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A new mechanics of linear mode conversion of terahertz
(THz) radiation into THz surface magnetoplasmons on a
rippled surface of magnetized n-InSb is proposed. The nor-
mally incident THz radiation, polarized in the direction of a
ripple wave vector, imparts oscillatory velocity to electrons
in the ripple layer. This velocity beats with surface ripple to
produce a nonlinear current that resonantly drives the THz
surface magnetoplasmons. In the presence of an applied
magnetic field, the surface plasmon (SP) mode splits into
two modes—an upper mode and a lower mode. The ampli-
tude of the SP for the upper branch mode is higher than
that for the lower mode. © 2016 Optical Society of America

OCIS codes: (040.2235) Far infrared or terahertz; (240.6675) Surface
photoemission and photoelectron spectroscopy; (240.6680) Surface
plasmons; (240.6690) Surface waves; (240.6695) Surface-enhanced
Raman scattering.
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A surface plasmon (SP) is the surface wave propagating at the
interface between a conductor and a dielectric or between a
conductor and air, with its field amplitude peaking at the inter-
face and falling off exponentially away from it in either medium
[1-3]. Due to their highly localized nature at the interface, SPs
are extensively used in a number of applications [4-8]. A struc-
tured surface significantly slows down the group velocity of SPs
and brings the asymptotic SP frequency into the terahertz
(THz) frequency range. Such surfaces are called designer plas-
monic structures or “spoof” SP structures on metals at THz
frequencies [9,10].

The magnetic field is an interesting candidate to control
SPs, since it is able to modify the dispersion relation [11-13].
In particular, if the magnetic field is applied parallel to the inter-
face but perpendicular to the SP wave vector, it induces a modi-
fication of the SP wave vector while keeping its transverse
magnetic (TM) character. Therefore, the magnetic field could
be used to control SP propagation, opening the door for novel
active plasmonic devices [14-16].
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The presence of a static magnetic field may provide additional
richness to SPs, turning them into surface magnetoplasmons
[17]. Surface magnetoplasmons have been studied in n-InSb,
when the magnetic field is parallel to the surface and the direction
of propagation is perpendicular to the magnetic field [18]. The
coupling of electromagnetic waves with magnetoplasmons has
been studied by employing Rayleigh’s method [19]. In periodic
layers of semiconductors, surface magnetoplasmons have a sig-
nificant role. The dependence of magnetic force on free electron
effective mass is used to characterize the splitting feature of mag-
netoplasmons with symmetry breaking in the acoustic and opti-
cal modes due to the existence of transverse currents induced by
the cross polarizations. Spin—orbit interaction enhances the light
absorption in plasmonic nanostructures [20]. Subwavelength
hole arrays, gratings or nanoslits enhance the extraordinary trans-
mission of THz due to the excitations of SPs, which was studied
in terms of various parameters of the subwavelength hole arrays.
Enhanced THz transmission was experimentally demonstrated
in subwavelength arrays made from both good and poor electrical
conductors [5,21-24]. A tunable THz plasmonic subwavelength
waveguide based on nonreciprocal surface magnetoplasmons has
been proposed by various groups for different structures [25-28].

In this Letter, we propose a new mechanism of linear mode
conversion of THz radiation into THz surface magnetoplas-
mons on a rippled surface of magnetized n-InSb. The magnetic
field is perpendicular to the ripple wave vector and the polari-
zation of the incident radiation field. The radiation field
imparts oscillatory velocity to electrons in the ripple layer. The
surface ripple is equivalent of an electron density ripple. The
velocity couples with the density ripple of a suitable wave num-
ber to produce a current that resonantly drives the surface
magnetoplasmons. The problem is important in the context of
THz signal processing, THz sensors and detectors, and active
plasmonic devices [14-16] where the appearance of resonance
is helpful, and the magnetic field has the ability to tune the
surface plasmon resonance (SPR).

Consider a semiconductor—free-space interface y = 0 with
y < 0 being the semiconductor (n-InSb) and y > 0 the free
space. The semiconductor has static magnetic field B,z (Fig. 1).
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Fig. 1. Schematic of a SP wave propagating along X on a semicon-
ductor free space interface, when a static magnetic field exists along 2.

The small free electron effective mass in n-InSb obtains
electron plasma frequency, ,, in the THz range at lower free
electron density and cyclotron resonance at a lower magnetic
field. The effective plasma permittivity tensor £ of the semicon-
ductor at frequency @ has components

Exy = gyy = (€+ + 8—)/2) exy = _8)/)6 = (€+ - 8—)/2i’

.=~ (0))/(@(w+i) &, =e-w;/(0(@-0+iv)),

E_ =£'L—Cl)]%/(6l)(6l)+6l)[+iy)), Exz = Ezx :£yz

= gzy =0,

where ¢; is the lattice dielectric constant; @, = eB, /mc is the
electron cyclotron frequency; and w, = (4znye*/ m)'1%; e, m,
and v are the charge, effective mass, and collision frequency of
electrons, respectively. The interface surface supports SP, which
we take to propagate along & with #, x dependence of fields as

exp[-i(wr - kx)]. One may write the electric field as

-

)
E= <5¢ + la—xy>A0 exp(-ayy) exp[-i(wz - k.x)], fory>0
1

= (34 p9) Ay exp(ayy) exp[-i(wt - k.x)], fory<O0. (1)

In free space, #* = k2 - aj = w?/c?, hence af = k% - w*/c%.
To obtain E, we have used V.E = 0. In the magnetized
plasma, the extraordinary x-mode dispersion relation is 4> =
kazc - alzl = (wz/fz)(e)zcx + Eiy)/gxx) hCIlCC a%l = kJZc - (0)2/62)
(62 + €3,) /€. Further, V.(g-E) =0 yields =
~(iayey, + ke&.) [ (egyk, - iaye,,). The continuity of the
normal component of effective displacement vector Dy =
(& E)}, = (exxE) - €4,E,) across y = 0 gives the dispersion
relation

ik, ke, €.

— = xxﬂ - gxy =
) kx Xy

- AT E ey (2)

One may solve Eq. (2) for £2. It gives two roots, corresponding
to two surface plasmon eigenmodes:

a)2 a, + as
P @)

a

BR=#,

X X

where @) = €362 - 2(el, - €) + 1, a0y = e, (e, - €,)-
E)zcx + E)zcy + Exxs and az = [g)zcy(gxxengf - Zgazc_x' + €xx)]1/2'

In the absence of a dc magnetic field, B, = 0, €y =0,
e, =¢e.=¢€, a3=0, a=(01-€)% and a=
€(1 - £,,) (1 - €2,), the two roots coalesce to give the conven-
tional dispersion relation for the SP:

@ €

kz - XX . 4

* = 2 T1el (4)
The TM field splits the SP into two SP eigenmodes. With the
inclusion of collisions, the wave numbers of the upper and
lower SP eigenmodes are complex with
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We have carried numerics for the following parameters: £, =
17, v/wp = 1072, and ,/wp = 0.05 - 0.09. In Fig. 2, we
have plotted the normalized real wave numbers of the upper
and lower SP eigenmodes k,,..c/®, as a function of normalized
frequency w/w,. At low frequencies, as one raises the fre-
quency, the wave number increases linearly with nearly iden-
tical values for both modes. At higher frequency, the two
roots splits, and at large wave numbers the frequency saturates.
The saturation frequencies are different for the upper mode (+)
and the lower mode (-). In Fig. 3, we have plotted the normal-
ized damping rates n = cky;+c/®, as a function of w/w, for
e, =17, v/wp=102, and o,/wp=10.06. The
damping rises with frequency. The rise is more rapid for the
upper mode (+) as compared to the lower mode (-). As one
approaches the saturation frequency, the damping becomes
severe.

Now we allow a surface ripple on the semiconductor
(Fig. 4), gh > 1, where ¢ is the ripple wave vector and 4 is the
amplitude of the ripple. The presence of the surface ripple pro-
vides unmatched momentum. As one moves along % in the rip-
ple region y = /4 cos gx, the electron density shows a periodic
variation with x; hence, we model the surface ripple as a density

ripple with density [29]

kelo,

Fig. 2. Dispersion relation of n-InSb for a SP in the collisionless
regime for (upper mode (+), red) and (lower mode (), blue) modes
for parameters ¢; = 17, v/wp = 1072, and w,/wp = 0.05 - 0.09.
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Fig. 3. Normalized damping rates 7 = ck,;+c/®, as a function of
w/w, for e, =17, v/wp = 1072, and @./wp = 0.06.
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Fig. 4. THz radiation is normally incident on the rippled surface.

) n)
ny = 70 + n, ng, = ?0 Cos gx. (5)

A THz electromagnetic wave, with electric field

Eo = %A,e -i(wr+2 5), (6)

is normally incident on it. The transmitted field, on ignoring
the effect of the ripple, can be written as

Er = (& + pg) Tdoe e, (7)
where a = (0/c)((-£4¢.) /€,)"/* and p; = ¢, /., in com-
pliance with Maxwell’s equation V - (g - E) = 0. The magnetic
field of the transmitted wave using B = (¢/iw)V x E, can be
written as

= ~ ca .
BT - —ZTAO £€_m}t€ay. (8)

Using the continuity of £, and B, at y = 0, one obtains the
amplitude transmission coefficient 7 = 2/(1 + iac/w). The
transmitted field imparts oscillatory velocity to electrons.

Solving the equation of motion, 7(0v/0t) = —eEr —(e]c)ix
B, - mvv, one obtains

7= m((w n il/)z - a)%) (—Z(CO + il/)ET - O)CET X 2) (9)
In the ripple region (-4 < y < /), v couples with the den-
sity ripple 7, to produce the nonlinear current density at

(@, %)

N = "”_q; _ e*n
T2 T dm(w + )t - )
x (<i(w + i) E 7 - w,E7 x 2)e. (10)

In the ripple region, ¢® &~ 1. The current density resonantly
excites a SP of frequency w, when ¢ equals the SP wave vector
given by Eq. (4), ¢ = k., or q = k,,_, where £, are the real
parts of k... Let us consider the excitation of the upper
mode (+). The wave equation governing the SP, on using
Maxwell’s _equations V xE=(iw/c)H and VxH =
-(iw/c)e- E + (4r/c)J ", can be written as

. . 2 L 4
VE-V(V-E)+ % e E=-""20 (1)
c” C

From the y component of Eq. (11) we get

(e, )
E, = (&87%255 (12)

For the x component, Eq. (11) gives
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0*E, 4ri [(w?
kR = (e

where /ez =g’ - (0?/) (2 + é‘xy)/sxx for y < 0 and /ez
7 - w*/ cz for y > 0. When the current source is neglected

one obtains

0’E,
P - /eyzEx =0. (14)
The solution for Eq. (14) is given as
E = Aji(y)ei@-99), (15)

where
w(y) = <§c + lij/) e fory>0,
ar

= (X4 pj)e™ fory<O.

When the current source is retained, we assume that the mode
structure of the surface wave is not modified, and write

E = A(x)ji(y)e @9, (16)

Using Egs. (13) and (16) and letting g- > g - i10/0x, one
obtains

()/) 21er+ kszrA (X)l//()/)

471' ?
= - ! <C—28xx - qz)_fNL. (17)

WE,.,.

where £,,, is the imaginary part of 4, . Multiplying Eq. (17)
by w*(y)dy and integrating from -co0 to +00, one obtains

0A 27 [w?
— 4 b A=-—"" €. -g*
Ox + i qOE,., (cz Foc — 4 )

foo (y) ]’NLd}/ z(a)t x) 18
T - iowt e 18

If one ignores the absorption of the SP, Eq. (18) integrates, over
the length of illumination 4, to give

A _ 1 a); ‘;’—Zzgxx — qz
o ileria) ot
((w+w)(2+ Mﬂfﬂl)
w;z) AbT. (19)
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When d > 1/k,;y, where £, is the imaginary part of 4.,
Eq. (19) sl holds with & replaced by 1/k,;,. In Fig. 5,
we have plotted normalized THz amplitude versus normalized
frequency for the upper and lower modes of a SP for the param-
eters ¢, =17, v/w, = 0.014, dw,/c =5, w/w, = 0.05-
0.25, and w[/w], = 0.08,0.04, 0.1. This shows that the ampli-
tude of the SP for the upper mode is higher than that for the
lower mode, because the upper mode has a lower wave number
than the lower mode, and the amplitude is inversely propor-
tional to the wave number. In Fig. 6, we have plotted normal-
ized THz amplitude versus the normalized electron cyclotron
frequency for the upper and the lower modes of SPs for the
parameters dw,/c =5, ¢, =17, and @,/w, =0-0.1. As
seen from the ﬁgures, as one increases the magnetic field,
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Fig. 5. Normalized amplitude of THz SP wave versus normalized
electron cyclotron frequency for the upper (red) and lower (blue)
modes for the parameters ¢, =17, v/w, = 0.014, dw,/c =5,
and o/w, = 0.05 - 0.25.
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Fig. 6. Plot of normalized THz amplitude versus normalized SP
wave frequency for the upper mode (red) and lower mode (blue)
for the parameters €; = 17, I//(,()P = 0.014, da)p/c= 5, and
o /w,=0-0.1.

the cut-off frequency of the SP decreases, and, at a specified
magnetic field, the SP at the corresponding cut-off frequency
is generated.

The TM field splits the SP into two modes. The cut-off
frequencies for both SP modes decrease with increasing mag-
netic field. At a given free electron density (say, 7y ~ 2.4 x
10'8 cm™), and a specific magnetic field and ripple wave
number, the SP amplitude has a sharp maximum at a given
frequency for which the phase matching condition is satisfied.
As one increases the magnetic field, this optimum frequency
decreases for the cases of both the upper and lower modes.

In conclusion, the amplitude of a SP for the upper mode is
higher than that for the lower mode. This is because the upper
mode has a lower wave number than the lower mode, and
the amplitude is inversely proportional to the wave number.
The inverse dependence of the THz amplitude on wave num-
ber arises due to the 0> £/dz* term in the wave equation, which
is replaced by (-£2A + 2ik,0A/0z) exp[-i(wt - k,2)]; k, = q.
The 424 term cancels with the other terms, hence, dA/dz goes
as 1/k,, leading to A ~ 1/k,. Physically, this means that rapid
phase variations in z reduce the spatial growth of the wave
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amplitude. For a given ¢, the frequency of the laser that would
resonantly mode convert to a SP varies with @,. Thus, by vary-
ing @,, one can mode convert the THz of different @. The
electron density in InSb is 779 & 2.4 x 10'® cm™, so the highest
possible frequency of a SP at a semiconductor—vacuum inter-
face is around 6 THz. Mid-IR SPs would not exist in this
proposed device. The case of a n-InSb surface with an array
of holes should be similar to the surface ripple, as the holes
bring a sudden discontinuity in electron density. The wave
number of the ripple, for a given electron density, is the same
as that of the SP given in Eq. (4).
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