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Reverse surface-polariton
cherenkov radiation

JinTao, Qi Jie Wang, Jingjing Zhang & Yu Luo

The existence of reverse Cherenkov radiation for surface plasmons is demonstrated analytically. It is
. shown that in a metal-insulator-metal (MIM) waveguide, surface plasmon polaritons (SPPs) excited by
Accepted: 29June 2016 :  an electron moving at a speed higher than the phase velocity of SPPs can generate Cherenkov radiation,
Published: 01 August 2016 : Which can be switched from forward to reverse direction by tuning the core thickness of the waveguide.
. Calculations are performed in both frequency and time domains, demonstrating that a radiation

pattern with a backward-pointing radiation cone can be achieved at small waveguide core widths, with
energy flow opposite to the wave vector of SPPs. Our study suggests the feasibility of generating and
steering electron radiation in simple plasmonic systems, opening the gate for various applications such
as velocity-selective particle detections.

Received: 25 May 2016

When a charged particle travels at a velocity faster than the phase velocity of light in a medium, it can drive
the medium to emit electromagnetic radiation with a forward pointing wavefront'. This unique phenomenon
is called Cherenkov radiation, named after the Russian scientist Pavel Alekseyevich Cherenkov, the 1958 Nobel
Laureate who was the first to observe it experimentally. Cherenkov radiation has been widely studied in conven-
tional media, enabling a wide range of applications, including the measurement of fast particles in high-energy
physics??, the detection of labeled biomolecules**, the characterization of fission rate in nuclear reactors®’, and
determining properties of high-energy astronomical objects®’. In 1968, Veselago predicted that the cone of the
radiation will be directed backward relative to the motion of particle in negative index media, featuring the
reverse Cherenkov radiation!?. Later theoretical studies suggests that backward propagating Cherenkov radiation
behavior can be expected in photonic crystals within one particle-velocity range'’. Facilitated by the metamate-
rial technology, reverse Cherenkov radiation has recently received intensive attentions'>'*. Its unusual feature
was experimentally verified in metamaterials at microwave frequencies'*!°, where a waveguide with an array of
open slots was used to mimic a moving charged particle. However, the direct experimental observation of reverse
Cherenkov radiation is still rarely reported, as it is always challenging to fulfill the requirement that high speed
electron beams propagate in negative index metamaterials for transversely magnetic polarized waves, at a speed
v>|v,| (Here v, is the phase velocity of electromagnetic waves in the metamaterial).

Recent studies have brought great attentions to Cherenkov radiation in plasmonic systems. SPPs are elec-
tromagnetic excitations that propagate along the interface between a metal and a dielectric medium, and can
be excited by electrons or photons. Since the wave vector of SPPs is larger than that in the free space, it is possi-
ble to satisfy the Cherenkov radiation condition by properly designing the dispersion property of a plasmonic
system. Theoretical work shows that in a structure of metallic film with loaded dielectric, the SPPs excited by
electrons can be transformed into Cherenkov radiation'®!. In a recent experimental study, controlled steering of
Cherenkov surface plasmon wakes has been realized with a one-dimensional metamaterial by changing the angle
of incident and the photon spin angular momentum of the incident radiation'®. Although the SPPs approach
greatly lower the barrier for the observation of Cherenkov radiation, the reverse Cherenkov radiation for surface
plasmons has not yet been discussed.

Here, we study analytically the reverse Cherenkov radiation for surface plasmons. By considering the dis-
persion relation for SPPs in a metal-insulator-metal (MIM) waveguide, the condition for generating Cherenkov
radiation condition in this plasmonic system is obtained. In particular, we find that the Cherenkov radiation
switches from forward to backward as the core thickness of the waveguide is reduced, where the dispersion curve
of a transverse magnetic (TM) surface plasmon mode with a negative slope appears. Detailed derivations for radi-
ated electric and magnetic fields are performed in both frequency and time domains, revealing a radiation pattern
with a backward-pointing radiation cone at small waveguide core width, with energy flow opposite to the wave
vector of SPPs. Our study introduces a new approach of realizing reverse Cherenkov radiation, without involving
metamaterials which requires complex fabrication. A possible practical setup for experimental demonstration
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Figure 1. Schematic of an electron moving in a MIM waveguide structure.

is suggested and verified with finite-difference time-domain (FDTD) simulations. Our work gives guidance for
designing plasmonic system to realize different types of Cherenkov radiation, opening the gate for various appli-
cations such as velocity-selective particle detections.

Results and Discussion
We start our discussion with an electron moving along the z direction with a constant velocity, generating an
equivalent current given by'’:

J(x, y, 2, w) = 2 qz exp[gz]é(p).
4m°p v

1
The electric and magnetic fields associated with the moving electron in free space take the following forms:
E = - 9%y {2k H(l)(k p) — ﬁiiH(l)(k p)}exp[iiz]
8mwe, P e v LN v
b , igk, (1) [iw ]
H = ¢——H; " (k,p)exp|—z]|,
® ST 1 ( pp ) P v ( 2)

where g=—1.6 x 10~"? Cis the charge taken by the electron, v is the velocity of the electron, k, = w, 1,5, — 1/ v2,
and H,(ll) (+) is the first kind Hankel function of the n-th order.

To facilitate the derivations for more complicated cases, we introduce a vector potential 2¢™ along the prop-
agation z direction and rewrite Eq. (2) as:
H = V x (2¢™)
- i .
E = —V x V x (2¢™).
we (3)

inc :

where ¢™ is a scalar potential, characterizing the amplitude of the vector potential Comparing Eq. (2) with
Eq. (3), we find that ¢ take the following form:

inc iw +oo . . .
P = ﬁHél)(ka)eXP[jz] = ﬁoo dk, Apy exp(lkxx + ik, [y| + 1kzz)

4)
where we defined k, =w/vandk, = 1,k02 — k2 — k2. The expansion coefficient A is calculated as
iq
A =
™ g7k y (5)

We consider the electron moving inside a MIM waveguide (shown in Fig. 1), on the plane separated by d from
each metal surface. Here, the metal is characterized by Drude modele,, = 1 — wlf/ [w(w + i7y)], with plasma
frequency w,=8eV and damping coefficient 7=0.032 eV, and the insulator is assumed to be air. The fields can be
decomposed into TE and TM components with respect to the z axis, characterized by vector potentials Z¢ 1 and
21y respectively. The electromagnetic fields can then be expressed as?®?!:
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H = V x (@op) + —V x V x (Eérp)
wy
| Ob1m IR N i Porg| i [0 o
= + + |- +— - |+ =
* Oy wp 0z0x 4 Ox wp Oz0y wp|ox*  oy? =
E = LV XV x Gon) ~ V x (2rg)
we
i PO O0rg| | [0 Pory | Oprs| L i[O o
= &= - + + — |+ = |
* we 0z0x Oy we 0z0y Ox Zws ox* oy O (6)

Comparing Eq. (6) with Eq. (2), we can see that the source fields only have the TM components. The potentials
in each region can be listed as:

+00 . . .
f dk, (ATMe'kyM + Bpy cos kyy) eetikz  for —d<y<d
—00

+oo . om .
+ T
f 00dkxCr;rlvlezkxx—zky)/Jrzkzz for y < -d
—o0 (7)
+0oo . .
f dk,Brg sin kyye’kxx“kzz, for —d<y<d
+o00 . am. .
brg = j:oo dk ,C etk ik fory > d
+ T
_f 00 dka;Eezkxx—tky }'+1kzz’ fory < —d. (8)
—00
By applying the boundary conditions, we obtain the expressions of the coefficients
: 2 g2\ (pm 2,2
[ATMefw] i, (k2 + k2) (k5 = 2k)) = (e — DGR tan &,
T kK2 (k= Ky) + ki (K, — k)]
By = ,
b (k2 + k) (K, tank,d + k™) (kI tank,d + ic,k, ) ©
L Ay gmky[ik;’(kf +k)tan kyd — k, (k2 + k;ﬂz)]
Crv = ,
M eos kyd J (k24 k) (K, tan kyd + k) (kD tan kyd + ek, (10)
B _ Ay i(e — Dkk k kg
T | we, cos® k,d (kf + k;)(k}, tan k,d + ik}fn)(k}fn tan k,d + iamk},), (11)
ct — Apye ™ i(ey — Dk k) tan k,d
T ey cos kyd (k2 + k) (K, tan kyd + k)(K tan kyd + iggk,) (12)

where we have defined k™ = /e, k? — k2 — k2. The dispersion relations of the propagating waveguide mode
and plasmon modes can be derived by setting By, — oo,

ky tan kyd + iky"1 =0, (13)
k) tan k,d + iek, =0, (14)
emk, tan k,d + ik =0, (15)

Equations (14) and (15) describe the symmetric and anti-symmetric modes of surface plasmons, respectively.
Figure 2(a,c,e) show the dispersion curves of the SPPs in a MIM waveguide structure with core thicknesses of
a=100nm, 55nm and 20 nm, respectively. The short dashed lines plot the dispersion relation of the electron
moving in free space at different velocities and the black solid line plots the dispersion of propagating waveguide
mode solved from Eq. (13). The blue solid and dash lines denote the dispersion for symmetric and anti-symmetric
surface plasmon mode in the MIM waveguide structure, respectively. In the case we consider where the moving
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Figure 2. Dispersion curves of the MIM waveguide structure with core thicknesses of = 100nm (a), 55nm
(c), and 20 nm (e). Dot lines denote the dispersion of an electron in free space at velocities of v=0.2c, 0.5¢
and 0.8¢. Dissipated power spectrum for a moving electron in the MIM structure with core thicknesses of
a=100nm (b), 55nm (d) and 20 nm (f) at velocities of v=10.2¢, 0.5c¢ and 0.8¢. Shading region depicts the
frequency range for exciting Cherenkov radiation at the electron velocity of v=0.8c.

electron is located at the central plane within the waveguide, only the symmetric mode (blue solid line) can be
excited. The frequencies at which the Cherenkov radiation can be excited are determined by the intersections
between the electron line and the surface plasmon dispersion curve. In the ranges where kgpp > k, (shaded region
for electron velocity v = 0.8c¢), the surface plasmon dispersion relation and the Cherenkov radiation condition are
satisfied simultaneously. Thus, the SPPs can be excited and transformed into Cherenkov radiation. For the core
thickness of 100 nm as shown in Fig. 2(a), the dispersion branch has a positive slope (dw/dk > 0), and therefore
the group velocity has the same direction with the phase velocity, corresponding to forward Cherenkov radiation.
When the core thickness is reduced to 55 nm, the dispersion curve of the symmetric plasmon mode is shifting up
and becomes flat with a slope of near zero. The intersection approaches to the asymptotic surface plasmon fre-
quency of wy,=5.65eV, as shown in Fig. 2(c). As the core thickness is further reduced to 20 nm, the dispersion
curve of the anti-symmetric mode is shifting away from that of the symmetric surface plasmon mode. The disper-
sion branch of symmetric surface plasmon mode shows a distinct negative slope (dw/dk < 0). Therefore, the
group velocity has the opposite direction to that of phase velocity, and reverse Cherenkov radiation of SPPs occurs
at the frequencies below the intersection.
The power dissipated by the moving electron over a time period At can be calculated by
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Figure 3. Calculated electric field (E,) distributions in the MIM structure with core thicknesses of a=100nm

at wavelengths of A =250nm (a), and in the MIM structure with 4 =20nm at A =200nm (c), respectively. The
E, field distribution at 2 fs excited by a moving electron in a MIM structure with core thicknesses of a=100nm
(b) and 20 nm (d), respectively. The electron velocity is v=0.8c.
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Figure 4. Poynting power flow cross section for an electron moving in a MIM waveguide at different time.
(a) t=0fs, (c) t=4fs, (e) t=8 fs with waveguide core thickness of a=100nm. (b) t=0/fs, (d) 4 f5, () t=8 fs
with waveguide core thickness of a =20 nm. The electron velocity is v=0.8c.
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Figure 5. (a) Schematic for the excitation of Cherenkov radiation by a slit in the MIM structure with an oblique
incident light (incident angle #=30°). FDTD Simulated electric field (E,) distributions for MIM structure with
core thicknesses of a=100nm (b) and 20 nm (c) at wavelengths of 250 nm and 200 nm, respectively.
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Figure 2(b,d,f) show the dissipated power spectra for a moving electron in the MIM waveguides of different core
thickness. We find that the radiation spectrum becomes broader and radiation power becomes higher with the
increase of the electron velocity. For the large core thickness (100 nm) case, where only normal Cherenkov radi-
ation can be excited, all the power peaks appear below the surface plasmon frequency, and show a red shift as the
electron travels faster. In contrast, for the small core thickness (20 nm) case which allows for reverse Cherenkov
radiation, the power peak only appear above the surface plasmon frequency. The increase of the electron velocity
results in the blue shift of the power peaks and the increase of the bandwidth. For the critical case (core thickness
of 55nm) with a flat dispersion branch, increasing the electron velocity only yields the rise of the radiation power,
while sharp power peaks are observed closely around the surface plasmon frequency irrespective of the electron
velocity.

To observe the Cherenkov radiation, we plot the E, field distribution at the wavelength of A=250nm (4.96eV)
for the MIM waveguide structure with the core thicknesses a =100 nm and the electron velocity of v=0.8c, as
shown in Fig. 3(a). The electric field distribution in time domain can be calculated by applying Fourier integral of
Eq.(6),E(t) =2 fo > Re[E (w)e ™" dw, and the electric field distribution at time t =2 fs is displayed in Fig. 3(b).
We can see that the Poynting power flow is parallel to the surface plasmon wavevector, and the cone of the radia-
tion is pointing forward relative to the motion of the electron. This demonstrates our analysis on the dispersion
curves in Fig. 2(a). Figure 2(e) shows the dispersion curves of the MIM waveguide with even a smaller core thick-
ness of 20 nm. Figure 3(c) shows the E, field distribution at the wavelength of A=200nm (6.2 eV) for the MIM
waveguide structure with core thickness of a=20nm and the electron velocity of v=0.8c. As we can see that the
direction of Poynting power flow is opposite to that of the surface plasmon wavevector. Figure 3(d) shows the
corresponding snapshot of E, field distribution at 2 fs, where the cone of the radiation is directed reverse to the
motion of the electron. (The videos for an electron moving in the MIM waveguide of different core thicknesses at
the velocity of 0.8¢ are provided in the Supplemental Material)

To further verify the direction of radiation in different cases, we calculate the Poynting power flow cross sec-
tion of the MIM waveguide (x-y plane) at time ¢ by S, () = E, (OH, () — E, () H, (t). Figure 4 depicts the
Poynting power flow cross section at t=0 fs, t=4 fs, and t =8 fs, for the MIM waveguides with core thicknesses
of a=100nm and a =20nm. The former case shows a positive value while in the latter case, the Poynting power

SCIENTIFIC REPORTS | 6:30704 | DOI: 10.1038/srep30704 6



www.nature.com/scientificreports/

flow cross section is negative in value, corresponding to forward and backward radiated Cherenkov plasmon
waves, respectively.

Finally, we consider a possible practical setup to detect the Cherenkov radiation, and validate our proposal
with FDTD simulations. As shown in Fig. 5(a), an S-polarized light (polarization perpendicular to the plane of
incidence) is incident on the bottom metal film at an angle 6. The excited slit (50 nm wide) generates a running
wave of polarization with sinusoidal variable amplitude as analysed by Lee and Genevet'®?2. The moving electron
can be modeled by a phase electromagnetic dipole array of an infinite number of elements pointing the direction
of the moving electron. This can be treated by the running wave of polarization excited by the slit with a phase
profile of ¢ (z) = kyz sin 0 along the slit'>!%. Figure 5(b,c) show the simulated electric field (E,) distributions in
the MIM waveguide structure with core thicknesses of 2 =100 nm and 20 nm, excited by oblique incident light of
6 =30° at wavelengths of 250 nm and 200 nm, respectively. As agreed very well with our previous analytical inves-
tigations, forward and backward Cherenkov radiations can be observed for the two cases.

We highlight that although our calculations (and simulations) are performed for Drude metals, the results
obtained also apply to realistic metals. As we have thoroughly show in this paper, the reverse Cherenkov surface
radiation only relies on the surface mode with a negative group velocity. Existence of this mode has been con-
firmed by early experiments®. Hence, the relatively large dissipation losses in realistic materials may decrease the
amplitude of surface plasmon waves, but do not change the physics reported in our paper.

Conclusion

We have presented a theoretical approach to investigate the Cherenkov radiation for surface plasmons. Our the-
ory enables us to properly design the plasmonic structures so that reverse Cherenkov radiation can be generated.
Since our approach does not require any metamaterial with negative refractive index, it may greatly reduce the
difficulty in detecting reverse Cherenkov radiation in experiments. This demonstration of Cherenkov radiation
for SPPs is not necessarily restricted to the MIM structures in our discussions, but can be extended to different
plasmonic structures in other wavelength ranges and further exploited for other plasmonic materials including
2D materials, such as graphene for infrared range. This theory not only provides an understanding of the prop-
erties of Cherenkov radiation in complex plasmonic systems, but also offers great advantages for designing the
Cherenkov plasmonic devices, which could be useful for high energy and modern optics applications.
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