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Coherent terahertz Smith-Purcell radiation from Dirac semimetals grating with
very deep and narrow slits

Abstract

We demonstrate a physical mechanism of multicolor coherent terahertz (THz) Smith-Purcell radiation
from surface plasmon polaritons (SPPs). In Dirac semimetals gratings with very deep and narrow slits,
two types of SPP modes, the cavity and ordinary SPP modes, can be excited by fast electrons under
different excitation conditions and then diffracted into radiation in specific directions. The radiation
intensity is remarkably enhanced when SPPs are excited, and frequencies can be widely tuned by
adjusting the parameters of grating and electrons. Our findings could provide a promising way for
developing room temperature, coherent, tunable, directional, and intense THz radiation sources.
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We demonstrate a physical mechanism of multicolor coherent terahertz (THz) Smith—Purcell radiation from surface plasmon polaritons (SPPs).
In Dirac semimetals gratings with very deep and narrow slits, two types of SPP modes, the cavity and ordinary SPP modes, can be excited by fast
electrons under different excitation conditions and then diffracted into radiation in specific directions. The radiation intensity is remarkably
enhanced when SPPs are excited, and frequencies can be widely tuned by adjusting the parameters of grating and electrons. Our findings could
provide a promising way for developing room temperature, coherent, tunable, directional, and intense THz radiation sources.

© 2018 The Japan Society of Applied Physics

ince its first observation in 1953, by electrons passing

over a periodic structure,” Smith—Purcell radiation

(SPR) has attracted tremendous interest for its
possible applications in radiation generation, beam accel-
eration, and nondestructive diagnostics of electron beams.”>
Its dispersion relation is as follows.

L/[1
A= —n(ﬂ—cosa), (1)

where A is the wavelength of the radiation, n is the order of
the radiation, L is the grating period, /3 is the ratio of the elec-
tron velocity to the speed of light, and @ is the observation
angle [shown in Fig. 1(a)].

A diffraction model was applied to accurately explain the
mechanism of SPR, as presented by van den Berg.®® The
gratings were treated as perfectly conducting in many theo-
retical and experimental studies. However, finite conductivity
should be considered in the optical region due to the possible
excitation of the surface plasmon polaritons (SPPs) on the
grating surface. The radiation can be significantly enhanced
by 2 or 3 orders in particular angles when the phase-matching
condition for the excitation of SPP mode is satisfied.”!? In
recent past, some studies demonstrated coherent THz SPR
from SPPs on a graphene surface.''™'® This mechanism is
expected to meet the urgent requirement of a room temper-
ature, miniature, tunable, coherent, and high powered THz
radiation source covering the whole THz regime. The desired
THz radiation can be developed owing to the remarkable
properties of graphene SPPs, such as extremely high confine-
ment, low Ohmic loss, and more importantly, wide tunability
in the THz to mid-infrared regimes by adjusting the gate
voltage or chemical doping.'+'®

Recent experimental discovery of Cds;As,,'" " NazBi,??
and ZrTes*® demonstrated fermion quasiparticles with linear
dispersion along all the three momentum directions. Thus, the
three-dimensional (3D) Dirac semimetals, also called bulk
Dirac semimetals (BDSs), can be viewed as the 3D counter-
parts of graphene. Similar to graphene, BDSs can also
support SPPs in the THz to mid-infrared regimes. However,
for the BDSs, the crystalline symmetry protection against gap
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Fig. 1. (a) Schematic of the coherent SPR from BDS grating, € indicates
the radiation direction. (b) Fourier spectra of radiation intensity from BDS
grating and dielectric grating (the geometric size is L = 20 pm, & = 15 pm,
w = 1 um). The parameters of BDS: T'is 300K, zis 1.2 ps, vpis 9 x 10°m/s,
gis4, pcis 0.1eV, and €4, is 13. The beam velocity is 0.3c. The permittivity
of dielectric grating is 2.25. The radiation intensity of dielectric grating is
scaled by 100 times. U-HS (L-HS) means the radiation towards to upper
(lower) half-space.

formation results in much higher mobility.?” This may lead
to lower intrinsic loss of SPPs in BDSs. An extra dimension
facilitates the BDSs to form a 3D plasmonic grating, thus,
supporting not only the ordinary SPP mode on the grating
surface, but also the cavity SPP mode in the slits. Some
studies on the plasmon mode in BDSs have also been per-
formed earlier.>>=? Das Sarma et al. found that the plasmon
frequency in a doped massless Dirac plasma was explicitly

Content from this work may be used under the terms of the Creative Commons Attribution 4.0 license. Any further distribution of
By this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.

082801-1

© 2018 The Japan Society of Applied Physics


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.7567/APEX.11.082801
http://crossmark.crossref.org/dialog/?doi=10.7567/APEX.11.082801&domain=pdf&date_stamp=2018-07-03

Appl. Phys. Express 11, 082801 (2018)

T. Zhao et al.

nonclassical in all dimensions with the plasma frequency
being proportional to 1/+/7 in the long-wavelength range.>
The universality of plasmon excitation with frequency in the
THz range in the BDSs was discovered by Kharzeev et al.>®
The behavior of SPP and electromagnetic waves in BDS
films with their Fermi level higher than the Dirac point and
the role of the dielectric response in BDSs were studied
earlier.”®

In this letter, a physical mechanism explaining the multi-
color coherent THz SPR from two types of SPP modes in a
Dirac semimetals grating with very deep and narrow slits is
presented. We show that the cavity and ordinary SPP modes
have essential differences in the excitation conditions and
radiation characteristics. Firstly, the excitation of cavity SPP
mode must satisfy both the phase-matching and Fabry—Pérot
(FP) resonance conditions, while, for the ordinary SPP mode,
meeting the phase-matching condition is sufficient. Secondly,
the radiation from cavity SPP mode occupies both the upper
and lower half-spaces, while its counterpart occupies only the
upper half-space. Finally, although the radiation intensities of
the two kinds of SPP modes are significantly enhanced, the
radiation power density of cavity SPP mode is much higher
than that of the ordinary SPP mode. The underlying physics
of these differences is uncovered.

The BDS grating has a period L, thickness 4, and slit width
w, as shown in Fig. 1(a). An electron beam moves parallel at
a constant velocity v in the x-direction above the grating
surface at a distance zo. The conductivity of BDSs derived by
the Kubo formalism is given as*®

> g pl+ksT)/3
h 6r2veh?

where T, kg, 7, vp, g, and . are the temperature, Boltzmann
constant, relaxation time, fermion velocity, degeneracy factor
and chemical potential, respectively. Here, only the intraband
conductivity, which dominates the low frequency process
of SPP, is included. The dielectric function of BDSs can be
expressed through the dynamic conductivity: egps(®) = € +
o(w)/wey. €4 is the dielectric constant at infinite frequency
and g is the permittivity of vacuum.

The theoretical and numerical calculations are based on the
rigorous coupled-wave analysis (RCWA) method, which is
commonly used to analyze the diffraction problem of grating
with or without SPPs.'**132) Figure 1(b) shows the radiation
spectra in the THz frequency regime. There are three obvious
radiation peaks, marked by the frequency points A, B, and C,
in the radiation regime of the first and second negative space
harmonics (n = —1 and —-2), the frequencies are 4.42 THz,
7.22 THz, and 9.34 THz, respectively. The radiations at fre-
quency points A and B emit into both the upper and lower
half-spaces, while the radiation at frequency point C emits
only into the upper half-space. In addition, the radiation
intensity at frequency points A and B is much higher than
that at frequency point C. To uncover the mechanisms of
THz generation and related physical phenomena, we calcu-
late the distribution of magnetic field intensity of radiation at
frequency points A, B, and C, as shown in Fig. 2. The radia-
tion angles satisfying the dispersion Eq. (1) are 93°, 145°,
and 83°, for A, B, and C, respectively. Strong resonances are
observed in the slits for frequency points A and B, while for
the frequency point C, the SPPs exist on the upper surface of
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the grating. Thus, from the first glimpse, we may conclude
that the coherent SPR is generated from the cavity mode in
the slits and the ordinary SPP mode based on the SP effect.

To give a further insight into the physics of SPR and the
formation of the cavity mode, we calculate the eigen modes
of the grating region at the resonant frequencies. For the
RCWA method, the fields in the grating region are expanded
into infinite terms of eigen modes ¢®*%?, g, is the p-th
eigen mode.*'*? The results indicate that there exists an SPP
eigen mode, which dominates the fields in the grating region.
The SPPs are indeed formed by strong coupling of surface
charges on the two opposite sides of a grating slit. This is
confirmed by the SPP dispersion of single slit with infinite
thickness, as given in Eq. (3).>** Although a finite thickness
of grating slits is considered, the SPP eigen mode is closely
fitted to the dispersion relation given below.

1
tm“%d@w—%>=

€BDS

képp - 8BD5k(2)

kSpp — kg
where kgpp is the wavevector of the cavity SPP mode along
the slits (z-direction), ky = w/c, c is the velocity of light in
vacuum.

The cavity resonance of SPPs in the slits can occur only
when both the FP and phase-matching conditions, given
in Egs. (4)***" and (5)>!? are satisfied, which is essentially
different from that of the ordinary SPP mode.

3)

qspph + pr = m, “4)

where gspp is the eigen value of SPPs in the grating region
and ¢ is the phase shift associated with reflection of cavity
SPP mode at the slits end facet. m is an integer indicating the
order of FP resonance. The cavity SPP modes at frequency
points A and B are corresponding to the first and second
orders (m =1 and 2) of FP resonant modes, the numerical
fitted ¢pg are 0.1 X 1z and 0.1 X 2z, respectively.

®/v = kipp, 5)

where v is the velocity of the electron beam, kgpp is the
wavevector of SPPs along the direction of moving electrons
(x-direction).

The SPPs are propagating up and down along the side
walls and reflecting at the slits end facets back to the reso-
nance cavity. The cavity retains most of the energy of SPPs
and leaks the remainder part to the diffraction fields by the SP
effect at the openings of the slits. The propagating feature of
SPPs in the slits guarantees the radiation to occur both in the
upper and lower half-spaces. In contrast, the ordinary SPP
mode located on the grating surface can only be radiated into
upper half-space because the SPPs cannot penetrate the thick
enough grating to reach the lower grating surface.’*-¥

After having understood the physical mechanism of
coherent THz SPR from a BDS grating, we now deal with
the enhancement of the radiation power density by SPPs.
According to the diffraction model, the evanescent wave
generated by the electron beam can be diffracted into an
incoherent radiation. This conventional SPR is chosen as the
control group, and a dielectric grating that cannot support
SPPs, is preferred owing to its numerical compatibility with
the plasmonic grating. Figure 1(b) shows the radiation
spectra with and without excitation of SPPs. The radiation
power density is enhanced by 1347, 986, and 224 times at the

© 2018 The Japan Society of Applied Physics
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Fig. 2. The contour maps of magnetic field intensity H, in the X-Z plane of the structure for frequency points A, B, and C, respectively. (d)—(f) indicate the

fields in the grating region.

SPP resonance frequency points A, B, and C, respectively,
due to the strong local fields. The intensity of SPPs field
excited by the electron beam is two or three orders of mag-
nitude higher than that of the evanescent wave and this is the
physical origin of the large enhancement. This leads to much
stronger diffraction fields. For an electron beam with a charge
density 100pC/cm, the peak radiation power density can
reach 1.26 x 10*, 1.69 x 10, and 0.73 x 10°W/cm?. The
highest radiation density in this case is one order higher than
that from graphene SPPs in a grating structure.

The radiation from cavity SPP mode is more intense than
that from the ordinary SPP mode, the ratios of radiation power
density between frequency points A or B and C reach 17 and
2.3, respectively. The fields distribution in the grating region
shown in Figs. 2(d)-2(f) indicate the comparable intensity of
cavity and ordinary SPP modes. Thus, the powered radiation
at frequency point A may explain the fact that the radiation
is diffracted from the first negative space harmonic of SPPs
with more energy than the second negative space harmonic.
Although the radiations at frequency points B and C are both
transformed from the second negative space harmonic of
SPPs, more intense radiation of cavity SPP mode manifests
that energy of cavity mode is diffracted more.

The grating slits play a key role in the cavity SPP reso-
nance. We now analyze the influence of the grating slits on the
radiation frequency of cavity SPP mode. Figure 3 shows the
dependence of radiation frequencies of the first and second
cavity modes on the thickness and width of the grating slits.
When these two parameters are varied, the beam energy is

082801-3

=
0o

—&— First cavity mode
—#— Second cavity mode

=) ~
th oh n =1 b

Radiation frequency (THz)
& W
= in th

s

19 20

oy
Lh

Lok

12 13 14 15 16

h (gem)

17 18

=]

—&— First cavity mode
—a— Second cavity mode

-~

wh

Radiation frequency (THz) G
=

=
ih
p—

1:5

; 2.5 3
w (um)

Fig. 3. The radiation frequencies of first and second cavity modes vs the
grating height (a) and slit width (b).

adjusted to meet the excitation conditions. As the thickness
increases, the radiation frequencies of both first and second
cavity SPP modes decrease, obeying the FP relation, as shown

© 2018 The Japan Society of Applied Physics
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in Fig. 3(a). Figure 3(b) reveals that as the width of the 6)
grating slits increases, the radiation frequencies of both ;;
the first and second orders cavity SPP modes increase. This 9)
can be explained by the dispersion equation [Eq. (3)]. The  10)
SPP energy will increase with decreasing slit width leading to 1)
higher radiation frequency. 12)
In summary, we revealed physical mechanisms of multi-
color coherent THz SPR from the cavity and ordinary SPP  13)
modes in a BDS grating with very deep and narrow slits. The 14)
essential differences of excitation conditions and radiation 15)
characteristics from these two SPP modes were analyzed. It
was deduced that the excitation of cavity SPP mode needs an  16)
additional condition of FP resonance other than the phase- 17)
. .. .. . 18)
matching condition. The radiation from cavity SPP mode
emits into both the upper and lower half-spaces, while the  19)
ordinary SPP mode emits only into the upper half-space. The
radiation power density of cavity SPP mode could be signi- 20)
ficantly enhanced over three orders, up to 1.26 X 104 W/ cm?,
which is one order higher than that of ordinary SPP mode.  21)
The radiation frequency of cavity SPP mode can be widely
tuned by adjusting the grating parameters and beam energy.
Therefore, based on this mechanism, room temperature, mini- 22)
ature, coherent, tunable, directional, and intense THz radia-
tion sources covering the whole THz frequency band can be 03
developed. )
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