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The ac magnetoconductance of bulk InSb at THz frequencies in high magnetic fields, as measured by the
transmission of THz radiation, shows a field-induced transmission, which at high temperatures (≈100 K) is
well explained with classical magnetoplasma effects (helicon waves). However, at low temperatures (4 K),
the transmitted radiation intensity shows magnetoquantum oscillations that represent the Shubnikov–de
Haas effect at THz frequencies. At frequencies above 0.9 THz, when the radiation period is shorter than the
Drude scattering time, an anomalously high transmission is observed in the magnetic quantum limit that
can be interpreted as carrier localization at high frequencies.
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Modern electronic devices, such as Si-based processors
and memories in computers, work at several GHz, while
THz electronics is contemplated for devices made from
graphene [1]. From a fundamental point of view, THz
experiments represent a new electronic ac conductivity
regime [2] since the typical electron scattering rates become
comparable to the excitation frequencies. THz frequencies
correspond to photon energies of a few meV, and conduc-
tivity is measured as the (far infrared) optical response
rather than the standard electrical ac conductivity. To study
this new transport regime, we performed THz magneto-
transmission experiments on heavily doped InSb (a narrow-
gap, light mass semiconductor with high electron mobility
[3,4]) in very high magnetic fields.
Optical properties of materials are determined by the

dielectric tensor ϵ (proportional to the square of the
complex refractive index ~n) [5,6]:

~n2 ¼ ϵðω; BÞ ¼ κ þ i ~σðω; BÞ
ωϵ0

þ ϵph: ð1Þ

~σðω; BÞ is the complex conductivity tensor implying that ac
conductivity can be measured by optical means. B is the
magnetic field strength, ω is the angular frequency, and ϵ0
is the permittivity of free space. The lattice contribution to
the dielectric tensor consists of two terms. κ is the dielectric
permittivity (κ ¼ 16 for InSb [3]), and ϵph describes the
resonant contribution of the optical phonons that are
present in polar materials, such as InSb, interacting with
the plasmon [5]. We include ϵph in the harmonic oscillator
approximation: ϵph¼ðω2

L−ω2
TÞκ=ðω2

T −ω2− iνphωÞ. Here,
ωL andωT are the angular frequencies of the longitudinal and
transverse optical phonons, which are 196.8 and 184.8 cm−1,
respectively, for InSb. νph is the phonon scattering rate

(33.3 cm−1) [7]. In the Faraday configuration (when the
magnetic field is applied along the wave propagation)
Eq. (1) can be written for circularly polarized light as [5]

n2� ¼ ϵ� ¼ κ þ i
ωϵ0

½σxxðω; BÞ ∓ iσxyðω; BÞ� þ ϵph: ð2Þ

σxxðω; BÞ and σxyðω; BÞ are, respectively, the real longi-
tudinal and transversal components of the conductivity. The
þ and− signs denote left- (þ) and right-handed (−) circularly
polarized light.
In our experiments, THz radiation was generated by a

free electron laser (FEL) covering the frequency range
6–100 cm−1 (0.2–3.0 THz) and radiation powers up to
200 Wcm−2 [8–11]. The sample transmission was mea-
sured in a magnetic field (up to 33 T) in the Faraday
geometry as shown in Fig. 1(a) [12]. The sample was a
0.63 × 102 mm3 large crystal of Te-doped (1 0 0) n-InSb
with electron density N ¼ 1.66 × 1017 cm−3 and mobility
μ ¼ 8 × 104 cm2 V−1 s−1 (at 4.2 K), as obtained from
Hall effect measurements, corresponding to a scattering
rate ν ¼ 1.05 THz. For this electron density, the Fermi
energy EF ¼ 50 meV lies inside the conduction band. The
electron effective mass m� ¼ 0.021m0 (m0 is the free
electron mass) and the effective g factor g ¼ 33.5� 1.0
at EF are obtained from the temperature dependence of the
Shubnikov–de Haas (SdH) quantum oscillations. These
values are in good agreement with literature values
[15–17], including the effect of conduction band non-
parabolicity as described by the Kane model [18,19].
The plasma frequency equals ωp ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
e2N=m�κϵ0

p
≈

40 THz (211 cm−1), which is higher than our measuring
frequencies (6–100 cm−1), making the sample nontrans-
parent at zero field [solid lines in Figs. 1(b) and 1(c)]. With
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increasing magnetic field, transparency sets in and shows a
rapidly varying oscillatory structure that is temperature
independent but which has a period that is frequency
dependent. At high temperatures, the average transmission
increases smoothly with increasing magnetic field [Figs. 1(b)
and 1(c)], while at low temperatures, the transmission
amplitude is modulated in phase with the magnetoquantum
oscillations of the dc conductivity [Fig. 1(d)].
To analyze the high temperature data, we rewrite Eq. (2)

by using the classical Drude conductivity [5,6]:

n2� ¼ ϵ� ¼ κ

�
1 −

ω2
p

ωðω� ωc þ iνÞ
�
þ ϵph; ð3Þ

with ωc ¼ eB=m� the cyclotron frequency. Using this
equation, we have calculated the high temperature trans-
mittance for unpolarized (i.e., equal intensities of left and
right circular polarizations) incident light [12]. We used the
known sample parameters and a fixed scattering rate as
obtained from the dc conductivity. A small and known
frequency spread (∼0.5 cm−1) from the FEL is included in
ω. The results [dotted lines in Figs. 1(b) and 1(c)] explain
the 100 K data very well. Two main contributions to the
signal can be distinguished [12]. Focusing on the first
(plasma) term in Eq. (3) and neglecting the scattering rate ν
(the lossless case) shows that ϵ� is negative (i.e., imaginary
refractive index) at zero magnetic field, resulting in an
opaque sample for frequencies below the plasma frequency.
At a certain field strength, the cyclotron frequency ωc
becomes higher than the measuring frequency ω, and for
the negative (−) sign in Eq. (3) [the cyclotron resonance
active (CRA) mode], ϵ− becomes positive, making the
sample transparent (an effect known as helicon wave
propagation [20,21]). The data for the lowest frequency
[12.2 cm−1, Fig. 1(b)] are in this regime when ωc > ω for
B > 0.27 T. The rapid almost temperature-independent
oscillations at higher fields are due to Fabry-Pérot
interferometerlike resonances caused by the strongly
field-dependent refractive index. The interference occurs
when an integer number of half wavelengths (λsample ¼
λext=n�) equals the sample thickness d. Scanning the field,
successive maxima and minima occur, as indeed observed
[Fig. 1(b)]. These helicon waves are the first contribution to
the transmission signal. The second contribution becomes
visible at higher frequencies, such as 69.6 cm−1 in
Fig. 1(c), where the denominator in Eq. (3) becomes larger
than ωp, making nþ [the cyclotron resonance inactive
(CRI) mode] also real, and both CRI and CRA polarization
modes are transmitted. In this situation, an additional
Fabry-Pérot-type effect occurs, arising from interference
between the CRI and CRA polarizations for a given
thickness that produces Faraday rotations [5,12]. The
field-induced oscillations observed at 69.6 cm−1 in
Fig. 1(c) are mainly caused by this Faraday rotation
effect [12].
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FIG. 1. (a) Schematic experimental setup. (b),(c) Measured
transmission signal of InSb as a function of the magnetic field
at (b) 12.2 cm−1 and (c) 69.6 cm−1 at 100 and 4.2 K. The dotted
curves correspond to theoretical calculations [using Eq. (3)].
(d) The same data as in (b),(c) but with the rapid Fabry-Pérot
oscillations filtered out (solid lines; the filled areas show the
original data [12]). The black solid curve at the bottom of
(d) shows the longitudinal conductivity as a function of magnetic
field at 4.2 K. Minima in σxx (vertical dashed lines) coincide with
maxima in transmission at low temperatures. Inset: Measured
longitudinal (red) and Hall (black) dc resistances at 4.2 K (solid
lines) and 100 K (dashed lines).
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Whereas the high temperature data, as shown above,
can be explained properly by Eq. (3), at low temperatures
(4.2 K), the measured amplitudes deviate significantly from
the calculations. In particular, the slowly varying envelope
of the broad transmission with peaks around 5, 9, and 21 T
[Fig. 1(d)] is not reproduced. For the electron density in our
sample, above 18 T, only the lowest (N ¼ 0) Landau level
(LL) with spin-up electrons is occupied (extreme quantum
limit). With decreasing field, the minima correspond to the
population of, successively, the spin-down electrons in the
lowest (N ¼ 0) LL (9.2 T), the spin-up states of the N ¼ 1
LL (shallow minimum at 7 T), and the spin-down electrons
of the N ¼ 1 LL (4.8 T). This changing occupancy of the
LLs gives rise to the well-known SdH oscillations in the
resistivity [inset of Fig. 1(d)] and the corresponding
conductivity [bottom black solid line in Fig. 1(d)]. It can
clearly be seen that low conductance values correspond to a
high transmission through the sample (dotted vertical
lines); i.e., the envelope of the field-dependent transmission
has a slowly varying field dependence that mimics the
SdH oscillation in the dc conductivity. Since we observe
magnetoquantum oscillations in the THz transmission, the
simple classical Drude conductivity used in Eq. (3) is
inadequate to describe the low temperature data.
Figure 2 shows the normalized transmission data (i.e.,

normalized to the empty sample holder transmission) at
4.2 K for a wide range of frequencies. As before, the field-
induced transparency is observed with the rapid oscilla-
tions, having a faster periodicity with increasing THz
frequencies. Extra transmission peaks are observed around
5 T, at low frequencies, and at 9 T for all THz frequencies
[see the inset of Fig. 2(a)]. The peaks in transmission occur
at field values corresponding to conductance minima [as in
Fig. 1(d)].
To analyze these low temperature data in more detail, we

return to the general expression of the complex refractive
index, as given in Eq. (2). We incorporate, instead of the
Drude conductivity, the measured field-dependent dc val-
ues for σxxð0; BÞ and σxyð0; BÞ. In this framework, the real
and imaginary parts of ϵ� are given by

Reðϵ�Þ ≈ κ � 1

ωϵ0
σxyð0; BÞ þ ReðϵphÞ;

Imðϵ�Þ ≈
1

ωϵ0
σxxð0; BÞ þ ImðϵphÞ: ð4Þ

σxyð0; BÞ describes the dispersion and, thus, the period
of the Fabry-Pérot maxima. σxyð0; BÞ is hardly temperature
dependent, and indeed, no change in the position of the
rapidly varying peaks is observed. The amplitude is
determined by the longitudinal conductivity σxxð0; BÞ,
which develops magnetoquantum oscillations at low tem-
peratures, and these appear as a slow modulation of the
transmission in phase with the SdH oscillations.

The dotted lines in Fig. 2 show results of this model (for
more details, see the Supplemental Material [12]). The
rapidly varying transmission oscillations due to the Fabry-
Pérot effect are very well reproduced over the entire field
range. The calculated curves properly include the combined
effect of the field-dependent refractive index and the
Faraday rotation resonances. For instance, for 42.4 cm−1

around 26 T [blue curve in Fig. 2(b)], a clear change in the
oscillation period can be seen, both experimentally and
theoretically, which is a direct result of the competition
between the two effects [12]. Most important, our model
reproduces the magnetoquantum SdH oscillations, corre-
sponding to the conductance minima around 5, 9, and 18 T
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FIG. 2. Normalized transmission of InSb as a function of
magnetic field (solid lines) at 4.2 K for the FEL frequencies
indicated. Scale bars for (a) and (b) are, respectively, 0.05% and
0.02%. The dotted lines correspond to the calculated transmission
[using Eq. (4)] normalized to the peak in the experimental curve
around 9 T. In the inset of (a), an enlargement of the low field
data is shown, where the same coloring is used as in the (a) and
(b) panels.
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in the THz ac conductivity. We would like to stress that our
results directly show magnetoquantum oscillations in the
real part of the bulk THz plasma conductivity. In older
literature, the observation of ac SdH-type oscillations has
been considered theoretically and been hinted at exper-
imentally [21–24]. However, the range of fields and
frequencies presented here and the quantitative agreement
with our model have not been reported before. Moreover,
our results differ from the optical observation of the SdH
effect caused by nonresonant absorption or modulation of
the reflectivity at low frequencies, far from the magnetic
quantum limit, due to the oscillations in the dc resistance
[25]. This remarkable result is particularly surprising
because our model relies on a very strong and rather
speculative approximation. It implies two important
assumptions: namely, (i) the Shubnikov–de Haas effect,
as a function of B, both for dc as well as for ac conductivity,
can be described by a field-dependent dc conductivity, and
(ii) this dependence is the same for all frequencies. We are
well aware that SdH oscillations are not simply related to a
field-dependent dc mobility but rather are caused by the
different scattering angles at different magnetic fields
and, furthermore, that CRI and CRA ac excitation modes
correspond effectively to a rotating alternating electric field
interacting with the carriers. One aspect of the SdH effect,
however, is included in our analysis: the density of states at
the Fermi energy oscillates as a function of magnetic field
strength, leading to oscillations in both the dc and ac
conductance. However, a more thorough description would
require a more sophisticated theory for ac transport.
As seen from Fig. 2, at lower frequencies 30.4, 22.4,

and 12.2 cm−1, the agreement between the calculated
and measured transmission is very good, justifying our
assumption that the ac and dc scattering times are indeed
equal. However, at the highest frequencies, deviations
occur in the amplitudes. To clarify this behavior, Fig. 3
shows the transmission peak values at 9 T (I1) and 19 T
(I2), where we took the peak value of the smoothed average
transmission (as indicated by the arrows in the inset). The
calculated amplitude at 9 T (I1) is about 4% at 12.2 cm−1

and decreases by about a factor of 2 at higher frequencies
(filled circles in Fig. 3). Experimentally, an amplitude of
about 1% is observed, which is more or less constant for
all frequencies (open circles). Even though the agreement
between experiment and calculation is not perfect, the
overall trend is the same.
In contrast, the calculated 19 T transmission (I2) is

about 6% at low frequency and decreases to 3% at high
frequencies, while experimentally, a strong increase from a
few percent to 25% is observed (above 30 cm−1) (triangles
in Fig. 3). This deviation is related to the ac damping since
the Fabry-Pérot oscillations keep the same periodicity. Our
data suggest, therefore, a strong frequency dependence of
the high frequency magnetoresistance. As is clear from
Fig. 3, this deviation occurs for frequencies higher than

30 cm−1, which corresponds to 0.9 THz or to a period of
1.1 × 10−12 s, which is actually identical to the transport
scattering time calculated from the measured dc electron
mobility. Therefore, above 30 cm−1, the scattering time in
the magnetic quantum limit becomes longer than the period
of the THz frequencies; i.e., the ac electric field reverses
before carriers can scatter, and this effectively suppresses
the transport. This ac effective localization in the quantum
limit is believed to give rise to an increased transparency,
since the carriers cannot effectively couple to the light. This
ac-induced localization is very different from known
localization effects in the quantum limit. When the cyclo-
tron energy exceeds the thermal energy (ℏωc ≫ kT) and
when only the lowest Landau level is occupied, dc (i.e.,
ω ¼ 0) magnetotransport may show carrier freeze-out [26]
or interaction-induced localization [27]. These effects
would show up as a sharp increase in the longitudinal
and transverse resistivity, which we do not observe due to
the relatively high carrier density in our sample.
In conclusion, we have shown that the transmission of

far infrared (THz) radiation in InSb in high magnetic fields
and at low temperatures shows magnetoquantum oscilla-
tions demonstrating the SdH effect at THz frequencies.
In addition, at high magnetic fields and at frequencies
> 0.9 THz, the observed transmission increases much
more than expected, suggesting that the high field and
high frequency magnetoresistance shows a transition to an
insulating state when the measuring frequency approaches
the scattering rate. These studies of magnetoplasma effects
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in InSb at THz frequencies and at high magnetic fields
provide new information on the THz ac transport, which we
hope inspires theoretical studies.
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