effect of the GaAs
substrate and of Ti gate are taken into account exactly; i.e.,
pure HgTe conductivity is obtained. The measured Faraday
rotation and ellipticity are still partly influenced by the
properties of the substrate and the gate. Where appropriate,
specific values of these angles will be given. The frequency
of the transmission experiment is chosen to minimize the
influence of the substrate.
The most important result of this Letter is demonstrated

in Fig. 2. Here, the experimental Faraday rotation θ (the

lower panel) and ellipticity η (the upper panel) are shown
for sample 1. The peaks in the data at around B ∼ 0.5 T are
the cyclotron resonances on free charge carriers in our
sample. The sign change of the Faraday angle and the
ellipticity between the negative and positive gate voltages
corresponds to the transition from the holelike to the
electronlike carrier, respectively.
We note that, in high magnetic fields far above the

cyclotron resonance [35], classical Faraday rotation and
ellipticity are expected to fade out, as θ ∼ 1=B, η ∼ 1=B2.
Remarkably, in Fig. 2 the experimental values of the
Faraday rotation for zero and negative gate voltages
saturate at fields above 1 T and stay constant within the
experimental accuracy up to the highest field in our
experiment (7 T). We note that similar broad steps in the
quantum Hall resistivity have recently been observed in
HgTe wells and attributed to heavy hole valley reservoir

FIG. 1. Schematic view of the magneto-optical experiment to
measure the Faraday rotation θ and ellipticity η. The definitions of
both angles are depicted in the output polarization ellipse,
assuming linear incident polarization. The external magnetic field
is applied in the Faraday geometry, i.e., B∥k. Complex trans-
mission in parallel (tp) and crossed (tc) polarizers are measured,
which provides a full description of the transmission matrix.
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FIG. 2. Magnetic field dependence of the Faraday rotation θ
(lower panel) and ellipticity η (upper panel) for sample 1 for three
characteristic gate voltages. Experimental data are shown by solid
symbols and the lines are fits within the Drude model [26,34].
The dashed line shows a “pure” universal value of the Faraday
rotation α ≈ 1=137 rad. The dash-dotted line gives the real
value of the rotation αcorr, taking into account the influence of
the substrate and gate and assuming σxy¼e2=h. (Inset) The
off-diagonal conductivity σxy as directly obtained from the
spectra using exact expressions for the magneto-optical
transmission [33].
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effects [36]. The step in Faraday rotation reveals a universal
value close to the fine structure constant α¼ðZ0=2Þðe2=hÞ,
indicated in Fig. 2 by dashed lines. The dash-dotted line
gives a value which takes into account the properties of the
substrate and gate precisely [33] and assumes σxy ¼ e2=h,
σxx ¼ 0. The difference between both values of Faraday
rotation and the experimental data are within the uncer-
tainties of the present work. As discussed above, in HgTe
with critical thickness, a 2D electron gas with Dirac
dispersion is realized with double degeneracy [1,2].
Therefore, we attribute the observation of θ ≈ α to doubly
degenerate states, each contributing by α=2.
In order to demonstrate the discrepancy between the

experimental data and classical cyclotron resonance, the fits
within the Drude model [26,34] are shown as solid lines in
Fig. 2. The Faraday rotation θ and the Faraday ellipticity η
of the electronlike carriers at positive gate voltage are well
fitted within the classical response (the red lines and
symbols). The ellipticity at zero and the negative gate
voltages also follow the classical Drude model quite well.
Remarkably, the experimental Faraday rotation in this
region of the gate voltages behaves very distinctly from
the predictions of the model. The model curves tend
towards zero rather quickly at fields above 1 T (the blue
and black lines). To the contrary, the experimental data
show an abrupt deviation from the classical calculations at
these fields, saturating at an approximately constant level.
From the transmission spectra in a zero magnetic field

and at zero gate voltage, the exact value of the refractive
index of the substrate (the optical thickness) is determined
experimentally [32]. With this parameter, the transmission
in both parallel and crossed geometries can be recalculated
into the complex magneto-optical conductivity of mercury
telluride [33] without additional assumptions. The diagonal
conductivity σxx is mostly responsible for the parallel
transmission in our experiments and for the dissipation
in dc transport measurements. The off-diagonal conduc-
tivity σxy is related to the transmission in the crossed
geometry and for the quantum Hall plateaus in the dc
experiments. σxy is especially relevant for the emergence of
the universal Faraday rotation α; it is plotted in the inset of
Fig. 2. The data are shown in a dimensionless form by
multiplying the conductivity σ with the impedance of
vacuum Z0 ≈ 377 Ω.
The upper inset in Fig. 2 shows the imaginary part of σxy,

which appears at nonzero frequencies only. The real
part of σxy is shown in the lower inset. It also demonstrates
the deviation from the classical Drude behavior and
saturates at the level slightly above the universal value
of Z0ðe2=hÞ ¼ 2α. We attribute this deviation to the
uncertainties of the experiment.
From the Drude fits of the dynamic conducivity of

sample 1 in the vicinity of the cyclotron resonance, the
parameters of the charge carriers could be calculated and
are given in Table I. Much lower mobility of the electrons

(þ500 V) compared to holes (−500 V) is probably the
reason that no quantized Faraday effect could be observed
for positive voltages. High Dirac-hole mobility in HgTe
wells can be explained by a screening of their scattering by
heavy holes [37].
At a fixed frequency of the incident radiation f ¼

320 GHz and at T ¼ 1.8 K, there are two external param-
eters which can be tuned: the magnetic field and the gate
voltage. A good overview of the experimental data set
obtained by changing both parameters is provided by
Fig. 3. Here, the color coded height represents the
Faraday rotation θ as a function of the magnetic field
−2 T < B < 2 T and of the gate voltage −500 V < U <
500 V in the direction of increasing voltage. The data
shown in Fig. 2 are cuts of the parametric surface in Fig. 3
at fixed gate voltages. The cyclotron resonance peaks in
Fig. 2 are also seen in Fig. 3. However, now it is possible to
see the continuous evolution of the cyclotron resonances
with the gate voltage. The positive peak at positive
magnetic fields and the gate voltage of −500 V gradually
disappears and transforms into a negative peak at þ500 V.
This is a manifestation of the transition from the holelike
carriers at negative gate voltages to the electronlike carriers
at the positive gates.
The main result of this Letter, a plateau in Faraday

rotation close to the universal value θ ¼ α, is supported by
the measurements on sample 2. Eight contacts have been
prepared around the edges of sample 2, which allowed us to
measure the dc longitudinal and transverse resistivities Rxx
and Rxy. These data are shown in the upper inset of Fig. 4.
The black curve is the longitudinal resistivity Rxx, while the
red curve represents the transverse resistivity Rxy. The
pronounced plateau at the fields between 0.75 and 1.5 T is
clearly seen in the Rxy data. The value of the transverse
resistivity at the plateau is around 25.8 kΩ, which could be
expected if only the last quantum Hall plateau were
observed and the degeneracy factor were equal to
γ ¼ 2. The dc data correspond well to the universal
value of the Faraday rotation θ ¼ α. Indeed, in the
limit of small absorption by thin film [35], we may
write θ ∼ tc=tp ∼ tc ∼ Z0=2Rxy, which leads to θ ¼ α for
Rxy ¼ h=e2. Direct correspondence between the quantum
Hall effect and quantized Faraday rotation is well known in
ordinary 2D electron gases [38].

TABLE I. Drude parameters of the charge carriers in HgTe
sample 1 as obtained from the fits of magneto-optical conduc-
tivity: density n2D, effective mass mc=m0, and mobility μ. The
gate voltage −500 V corresponds to hole carriers and þ500 V to
electrons, respectively. m0 is the free electron mass.

Gate (V) n2D (cm−2) mc=m0 μ (cm2=V · s)

−500 V ð3.3�0.5Þ×1010 ð7.5�1Þ×10−3 ð6.6�1.0Þ×104
þ500 V ð1.4�0.3Þ×1011 ð9.2�1Þ×10−3 ð2.0�0.2Þ×104
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The magneto-optical conductivity of sample 2 is shown
in Fig. 4. The imaginary part in the upper panel reveals no
plateau at either the positive or the negative gate voltage.
The real part of the conductivity shown in the lower panel
demonstrates a clear plateau at fields above 1 T at zero and
negative gate voltages. The value of this plateau is equal to
σxyZ0 ¼ 2α ¼ Z0e2=h, and it corresponds well to the dc
data shown by a green line. In the electronlike doping
regime at the positive gate voltage, no such plateau is
observed in magnetic fields below 2 T.
An interesting difference between the dc and the THz

conductivity of HgTe films is that the high frequency
measurements show the robust plateau in the Faraday
rotation θ up to 2 T in Fig. 4 and up to 7 T in Fig. 2,
whereas in the dc data the plateau is limited to the field
range ∼0.8–1.3 T. In addition, Rxx reveals a clear indica-
tion of insulating behavior above 1.5 T. This could be due
to the quantum Hall liquid-to-insulator transition [39–41].
In the static experiment, the current has to follow the
percolation path across the whole sample and the liquid-to-
insulator transition sets in rather quickly. To the contrary, at
high frequencies the charge carriers are able to move a
small distance only [l ∼minðυFτ; υF=νÞ ∼ 1 μm] during
one period of the electromagnetic wave. Here [19],
υF ∼ 106 m=s is the Fermi velocity, τ ∼ 10−12 s is the
scattering time, and ν is the frequency of the experiment.
The less conducting regions of the sample are not partici-
pating in the overall response while the signal from the

conducting parts is still present. Therefore, one can expect
that the transition to an insulating state will disappear at
high frequencies, as observed here.
In conclusion, using polarization- and phase-sensitive

terahertz transmission spectroscopy, HgTe quantum wells
with critical thickness are investigated. In external magnetic
fields, a universal value of the Faraday rotation close to the
fine structure constant θF ¼ α ≈ 1=137 is observed for
holelike carriers. Dynamic Hall conductivity is directly
calculated from the experiment, and it reveals a universal
value σxy ¼ e2=hwhich corresponds to a degeneracy γ ¼ 2

of the Dirac states. The universal steps in the dynamical
conductivity and the Faraday angle remain robust in a
broad range of external magnetic fields and gate voltages.
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On the electronic side of the gate voltages, a classical
magneto-optical behavior is observed. It can be attributed
to the much lower mobility of negatively charged carriers.
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