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Unidirectionally propagated electromagnetic waves are rare in nature but heavily sought after due to their potential
applications in backscatter-free optical information processing setups. It was theoretically shown that the distinct bulk
optical band topologies of a gyrotropic metal and an isotropic metal can enable topologically protected unidirectional
surface plasmon polaritons (SPPs) at their interface. Here, we experimentally identify such interfacial modes at terahertz
frequencies. Launching the interfacial SPPs via a tailored grating coupler, the far-field spectroscopy data obtained reveals
strongly nonreciprocal SPP dispersions that are highly consistent with the theoretical predictions. The directionality of
the interfacial SPPs studied here is flexibly tunable by either varying the external field or adjusting the metallic character-
istics of the bulk materials. The experimental realization of actively tunable unidirectional SPPs sets the foundation for
developing nanophotonic information processing devices based on topologically protected interfacial waves. © 2021
Optical Society of America under the terms of the OSA Open Access Publishing Agreement
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1. INTRODUCTION

Through the coupling with surface plasmon polaritons (SPPs), it
is possible to confine light at the nanoscale [1-4]. While the exci-
tation of SPPs with tailored directionalities can be achieved using
various metacoupler designs [5], the propagation of SPPs in solid
state systems is usually reciprocal [6], which means that a forward-
traveling SPP wave can be easily backscattered by disorders.
Since such backscattering is detrimental for SPP-based informa-
tion processing applications, the development of nonreciprocal
plasmonic platforms [7-20] that enforce unidirectional SPP
propagations is of great importance. For a typical metal-dielectric
plasmonic interface, when the metallic medium is gyrotropic,
several earlier theoretical works have predicted the existence of
frequency windows in which SPPs travel unidirectionally [21-27].
However, more recent investigations revealed a thermodynamic
paradox [28,29] associated with such prediction. When consider-
ing the nonlocal effects present in realistic materials, there are no
longer any strictly unidirectional frequency ranges, even in lossless
systems. Theoretically, the unidirectionality of many classes of
SPPs, including conventional surface magnetoplasmons, is rooted
in a nonphysical flat dispersion asymptote at large wavenumbers.
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This kind of SPP would become bidirectional in the presence of
nonlocal effects.

In order to find alternative interfaces that can support truly
unidirectional SPPs, less common plasmonic material combina-
tions need to be considered. Interestingly, itis also possible to excite
SPPs at interfaces formed between two metals, given one of them
is gyrotropic. At such metal-metal interfaces [23,25,30,31], not
only are strictly unidirectional frequency windows present without
any thermodynamic paradox [29], the unidirectionality of SPPs in
these frequency windows is further protected by the topology of the
bulk optical band structure [32-36]. The unidirectionality of such
topological SPPs arises from a bias-induced asymmetry, and thus it
is preserved when nonlocal effects are present. To experimentally
demonstrate this effect, in this work we excite and characterize
terahertz (THz) surface magnetoplasmons at a grating-coupled
gyrotropic-metal/isotropic-metal interface at low temperatures.
The theoretically predicted nonreciprocal SPP dispersions are
clearly observed. This system also allows active control over both
the SPP directionality and frequency with weak magnetic fields.
To bridge our work with future applications, we also discuss how
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Fig. 1. Topologically protected unidirectional SPPs. (A) Schematic of a gyrotropic/isotropic conductor interface. (B)—(H) Evolution of the TM bulk

band structure as a topologically trivial regular Drude metal (t = 0) is continuously transformed into a nontrivial gyrotropic conductor (r = 1). The
band dispersions are visualized by plotting log |.s(k, w)w?® — £*c?|. Parameters used are w,/2m =6THz, w./2m =1.4THz, w, /27 =10 THz,
and ke /2 =100 THz. (I) Topologically protected unidirectional SPPs (red) emerging from the bulk gaps. (K) and (L) Simulated electric field
intensities for the sample structure illustrated in (J). The size of the simulation area is 2 mm x 0.7 mm. The grating period used for SPP launching is

d=2m/ky =84 um.

the nonreciprocal SPP propagation is affected by practical material
characteristics.

2. THEORETICAL BACKGROUND

We first introduce the basic concepts of the topologically protected
interfacial SPPs studied here by considering a lossless heterostruc-
ture formed from a gyrotropic conductor that is biased by B=B 5
and a regular Drude metal (Fig. 1(A)). The permittivity of the iso-
tropic metal is a scaler (g,, < 0), and the permittivity tensor of the
gyrotropic conductor can be expressed as

e 0 igg
e= 0 ¢ 0 |. (1)
—ig, 0 ¢

In a continuous medium, due to the behavior of the
Hamiltonian at infinite momentum in the 2D planar momen-
tum space, the usual assumption of a local material model can
lead to noninteger Chern numbers [32,33]. Here, in order for the

isotropic metal and the gyrotropic conductor to share a common
bandgap and have Chern numbers that are meaning for the bulk-
edge correspondence, we use an interpolated material model to
calculate the dispersion, which uses a parameter 7 € [0, 1] to
represent a continuous transition between the isotropic (t — 0+)
and gyrotropic (t — 1—) limits. Thus, the permittivity elements

are defined as
w,’ 1 w,,°
—(1— sl
wz—wﬁ)(H/ez//efm) a-0 (%),
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where &4, is the infinite frequency permittivity, @, and w,, are the
plasma frequencies of the two materials, and w, is the cyclotron

gb,w)=64 —1 <

&,(k, w) =¢84
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frequency. In Eq. (2), a spatial frequency cutoff Ay« is introduced
following the method in Ref [32,33]. This value is chosen to be
large enough (>100w, /c) such that its effect is only significant
at the limit of # — 0o. At small or moderate momentums, the
electromagnetic response is very similar to a local model with
kmax = 00. It should be noted that a hydrodynamic model would
be more accurate than the spatial cutoff model at large wavenum-
ber, but for the low-wavenumber SPPs considered here, the spatial
cutoff model is expected to provide accurate results.

Inside the bulk materials, plane waves propagating perpendicu-
lar to the field include both TE and TM modes. It can be shown
that the TE modes are all topologically trivial and thus will not be
discussed further. The TM bulk modes, on the other hand, follow

the dispersion relation

2
P o
c

where e.5= (¢, — 8g2) /€, is the effective permittivity for the
field-orthogonal polarizations. Equation (3) characterizes three
bulk bands [upper (U), middle (M), and lower (L)] that are sep-
arated by two bandgaps (BG1 and BG2) (Figs. 1(B)-1(H)).
At the limits of T — 0 and 7 — 1, some of the bands are dark
modes decoupled from the electromagnetic field (dashed lines in
Figs. 1(B) and 1 (H)).

In a continuous medium, by mapping the unbounded /;—space
onto the Riemann sphere [33], it is possible to assign an integer
Chern number to each bulk band that is separated from the others
by a complete bandgap [37-39]. At the limit of T — 0 (isotropic
metal), the Chern numbers of the three bands are all zero, while for
7 — 1 (gyrotropic conductor), the nontrivial Chern numbers are
foundtobe [40] Cy =1, Cpy = —2,and C; = 1. As T varies from
0 to 1, the band structure changes are shown in Figs. 1(B)-1(H).
Two topological phase transitions occur during this process, each
associated with changes in the Chern numbers. The first transition,
marked by the opening of BG2 at # = 0, takes place near T — 0.
The second transition occurs between T = 0.6 and 7 = 0.8, where
Cyrand C abruptly change from (1,0) to (—2, 1). Similar to what
is discussed in Ref [32,33], this transition is driven by the closing
and reopening of BG1 at very large 4.

The distinct topologies at the two sides of the interface man-
dates the formation of in-gap surface states. The sum of the Chern
numbers for each band below the gap (gap Chern number) indi-
cates the number of topologically protected surface modes crossing
the gap. The gap Chern numbers of BG1 and BG2 are 1 and —1.
Thus, two in-gap unidirectional SPP branches, one in each gap, are
present in this system (Fig. 1(I), red). The SPP dispersion equation
derived based on the nonlocal model [Eq. (2)] is shown in the sup-
porting materials. For relatively small £ values (e.g., those accessible
in experiments), the SPP dispersion can be approximated by the
simpler expression obtained at the local limit Ay, — 00:

\/kgPP — ko \/kéPP — ke ¢
+ = —%—kspp. 4
feg (4)

Em Eeff

Within the bulk gaps, the SPP unidirectionality is topologically
protected and therefore immune to backscattering. One example
of such effect is shown in Figs. 1(J)—1(L). In this setup (Fig. 1(])),
the grating at the center is designed to be in resonance with two
in-gap SPP modes traveling in opposite directions: (ky, ™) and
(—ky, @™), which are indicated by blue dots in Fig. 1(I). When
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excited by light of frequency @™, only the left-traveling mode is
allowed at the interface (Fig. 1(K)). In comparison, when tuning
the light frequency to w™, the SPP wave launched only travels
toward the right (Fig. 1(I)). In both cases, the propagating SPP
experiences no scattering at the sharp bending points placed along
its paths. We note that SPP modes outside the bulk gaps can also
be unidirectional within selected frequency ranges (Fig. 1(I)),
though these out-of-gap unidirectional waves are not topologically
protected and subject to scattering with the bulk modes.

3. EXPERIMENTAL RESULTS

To realize the gyrotropic/isotropic heterostructure in experiment,
Au films are deposited on the surfaces of undoped InSb single crys-
tals. Here, magnetized InSb serves as the gyrotropic conducting
medium. Its high electron mobility and small effective mass allows
the generation of strong magneto-optical effects with weak mag-
netic fields [41-51]. Grating structures are fabricated in the Au
layer to provide the momentum matching and allow the excitation
of SPPs from free-space light (Fig. 2(A)). In experiment, the mag-
netic field is kept parallel to the grating grooves and the incident
polarization is perpendicular to the grooves. The SPPs launched
need to satisfy the momentum conservation rule

kspp = g sin @ =+ 2—7[, (5)
c d

where d is the grating constant and € is the incident angle.
Equation (5) traces out two parallel straight lines in the (¢, w)
plane. The intersections of these two lines with the SPP dis-
persion curve [Eq. (4)] determine the SPP modes that can be
excited (Figs. 2(F)-2(H)). Signatures of the SPPs are detected in
a reflection geometry using the THz time-domain spectroscopy
(THz-TDS) method.

Figures 2(C) and 2(D) compare the 50 K THz reflectance
(r = Ereficction/ Eincidence) measured with a normal incidence
(0 =0) on the two different halves of the same sample: one
with a bare surface (Fig. 2(C)) and the other with an Au grating
structure on top (Fig. 2(D)). In this InSb sample, the electron
mobility maximizes at 50 K (u=22m?/Vs), where the car-
rier density 7 =1 x 102 m™ and the carrier scattering rate
I'=¢/um* =5.7 x 10" s71 (m* = 0.014my is the effective elec-
tron mass) are relatively low, corresponding to an effective plasma
frequency of ®,*=w,/ /6 =+/ne*/m*eseo 0.2 THz.
On the unpatterned region, free-space light cannot directly cou-
ple to the SPPs, and the most noticeable feature observed is the
field-induced reflectance modulations near w, = ¢ B/m™, which
blueshift as the magnetic field increases (Fig. 2(C)). In comparison,
the reflectance peaks associated with SPPs, as well as their anti-
crossing with the cyclotron resonances, are clearly visible in the
dataacquired on the region covered by Au grating (Fig. 2(D)).

At zero field, since Egs. (4) and (5) are both symmetric in
the k-space, a pair of SPP modes are simultaneously generated,
which travel in opposite directions but have the same frequency
and propagation length (Fig. 2(F)). This pair of SPPs are repre-
sented by a single peak in the reflectance spectrum (Fig. 2(D)).
Applying a nonzero field, the SPP branches below w, are no longer
k-symmetric (Figs. 2(G) and 2(H)). When B =10.45T, w, over-
laps with the SPP frequency and causes the SPP propagation in
both directions to be significantly damped (Fig. 2(G)). When B
further increases to 0.7 T, a pair of SPP modes are again excited
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Fig.2. Surface magnetoplasmons generated at InSb/Au interface by normal incident light. (A) Schematic of the measurement configuration. The inset

shows the optical image of the Au grating (scale bar represents 50 pm). (B) Side view of the measurement geometry. (C) and (D) Field-dependent reflectance
spectra obtained on the unpatterned half of (C) the sample and (D) the patterned half at 50 K. The cyclotron frequencies are marked by small circles, and
the SPP peaks are highlighted in grey. (E) Calculated SPP resonance frequencies for different fields. Left-traveling SPPs are plotted using red bubbles, and
right-traveling SPPs are plotted with blue bubbles. The bubble size represents the SPP propagation lengths normalized by the wavelengths (Zspp /Aspp). (F)—
(H) SPP dispersions for three different magnetic fields. The red and blue lines show the grating resonance conditions for the left-traveling (red) and right-
traveling (blue) SPPs under normal incidence. In (G) and (H), the two field-induced bulk gaps are marked by grey shaded areas.

with approximately the same frequency, though the left-traveling
wave has a substantially longer propagation length compared to
the right-traveling one (Fig. 2(H)). Figure 2(E) plots the SPP res-
onance frequencies calculated for different field values, which are
highly consistent with the experimental observations. In general, at
50 K, left-traveling and right-traveling SPPs excited by the normal-
incidence light are degenerate in energy. They are either generated
in pairs or both suppressed when varying the magnetic field.

The situation is different when 6 # 0. As shown in Fig. 3(A),
mounting the sample next to a silver mirror and forming a nor-
mal angle between the two surfaces, a THz beam focused on the
sample-mirror boundary hits the two surfaces consecutively with
an angle and gets retroreflected in the end. One complication asso-
ciated with this setup is that the reflectance measured is a combined
result of @ = +45° incidences: 0 for the beam portion that hits the
sample first is 45°, whereas the other portion that gets reflected by
the mirror first hits the sample surface with a -—45° angle. The
sample reflectances corresponding to the two incident angles are
linked by symmetry. For simplicity, we first focus on the case of
0 = 45°,and the other case of & = —45° can be directly inferred by
therelation of r (=6, B) =7 (0, —B).

For 6 =45°, Eq. (5) results in two slanted lines in the (4, w)
plane that are no longer £-symmetric (solid lines, Figs. 3(E)-3(G)).
Such asymmetry lifts the energy degeneracy between the SPPs
excited in opposite directions and thus allows them to be distin-
guished experimentally as shown by the two separate SPP peaks
in Fig. 3(C). As the external field varies, the cyclotron resonance
intercepts with the left- and right-traveling SPP modes one at a

time (Figs. 3(C) and 3(D)), allowing them to be manipulated indi-
vidually. This effect produces multiple magnetic field windows in
which the SPP launched is unidirectional (Fig. 3(D), green shaded
regions). Near B =0.35 T, the left-traveling mode is suppressed
by the field, and only the right-traveling SPP is allowed at the inter-
face (Fig. 3(F)). The situation is reversed near B =0.57 T, where
only the left-traveling SPP is allowed (Fig. 3(G)).

Comparing the SPP dispersions shown in Figs. 2(G), 2(H) and
Fig. 3(G) to the ideal lossless case shown in Fig. 1(I), a big differ-
ence is that the SPP modes between the two bulk gaps are no longer
unidirectional for magnetic fields larger than 0.4 T. Since the SPPs
outside the bulk gaps are not topologically protected, their direc-
tionality is sensitive to the changes in symmetry-unrelated sample
parameters. When the carrier density of InSb is low (e.g., at 50 K),
the SPP dispersion between the bulk gaps is strongly affected by the
surface quality of the Au film. In this work, a literature-reported Au
film permittivity of £,, = —800 + 7500 obtained from SPP-based
measurements [52,53] is found to be most consistent with our
experimental observations [54]. If the bulk permittivity value
(&:Br“‘ie =—2.3 x 10° 4+78.6 x 10°) [55] can be realized at the
surface of the Au films, the SPP dispersion at the interface will
become much more similar to the ideal case (Fig. S1, Supplement
1).

At higher temperatures, thermal activation causes the electron
density in InSb to rise, changing the bulk and surface band struc-
tures significantly (Fig. S2 of Supplement 1, Figs. 4(C), 4(G), and
4(K)). Figures 4(A), 4(E), and 4(I) compare the normal-incidence
reflectances measured at 50 K, 180 K (z=4.5 x 102 m~3,
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Unidirectional SPPs generated by light with a nonzero incidence angle. (A) Schematic of the measurement configuration. (B) Side view of the

measurement geometry. (C) Field-dependent reflectance spectra measured on unpatterned and patterned sample halves at 50 K. Curves corresponding to
unidirectional SPP excitations are highlighted in green. (D) SPP resonance frequencies calculated for the two incidence angles of £45°. The field ranges cor-
responding to unidirectional SPPs are marked in green. (E)—(G) SPP dispersions for three field values.

®* =0.4THz, =11 m?/Vs),and 250 K (z = 4.5 x 10*! m~3,
w* =1.1 THz, =6 m?/Vs). Here, instead of extracting the
absolute reflectance 7 (B), which requires a reference sample to be
repeatedly positioned to precisely match the different sample posi-
tions at varied temperatures, the reflectance data is processed in a
self-referenced manner. That is, the raw reflectance signal detected
at a nonzero field is divided by its zero-field value (r(B)/7(0)),
which captures the field-induced reflectance change without the
need for separate reference measurements.

On bare InSb (Figs. 4(A), 4(E), 4(I), top), the most outstanding
features of 7 (B) /7 (0) are a peak near w* and a plateau that broad-
ens as B increases. The right edge of the plateau traces the bottom
of the upper bulk band, which approximates @, when 0% < ..
With the Au grating, the broadening of the plateau appears to be
intercepted at the zero-field SPP frequency (Figs. 4(A), 4(E), 4(I),
bottom), and the peak near the plateau edge indicates the SPP
frequency under the influence of the nonzero field. The single SPP
peak detected at 6 = 0° splits into two when 6 changes to +45°
(Figs. 4(B), 4(F), and 4(J)). At 50 K, the higher frequency peak
represents the forward-propagating (as compared to the in-plane
direction of the incidence light) modes generated by the £45° inci-

%

dences [wéQ, (£45°)], and the lower frequency peak represents the
counterpropagating modes [a)éfp)l,(:t45°)] (Fig. 4(C)). At 180 K
and 250 K, the two peaks come from the forward-traveling mode
generated by the +45° incidence [a)éQ, (45°)] and the counter-
traveling mode generated by the —45° incidence [wéi,)l,(—45°)],
both modes can only propagate toward the right (Figs. 4(G) and
4(K)). As shown in Figs. 4(D), 4(H), and 4(L), the raised a);’; makes
the bulk gaps (grey shaded areas) and the unidirectional magnetic
field windows (green shaded areas) both more sizable at higher

temperatures. As a result, it is much easier to generate topologically
protected unidirectional SPPs at 250 K (modes in regions where
the two shaded areas overlap). Nonetheless, due to the reduced
electron mobility, the propagation lengths of these modes are short.

An important feature of the SPPs at the gyrotropic/isotropic
interface is that they are nonreciprocal. Since the operation of
B — — B mirrors the 4-asymmetric SPP dispersion curve with
respect to # =0, for any single 6 value, flipping the field orien-
tation will lead to the excitation of different SPP modes. The
6 = £45° dual incident angle setup weakens such effect signifi-
cantly, but due to the nonperfect beam shape in the experiment
and the weak imbalance between the two incidence angles, the
nonreciprocal SPP excitations can still be detected. The insets of
Figs. 4(B) and 4(F) plot the differences between the data measured
at £0.7 T. The absolute value of the difference signal maximizes
near the two SPP resonances, but the sign of the signal changes
in between, indicating a spectral weight shift between the two
modes as the field orientation flips. In comparison, the £0.7 T
signals measured on the bare InSb surface are almost identical
(Fig. S3, Supplement 1). Notably, the sign of the difference signal
also flips when raising the temperature from 50 K to 180 K. This
observation is consistent with the different SPP asymmetry found
at the two temperatures (Figs. 4(C) and 4(G)). At 50 K, the £# < 0
SPP branch below BG2 is stronger than the # > 0 branch in the
sense that it has much longer propagation lengths. At 180 K, the
k > 0 branch becomes the stronger one since the # < 0 branch is
no longer present.
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Fig.4. Nonreciprocal SPP responses and temperature dependence. (A) Field-induced reflectance changes on bare (top) and patterned (bottom) sample
regions at 50 K. (B) Field-induced reflectance changes at 0.7 T with normal (solid curve) and :45° (dashed curve) incidences. The inset shows the differ-
ence between the data obtained at B= £0.7 T. (C) Dispersion relations of bulk modes (brown) and SPPs (black) at B = 0.7 T. (D) SPP resonance frequen-
cies calculated for 6 = 0° and 45°. (E)—(L) are similar to (A)—(D) but for higher temperatures of 180 K and 250 K. In (D), (H), and (L), bulk gaps are
marked by grey and unidirectional field windows are marked by green. The unidirectionality of the modes residing in the overlapping regions is topologi-
cally protected. The modes residing inside the green region but outside the grey region are also unidirectional but are not topologically protected.

4. DISCUSSION

In summary, we have successfully excited unidirectional THz
surface magnetoplasmons at the gyrotropic-metal/isotropic-metal
interface formed between magnetized InSb single crystal and Au
film. Varying the external magnetic field, the directionality of the
interfacial SPPs that can propagate is flexibly tunable. Controlling
the carrier density in InSb, we are able to change the bulk gap sizes
and observe different nonreciprocal interface dispersions. These
results demonstrate the possibility of realizing topologically pro-
tected active nonreciprocal plasmonics at THz frequencies using
heterostructures formed from materials with distinct optical band
topologies.

For practical applications, we find it desirable to work with a
gyrotropic conductor with a relatively larger effective plasma fre-
quency w;. On one hand, it helps widen the bulk optical bandgaps
and thus extend the bandwidth of the topologically protected
interfacial SPPs. On the other, it makes the unidirectionality of
the out-of-gap SPPs, which are not topologically protected, more

robust against the parameter fluctuations in the isotropic metal
layer. Since a larger @?% also means that a larger magnetic field is
required to generate a sizable gyrotropic permittivity element,
there exists an optimal window of w* for unidirectional SPP
applications, the value of which is determined by the effective
carrier mass in the gyrotropic medium. For InSb, such opti-
mal w% window occurs when the carrier density is at the level
of 1021102 m™3. With such electron densities, however, the
propagation lengths of the unidirectional interfacial SPPs are sig-
nificantly limited by both the interface quality of the deposited Au
film and the electron mobility in InSb. The interfacial properties
of Au films are often affected by the presence of an additional adhe-
sion layer (e.g., Ti as used in this work). By depositing directly on
substrates cooled to cryogenic temperatures without an adhesion
layer [56] or using unconventional adhesion materials [57,58],
ultrasmooth Au films can be fabricated with greatly improved
plasmonic performances. For undoped InSb single crystals as
used in this experiment, the 10*! — 102 m™ electron density
values are found near room temperature. Since in this case the
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dominating mobility limiting factor is the carrier scattering with
optical phonons [59-61], there is little room for improvement.
Alternatively, similar electron densities can also be found in lightly
doped n-type InSb near liquid nitrogen temperature but with
much higher mobility values [61,62]. Through these future mate-
rial optimizations, the long-living unidirectional SPPs that can
be excited at gyrotropic-metal/isotropic-metal interfaces will
provide a unique venue for exploring nonreciprocal plasmonic
functionalities on chip.
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