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We present a theoretical study on collective excitation modes associated with plasmon and surface-plasmon oscilla-
tions in cylindrical metallic nanowires. Based on a two-subband model, the dynamical dielectric function matrix is derived
under the random-phase approximation. An optic-like branch and an acoustic-like branch, which are free of Landau damp-
ing, are observed for both plasmon and surface-plasmon modes. Interestingly, for surface-plasmon modes, we find that
two branches of the dispersion relation curves converge at a wavevector g; = gmax beyond which no surface-plasmon mode
exists. Moreover, we examine the dependence of these excitation modes on sample parameters such as the radius of the
nanowires. It is found that in metallic nanowires realized by state-of-the-art nanotechnology the intra- and inter-subband
plasmon and surface-plasmon frequencies are in the terahertz bandwidth. The frequency of the optic-like modes decreases
with increasing radius of the nanowires, whereas that of the acoustic-like modes is not sensitive to the variation of the
radius. This study is pertinent to the application of metallic nanowires as frequency-tunable terahertz plasmonic devices.
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1. Introduction

In recent years, plasmonics based on metallic nanowires
(N'Ws) has received a great attention due to its potential ap-
plications in advanced electronic, magnetic, and optoelec-
tronic devices.['3! In contrast to semiconductor-based NWs,
in which plasmon oscillation plays an important role in in-
fluencing the electronic, optical, and optoelectronic proper-
ties mainly in the relatively low frequency regime, surface-
plasmon excitation affects greatly the optical and optoelec-
tronic properties of metallic NWs from the long- to short-
wavelength regime. It is known that a surface plasmon is a
kind of collective oscillation of a free electron gas at the inter-
face between a metal and a dielectric material. Due to this
unique feature, surface-plasmon modes can couple strongly
with electromagnetic waves. Thus, a surface-plasmon polari-
ton (SPP) can be achieved and the effect of surface-plasmon
resonance (SPR) can be observed in metal-based device sys-
tems. In particular, the light waves can propagate along the
metal—dielectric interface and can be modulated and guided
by metallic nanostructures beyond the diffraction limit. Ef-
fects such as surface-enhanced Raman scatting (SERS) can
be observed markedly in metallic nanostructures. Therefore,
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it is expected that the SPP and SPR in metallic nanostruc-
tures enable the nanoscale manipulation of the electromag-
netic waves. This offers us a realistic solution in merging pho-
tonics and electronics at nanoscale dimensions. [* The metallic
nanostructures have been proposed as the fundamental build-
ing blocks for subwavelength plasmonics with potential appli-
cations in nanoscale optical components and devices. [>-¢]

The metallic NWs and NW arrays are important cate-
gories of metallic nanostructures. In the past, plasmons in
semiconductor-based NWs have been extensively studied both
experimentally!”-8! and theoretically.!>'%) With the state-of-
the-art nanotechnology, metallic NWs and NW arrays can
be fabricated quite easily through, e.g., the electrochemi-
cal deposition of metals into porous anodic aluminum oxide
templates,!! =13 and the pore diameter (or the diameter of the
metal NWs) can be adjustable.!'*! At present, less theoreti-
cal investigation has been carried out regarding surface plas-
mons in metallic NWs. Although surface-plasmonic effects in
metal-based NW systems have been widely investigated exper-
imentally, these elementary electronic excitations were mainly
studied theoretically on the basis of classical theory, which
cannot take fully into consideration the quantum size effects
induced by the formation of the nanoscaled wire systems. In
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the present study, we intend undertaking a detailed theoretical
study employing the quantum theory to examine the plasmon
and surface-plasmon modes in cylindrical metallic NWs. We
would like to look into the different features of these plasmon
and surface-plasmon modes in metallic NWs. Moreover, we
would like to demonstrate theoretically how the basic features
of plasmon and surface-plasmon modes in metallic NWs can
be tuned by the radius of NWs realized by current nanotech-
nology.

2. Theoretical approaches

In this study, for simplicity we consider a cylindrical
nanowire with infinite length in vacuum. Such a system can be
realized by, e.g., firstly electrochemical depositing metal (e.g.,
Cu or Ni) into porous anodic alumina oxide templates,[!!~13]
then removing the template material via, e.g., chemical etch-
ing. We take the case where the conducting electrons are con-
fined within a hard-well potential with cylindrical shape in the
x—y plane and are free to move along the z axis of the wire. In
cylindrical coordinates, the Schrodinger equation for an elec-

tron in this potential can be written as

P19 [ o 1 92 92
[_7 {r&r (rar)—’_rza(p a 2]+V( )}W(R)
= Ey(R). (D
Here R= (x,y,z) = (r,7) =
for an electron in the structure. In our model, the effective con-

(r, ¢,z) and p is the effective mass

fining potential is modeled as

_ 07 r< ROa
vi={% 1SR @
where Ry is the radius of the nanowire. This Schrodinger equa-
tion can be solved analytically. The electron wave function is
obtained as

_ cudp(gayr) e10HED) < Ry,
yw(R) = { 0, r > Ry, )
with N = (n,l,k;) standing for all quantum numbers, n =

1,2,3,...,1=0,£1,4+2,..,
an electron moving along the z direction. Furthermore, ¢,; =

[\@ﬂRo|Ju|H(ﬁ”m)|]’l, qui = Bui/Ro, and B, is the nth zero
point for the Bessel function J;(x). The corresponding eigen-

and k; being the wavevector for

value is
EN =&+ hzk?/zuv (4)

with &, = i* qn‘ 1 /24t. Such energy levels are twofold degen-
erate, namely &, = &, if [ # 0. It is found that the lowest
electronic subband has n = 1 and [ = 0 and the first excited
subband or second subband has n =1 and [ = £1.

The matrix element for the bare electron—electron (e—e€)

interaction can be obtained by applying the single-electron

wave function to the e—e interaction induced by the Coulomb
potential, which reads

VvinnN = / dR;dR ‘VN/ (R1)ww, (R1)

47r1<£0
1 *
X m‘l’l\/ (R)yn(R). &)

Here k is the high-frequency dielectric constant of the metallic
nanowire and g is the vacuum permittivity. Setting j = (n,/),
we have

1)

Ywinnn = Vi ](qZ)ak:nszﬂIz ey ey *q1611+l,11’+l” (6)

where ¢, is the change of electron wavevector or momentum
during an e—e interacting event,

2
e
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with it and Rj/ljlj/j(qz) being
liii = 4!7% 1B Wi By )
-1
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and
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4 [Ro rRo
=R, dridr rlrJ\l/ll(qnll\lilrl)Jll/\(qﬂ/\l/lr)
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Here, m = ||I'| = |I||, Ln(x) and K,,(x) are the mth modified

Bessel functions of the first and the second kind, and r- (7<)
is the smaller (larger) of {r, r }.

With electronic energy spectrum obtained by solving the
Schrodinger equation, we can derive the retarded and ad-
vanced Green functions for electrons. Applying these Green
functions to the diagrammatic techniques, the effective e—e in-
teraction can be derived under the random phase approxima-
tion (RPA). The matrix element of dynamical dielectric func-

tion is then obtained as!'>

€ap(2,q;) = 00 p — VapIlp(2,q;), (10

where @ = N'N and the density—density (d—d) correlation
function in the absence of e—e interaction is

Z f(EN’)_f(EN)

M, (Q.q.) = g
v (€2:4:) = 8 L hQ +Ey —En+16’

Y

with g; = 2 being the spin degeneracy and f(E) the Fermi-
Dirac function.

To solve the complicated algebraic equation, Eq. (10),
which determines the dispersion relation of the collective ex-
citations, it is necessary to restrict the discussion to a finite

number of subbands. Here, we use the two-subband model,
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which has been successfully applied to deal with semicon-
ductor quantum-wire systems in the case where only the low-
est electronic subband is occupied.!'’! With this simple and
tractable theoretical model, we can reveal the fundamental
characteristics of the intra- and inter-subband collective exci-
tations. In the present study, we consider that only the lowest
electronic subband &;¢ is occupied by electrons. After set-
ting j =+ = (1,0) and — = (1,£1), p=(j/j) =1 = (++),
2=(+-),3=(—+), and 4 = (——), the dielectric function
matrix for a two-subband model is

1+an 0 0 aiq
_ 0 I4an a3 0
£(R,q:) = 0 aypy 1+ass 0 42
aqq 0 0 14+ agq
with ap, , = —Vp, »(g)I1,(2,q;) (p=j'j) and
f(E"k, ,)_f(Ejkz)
I1,(2,q:) = 8jg8s ). P 13)

hQ+E;

T Qo
J k+q; _Ejkz +18

ke

where g; = 1 or 2 is the angular quantum number degeneracy
for j =+ or —, Ily = II__(£2,q;) = 0 because the second
subband is unoccupied, and therefore aj4 = aqq = 0. Some
matrix elements vanish because of the selection rule 31 o
in Eq. (6). Since v23(q;) = v32(g;), the determinant of the
dielectric function matrix is given as

1e(,q:)|l = {1 —v11(g:) 11 (2,9.) H{1 - v23(q2)
x [Ih(2,q;) +11K(2,49,)]}, (14)

which is induced by intra- and inter-subband transition events.
In the low-temperature limit (i.e., 7 — 0), we obtain

A | (K= (nQ/hg.)?
Rell)(Q,q ZIH‘ -
1(2,4;) q. | (K_)?—(u/hq.)?
24 | Ky +A—pQ/ng,
Relh(Q.4.) = 241 , 16
elh(2,q.) % n’KJrAu-Q/hqz 1o
and
24 |Ky+A+uQ/hq,
Rel (2. _ 24, ; 17
el (2,q;) P H‘K+A+u9/hqz an

with A = —p/ah*, Ky = +kp + q./2, kp = 7ne/2 is the
Fermi wavevector, 7, is the electron density, and A = (ﬁlzl —
B%)/(2¢.R3). The plasmon and surface-plasmon modes are
determined, respectively, by Ref. [16]: Re||e(£2,¢.)|| — 0 and
Relle(@.q.)] = —1.

3. Results and discussion

For numerical calculations in the present study, we take
the typical electron density as 7, = 10 cm™! and the low-
temperature limit 7 — 0 K. At this electron density, we find
that the second electronic subband becomes occupied when

Ry > 20 nm.
ized from the electrochemical deposition of metals into porous

In conjunction with the metallic NWs real-

anodic alumina oxide templates,!'~13] we consider Cu-based
NW systems. We take the effective mass for an electron as
U =~ 1.49m., and the high-frequency dielectric constant as
Kk = 6.0 for Cu-based NWs.[17]

For Re||e(2,¢.)|| = 0 in Eq. (14), we get two equations:
1 —v11(gz)RelT; (L2,g;) = 0, or 1 — v3(q:)[Relh(£2,q.) +
Rell3(£2,q;)] = 0, which determine the plasmon modes in-
duced by intra- and inter-subband electronic transition events,
respectively. The surface-plasmon modes are determined by
Re || €(2,q;) ||= —1 and, as a result, the intra- and inter-
subband excitation modes are coupled to each other.
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Fig. 1. The dispersion relation of plasmon and surface-plasmon modes
in a metallic nanowire with a radius Rp = 15 nm. Here, .Qgp[ (50
and QP (235,,) represent the optic-like and acoustic-like branches of
the plasmon (surface-plasmon) modes, respectively. The shaded area
(SPE|>) shows the spectrum for single-particle excitation induced by
inter-subband transition between the first and second subbands. gmax is
the maximum wavevector beyond which the surface-plasmon mode is
not present.

In Fig. 1, we show the dispersion relation of the plas-
mon and surface-plasmon modes for a metallic NW with a
radius Ry = 15 nm. We find that using the two-subband model
under which only the lowest electronic subband is occupied
and the second subband is empty, two branches of plasmon
and surface-plasmon modes can be observed. One branch is
acoustic-like where Q% — 0 and Q3,, — 0 as g, — 0 and the
plasmon and surface-plasmon frequencies depend strongly on
wavevector g,. Another branch is optic-like, where .Q('fpt and
QS

opt are finite as g; — 0 and the plasmon and surface-plasmon

frequencies depend relatively weakly on wavevector g, in the
small g, regime. In the small ¢;/kp < 1 regime, the disper-
sion relations for acoustic-like plasmon and surface-plasmon

modes are roughly the same. With increasing g, the acoustic-

like branch of the surface-plasmon modes (£2;.,) lies above

that of the plasmon modes (QP) and their frequency sepa-

ration (Q}

o — QP.) increases. The frequency of the optic-

like surface-plasmon mode (£2,,) is obviously lower than that

p

of the optic-like plasmon mode (£2;,). With increasing g,
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QP

opt iNCreases whereas €25, decreases. As can be seen from

opt
Fig. 1, the two branches 0? the surface-plasmon modes con-
verge at one point ¢; = gmax and the surface-plasmon mode
vanishes when g; > gmax. That is, the surface-plasmon modes
only exist within g; < gmax in nanowire systems. Such an
interesting effect is caused mainly by the coupling between
intra- and inter-subband electronic transition channels for ex-
citation of surface-plasmon modes. In Fig. 1, the shaded area
(SPE,) shows the spectrum of single-particle excitation (SPE)
induced by inter-subband electronic transition channels. In
the SPE|, region, the imaginary part of the dielectric func-
tion matrix element induced by electronic transition between
the first and second subbands is nonzero. This implies that
Landau damping and optical absorption can occur in this re-
gion. Because the frequency of SPE for intra-subband transi-
tion is much smaller than that for inter-subband transition, we
do not show the spectrum of SPE for intra-subband transition
in Fig. 1 for simplicity. It is clear that all plasmon and surface-
plasmon modes shown in Fig. 1 are out of the area of the
SPE. Consequently, the plasmon and surface-plasmon modes
induced by intra- and inter-subband electronic transition chan-
nels in metallic NWs are free of Landau damping. Moreover,
as can be seen from Fig. 1, for metallic NWs with the radius
Ro ~ 15 nm, the frequencies of plasmon and surface-plasmon
modes induced by intra- and inter-subband transition channels
are in the terahertz (10'> Hz or THz) optical bandwidth. This
indicates that the metallic NWs and NW arrays may be applied
as THz plasmonic devices.

In Fig. 2, we show the dispersion relation of the plasmon
(a) and the surface-plasmon (b) modes for different radii of
the metallic NWs as indicated. We notice that the frequencies
of optic-like branches for both plasmon and surface-plasmon
modes decrease monotonically with increasing NW radius Ry.
This is because the energy separation between the first and
second subbands is inversely proportional to R% (see Eq. (4)).
Due to the fact that the frequencies of optic-like plasmon and
surface-plasmon modes are determined by the energy spacing
between two subbands, the corresponding excitation frequen-
cies become smaller as the NW radius increases. In contrast,
the frequencies of acoustic-like branches for plasmon and
surface-plasmon modes depend relatively weakly on the vari-
ation of the NW radius since the acoustic-like modes are in-
duced by the intra-subband electronic transition events. With
decreasing radius Ry, gmax becomes larger. This indicates that
the surface-plasmon modes can exist in a wider wavevector
range in metallic NWs. These results shown in Fig. 2 demon-
strate theoretically that we can tune effectively the frequencies
of plasmon and surface-plasmon modes within the THz band-
width by simply altering the diameter of the metallic NWs.
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Fig. 2. The dispersion relation of (a) plasmon and (b) surface-plasmon
modes for different NW radii R as indicated.

In the present study, we take a two-subband model to
examine the plasmon and surface-plasmon modes in metal-
lic NWs. The inclusion of more electronic subbands within
the calculation can only result in the observation of optic-like
collective excitation modes in the higher frequency regime.
The results obtained from this study indicate that, in metal-
lic NWs realized from state-of-the-art nanotechnology, THz
plasmon and surface-plasmon modes can be present without
Landau damping. It is well known that THz technology is of
great potential for many applications in extensive fields such
as biological science, sensing, imaging, and spectroscopy.!!8]
The application of metallic nanostructured materials in THz
technology has become an important and fast-growing field of
research in recent years. It has been demonstrated experimen-
tally that the generation of THz signal from metallic nanopar-
ticle array systems can be achieved due to surface-plasmon
excitation.!”) We propose that the metallic NW systems could
also be used as THz sources or detectors with the advantage
that they can be easily fabricated with the state-of-the-art nan-
otechnology. The plasmons and surface plasmons present in
the NWs can strongly couple with the electromagnetic modes
under appropriate conditions to form so-called plasmon po-
lariton and surface-plasmon polaritons. Therefore, one may
anticipate THz emission originating from the radiative de-
cay of the plasmon and surface-plasmon polaritons in metallic
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NW structures because the intra- and inter-subband plasmon
and surface-plasmon modes are within the THz bandwidth.
Moreover, the detection of the THz radiation through the res-
onant absorption of THz radiation by excitation of plasmon
and surface-plasmon polaritons can be achieved. As is well
known, the work frequencies of THz optoelectronic devices
are usually within a few THz. However, for metallic NW sys-
tems, our theoretical results indicate that the frequency region
of the plasmon and surface-plasmon modes can be extended to
dozens of THz. Hence, it is possible to realize broadband and
high-frequency THz emitters and detectors based on metallic
NW and NW array systems.

4. Conclusions

In this study, we have theoretically studied the collec-
tive excitations associated with plasmon and surface-plasmon
modes in cylindrical metallic NW systems. Using a two-
subband model, the dynamical dielectric function matrix has
been derived within the RPA approach and, from it, we have
examined the dispersion relation of plasmon and surface-
plasmon modes induced by intra- and inter-subband electronic
transition channels in NWs. We have found that two branches
of each collective excitation mode can be observed, and all
of them are free of Landau damping. For plasmon modes,
the optic-like branch induced by inter-subband transition and
the acoustic-like branch induced by intra-subband transition
can be found. More interestingly, for surface-plasmon modes
we have shown that two branches of the dispersion relation
curves converge at one wavevector point ¢; = ¢max- 1lhe
surface-plasmon mode is not present for g; > gmax. Such an
effect is caused mainly by the fact that the surface-plasmon
excitation in metallic NWs is achieved by the coupling be-
tween the intra- and inter-subband electronic transition chan-
nels. The acoustic-like branches for both the plasmon and
surface-plasmon modes look roughly the same in the small
q. regime; however, the frequencies of the optic-like surface-

plasmon modes are obviously lower than those of the plasmon
modes. We have examined the dependence of these collective
excitation modes on the radius of metallic NWs. It has been
found that the frequencies of optic-like plasmon and surface-
plasmon modes can be tuned effectively by simply altering the
radius of the NWs. The acoustic-like branches of these modes
depend relatively weakly on the NW radius. The most im-
portant conclusion we drew from this study is that THz plas-
mon and surface-plasmon modes can be present in the metal-
lic NW systems realized from state-of-the-art nanotechnology.
This opens the opportunity to seek applications of metallic
nanowires as frequency-tunable plasmonic devices.
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