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ABSTRACT

Magnetic-field-biased indium antimonide (InSb) is one of the most widely discussed materials for supporting nonreciprocal surface
plasmon polaritons (SPPs), which have recently been shown to be topological. In this work, we provide a critical assessment of InSb as a
magneto-optical SPP platform and show that it is only viable under a narrow set of conditions.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0030544

I. INTRODUCTION

Continuous media with broken time-reversal symmetry, such as
a magnetized semiconductor, have recently been shown to be topo-
logically nontrivial.1–4 Topological surface waves have unique optical
properties, namely, one-way propagation (immunity to backscatter-
ing), and since they exist in the bulk bandgap, upon encountering
discontinuities, they do not diffract into the bulk.5,6 Topological
effects in photonic systems are promising in the realization of
devices7 such as optical isolators and circulators.

Theoretical/simulation studies of nonreciprocal SPPs, including
topological SPPs, often cite InSb as an example of a material provid-
ing the necessary gyrotropic permittivity tensor.8–17 However, here,
we show that, while SPPs with reasonable propagation characteristics

can be obtained, there exist severe constraints that limit performance.
In particular, we find that for InSb to serve as a viable SPP platform
under modest bias field strengths, one needs to use undoped materi-
als and low, but not too-low, temperatures to obtain sufficiently high
mobility and a reasonably sized bulk bandgap.

In the following, there is a brief review on topological SPP
properties in a dissipation-less system in the Voigt configuration in
which the propagation vector is perpendicular to the in-plane mag-
netic bias, and there are topological SPPs crossing the bulk band-
gaps of the gyrotropic plasma medium. Next, using time-domain
spectroscopy (THz-TDS), the measured reflection from a magne-
tized InSb crystal is considered. Using the measured parameters at
different temperatures, the properties of topological SPPs in a real-
istic plasma material are examined. It is shown that temperature
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plays an important role in optimizing the SPP propagation proper-
ties. Last, with the help of a symmetric grating launcher, the SPPs
are observed at the interface of gold/InSb at various temperatures
using a far-field measurement. The measured SPP resonance fre-
quencies are consistent with the values theoretically estimated.

II. ELECTROMAGNETIC MODEL AND RESULTS

A. Material model and bulk modes

Consider a half-space plasma medium (InSb) with unit
normal vector ẑ, biased by an in-plane external magnetic field
B0 ¼ byB0: The gyrotropic InSb can be characterized by a simplified
Drude model with a dielectric tensor in the form18

�εr ¼ εt�It þ iεg(by��I)þεabyby (assuming the time harmonic variation
e�iωt), where

εt ¼ ε1 � ω2
p(1þ iΓ=ω)

(ωþ iΓ)2 � ω2
c

, εa ¼ ε1 � ω2
p

ω(ωþ iΓ)
,

εg ¼
ωcω2

p

ω ω2
c � (ωþ iΓ)2

� � ,
(1)

and where ε1 is the background permittivity (high-frequency
dielectric constant). The plasma frequency is ω p ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
neq2e=(m

*ε0)
p

,
ωc ¼ �qeB0=m* is the cyclotron frequency, and Γ ¼ �qe=μm*

is the collision frequency. Also, ne is the free electron density,
qe ¼ �e is the electron charge, ε0 is the free-space permittivity,
m* ¼ meff m0 is the effective electron mass, m0 is the vacuum elec-
tron mass, and μ is the mobility. In the absence of a magnetic bias,
the gyrotropic plasma turns to a dispersive isotropic medium
having permittivity εa: Here, we ignore the phonon contribution in
the material model, which is an accurate assumption at frequencies
below the optical phonon resonances (and at low temperatures).
There are also contributions from heavy and light hole bands,19 but

both were found to be negligible, the former because of the large
mass and the latter due to a small carrier density even at room
temperature. The plasma frequency ωp sets the frequency scale for
the occurrence of bandgaps, and we need a sufficient magnetic bias
so that the cyclotron frequency ωc is not too small compared to ωp

in order to achieve a usual amount of nonreciprocity. The charac-
teristics of the bulk modes in a gyrotropic medium depend on the
direction of propagation with respect to the external magnetic bias.
In the well-known Voigt configuration, the bulk modes are propa-
gating perpendicular to the magnetic bias. In this case, the bulk
waves can be decoupled into a TE (with the electric field along the
magnetic bias) and a TM (with the electric field in a plane perpen-
dicular to the bias) wave described by k2TE ¼ εak02 and
k2TM ¼ εeffk20, respectively, where εeff ¼ (ε2t � ε2g)=εt and k0 is the
free-space wave number. Figure 1(a) (black lines) shows the disper-
sion diagram of TM bulk modes propagating in dissipation-less
InSb. There are two magnetic-field dependent bandgaps. Each TM
band is characterized by a non-zero integer Chern number Cn, an
intrinsic property of the bulk band structure, so that Chern
numbers sum to zero, as expected.20 The gap Chern number, that
is, the sum of the Chern numbers below the gap, is non-zero, indi-
cating the number of topologically protected surface modes cross-
ing the bandgaps. The TE mode, with Cn ¼ 0, is topologically
trivial and will not be discussed further. Here, in the material
model, non-locality is ignored except to provide a momentum
cutoff.2 The effect of non-locality is evident only for very large
wavenumbers21 in which case the backward waves vanish for realis-
tic levels of loss.22

B. Surface plasmon polaritons

Despite the non-reciprocal nature of the medium itself, in the
Voigt configuration, the bulk dispersion behavior is reciprocal,
although an interface will break this reciprocity. The TM-SPP

FIG. 1. Bulk modes and surface plasmons for a metal–
InSb (idealized) interface. (a) Bulk and SPP dispersion for
dissipation-less InSb characterized by (1) with parameters
ne ¼ 3� 1021 m�3, m� ¼ 0:015m0, ε1 ¼ 15:68, and
mobility μ¼1 [ω�

p ¼ ωp=
ffiffiffiffiffiffi
ε1

p ¼ 2π(1:014THz)]. The
carrier densities and other numerical values have been
obtained from fitting (1) to measurements.26 The in-plane
magnetic field is B¼ 0:7 T [ωc ¼ 1:28ω�

p ¼ 2π(1:3THz)],
and the metal permittivity is εm ¼�104. The gray regions
are the magnetic-field dependent bandgaps. (b) The geo-
metrical schematic of the structure under study. SPPs are
excited by a dipole source located at the metal–InSb inter-
face. (c) The electric field distribution (Ez) of SPPs at differ-
ent frequencies P1–P4, 0:5, 0:7, 1:76, and 4 THz,
respectively, marked in (a). Points P1 and P3 are points on
the SPP dispersion where the SPPs are topologically
protected.
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dispersion equation is1,23

γzm
εm

þ γz
εeff

¼ εgkx
εtεeff

, (2)

where γz ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2x � k20εeff

p
, γzm ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

k2x � k20εm
p

, and εm is the effec-
tive permittivity of the top (metal) layer. The SPP is propagating
on the x–y plane (interface of two media) with the propagation
constant kx . If isotropic materials form the interface, for an SPP to
propagate, the two permittivities must have opposite signs. In the
gyrotropic plasma–isotropic metal case, it can be shown analytically
that in the bandgaps, where εeff , 0, for an SPP to exist, we need
εt . 0. Outside of the bandgaps, it can be seen numerically that no
SPP exists when εt , 0.

Figure 1(a) shows the dispersion of the SPP at the interface of
a dissipation-less gyrotropic semiconductor and an opaque
medium (red lines), with the interface geometry depicted in
Fig. 1(b). Figure 1(c) shows the electric field profile of SPP propa-
gation at different points on the dispersion curve, P1–P4, shown in
Fig. 1(a), obtained from a full wave simulation using COMSOL
assuming a dipole source. As discussed above, SPPs crossing the
bandgaps, for example, at frequency points P1 and P3, are topologi-
cally protected surface waves, meaning that they are unidirectional
and propagate along the surface without reflection. In the fre-
quency range between the two bandgaps, although the dispersion is
strongly nonreciprocal, upon reflection, surface waves can couple
into the bulk modes; see, e.g., point P2. At higher frequencies,
for example, at point P4, SPPs are bi-directional; the right- and
left-going SPPs have approximately the same momentum,
ω(k) ¼ ω(�k). Partial reflection of the wave occurs since at this fre-
quency, the material itself allows propagation in both directions.

C. Realistic InSb model

The previous discussion was for lossless materials. In the fol-
lowing, the properties of bulk and topological SPPs for a realistic
InSb model are examined. We consider that for SPP applications,
we require, or it is at least very desirable, that (1) LSPP=λSPP � 1,
where the SPP propagation length is LSPP ¼ 1=(2Im kSPPð Þ) and the
SPP wavelength is λSPP ¼ 2π=Re kSPPð Þ, (2) SPPs that are nonrecip-
rocal so that they are backscattering-immune, and (3) SPPs exist in
the bulk bandgaps so that they will not diffract into the bulk upon
encountering a discontinuity. To meet these criteria, the require-
ments on the material properties are very stringent.

In the experiment, we use an InSb crystal from the manufac-
turer MTI Corporation24 having dimensions 10� 10� 0:5 mm3,
undoped, with one side polished. In Ref. 26, we have extracted the
carrier density, mobility, and effective mass of InSb at various tem-
peratures from 5K to 300K and under external bias fields up to
0:7 T, determined by far-field time-domain terahertz spectroscopy
(THz-TDS) in the range of 0.5–3 THz. Four material samples were
tested, and the results below represent values from one of the
samples (two others were similar, and one showed poorer perfor-
mance). For the metal, we assume that εm ¼ �800þ i550.25 If the
metal is less lossy, longer propagation lengths will be obtained.
Also, note that LSPP was not directly measured but was calculated
based on the measured material parameters.

Figures 2(a), 2(c), and 2(e) show the reflectance spectra,
~R ¼ r(B)=r(0), of an air/InSb sample measured at different temper-
atures for B ¼ 0:7 T. The material parameters can be obtained
using the Drude model and the analytical reflection coefficient in
the Voigt configuration defined as

RTM ¼
ffiffiffiffiffiffiffi
εeff

p � ffiffiffiffiffi
εd

p
ffiffiffiffiffiffiffi
εeff

p þ ffiffiffiffiffi
εd

p , (3)

where εd is the permittivity of the isotropic material (here, εd ¼ 1)
and r ¼ RTMj j2. As shown in Figs. 2(a), 2(c), and 2(e), the carrier
concentration decreases as the temperature decreases, resulting in
shifting the reduced edge plasma frequency, ω*

p ¼ ωp=
ffiffiffiffiffiffi
ε1

p
, toward

lower frequencies. In the bandgap, the transparency of the biased
crystal increases, causing the second peak in the reflectance spec-
trum, which is a function of cyclotron frequency, plasma frequency,
and magnetic bias. As the temperature decreases down to 50K, the
mobility increases as expected since the scattering rate increases
with the temperature.

Based on the measured material parameters, the SPP disper-
sion diagram and the propagation length of the SPP excited at the
interface of a gold/InSb interface at each temperature are shown in
Figs. 2(b), 2(d), and 2(f ). At lower temperatures, the propagation
length is larger due to the higher mobility, although the bandgaps
become very narrow.

Figure 3(a) shows the bulk and SPP dispersion for InSb at
230K. Loss leads to modified bulk plasmon dispersions in which
case there no longer exists a true bandgap [comparing the solid
black lines in Fig. 3(a) with the dotted black lines, which indicate
the dissipation-less case from Fig. 1(a)]. However, there are still dis-
tinguishable regions of dispersion.The field profile of the SPPs at
two dispersion points P1 and P2 [Fig. 3(a)] is shown in Fig. 3(b). In
a dissipative system, nonreciprocal (unidirectional) SPPs are still
immune to backscattering upon encountering a discontinuity.
Figure 3(c) shows the propagation length of SPPs supported by InSb
at three different temperatures. At high temperature, the mobility is
low (μ ¼ 5:2 m2=Vs) so that the propagation length of the one-way
SPP (at frequencies below the dashed line, where SPPs are nonrecip-
rocal) is a small fraction of the SPP wavelength [Fig. 3(c), black
curve]. By reducing the temperature, the bandgap range decreases,
but the mobility increases, resulting in longer propagation lengths as
shown in Fig. 3(c), blue curve. In each case, only to the left of the
dashed vertical lines the SPP is nonreciprocal. Moreover, only along
the dashed sections is the SPP within the bandgaps.

In Table I, the values for the bandgap frequency range and the
propagation length of the nonreciprocal SPPs at different frequen-
cies, in and between the two bandgaps, and at various temperatures
are listed for B ¼ 0:7 T. As shown, there is a trade-off between the
propagation length and the size of the bandgap—as the tempera-
ture is lowered, the bandgap can become quite narrow and imprac-
tical. Therefore, the temperature needs to be carefully chosen, low
enough to yield sufficient SPP propagation lengths, yet not too low
so that the bandgap is wide-enough to work within. Furthermore,
unless the magnetic bias is adjusted appropriately, the SPP will not
exist within the bandgap.
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Given that one may consider operation within the bandgap as
most desirable, for this bias, only for the lowest temperature is
LSPP=λSPP � 1, although longer propagation lengths are found
between the two bandgaps. Similar to Table I, Fig. 3(d) shows a
density plot of SPP propagation length ΛSPP=LSPP=λSPP vs fre-
quency and temperature. The temperature–bandgap width trade-off
is prominent, as are the relatively short values of the non-reciprocal
SPP propagation length except between the bandgaps. Table II pro-
vides a comparison of SPP properties between undoped, N-doped,
and P-doped samples at T ¼ 77K. For the undoped case, material
parameter values were taken from measurements,26 whereas for the
doped cases, we used parameter values from the manufacturer’s
website.24 The P-doped case has very low mobility and poor SPP

properties and will not be discussed further. The undoped case dis-
cussed above provides good SPP propagation below 2 THz and
T ⪅ 200K. Because of the large carrier density in the N-doped
case, the plasma frequency, and, hence, the upper bandgap, occurs
at higher frequency than for the undoped case, around 10 THz for
B ¼ 0:7 T. However, for this strength bias, ωc=ωp is small, and poor
SPP propagation is obtained. In order to obtain comparable SPP
performance for the N-doped material, one would need B ¼ 15 T,
which is difficult to obtain, at which point the higher bandgap
occurs near 30 THz (here, we assume that the mobility is the same
as the low-THz values).

In summary, one may conclude that for working at low THz
(⪅2 THz) and moderate bias strength (⪅1 T), the undoped material

FIG. 2. (a), (c), and (e) Experimentally measured reflectance spectra of the InSb sample at different temperatures. The values for ne and μ in each panel are the extracted
InSb parameters by fitting measurement data to the Drude model. (b), (d), and (f ) The SPP dispersion diagrams and the SPP propagation length (indicated by the size of
the circles). Shaded regions indicate the bandgaps.
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FIG. 3. Bulk modes and nonreciprocal InSb–metal inter-
face SPPs for a realistic InSb model with finite dissipation:
(a) and (b) bulk and SPP dispersion diagrams using InSb
material parameters at T ¼ 230 K, which are
ne ¼ 3� 1021 m�3, μ ¼ 9 m2=Vs, m� ¼ 0:015m0,
ε1 ¼ 15:68, extracted from measurement,26 and
B ¼ 0:7 T, εm ¼ �800þ i550. Solid lines correspond to
finite dissipation and dotted lines correspond to the infinite
mobility cases. Below the dashed horizontal line, the SPP
is nonreciprocal (NR) and sometimes unidirectional. (b)
The electric field distribution of the unidirectional SPP, at
two resonance frequencies P1 and P2, excited by a point
source located at the interface for the finite-mobility case.
(c) The SPP propagation length (LSPP) in a dissipative
system at three different temperatures, where
ΛSPP=LSPP=λSPP. To the left of the dashed vertical lines,
the SPP is nonreciprocal. The dashed sections indicate
that the SPP is within the bandgaps. (d) Density plot of
normalized SPP propagation length, ΛSPP, vs frequency
and temperature. Shaded regions indicate the bandgaps.

TABLE I. SPP propagation length and the bandgap width in frequency at various temperatures. BG1 (which starts at 0 THz; the provided value is for the top of the bandgap)
and BG2 are the lower and upper bandgaps, respectively. BTWN-BGs indicate at the midpoint between the two bandgaps (in the bulk passband), εm =−800 + i550,25
B = 0.7 T, and ΛSPP = LSPP/λSPP.

Temperature (K) 300 250 200 150 100 50

BG1 (THz) 1.23 0.72 0.19 0.08 0.08 0.08
BG2 (THz) 2.01–2.32 1.60–1.84 1.33–1.41 1.30–1.34 1.35–1.38 1.39-1.43-
Λ in-BG1 0.17 0.30 0.76 0.91 1.03 1.00
Λ BTWN-BGs 0.03 0.25 1.20 2.90 3.30 3.30
Λ in-BG2 0.46 0.48 0.50 0.75 0.66 0.61

TABLE II. Comparison of plasmon propagation properties in the undoped, N-doped, and P-doped crystals at T = 77 K, considering m* = 0.015 m0, ε∞ = 15.7, and
εm =−800 + i550. Λ = LSPP/λSPP. Dashes indicate that no SPP exists. BG1 starts at 0 THz; the provided value is for the top of the bandgap.

T = 77 K Undoped N-doped P-doped

ne × 1021 (m−3) 0.32 350 35
μ (m2/Vs) 17 4.5 0.2
ωp*/2π (THz) 0.33 10.9 10.9 3.4
B (T) 0.7 0.7 15 0.7
ωc/ωp* 3.9 0.12 2.5 0.37
Γ/ωp 0.08 0.01 0.01 0.7
BG1 (THz) 0.08 10.3 3.70 2.9
BG2 (THz) 1.35–1.38 11.0–11.6 30.0–31.7 3.7–4.2
Λ in-BG1 1.0 0.02 1.6 0.2
Λ BTWN-BGs 3.3 … 3.3 …
Λ in-BG2 0.65 0.5 1.1 …
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is the only viable option. Room temperature operation is not feasi-
ble. For the N-doped material, aside from B ¼ 15 T, below ⪅5 T,
there is no SPP between the two bandgaps, but for bias levels such
as B ¼ 5, 7:5, and 12 T, the maximum LSPP=λSPP is 0.4, 1.1, and
2.3, respectively. If an n-doped InSb crystal with a lower level of
doping is used, a weaker magnetic bias would be required (still,
several T) to obtain SPPs with reasonable propagation lengths.
However, the bias and the bandgap frequency range are still very
much higher than for the undoped case.

It is worth noting that properties of the metal layer
also impact performance. For example, using parameters of the
undoped sample in Table II, if the metal permittivity were
ε0m ¼ (�2:3þ i8:6)� 105 obtained using a standard Drude model,
the maximum propagation length of the SPP between two bandg-
aps is 7:4λSPP , more than twice the value reported in Table II.
Metal deposition quality, surface roughness, etc., will also play an
important role, which are not the subject of this work. However,
for some applications such as switches and nonlinear devices, a
very long SPP propagation length is not required.

In order to excite SPPs in the experiment, a symmetric metal
grating is used as the SPP launcher. Figure 4(a) shows the geometry
of the structure, an InSb sample covered with a grating under a
normally incident plane wave. The electric field polarization is per-
pendicular to the grating strips as well as the magnetic bias.
Figure 4(b) shows the measured reflectance spectra ~R of the

magnetized pattern InSb sample at various temperatures. The red
peaks indicate the SPP resonances of the biased sample. By apply-
ing B ¼ 0:35 T, the SPP resonance frequencies are within or above
the upper bandgap, depending on the frequency. The period of the
grating is d ¼ 84 μm with the filling factor 1=2, providing the effec-
tive momentum β0 ¼ 2π=d for the system under a normally inci-
dent plane wave. Using the SPP dispersion diagram, the SPP
resonance frequency can be obtained at different temperatures as
shown in Fig. 4(c). The measured resonance frequencies are consis-
tent with the values theoretically estimated. Figure 4(d) shows the
reflection spectrum of the pattern InSb obtained using a COMSOL
simulation. As an example, for T ¼ 250K and considering a realis-
tic value of mobility (μ ¼ 5:8m2=Vs) as shown, the numerical
result is well-matched with the measurement result. The reflectance
corresponding to larger mobility has also been shown in Fig. 4(d).
If the mobility were higher, the SPP resonance becomes stronger;
the red resonance peaks in Fig. 4(b) become larger.

Finally, in Fig. 4(d), simulation results for reflectance are shown
for a metal grating having permittivity ε0m ¼ (�2:3þ i8:6)� 105,
the standard Drude model (red-dashed curve). It can be seen that
the THz-measured value25 used in this work, εm ¼ �800þ i550,
provides a better agreement with the measurement than the higher-
permittivity model, leading to confidence in this lower value. We
note that the two different metal permittivity values do not signifi-
cantly change the resonance frequencies shown in Fig. 4(c).

FIG. 4. The far-field measurement of the unidirectional
SPP at various temperatures. (a) The schematic geometry
of the structure under test. The SPP is excited using a
symmetric metal grating under a normally incident plane
wave. The period of grating is d ¼ 84 μm, and the metal
thickness is t ¼ 0:5 μm. (b) The reflection spectrum of
the pattern InSb sample is measured at various tempera-
tures. ~R is defined as the ratio of r(B)/r(0), where r (B) and
r (0) are the reflectance of the biased/unbiased pattern
sample, respectively. The red peaks are observed unidir-
ectional SPP resonances. (c) The analytically estimated
SPP resonance frequencies at different temperatures,
obtained using the SPP dispersion diagram and the effec-
tive momentum β0 ¼ 2π=d due to the symmetric grating
as illustrated in the inset plot. (d) The reflection spectrum
of the pattern InSb results from a COMSOL simulation.
The InSb crystal is characterized by
ne ¼ 4:5� 1021 m�3, m� ¼ 0:0175m0, ε1 ¼ 15:68,
and different mobility values. εm ¼ �800þ i550,
ε0m ¼ (�2:3þ i8:6)� 105, and B ¼ 0:35 T.
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III. CONCLUSION

In this work, we studied the low-THz characteristics of the
SPPs on a metal–InSb interface with a realistic InSb model. SPPs in
the bulk bandgaps are topological, and to design wideband devices
based on topological SPPs, the propagation length and the bandgap
size are two important factors. For very low temperatures, InSb is
not a suitable platform for topological SPPs due to an extremely
narrow bandgap, whereas for higher temperatures (say, above 250K),
the propagation length is not long enough due to low mobility. At
temperatures between 150K and 220K, moderate bandgap width
and LSPP=λSPP ⪆ 1 are obtainable using undoped InSb.
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