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Materials and Methods 
Bandwidth and lifetime characteristics of reciprocal and non-reciprocal devices  

There are subtle but important differences between the (bandwidth, lifetime and Q-
factor) characteristics of reciprocal and non-reciprocal devices, thus appropriate care 
should accordingly be exercised when analyzing the above characteristics of such 
devices.  

Specifically, as shown in the first row of Table S1 below, the key property in a 
reciprocal device is that because of time-reversal invariance the rates of input and output 
of energy into/from the device are equal (17, 18), ρin = 2/τin = ρout = 2/τout, where the 
factor of ‘2’ arises because ρin and ρout refer to the energy (rather than the amplitude) rate 
(17). Furthermore, we normally operate in the underdamped regime, where energy can 
couple into the device before it dissipates, i.e. 

2/τin = 2/τout >> 2/τ0 → ρin = ρout >> 2/τ0                                                                  (S1) 

with 2/τ0 being the energy-decay rate owing to internal, dissipative/Joule losses. With 
these notes in mind, we may use the well-known expression for the ‘loaded in-coupling 
Q’, QL,in (17), summarized in the last raw of Table S1 (Eq. (S3)), to calculate an 
approximate relation linking the in-coupling bandwidth Δωin (i.e., the bandwidth 
available at the input port of the device) to the in-coupling rate ρin: 
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Table S1. Bandwidth, lifetime and Q-factor characteristics of reciprocal and non-reciprocal resonant 
devices. 

 
The situation is drastically different in highly asymmetric, non-reciprocal devices 

where the in-coupling rate may be much larger than the out-coupling rate, ρin >> ρout. In 
such a device, while the in-coupling bandwidth Δωin is still proportional to the in-
coupling rate, Δωin ∝  ρin, and can therefore be large, the out-coupling bandwidth Δωout is 
proportional to the out-coupling rate, Δωout ∝  ρout, and for large asymmetry (as in the 
herein considered structure, in which the in-coupling rate is large but nothing can escape 
from the localization point at the rightmost end; see Fig. 2B) it can become zero, Δωout → 
0 (⇒  τout → ∞). Thus, in that case, the lifetime of the excitation Δτ = 1/(1/τ0 + 1/τout) now 
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becomes equal to τ0 (Δτ ≈  τ0), as shown in the second row of Table S1 above, rather than 
equal to τout as was the case for (the underdamped regime of) reciprocal devices. 
Importantly, in that case, the lifetime Δτ (being equal to τ0) is completely decoupled from 
the in-coupling rate and bandwidth, i.e. Δτ ≠ 2/ρin = 2π/Δωin, simply because time-
reversal symmetry linking ρin to ρout (see highlighted box in the first row of Table S1) is 
not valid anymore (as the system is non-reciprocal, i.e. Lorentz reciprocity is broken, e.g. 
by application of an external magnetic bias as in the heterostructure of Fig. 2B). By 
contrast, as inferred from the above discussion and as summarized in the left column of 
Table S1, for reciprocal devices it is always Δτ = 2π/Δωin, and hence the time-bandwidth 
product is always constant – or, generally, upper-limited. Since time invariance does not 
apply anymore in devices where Lorentz reciprocity is broken, and Δτ ≠ 2π/Δωin, the 
time-bandwidth product may, now, in principle, take-on arbitrarily large values – much 
higher that what was, until now, considered to be the ‘fundamental’ upper limit 
characterizing reciprocal resonant and waveguiding systems (which, as explained in the 
main text, is usually thought to ‘fundamentally’ arise from basic Fourier-transform 
considerations in the derivation of the frequency response of lossy resonators and guiding 
systems (1-5, 7, 9, 13-18)). 
 
 
Parameters used in results/figures shown in the main text 

In the attaining the band diagram of Fig. 2C, the following optogeometric 
parameters were used:  
 

– Magnetized InSb: Ne = 1.1×1016 cm-3 (electron density) (23, 26); ε∞ = 15.6; ωp = 
[(Nee2)/(ε∞ε0m*)]1/2 = 4π×1012 rad/s (effective plasma frequency); fp = ωp/2π = 2 THz; B0 
= 0.2 T (external magnetic field); ωc = eB0/m* = 0.2ωp (electron cyclotron frequency). 
 

– Si layer: εr = 11.68; d = 0.08λp = 12 μm (λp = c/fp = 150 μm). 
 

– Ag metal: εAg = 1 – ωpe
2/[ω(ω + iωτ)], with ωpe = 1.367×1016 rad/s and ωτ = 2.733 × 

1013 rad/s. 
 

For the simulation results of Fig. 3, the following parameters were used: 
 

– Waveguide length: L = 800 μm; loss of InSb: v = 0.001ωp.  
 

– Magnetic current line source: Im(t) = exp[–(t – t0)2/τ2]exp(–i2πf0t), where f0 = 1.5 THz, 
t0 = 15Tp; τ = 6.4Tp (with Tp = 2π/ωp = 0.5 ps), positioned 100 μm away from the leftmost 
end and 6 μm above the Si/InSb interface. The spectrum of the source is A(ω) = A0exp[– 
(f – f0)2/Δf 2], with Δf = 0.1 THz (FWHM = 0.1665 THz). 
 

For the simulation results of Figs. 4A, B (where v was variable) the used 
optogeometric parameters were the same as those used in Figs. 2 and 3, but with t0 = 
80Tp, τ = 31.8Tp and Δf = 0.02 THz. 
  

For the simulation results of Figs. 4C, D (where ωc or B0 were variable) the used 
optogeometric parameters were the same as those used in Figs. 2, 3, 4A, 4B.  
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Dispersion relation (Eq. (6)) and FDTD simulations  
To obtain the dispersion equation (Eq. (6)) in the main body of the paper, we assume 

that the excited surface magnetoplasmon (SMP) in the heterostructure of Fig. 2B is 
transverse magnetic (TM, or p-) polarized, with the nonzero component of the magnetic 
field, Hy, having the following spatio-temporal variation: 

 
Hy(x, z) = [A1exp(–αdx) + A2exp(αdx)]exp[i(kz – ωt)], in the Si layer (0 ≤ x ≤ d), 
 
Hy(x, z) = Bexp(αsx)exp[i(kz – ωt)], in the semiconductor/InSb layer (x ≤ 0), 
 
and Hy(x, z) = Cexp(–αmx)exp[i(kz – ωt)], in the upper metal/Ag (x ≥ 0), 
 

where k is the longitudinal propagation constant, and the remaining parameters are 
defined in the main text. The Ez component can be obtained from the above expressions 
for Hy as: Ez = [i/(ωε)] x/H y ∂∂ . Upon matching the two tangential field components at 
the Si/InSb and Ag/Si interfaces we immediately obtain the transcendental dispersion 
relation, Eq. (6), in the main text of the paper. 

For the full-wave simulation results shown in Figs. 3 and 4 in the main text (and in 
Fig. S1 below), we used the finite-difference time-domain (FDTD) method. The relevant 
equations in the gyroelectric semiconductor (InSb) are then: 
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The magnetic current line source was of the form: ),2]exp()(exp[ 22
0 tπfi/τttI 0m −−−=  t 

≥ 0, and was exciting a pulse whose bandwidth was in all cases within the ‘complete 
unidirectional propagation’ (CUP) region of the band-diagram (Fig. 2C). Figures S1(A)-
(E) below illustrate successive snapshots from these time-domain simulations: 

                                            (A) 
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                                             (B) 

                                           (C) 

       (D) 

       (E) 
Figure S1. Propagation and trapping dynamics. Successive snapshots of the propagation of a surface 
magnetoplasmon along the gyroelectric semiconductor heterostructure of Fig. 2B, with its eventual 
localization (and thereafter absorption; not shown here) at the rightmost end. Shown here are the 
successive distributions of the E-field amplitude. Note the change of scale in the colorbar and in the 
horizontal axis in parts D and E, as compared with parts A-C. 
 
In the FDTD simulations we used a uniform grid mesh with Δx = 0.1 μm and Δz = 0.5 
μm, apart from the region close to the Si/InSb interface and the rightmost Si-InSb/Ag 
interfaces where a non-uniform mesh was used with δx = 1/128 μm and δz = 1/512 μm 
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(otherwise, non-convergence or spurious back-reflections may be observed). Also, for the 
results of Fig. 3B we used a computational box of side length 4 μm, located around the 
rightmost Si-InSb/Ag interfaces, to record the time evolution of the electromagnetic 
energy inside it (where, e.g., the energy density inside the dispersive semiconductor is 
given by 2

0InSb (1/4))/dd(1/4) ||μωεω(U *
s HEE +=

 ).  
 

Derivation of Eq. (1) in the main text  
Let us assume that the field amplitude α inside a resonant system varies with time as 

α(t)∝ cos(ω0t)e-(1/2)Γt, for t ≥ 0. The Fourier transform of this expression reads: A(ω) = 
(Γ/2 + iω)/[(Γ/2 + iω)2 + ω0

2]. In the resonance approximation, we have (3): ω0
2 - ω2 = 

(ω0 + ω) (ω0 - ω) ≈  2ω0(ω0 - ω) ≈  2ω(ω0 - ω). Furthermore, in the underdamped regime 
mentioned above, we assume that Γ/2 << ω0. With these approximations in mind, we 
successively have for A(ω): 
 

,
/2)()(

/2)(
)(
/2)(

|)(|)(

/2]/)[(1
1/2

/2
1

2
/2

)(

22
0

2

2
0

22
02

00

0

00

0

Γωω
Γ

Γω
Γω

ωΑωI

ΓωωiΓω
Γiω

iΓωωω
iωΓ

ωΑ

+−
+

=∝

⇒
−−

−
=

+−
+

=

                                                       (S5) 

 
which is Eq. (1) used in the main text.  

 
Preservation of bandwidth during the static trapping and storage   
In this linear, time-invariant system, the “bandwidth” is essentially the in-coupling 
bandwidth Δωin associated with the in-coupling rate ρin: the higher ρin becomes, the larger 
does the stored/trapped bandwidth (Δωin) become. Therefore, this (Δω = Δωin) is the 
bandwidth that is stored/trapped in our asymmetric resonant system, assuming that Δωin 
lies completely within the CUP region. The out-coupling bandwidth Δωout (≈ 2π/τ0) is 
dependent on the material loss for the herein considered perfectly asymmetric case where 
ρout → 0. While the loss spectrum can have a sharp resonance (in fact, one is required to 
achieve a low loss rate) this can be centered on a frequency far from the operating range, 
with a weak dependence of loss on frequency in the relevant frequency regime – see Fig. 
S2(C). Thus, in this nonreciprocal system, both, large storage times Δτ = τ0 (i.e., small 
out-coupling bandwidths Δωout ≈ 2π/τ0 lost from the in-coupling bandwidth Δωin) and 
large bandwidths (Δω = Δωin large for high ρin) are simultaneously possible – whereas 
conventionally, for reciprocal systems, Δτ and Δω are fundamentally reciprocal to one 
another.    
     To more clearly illustrate these, Fig. S2 below summarizes the spectrum of our pulse 
at various locations (i.e., at various/different time instances) as it is progressively trapped 
and stored into its trapping region at the terminated, rightmost end of the heterostructure 
(Fig. S2(A) below). One may clearly see from these results that the whole spectrum of 
the pulse is rigorously stored in its trapping region in this static, linear system – unlike, 
e.g., what one might have expected for time-varying or nonlinear resonant systems, in 
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                                         (A)                                    (B)                                    (C) 
Figure S2: Absorption spectra during the resonant storage and during the pulse’s propagation. (A) 
Spectrum of trapped pulse at several points in the trapping region (cf. leftmost panel), and (B) for two 
different values of InSb loss factor ν, at a point Δz = 0.2 μm (cf. leftmost panel) in both cases shown in 
(B). (C) Calculated from full-wave simulations optical losses within the ‘complete unidirectional 
propagation’ (CUP) band for ν = 0.001ωp. 
 
which case the spectrum would have been manipulated. The small redshift that we 
observe in the spectra of the stored pulse at various locations (time instances) in Fig. 
S2(A) is attributed to the slightly increased optical losses with frequency in our structure, 
as was calculated from full-wave simulations and is shown in Fig. S2(C) above. 
Likewise, Fig. S2(B) shows that the spectra of the trapped pulse remain unaffected when 
varying the InSb loss factor ν, as expected, since as mentioned above the magnitude of 
the material losses cannot change the shape of the spectra (such a modification might 
have been caused, e.g., by a change in the dispersion / ‘slope’ of the material losses).  
 
  

   
(A)                                                                        (B)     

 

Figure S3. Bandstructure and bandwidth of the unidirectional-propagation region. (A) Band diagram 
of the heterostructure of Fig. 2B (cf. Fig. 2C), but now also shown is the case where a static magnetic 
bias B0 = 0.2 T is applied in the +y direction. The curve corresponding to that case is shown with a 
dashed line. (B) Shown here is the blue solid line of Fig. 4C but now plotted on a linear scale, showing 
clearly the gradual increase of the structure’s bandwidth with increasing magnetic field B0 (cf. remarks 
immediately after Eq. (7)). 
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