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Dynamically reconfigurable metal-semiconductor Yagi-Uda nanoantenna
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We theoretically investigate the properties of a tunable Yagi-Uda nanoantenna composed of metal-dielectric
(Ag-Ge) core-shell nanoparticles. We show that, due to the combination of two types of resonances in each
nanoparticle, such hybrid Yagi-Uda nanoantenna can operate in two different regimes. Besides the conventional
nonresonant operation regime at low frequencies, characterized by highly directive emission in the forward
direction, there is another one at higher frequencies caused by a hybrid magneto-electric response of the core-shell
nanoparticles. This regime is based on the excitation of the van Hove singularity, and emission in this regime
is accompanied by high values of directivity and Purcell factor within the same narrow frequency range. Our
analysis reveals the possibility of flexible dynamical tuning of the hybrid nanoantenna emission pattern via
electron-hole plasma excitation by 100 fs pump pulse with relatively low peak intensities ~200 MW cm™2,
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I. INTRODUCTION

Optical nanoantennas enable enhancement and flexible
manipulation of light on a scale much smaller than one free-
space wavelength [1-3]. Due to this property, they offer unique
opportunities for applications such as optical communications
[4], photovoltaics [5], nonclassical light emission [6], sub-
wavelength light confinement and enhancement [7], sensing
[8], and single-photon sources [9]. A specific type of optical
nanoantennas, the Yagi-Uda array, has recently received a
widespread attention in the literature [10]. Such nanoantennas
consist of several small scatterers that operate similarly to
their radio frequency analogues. Yagi-Uda nanoantennas com-
posed of different scatterers, such as core-shell nanoparticles
[11], plasmonic nanoparticles [12], and high-index dielectric
nanoparticles [13] were recently studied. Regardless of the
scatterer type, such nanoantennas are characterized by a
high directivity over a relatively wide frequency range. An
explanation for this behavior, based on the chain eigenmode
analysis, was given in Ref. [12] for plasmonic nanoparticles,
and it can be also applied to any type of scatterer with a
dominant dipole response.

Usually, a Yagi-Uda nanoantenna consists of a reflector
and one or several directors. However, as it was pointed out in
Ref. [14], a Yagi-Uda nanoantenna composed of core-shell
nanoparticles with both electric dipole (ED) and magnetic
dipole (MD) resonant responses at the same frequency does not
necessarily need a reflector particle, since backward scattering
can be suppressed automatically, due to interference of electric
and magnetic harmonics [15]. Despite such a special feature,
core-shell Yagi-Uda nanoantennas have not been studied in
detail by now.

In this paper, we theoretically investigate the capabilities
of Yagi-Uda nanoantennas composed of Ag-Ge core-shell
nanoparticles for tailoring the radiation of electric dipole emit-
ters. We show that such a hybrid metal-dielectric nanoantenna
can operate in two different regimes. In the first regime, the
core-shell nanoantenna operates similarly to the well-known
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plasmonic and dielectric ones, and it is characterized by
high directivity and low Purcell factor in a wide spectral
range at low frequencies. Due to presence of both ED and
MD resonances in a single core-shell nanosphere, another
operation regime is possible. In this regime, the effective
excitation of a special class of dark magnetic dipole modes,
associated with a Van Hove singularity, in the chain of
core-shell particles by an electric dipole source allows one
to achieve both high directivity and high Purcell factor in a
narrow (about 0.3%) frequency range. We use this operation
regime for efficient dynamical tuning of the Yagi-Uda nanoan-
tenna properties via photoexcitation of electron-hole plasma
(EHP) in dielectric shells by additional femtosecond-laser
signal pulses. Photoinduced generation of the plasma enables
dramatic reconfiguration of the nanoantenna radiation pattern
giving rise to a strongly asymmetric emission directed along
the chain (see Fig. 1), while maintaining a high Purcell factor
at the same time.

II. CORE-SHELL NANOPARTICLES AS HIGHLY
TUNABLE NONLINEAR COMPONENTS

As an element of the Yagi-Uda nanoantenna, we consider
a core-shell nanoparticle with a silver (Ag) core and a
germanium (Ge) shell. Bimaterial core-shell nanoparticles find
a broad range of applications in catalysis, nanoelectronics,
and biophotonics [16,17]. They also offer a flexible platform
for manipulation of an electromagnetic radiation [14,18].
In contrast to single-material solid particles, the spectral
position of the ED and MD resonances can be tuned almost
independently over a wide range of frequencies by tuning
their geometrical parameters, making such particles promising
building blocks to realize functional nanophotonic devices.

The linear electromagnetic response of core-shell nanopar-
ticles can be described using the generalized Mie theory for
layered spherical particles [19] (analytical expressions for
scattering coefficients are given in Appendix A). In certain
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FIG. 1. Schematic of the tunable Yagi-Uda nanoantenna—a
periodic chain of metal-dielectric core-shell nanoparticles excited by
a dipole emitter. The electric dipole emitter is placed in the center of
the chain orthogonally to the chain axis. Generation of electron-hole
plasma in the particles at the end of the chain shifts their resonances
and dramatically modifies the emission pattern of the nanoantenna.

cases, the response of core-shell particles with a plasmonic
core and a high-index dielectric shell can be well approximated
as a combination of a plasmonic electric dipole (ED) resonant
response and a magnetic dipole (MD) response due to the Mie-
type resonance in the dielectric shell. A prominent example of
such hybrid nanoparticles was studied in Refs. [14,18], where
it was shown that for certain parameters the ED and MD
resonances can completely overlap (with negligible higher
order multipole resonances), giving rise to unidirectional
scattering. In this work, we consider core-shell particles with
parameters, close to those in Refs. [14,18], and therefore we
model them within the framework of the dipole approximation.
In order to validate the main results, we employ numerical
simulations using CST MICROWAVE STUDIO.

The Ag-Ge particles exhibit resonant dipole responses in
the near infrared frequency range [18]. For a radius of the
silver core R. = 72 nm and a radius of the dielectric shell
R =225 nm, an overlap of the ED and MD resonances of
the Ag-Ge core-shell nanoparticle is achieved. We assume
constant permittivity of germanium &; = 16.8, and for the
dispersion of silver core we employ a Drude model ¢.(v) =
1-—- 1)[2,/(\;2 +iyv), with plasma frequency v, = 2180 THz
and collision frequency y = 4.93 THz. At the frequency range
of interest, this model matches well the experimental data given
in Ref. [20]. The extinction cross sections of such a core-shell
nanoparticle and their partial ED and MD contributions when
excited by an x-polarized plane wave are shown in Figs. 2(a)
and 2(b) for R, = 72 and 82 nm, respectively. The electric field
distribution at the resonance frequency in Fig. 2(a) (point “A”)
combines characteristic field distributions of both ED and MD
resonances: namely, a strongly enhanced electric field near
the core due to the ED plasmonic resonance and a slightly
enhanced circularly distributed electric field due to the MD
resonance in a high-index dielectric shell [see Fig. 2(c)].
Increasing the core radius from 72 to 82 nm shifts the ED
resonance frequency to &156 THz [point “B” in Fig. 2(a)]
and the MD resonance frequency to ~165 THz [point “C”
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FIG. 2. (a) and (b) Extinction cross-sections (red curves) for
Ag-Ge core-shell particles with R; = 225 nm and (a) R. = 72 nm
and (b) R. = 82 nm. Partial ED and MD contributions are shown
with black and blue curves, respectively. (c)—(e) Field amplitude
distributions at different frequencies: (c) point “A” in (a) (162 THz),
(d) point “B” in (b) (156 THz), (e) point “C” in (b) (165 THz),
indicating ED+MD, ED, and MD resonances, respectively.

in Fig. 2(a)] with corresponding field distributions plotted
in Figs. 2(d) and 2(e), respectively. This demonstrates the
possibility of an efficient tuning of the two main resonances
of the hybrid core-shell particle by simple changing their
geometrical parameters.

Beside the static “geometrical” tuning of core-shell particle
properties, they can also be dynamically (and reversibly) tuned
via photoexcitation of a dense EHP in germanium shell. At
normal conditions the conduction band of germanium is almost
empty, however, optical absorption causes the electrons to fill
the conduction band thus altering its permittivity and optical
response [21,22]. Therefore one may employ the nonlinear
response of the Ge shell associated with the EHP excitation
for ultrafast tuning of light emission and scattering. Recently,
the photoexcitation of EHP was employed for tuning of silicon
nanoantennas in the IR and visible regions [23-25]. This
effect was also utilized to achieve beam steering in Si and
Ge dimer nanoantennas [26] and for activation of plasmonic
resonances in Ge nanoantennas in the mid-IR [27]. Here,
we demonstrate that the same mechanism allows dramatic
tuning of the emission pattern produced by a dipole source
coupled with the proposed Yagi-Uda nanoantenna. Ge is a
particularly good choice for plasma-induced nonlinear tuning
of nanostuctures in the near-IR region, since it demonstrates
a strong two-photon absorption (8 &~ 80 cm GW™!, Ref. [28])
in this range, allowing to decrease the required pump intensity
for significant detuning.

III. YAGI-UDA CORE-SHELL NANOANTENNAS

It is known that the far fields produced by magnetic
and electric dipoles induced by an impinging plane wave
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FIG. 3. (a) Directivity and (c) Purcell factor for a chain of eight core-shell nanoparticles with dipole source located on the axis of the chain
at the half period from the center of the leftmost particle. (b) Dispersion diagram for the transversely polarized modes of an infinite chain of
core-shell nanoparticles; Ba/m is the normalized Bloch wave number and v is the frequency. Dashed blue (solid red) curves correspond to
the following parameters: radius of Ag core R, = 72 nm (R, = 82 nm), radius of germanium shell R; = 225 nm, and the period of the chain

a = 550 nm.

destructively interfere in the backward or forward direction
if they have the same amplitude and are oscillating in or
out of phase, respectively [15]. Since the backscattering is
automatically suppressed in the case of particles with over-
lapping MD and ED resonances, the Yagi-Uda nanoantenna
composed of such elements does not require a reflector [14].
Therefore we place a point electric dipole source (emulating
a quantum emitter) oriented orthogonally to the axis of a
chain of eight core-shell nanospheres with R, = 72 nm and
period a = 550 nm. Frequency-dependent directivity (see the
details of calculations) for the considered nanoantenna is
shown in Fig. 3(a). In order to understand the origin of
the highly directive emission at low frequencies, following
the analysis in Ref. [12], we first calculate the dispersion
properties of an infinite chain of core-shell nanospheres (see
Appendix C for the details). In Fig. 3(b), we observe that
the low-frequency chain eigenmode is close to the light line
at frequencies <150 THz (far from the particle resonances),
which corresponds to the high directivity frequency range
in Fig. 3(a). Besides the low frequency dispersion branch,
due to the presence of two types of resonances, there is
also a second dispersion branch, which crosses the light
line at ~163 THz. For the considered parameters, ED and
MD amplitudes of the eigenmodes are of the same order
of magnitude for both branches and consequently there is
a strong MD-ED interaction between neighboring particles.
Due to this interaction, the second branch is characterized by
a negative group velocity and, at the frequency near 163 THz,
which corresponds to the observed peak in directivity, the
nanoantenna radiates in the backward direction [see inset in
Fig. 3(a)].

The conventional operation regime of Yagi-Uda nanoan-
tennas at low frequencies is naturally nonresonant. This can
be understood from the eigenmode analysis of the considered
structure. While the infinite chain supports lossless modes
(for lossless material and host medium) below the light
line, eigenmodes of a finite chain are always radiative. The
eigenfrequencies of the chain of eight particles with the real
part below 150 THz [corresponding to the first dispersion

branch in Fig. 3(b)], have very large imaginary parts (see
Appendix C), and thus the low-frequency operation of Yagi-
Uda nanoantennas is broadband and nonresonant. Conse-
quently, another important property of these nanoantennas,
the Purcell factor (PF), is quite low in this regime [13].
We confirmed this property by calculating the PF within the
framework of the dipole approximation (see Appendix B).
Results of calculations are shown in Fig. 3(c): calculated values
of PF at low frequencies do not exceed 1. The eigenfrequencies
of the finite chain that correspond to the second dispersion
branch, which is close to the resonances of the single particle,
have small imaginary parts and therefore the PF is larger, but
still <10.

In order to increase the PF and, consequently, the antenna
efficiency, we employ the method of excitation of chain
eigenmodes near the Van Hove singularity [29]. This method
relies on symmetry matching of the ED source oriented
perpendicular to the chain axis and the staggered eigenmode
of the chain of MDs, i.e., with MD moments in neighboring
nanoparticles oscillating out-of-phase. If the source is placed
outside the chain, the modes excitation is not very effective,
which is the case demonstrated in Fig. 3 for particles with
two different radii of the core: in both cases, the maximum of
directivity and the PF are quite low in the resonant regime.

Therefore, we calculated the PF and directivity for two
different positions of the source: in the center of the chain,
and between the first and the second particles. For the case of
R, = 72 nm, the directivity and PF in the narrow frequency
range corresponding to the resonant operating regime are
shown in Figs. 4(a) and 4(b). Despite the fact that for these
source positions the chain eigenmodes are excited more
effectively, we observe only approximately a fourfold increase
in the PF, while the directivity decreases overall.

There are two reasons for the fact that the Purcell factor
in this case is not very large. First, the dispersion of the array
of hybrid MD-ED dipoles has an unusual behavior near the
edge of the Brillouin zone. In the chain of particles with only
one dominant dipole response (ED or MD), the group velocity
tends to zero and, consequently, the density of photonic states
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FIG. 4. [(a) and (c)] Directivity and [(b) and (d)] Purcell factor for the chain of 8 core-shell nanoparticles with the dipole source located

in the middle of the chain (solid black curves) and between the two leftmost particles (dashed blue curves). (a) and (b) correspond to the
R. = 72 nm radius of Ag core and (c) and (d) to the R. = 82 nm; the period of the chain is @ = 550 nm.

diverges at the Van Hove singularity near the edge of the
Brillouin zone (in the lossless case) [29]. However, when the
particles exhibit both MD and ED resonances at the same
frequency, there is no gap between the dispersion branches
[see Fig. 3(b) and Ref. [30] for the case of the particles
with same permittivity and permeability]. Since Purcell factors
are proportional to the density of photonic states, very large
values of PF cannot be achieved in the chain of core-shell
nanoparticles with fully spectrally overlapping MD and ED
resonances. Second, while there is a symmetry matching
between the magnetic field of electric dipole source placed
between the particles and MD moments of the staggered chain
eigenmode, the corresponding electric field and ED moments
are not symmetrically matched. Since MD and ED moments in
this case are of the same order, this also decreases the efficiency
of excitation with electric dipole source.

A different situation is observed for core-shell particles
with R = 82 nm. In contrast to the case of R = 72 nm, now
the second branch is characterized by zero group velocity at
the edge of the Brillouin zone, and an infinite local density of
optical states [see Fig. 3(b)]. Moreover, the amplitudes of MD
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moments are substantially larger than those of ED moments for
the second dispersion branch. Therefore these eigenmodes can
be effectively excited with ED sources, which allows achieving
both high directivity and high rate of ED source emission in
the same frequency range. Note that, since we are interested
in the emission of ED sources, the MD resonance frequency
should be larger than ED one. This is achieved because the first
dispersion branch is characterized qualitatively by the same
behavior for different relative position of resonances, and the
frequency ranges of high directivity and high Purcell factor
do not overlap. The second dispersion branch can instead be
engineered in different ways.

For the case of R = 82 nm, shown in Figs. 4(c) and 4(d),
we observe that the electric dipole placed in the center of
the chain, emits in both backward and forward directions
along the chain with high directivity ~14 (see insets in Fig. 4),
while the PF for this configuration reaches high values up to
250 due to the high density of photonic states at the Van
Hove singularity. Selective emission in a certain direction
can be achieved by placing the source between the first and
second particles. In this cases, the PF is almost one order of
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magnitude lower, but the source emits predominantly in one
direction at the operation frequencies (see insets in Fig. 4).
For a larger number of particles, we expect a growth in
both Purcell factor and directivity, as well as a reduction of
the operational frequency range. Therefore the appropriate
number of particles can be selected considering a trade-off
between the geometrical size of the nanoantenna and the
operational frequency range on one hand, and the strength
of the Purcell effect and the directivity of the radiation on the
other.

IV. TUNING OF THE NANOANTENNA
RADIATION PATTERN

Now let us illustrate the capabilities of EHP photoexcitation
to tailor the radiation pattern of the core-shell nanoantenna.
The model to describe EHP-induced tuning of resonant
spherical nanoparticles has been outlined in Refs. [25,26].
The permittivity of photoexcited Ge as a function of the EHP
density p,; in the near-IR region is given by the expression
[22]

exc

EGe (@, 0cn) = ece(w) + der +idey, (D
where
1 2 1 2
Ser = —4npehez<—1—e + T—hz) )

* 202 2
mil+owt;  my 14w’

and

47T,0¢h62< 1 7, 1 17
581 =

— +——" ) 3
m3 1+ 0?1} m;‘ll—l—a)zﬂ) ©

The effective electron and hole masses for germanium are
m} =0.12m, and mj = 0.23m, with m, being the electron
mass. Carriers collision times at room temperature can be
taken as 7, = 1, = 300 fs [22].

The excitation of EHP in semiconductors is generally
mediated by one- and two-photon absorption [25]. In our
situation, however, the two-photon process dominates, so that
the rate equation governing the EHP dynamics may be written
as

w

w.
= —=Tpen + 5—. “
1)

Here, W, is the volume-averaged two-photon absorption rate
and T is the EHP relaxation rate constant which depends on
the EHP density. The absorption rate is written in the usual
form W, = & (|Ein |4) Im x®, where the angle brackets denote
averaging over the semiconductor volume, and Im x® =
% B with 8 being two-photon absorption coefficient (8 ~
80cmGW ™! at 2.9 um, Ref. [28]). The EHP relaxation
in Ge is mediated by Auger mechanism, [' = FApfh with
[p =7x1073 s~lem® (Ref. [31]).

To demonstrate EHP-assisted tailoring of the emission
pattern from the Yagi-Uda nanoantenna, we present in Fig. 5
the directivity, a left-to-right ratio, and the Purcell factor of a
point emitter located in the center of the chain as a function
of real part of Ge permittivity change deg. We assume that
only the three leftmost particles are photoexcited, while the
rest of the particles remains unexcited. The results clearly

PHYSICAL REVIEW B 95, 235409 (2017)

max

20
ERCECRCEE NG
10

-0.06 -0.04
o€,
10 . —,

Left-to-Right ratio™
[&)]

-0.06
250 T T

o
(¢
~

Purcell factor
N
o
o

150
-0.06

-0.04 o €, -0.02 0

FIG. 5. Tuning of the antenna emission via EHP generation.
(a) Directivity, (b) Left-to-right ratio, and (c) Purcell factor for the
chain of eight core-shell nanoparticles with a dipole source located in
the middle of the chain vs the change in the Re(g ) of the three leftmost
particles. Parameters of the chain are R, = 82 nm, R, = 225 nm, and
a = 550 nm. Operation frequency is 162.2 THz.

demonstrate that the radiation properties of the Yagi-Uda
nanoantenna can be widely tuned via reasonable (~—0.05)
modulation of the semiconductor permittivity. Less than 1%
decrease of Ge permittivity induces significant changes of the
directivity [see Fig. 5(a)], while retaining high values of Purcell
factor [see Fig. 5(c)]. But more interestingly, such permittivity
modulation lifts the mirror symmetry of the antenna leading
to large left-to-right ratio of nearly 10 [see Fig. 5(b)], meaning
that the emission of the source is radiated mostly from one
end of the antenna. Such drastic change in radiation pattern is
achievable by only slight variations of Ge permittivity, because
of the high quality factor of the resonant modes excited in the
nanoantenna.

In order to estimate the parameters of a pump pulse required
for the given permittivity modulation, we use the rate equation
(4). The value of deg = —0.05 is attained at the EHP density
Pen 2 2x10'8 cm™3 at the emitter wavelength A = 1.6 um. At
the same time, the increase of imaginary part of Ge permittivity
at 1.6 um given by Eq. (3) is negligible (<10™*) at this level
of EHP density, thus we may safely neglect its effect on the
antenna emission. Numerical solution of Eq. (4) indicates that
a 100 fs Gaussian pulse with a peak intensity of 200 MW cm 2
provides enough power to generate 2x 10'® cm~ EHP, Fig. 6.
The resulting intensity of the pump pulse is far below the
damage threshold for plasmonic nanostructures [32,33]. After
the pulse action, the Auger relaxation results in relatively slow
recombination of the generated EHP with the characteristic
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FIG. 6. EHP density in Ge shell of the core-shell nanoparticle
illuminated with a 100 fs Gaussian pulse with 200 MW cm~2 peak
intensity. The shaded area represents the envelope of the pump pulse
intensity. After the pulse action the EHP density decays exponentially
with the time constant of about 40 ms.

time of approximately 40 ms, that should be sufficient for
emission of a photon by typical quantum emitters. We finally
note that the nonlinear Kerr response of Ag does not hinder
the proposed modulation mechanism. Assuming the value
of the nonlinear refractive index for Ag in the IR region
to be of the order of 10x107'2 cm?W~! (Ref. [34]), we
conclude that a 200 MW cm™2 incident pump pulse causes
insignificant changes of Ag refractive index. Even so, we
stress that Kerr nonlinearity of Ag only modifies the response
of the nanoparticles to the pump pulse during ~100 fs,
while emission of the point source experiences the excited
electron-hole plasma existing in the Ge shells for tens of
microseconds.

V. CONCLUSION

To conclude, we have studied the emission properties of a
dipole source coupled to a Yagi-Uda nanoantenna composed
of core-shell nanoparticles and demonstrated the possibility
of dynamical tuning of the emission pattern via electron-hole
plasma photoexcitation. The radiation pattern and emission
rate of the nanoantenna fed by an electric dipole source
strongly depend on the relative position of ED and MD
resonance frequencies of a single core-shell particle. For most
parameters, the hybrid core-shell nanoantenna operates as a
conventional Yagi-Uda antenna without reflector, exhibiting
highly directive emission over a wide frequency range. For
certain parameters, an almost flat dispersion of the infinite
chain of core-shell nanoparticles with an inherent high density
of photonic states can be realized. In this regime, high values
of Purcell factor and highly directive emission patterns can be
achieved simultaneously.

Femtosecond optical pumping of the core-shell nanoparti-
cles with moderate intensities accompanied by electron-hole
plasma generation in Ge shells strongly affects the emission
patterns of the nanoantenna allowing to direct the emission
towards a chosen side of the chain. Our findings illustrate
the potential of hybrid metal-dielectric nanoparticles and
nanostructures, which can be employed for the development
of directive single-photon emitters capable of ultrafast and
reversible reconfiguration.
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APPENDIX A: THEORETICAL MODEL

To describe the electromagnetic response of an array of
core-shell particles under consideration, we use the well-
known coupled-dipole approximation (CDA) where each
particle is characterized by electric dipole (ED) response (due
to the plasmonic core) and magnetic dipole (MD) response
(due to the high index dielectric shell). The analytical dipole
model for a one-dimensional array of identical particles is
formulated as follows [30,35-37]:

Pu = a(@)(ES™ + E&VY),

m, = o, () (H* + HY), (A1)

where m,, and p, are magnetic and electric dipole moments
induced in the nth particle (x — iwt), «;, and ¢, are the mag-
netic and electric polarizabilities; electric E(**Y and magnetic
H® fields at the position of the nth dipole are produced by
external source; local electric E!°® and magnetic H!*® fields
are produced by all other dipoles in the chain:

E0) — Z(@U.pj —G,m,),
J#n

H® = Z(anjmj + 5njpj),
J#n

(A2)

where an = A,UI + an(fnj ®/l'\nj), G”j = _Dnj?nj X I, ®
is a dyadic product, 7 is the unit 3x3 tensor, T,; is the unit
vector in the direction from nth to jth dipole, and

2 .
Ay = etk (K 1 k)
an R}:j Rij

; k? 3 3iky,
ikpRyj | _ "h _
B,j=e Ry ( Roy + TR >, (A3)

nj nj
2 .
D.. — oikiRi kip ik
hj =€ R_ + =
nj an

where R,; is the distance between the nth and jth dipoles, &,
is the permittivity of the host medium (in our calculations we
take &, = 1), kj, = \/epw/c is the wave number in the host
medium, w = 27 v, v is the frequency, and c is the speed of
light. The electric and magnetic polarizabilities are defined

3e,al . 3b}¢ . .
as o, =1 2]k2] SOy = lﬂ, where the scattering coefficients

ay, by can be expressed through the parameters of the layered
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particle [19]:

PHYSICAL REVIEW B 95, 235409 (2017)

se W(Ps)[lﬁ'(nsps) - AX/(nsps)] - nsw/(ps)[w(n&ps) — Ax(ngps)]

“w= E(ps)[w,(nsps) - AX/(ns:Os)] - ns%_/(ps)[w(nsps) - AX(nsps)] '

b5 ng Y ()Y (nsp5) — Bx'(ngps)] — ¥ (p)[¥ (nsp5) — B x(ngps)]

b ns%_(ps)[w/(nsps) - BX/(nsps)] - E/(ps)[W(nsps) - BX(n“OS)] '

where A = V0¥ (nepd)=ncy (s po) ¥ (nepe)

(A4)

— ny Y (nep)Y (s pe)—ne ' (nep) Wy (nspe) . ,(//(x) — le(x)’ X(X)=—xy1(X), %-(x)th(ll)(x)

ns X (s p )Y (e pe)—ne X' (s )Y (nepe) °

ns Y (nepe) X' (ng pe)—ne ' (nepe) x (nspe)

are the Ricatti-Bessel functions of the first order, h(ll)(x) = ji(x) 4+ iyi(x) and j;(x), y;(x) are the first-order Hankel function of
the first class, first-order spherical Bessel function of the first and second class, respectively; n, = \/¢./e, and ny = /& /¢), are
the relative refractive indices of the core and the shell, respectively, p. = k; R, and p; = ky Ry.

APPENDIX B: CALCULATION OF THE MAIN
PROPERTIES OF NANOANTENNA

Directivity of a nanoantenna is calculated within the
framework of the dipole model as follows [2]:
4xMax[p(0,¢)]

Dmax =,

Bl
Prad ( )

where Max[p(0,¢)] is the power transmitted in the direction
of the main lobe, P,y is the total power radiated by a system
into the far zone, i.e., Poq = f p(6,9)d<2 is the integral of
the angular distribution p(6,¢) of the radiated power over the
spherical surface, where (0,¢) are the angular coordinates of
the spherical coordinate system, and d€2 is the element of
the solid angle. The Purcell factor PF is calculated with the
well-known formula [38]:

PF=1+ Im[d* - E,],

B2
2k3d? ®2)

where k is the wave number, d is the dipole moment of the

emitter, and E; is the scattered electric field at the position of
the source.

APPENDIX C: CALCULATION OF CHAIN EIGENMODES

Eigenmodes of the infinite chain of core-shell nanoparticles
are calculated from the analytical closed-form dispersion

170 170
4 (a) (b)
165 2 165
3 P 2
160——=—"""7 | 160
—_ —_
T 155 1 = 155
T 2 150
= = 1
145 145
140 140
135 135
130 130
0 02 04 06 08 10 3 =25 2 15 -1 05 0
palr v, (THz)

FIG. 7. Eigenfrequencies of the infinite chain of core-shell parti-
cles with R, = 82 nm, R; = 225 nm placed with period @ = 550 nm.
(a) Real part of eigenfrequency vg vs normalized Bloch wave number
Ba/m. (b) Real part of eigenfrequency vg vs imaginary part of
eigenfrequency v;.

(

equations that can be obtained by replacing infinite sums
in Eq. (A2) with analytical functions [39]. In Fig. 3, in the
main text only real parts of the complex eigenfrequencies are
shown. In Fig. 7, we show both real and imaginary parts for
the same parameters. The eigenmodes under light line have
small nonzero imaginary parts due to losses in silver.

Eigenmodes of the finite chain of N particles can be
determined from the matrix equation (A1) (2N x 2N incase of
fixed transverse polarization) with zero right-hand side [40].
The complex eigenfrequencies of the chain of 8 core-shell
particles with R, = 82nm, R; = 225 nm placed with period
a = 550 nm are shown on the complex plane [Re(w),Im(w)] in
Fig. 8. Modes with low real parts of eigenfrequencies, which
correspond to the first dispersion branch “1” in Fig. 7, have
large imaginary parts, and, therefore, they are responsible for
conventional nonresonant operation regime of the Yagi-Uda
nanoantenna. Eigenfrequencies corresponding to the second
dispersion branch “2” in Fig. 7 have smaller imaginary parts,
and they are responsible for the resonant operation regime
characterized with highly directive emission.

1621 resonant operation regime , - ®
° L]

160} :

150

148} . .
nonresonant operation regime

146

2 10 -8 6 4 2 0
v, (THz)

FIG. 8. Complex eigenfrequencies (v = vg + iv;) of the finite
chain of eight core-shell particles with R. = 82nm, R; = 225nm
placed with period a = 550 nm.

235409-7



SAVELEYV, SERGAEVA, BARANOV, KRASNOK, AND ALU

1707
| DM (Rc=72nm)
165 DM (Rc=82nm)
o et CST (Rc=72nm)
160 i _____ CST (Re=82nm)
N 155F -
an
= 150
N
= 1451
1401
135+
130 :
1 4 7 10 13
D

FIG. 9. Directivity for the chain of eight core-shell nanoparticles
with dipole source located on the axis of the chain at the half period
from the center of the leftmost particle. Blue (red) curves correspond
to the following parameters: radius of Ag core R, = 72 nm (R, =
82 nm), radius of germanium shell R; = 225 nm and the period of the
chain @ = 550 nm. Solid curves are obtained within the framework
of dipole approximation, dashed curves are obtained via numerical
simulation.

APPENDIX D: COMPARISON WITH FULL-WAVE
NUMERICAL SIMULATIONS

In Figs. 9 and 10, we show the directivity as a function of
frequency for the same parameters, as in Figs. 3(a) and 4(c),
respectively. Solid lines are calculated within the framework

1651
1 DM (asymm.)
DM (symm.)
164 '\ N\ |7 CST (asymm.)
———=CST (symm.)
N
T 1631
F
N—
~ 162 = ETSxL__-----°
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160

-
w
[
~
©
-
-
-
w
-
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FIG. 10. Directivity for the chain of eight core-shell nanoparticles
with dipole source located on the axis of the chain in the center of
the chain (black curves) or between the first and the second particles
(blue curves). Parameters of the structure: radius of Ag core R, =
72 nm (R, = 82 nm), radius of germanium shell R; = 225 nm and
the period of the chain @ = 550 nm. Solid curves are obtained within
the framework of dipole approximation, dashed curves are obtained
via numerical simulation.
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of the dipole approximation, dashed curves are directivities
obtained via numerical simulation in CST MICROWAVE STUDIO.
We observe a good agreement between these two approaches.

APPENDIX E: EFFECT OF RANDOM DEVIATIONS
OF GEOMETRICAL PARAMETERS ON THE
NANOANTENNA PERFORMANCE

We analyze the properties of the nanoantenna in two cases.
First, when there is a random deviation of the positions (RP) of
the particles from the ideal case. And second, when the sizes
of the cores and the shells randomly deviate from the mean
value (RS). In RP case, we assume that the position of the nth
particle r, is the normally distributed random variable with
the mean value E(r,) = an and the standart deviation o =
10 nm. We also exclude the realizations with |r, — E(r,)| >
20 nm. In RS case, we assume that the core and shell radii are
normally distributed random variables with the mean values
E(Rin) = R. and E(Rqy) = Ry, respectively and the standart

300

ideal \ (a)
=== gveraged
random
100
=
o
=
Q
& 50
©
5]
=
=
[

10
5 1 1 1 1 1 1 1 I 1 1
160 161 162 163 164 165
v (THz)
300 ———Tideal (b)
———— gveraged
random

100
=
o
=
Q

& 50
©
5]
—
=
[a )

10

5 1 1 1 1 1
160 161 162 163 164 165
v (THz)

FIG. 11. Purcell factor for the chain of eight core-shell nanopar-
ticles with small random deviations (a) in their positions and (b) in
the radii of cores and shells. Parameters of the structure are the same
as in Fig. 4(d).
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deviation 0 = 2 nm. We also exclude the realizations with
|[R. — E(R;y)| > Snmor |Ry — E(Roy)| > 5 nm.

The results of calculations of Purcell factor for RP and RS
cases are shown in Fig. 11 for the following parameters: R, =
82nm, Ry = 225nm, and a = 550 nm; dipole source is located
in the middle of the chain [ideal case is shown in Fig. 4(d) with

PHYSICAL REVIEW B 95, 235409 (2017)

black curve]. Black curves correspond to the five random real-
izations, blue thick dashed curves show the PF averaged over
30 random realizations, and thin red curves correspond to the
ideal case. We observe that the PF remains almost unchanged
in RP case, while in RS case the maximum of PF reduces by
a factor of 2-3 and slightly shifts in frequency (<1%).
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