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Abstract

We have determined the nonlocal, dynamic dielectric response properties of
a multiple-quantum-wire lattice embedded in a semi-infinite plasma-like host
medium, with the progression of parallel wires perpendicular to the interface,
while the wires themselves are parallel to the surface. This is carried out within
the framework of the random phase approximation, neglecting tunnelling. In
this study, we have also investigated the condition for the occurrence of current-
driven plasmon instability as a function of z, the distance of the first quantum
wire from the bounding surface, and as a function of a, the separation of the
quantum wires. Furthermore, the coupled mode dispersion relations for the
plasmons of multiple-quantum-wire systems in interaction with the surface
and bulk plasmons of the host material are analysed for dependences on the
geometrical parameters z and a.

1. Introduction

Developments in nanostructure science and technology over the past decade have focused much
attention on the dielectric response properties [1-3] of very small nanosystems. In particular,
quantum-wire plasmons have been investigated [4—12] with multiple wires embedded in a bulk
semiconductor, and single-wire systems have been examined in the vicinity of an interface
[13—-15]. Here, we report on our analysis of the inverse dielectric function and plasmon
spectrum of multiple-quantum-wire lattices embedded in a semi-infinite plasma-like host
semiconductor having a mobile electron population that may be due to excessive doping or
real-space transfer. The wires are parallel to each other and to the bounding surface, while
the progression of wires is perpendicular to the surface (figure 1). The electrostatic collective
modes examined are constituted of the hybridization of the quantum-wire plasmons coupled
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Figure 1. A system of N quantum wires with spacing a and width b, with the first at a distance
zo from the interface at z = 0 of the semi-infinite host medium of dielectric constant &(w) with a
medium of dielectric constant £” on the other side.

to the bulk and surface plasmons of the host medium, with internal Coulomb coupling among
the wire plasmons. The dispersion of the modes is determined as a function of wavenumber
parallel to the wires (which are equally spaced by distance a) and as a function of the distance
of the first wire from the interface, zo (figure 1).

Recently reported experiments [16, 17] and theoretical considerations [18] have
underscored the importance of multiple (double) planar quantum well nano-systems in the
detection of terahertz radiation by means of resonant plasmon and current response with
a grating coupler. Furthermore, it has now been shown [19] that current driven plasmon
instability can also occur in a double-quantum-wire system carrying equal and opposite
currents in the two wires, provided that the drift velocity falls between the acoustic and
optical phase velocities of the double-quantum-wire plasmons. In consideration of these
accomplishments, and with an eye toward mechanisms for optimization of such features
for possible use in terahertz devices, we also explore here the effects of the interface under
consideration on the criterion for double-quantum-wire plasmon instability—in particular as
it relates to dependences on z( (distance of the first wire from the interface) and a (separation
of the wires).

0

2. Polarizabilities of a semi-infinite plasma-like host medium (o, ;

: 0
wires (aNQW)

) and of N quantum

Within the framework of the random phase approximation (RPA—neglecting tunnelling), the
polarizability of the combined system of a semi-infinite host medium and N quantum wires
embedded in it is quite accurately given by the sum of the polarizabilities of the constituent

parts [20], @ = agemi + angW’ where a?emi represents the polarizability of the bounded plasma-

like host medium (continuum band) and agQw refers to the polarizability of the N-quantum-
wire system. The local polarizability for the semi-infinite plasma-like dielectric medium
(continuum band) is given in position z-representation as [ 14] (here we allow that the adjoining
medium has a dielectric constant ¢’ different from e = g9— wg /w?* with which we model the host

dielectric properties, with & as the background dielectric constant and w, = (47e’n3p/m)'/?
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as the classical bulk plasma frequency of the semi-infinite host plasma continuum band)

g (@, @3 23, 22) = (23 — 22)[M4(23) — 1+ (' — £)8(z2)n-(z3)e ™71 /2, M
where q = (qy, q,) is the two-dimensional wavevector in the lateral plane. Here, we
have defined n_(z) = 6(z) — 0(—z) = 1,0,—1 for > 0,z = 0,z < 0, and

e

N+ (z) = €0(z) +€'0(—z) = &, (¢’ +¢&)/2,¢' forz > 0,z = 0,z < 0, respectively. (6(z)
denotes the Heaviside unit step function, 6(z) = 1 for z > 0, 1/2 for z = 0, and O for
7<0) Notwithstanding its spatial translational invariance in the y-direction it is necessary to
transform &, _.(§,®; z3, z2) to a y-representation to accommodate the description of quantum
wires confined in the y-direction of the lateral plane. Therefore, we Fourier transform back

into y-position representation, writing

dg
0 . y 0 .
asemi(qxa w; Y373, yZZZ) = / 2 lqy(\s yZ) seml(%w qy, ®; 23, ZZ)

=8(y3 — ¥2)8(z3 — 22)[0+(23) — 11+ 8(z2)n-(23)|z3](¢" — &)

K ( 1gxly/ (v2 — ¥3)? 2)
) <@> 1(|q| (2 —y3)*+23
m Vo2 —y3)?2+23

where |g,| is the magnitude of the one-dimensional (1D) wavevector conjugate to the
translationally invariant x-axis and K (z) is the modified Bessel function of order one.
Assuming that there is no tunnelling, the joint polarizability of the N quantum wires is
given by the sum of polarizabilities of the individual wires [20]:
N-1

)

aRow = _ o’ (3,2), 3)
where "

a’(3,2) =— / dlv@3, 1HR(1,2) 4)
is the free electron polarizability of the oth quantum wire. Here, v(3, 1) is the Coulomb
potential and R°(1,2) = —iG?(1,2)G?(2,1) is the ring diagram density perturbation

response function. Here, G? (1, 2) denotes the noninteracting (one-electron) thermodynamic
Green function for the o'th wire. Fourier transforming along the translationally invariant x-axis
parallel to the quantum wires, x; — x — ¢y, and in time, t; — t, — ®, we have

o (¥323, Y2225 gy, @) = —/dy1 /dZI V(Y3 — Y1, 23 — 213 Gx» @) R (D121, ¥2225 ¢, @), (5)
where v(y3 — V1, 23 — 21; ¢x, @) is the Fourier transform of the 1D Coulomb potential,

V(s = 31,73 = 215 g ©) = 265K (| V05 —y2* @ —2?) . ()

|g| is the magnitude of the 1D wavevector and K (z) represents the modified Bessel function
of order zero.

The noninteracting thermodynamic Green function for each of the disjoint wires having
only the lowest sub-band in the y-direction energetically accessible, and n sub-bands in the
z-direction, can be written in terms of orthonormal sub-band wavefunctions as

n
dg %)) —i(e, +E
iG%(r1, 125 11, 1) _Z/ el 1= T it Ea) =) o (3 7y Y (1), 220)

1 - + Eyy for ¢ t
X: foleq ) orty >t o

—foleg, + Eug) fort <,
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where ¢S = x(y1)&J (z15) denotes a (real) quantized sub-band wavefunction due to
confinement of electrons in the y- and z-directions, in the oth wire, with a coordinate z;,
relative to the wire centre, 21, = 21 — 206 (200 = 20 +0a; o = 0,1,2,...,N — 1),
and E,; = Euo(;) + E(y) denotes the corresponding quantized sub-band energy. (Eqo(;)
represents the sub-band energy in the z-direction and E,) is the lowest sub-band energy in
the y-direction.) We note that the lowest sub-band wavefunction y (y;) does not depend on
the wire index o—as assumed above—but we retain the capacity to describe an asymmetric
quantum wire system by having the z-sub-band wavefunction depend on 0. fo(€q, + Eqo) is
the mean occupation number (Fermi distribution) of electrons in the o sub-band of the oth
wire, fo(eg, + Eoo) = [1 +exp((eg, + Eoo — Ero)/ ks 7)]~" with chemical potential Eg, (kg
is the Boltzmann constant and 7 is the absolute temperature) and €, = hzqf /2m refers to the
part of the single-electron kinetic energy along the x-axis of the oth quantum wire. Fourier
transforming along the translationally invariant x-axis, we determine R (y;21, ¥222; gx, ®) in
the form

R (y1z1, Y222} 4x, ®) = Z Ry (qe, @) ®g5(y1, 215 2, 22), (8)

a.p

where the matrix element of the ‘ring diagram’ density perturbation response function
Rgﬁ (g, w) of the o'th wire with sub-band indices «, 8 is given by

dg’ €y —g + Egs) — fole, + E
RZﬁ(QX,a)):Z/ € _JoCqia * Bpo) = Joley + Feo)
2T w+ €y g, — €q + (Epe — Eoo) +10
and @gﬁ(yl, Z1; Y2, 22) 1s given by
Do (V15 215 ¥2, 22) = P (V15 210)9g (V25 226)85 (V15 216)Pg (V2. 220). (10)

Summing the constituent polarizabilities, &, . + agQw, we obtain the joint polarizability,
a, of the combined N-quantum-wire system with the semi-infinite host plasma (in
y-representation) as

a(y323, Y2225 Gx, @) = 8(y3 — y2)8(23 — 22)[M+(z3) — 1]

Iqx|> K (l%cly/(yZ — )2+ z%)

©)

+8(z2)n-(z3)|z3l(e" — €) (

2 V2 —y3)? + z
— 262 D RO (gr, 0) Vi (33 23)97 (32 220085 (92, 220). (11)
o,B o

where we define the matrix element of the Fourier transform of the 1D Coulomb potential
(modified Bessel function of order zero) with sub-band indices «, § and wire index o by

VZ(y3,23) = / dy; / dz1 63 (1. 210)Ko <|qx|\/y§+<a —m)z) $5(1 210). (12)

Assuming zero thickness in the y-direction and considering only the lowest y sub-

band to be populated, we write @7 (y2, 220)$F (V2 220) = X (V2)IPEJ (220)6f (220) &
8(y2)E7 (220)€f (225). With this, the polarizability reduces to

a(y3z3, ¥222; qx, ) = 8(y3 — ¥2)8(z3 — 22)[n+(z3) — 1]

K <|QX|\/(y2 —y3)2+ z%)
|51x|>
2 V2 = y3)? + z

—268(72) ) Y Rop(gr, @) Vily (3, 23)ES (220)85 (220). (13)
a,f o

+8(z2)n-(z3)|z3l(e" — €) (
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3. Solution for the inverse dielectric function K (1, 2)

The inverse dielectric function of the combined system K (1,2) = §V(1)/5U(2) (1 =ry, 11,
etc) is determined by the RPA integral equation

K(1,2) =891 —2) —/d42'a(1, 2VK (2, 2), (14)

where the kernel is the polarizability « of equation (13) above. Suppressing g, and w, we have

K(y1z1, y222) = 3(y1 — y2)8(z1 — 22)

1
n+(z1)

— 8(z2) (Iq’“IF) ('I—(m)lzd) K, <IQx|\/m)

" e(a1) VO =2 +z7
262 o o o o jTF o
+— Zﬂj Z RS5K S5 (y1.21) [S(yz)éa (220)&5 (220) — @5(22)1@5@2)} :
(15)
where we have defined I' = (¢’ — ¢)/(¢’ + ¢) and
Ki (|qx| v: +z_%)
Yop(32) = /dZ3 23165 (230) &g (230) (16)

[ 2, 2
y;+z3

(1D quantum wire sub-band wavefunctions are assumed to be wholly confined within the
bounding surface, i.e., z > 0). The matrix element of the inverse dielectric function denoted
by Kgﬁ(yl, z1) is defined as

Ks(yi.z1) =/dy3/d23 K(y1z1, y323) Vg (3, 23). (17)

Further analysis of this integral equation yields a matrix equation for K75(y, z1) as

2 2
Koo = o 3 Y R, [ / dzs / 023 £ (22 &5 (220)Ko (1g 1122 — 221 €2 (z3,)
a,f o

X € (z3,) — T / dzs / 423 €7 (220)82 (220 Ko (s [122]

+ IZ3I])§,f(Z3p)§£’(Z3p)]Kgﬂ (1, 21)

1
e / dz2 &/ (220)Ko <Iqx|\/m) £(02y)
n—(z1) ) . N
—r n+(z1) dzs é[i(ZZﬂ)KO lgxly/ i+ (z1] + 1221)% ) €0 (z2,). (18)

The inverse dielectric function may be determined explicitly neglecting tunnelling and intersub-
band transitions in the quantum wires, which may be expressed as Rg; — Jdap Ry, (due to the
suppression of terms with « # S by relatively large energy denominators). Assuming thin
quantum wires (g6 < 1, and [&7 (z16)]> = 8(z15)) (however, a finite thickness, b, for the
quantum wires in the z-direction is necessary to avoid possible divergences in a well defined
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physical problem since Ko(z) — — In(z/2) for small argument z), the matrix equation for the
inverse dielectric function becomes

Kf, (i, 21) —a,,w{ ZZ R, K, (y1, 21) [Ko (Ig:lato — p)) — TKo (Igx /1205 +205])]

! 2, .2 n-(z1) \/2—
’ r/+(zl)KO ('q"| Y1 +le) -r D) Ko <|qx| yi+(|z1 +zop)2)}. (19)

The appearance of the Kroenecker delta (8,,,) on the right-hand side above implies that the
matrix equation for K , (Y1, 21) is diagonal, such that Kw(yl, z71) = SMKﬁM(yl, z1). Thus,

K., (Oiz) = — Z Z R, K S, (31, 20[Ko(1gx1b)80p + Ko(lgxlalo — p)(1 = 85,)
- r(Ko<2|qx|[zO +0al)8sp + Ko(lg:|[220 + (0 + p)al) (1 — 55))]
+ N”(yi, 20), (20)

where we have defined N”, which is independent of 1, as

! 2, .2 n-(z1) \/2—
o (et + <)) - Tk ("“' (al+a?). @D

In this, we have separated the diagonal (o = p) log-divergent term Ky (|g,|b) from the off-
diagonal (o # p) terms Ko(|gx|alo — pl|). The latter are considerably smaller for |g,|b < 1
with b < a. To solve equation (20), we multiply by Rf  and sum on x, obtaining

N*(y1,z1) =

2¢? o -
; (‘3"“ e ;Rﬁufpa> Ve (yi, ) =77, 20), (22)
where we have defined
VP(y1z1) = Z R0KS, (y1.21). (23)

foo = Ko(lgx1)85, + Ko(lgxlalo — p))(1 = 85,)
— T [Ko(2lg:l[z0 + 5al)8sy + Ko(lg:[[220 + (0 + p)al)(1 = 85)],  (24)
and
7 (1, 21) = ZRP N?(y1,21). (25)

A p-o matrix inversion solutlon for V7 can be employed in the final determination of
K (y121, y222) as

K(y1z1, y222) = S(y1 — y2)8(z1 — z2)

1
n+(z1)

— 2 2
—58(z )(|qx|F) (n_(zl)lzll) Ky (l%ch)

a{21) VoI =2 +z
£ 2 Z Vo 21) [5@2)8 ) - T |5(22)Y (y2)1| 26)
and
K, <Iqxl ya + Z§)
YO () = / dz3 12318 (230) . @7

/1,2 2
y2+Z3
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4. Interface effects on double-quantum-wire current-driven plasmon instability

To examine the effects of an interface on the criterion for current-driven double-quantum-
wire plasmon (DQWP) instability, we consider the DQWP dispersion relation which may be
extracted from the homogeneous counterpart of equation (22) as

2 2
A = det (590 - % S R, fp,,> —0. (28)
n

Restricting the double-quantum-wire indices to p, ¢ = 0, 1 and also restricting population
considerations to the lowest sub-band alone (with higher sub-bands taken to be energetically

inaccessible), Zu R, — R, we have

2 2
det <apa - %R" fp,,> —0, (29)

or, installing R” and f,, from equations (9) and (24), the DQWP dispersion relation is given
by

2¢? 2¢?
|:1 - TVOO (qx) R+ (qx, w)i| [1 - ?Vll (gx) R- (gx, w):|

262 2
— (—) Ve (@) Ry (@, @) R- (qr, ) = 0 (30)
A 01

(R° — Ry for the two wires involved here), where

Voo (gx) = Ko(g:b) — I'Ko(2¢xz0),
Vi1 (gx) = Ko(g:b) — IT'Ko(gx [220 + al), (3D
Voi (¢x) = Vio(gx) = Ko(gxa) — I'Ko(gx [2z0 + a]).

The role of equal and opposite currents in the two wires is simulated, as in earlier
work [19], by introducing associated drifts in the momentum variables of the Fermi
equilibrium distribution functions of the two wires (o0 = 0,1 — %), g, — ¢« F mvg/h.
Correspondingly, the density perturbation response functions of equation (9) take the form

R: (g:. ) Z/dkx folele 5% —ax) — fole (e F52) - )
2 ho + €(ky — qx) — € (k)

For low wavenumbers, g, < kg, this is well approximated by

(33)

2
Ri(%c’w)zﬁ qxz 2
m (o F qxVar)” — q)%UF
which would also emerge from a semiclassical treatment in terms of a linearized classical
collisionless Vlasov-Boltzmann equation with averaging against a sharply cut off Fermi—
Dirac distribution function. Substituting equation (33) for R, into the dispersion relation,
equation (30), we obtain

2,2 2.2
qxug qiug
<1_(w— = HVO")(I_ o 22V”>
qxVdr) q; Vg (0 + qxvar) gy Vg

leué CI?“% 2 _
— 3 ) > ) Vio=0, (34)
(0 — qxvar)” — q;vg (@ + gxVar)” — g5V

or

2
[(@ — qrvar)* — givf — qrug Vo] [(@ + gevar)® — givg — qiugVin] — (qug)” Vip = 0, (35)
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where u% = 2ne*/me. The role of the surface is embedded in the V s of equation (31), which,
in turn, determine the mode spectrum dependence on zo through equation (35), which may
also be written as

o —[247 (v, + v§) + ¢ ug (Voo + ViD] @ + 2 (g2var) (q5u5) (Vi = Vi) @
+q; (vdzI —vE — u%Voo) (vdzI —vE — u%Vn) — (gxuo)* Vi = 0. (36)
This dispersion relation is quartic in w and, while it can be solved exactly, it simplifies

considerably when a < z since the term involving (V;; — Vi) may then be neglected and the
quartic dispersion relation simply becomes quadratic in w?. Considering this case, we have

wl = qi (vgr + v+ u%Voo) + qf\/élvgr (v% + u%Voo) +ugVya. 37

The corresponding plasmon dispersion relation in the absence of drift has acoustic (—)
and optical (+) plasmon branches with coupling to bulk and surface plasmons and/or phonons
of the host through I' which incorporates such structure in €(w),

o} = q; [vE +ug (Voo = Vio)] . (38)
Alternatively, these modes are given by (I' = I'(w) = (¢(w) — e(w)) /(&' (w) + e(w))),
wi = qi{v% + u%[(Ko (gxb) = T'Ko (24:20)) % (Ko (¢:a) — T'Ko (qx [220 + a]))} } (39)

Instability arises then when wi < 0, which occurs when

\/UI% + M% Voo — Vo) < vgr < \/UI% + u% (Voo + Vio).- (40)

In is clear that plasma mode instability occurs when v, falls between the acoustic and optical
mode phase velocities;

Up— (gx) < vdr < Vpy (qx) - (41)

To gain an appreciation of the role of the surface, we start by eliminating the bulk and
surface modes by choosing both ¢ and &’ to be constants, ¢ = 1 and ¢ = 13, and exhibit the
resulting instability range in figure 2 (for a given ¢, the instability range of vy /v extends
from the lower (acoustic) plasmon phase velocity to the upper (optical) one). The parameters
involved are zop = 200 nm, ¢ = 30 nm and b = 15 nm. For comparison purposes, we include
an inset in figure 2 showing the corresponding results when the adjoining region is AlGaAs
rather than vacuum with zg = 60 nm, @ = 3 nm and b = 1.5 nm. In both cases of ¢’ = 1
and 10, the range of instability increases as g, decreases. It is of particular interest to note
that the instability limits of vq; /v as a function of zg in figure 3 show that the instability
range increases mainly because the optical plasmon phase velocity increases more than that
of the acoustic mode as zo decreases (in figure 3, ¢’ = 1, ¢ = 13, ¢ = 30 nm, b = 15 nm
and g, = 1 x 10° cm). Naturally, as z increases, the effect of the image (boundary) on the
instability range is diminished.

5. Undrifted IN-quantum-wire plasmon spectroscopy: general considerations with bulk
and surface mode interactions

Considering next the general problem of N quantum wires (without drift) in a plasma-like
medium with the first one at a distance z( from the interface, the frequency poles of the inverse
dielectric function of equation (26) (given by the dispersion relation of equation (28)) describe
the coupled plasmons of the joint system. The decoupled bulk and surface plasmons are
evident in the frequency poles of equation (26) as the vanishings of ¢ = gy — a)g Jw?* and



Dielectric response and plasmon spectrum of multiple-quantum-wire lattice 2223
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1.5
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0 2 4 6 8 10
q,(10°cm™)

Figure 2. Drift velocity instability regime as a function of g, for a vacuum—GaAs interface with
¢ =1, = 13,729 =200 nm, ¢ = 30 nm and b = 15 nm. Inset: drift velocity instability regime
as a function of ¢, for an AlGaAs—GaAs interface with ¢’ = 10, ¢ = 13, zg = 60 nm, a = 3 nm
and b = 1.5 nm.

2.6

24

1.2

500 1000 1500 2000
Z,(nm)

Figure 3. Drift velocity instability regime as a function of zo for a vacuum—GaAs interface with
¢ =1,e6=13,q. =1x10° cm,a =30 nm and b = 15 nm.

1/T = (¢ +¢&)/(¢ — ¢), which introduce the bulk and surface modes as o>

w? = a); /(¢' + ¢€), respectively. These modes are always in the spectrum.

" In addition, equation (26) for K (y;z1, ¥222) has coupled plasmon poles for the joint system
determined by

= a)g/so and

2¢?
A = det (Sp(; - ? E Rﬁlifp” =0. (42)
"

Taking all the wires to be identical, Rﬁu = Ry, is independent of the wire index p.
Furthermore, we consider the case in which only the lowest sub-band is populated, so that
R, = 8,0R. For the local cold plasma limit, we obtain the common density perturbation
response function for the quantum wiresas R = n 1Dq§ /(mw?), where npis the 1D equilibrium
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density (number of electrons per unit length) of the quantum wires. Also, in the local limit
£ =gy — /0’

In the case of a single quantum wire, i.e. N = 1, and in the absence of an interface, I = 0,
and ¢ = g is a constant, we have

2¢%n
W =l = ( f) a’Ko(|qx|b). (43)

This is the known dispersion relation for a one-dimensional (1D) quantum wire [4—6] embedded
in a constant dielectric host medium. For the case when ¢ = gg — wg /w?, it becomes

2 2

€0 Eom

which indicates the hybridization of the 1D quantum wire plasmon with the local bulk host
plasmon. On the other hand, if an interface is considered, the dispersion relation takes the
form

2 1 CUIZ, ) 262711]) )
©e=\3 — o+ | —— J9:Ko(lg«|D) — yKo(2lgx|z0))
€0 Eom

2 2 2 2
+ ([(ﬁ) +ol+ <ﬂ>Qf(Ko(qulb) - )/Ko(2|6]x|Z0))i|
eom

&0

2 202 1/2
- 4w§[<ﬁ> + ( 202D>q3(1<o(|qx|b> + Ko(2|qx|zo)>D } (45)

€0

where y = (¢’ — &) /(¢'+¢¢) is independent of frequency. We note that this dispersion relation
for the quantum wire in the presence of an interface describes two modes which depend on z,
the distance of the wire centre from the interface. When it is far from the interface (zg — 00),
the ‘upper’ mode reproduces the hybridization of the bulk plasmon with the 1D quantum wire
plasmon, equation (44), and the ‘lower’ mode is a decoupled surface plasmon, ws. The other
limit, in which the quantum wire approaches the interface but still remains within the bounding
surface (z9 — b/2), yields

} , (46)

2 1 @ 2,2 R P
wy=|3 8—0 +w; +wip £ 8—0 W — Oip

2
_—) q2Ko(lgx1b) 47
Em

is similar to the 1D plasma frequency of the quantum wire given in equation (43), but with an
average of the dielectric constants of the bounding surface and the host medium, € = (¢'+¢&9)/2,
replacing ¢ at the interface. For a constant dielectric background (¢ = ¢y), equation (45)
reduces to

where

262711])
) = (go—m) q; (Ko(lg:1b) = yKo(2lgxlz0), @2 =0. (48)

For large values of zg (zo — 00) it becomes a)fD, equation (43), and for zyp — b/2 it becomes
@15, equation (47).

For an arbitrary number of wires, N, it is convenient to rewrite the dispersion relation,
equation (42), in the general form A = det M”° = 0, where

2¢?
M7 = (Sp(r - TRU{KOGCIX”))S;OU + K0(|51x|a|a - ,0|)(1 - (Spa)

— I'[Ko(2lgx|[z0 + 0a])8ps + Ko(Igx[[220 + (0 + p)al) (1 — 8p5)1}- (49)
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There is considerable simplification for |g,|b < 1 in the case when zg > Na > Nb, since we
can then neglect Ko(|g«|alo — p[)(1 — §,,) compared to Ko(|g,|b) and the terms involving
the image factor, I", combine to K¢ (2|g,|z0), with the result

oo 262 2¢?
MP? =|1~— TRKO(|5]x|b) 8po — TRFKo(ZIqszo)- (50)

The last term on the right is relatively small and negligible under the conditions already stated,
and it may be discarded except in the frequency region where I' > 1, where it describes
coupling of the quantum-wire modes to the surface plasmon. The structure of M and its
determinant are discussed in detail in the appendix. The resulting dispersion relation for
Zo > Na involves two distinct sets of modes. One set arises from the quadratic equation

2¢% 262
1- TRKO(|5]x|b) - TRFKo(Zqulzo) =0, (51

which has two roots given by

1 2 2¢2
Wl = (E)K&) rol + ( ¢ ”ID)q,%(Kouqxw) — Y NKo(2lx120)

€0 Eom
2 22 2
+ ([(ﬁ) ral+ ( ‘ ”‘D>q,%a<o<|qx|b> - yNKo<2|qx|zO>)}
&N Eom
2 22 1/2
- 46052[(&) + <ﬂ>Qf(Ko(qulb) + NKo(ZIqXIZO))D } (52)
€0 eom

where y = (&' —&g¢) /(¢ +&9) is independent of frequency. It should be noted that in the present
case, with zo > Na, the N wires behave as if they are clustered into a single wire (with a
corresponding decoupling of the surface plasmon) and hybridization of the bulk plasmon with
the single-quantum-wire plasmon has a strength factor N.

The second set of modes, given by

2 N—1
2e
<1 - ?RK0(|51x|b)> =0, (53)
yields a 2(N — 1)-degenerate-mode dispersion relation,
? 2621’111)
o’ = (—") + ( )q,%Ko(mxw), (54)
=N Eom

which is characteristic of a single-quantum-wire plasmon hybridized with a bulk plasmon, for
the case in which zyp > Na so that the interface image is not felt. It is worthwhile to note
that the (N — 1) degeneracy of this mode, which is obviated in the appendix, will clearly be
doubled with the doubling of @? roots by the inclusion of a small measure of nonlocality so that
the local limit has 2(N — 1) degenerate modes. Considering both sets of modes, we therefore
correctly have a total of 2+2(N — 1) = 2N. We examined the limit zo > Na in detail in [14].

6. Conclusions: numerical analysis of the dispersion relation

We have explicitly constructed the inverse dielectric function of an N-quantum-wire system
embedded in a dynamic host medium in the vicinity of a bounding surface, equation (26), and
have derived the dispersion relation for the coupled modes of this system, equation (28). This
formulation has been applied to a double-quantum-wire system with equal and opposite drift
velocities in the two wires in the vicinity of an interface. In this application, we neglected both
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Figure 4. Plot of @/ (w,/./€0) as a function of g, /g for zo = 50 A, N = 1 wire and a vacuum—
GaAs interface.

plasma-like and phonon-like excitations of the host medium. The range of drift velocities which
drive the acoustic and optical plasmons of the double-wire system unstable was obtained as a
function of wavenumber along the wire (g, ) and distance (zo) from the interface. In particular,
we confirmed that such instability occurs when the drift velocity magnitude falls between
the acoustic and optical plasmon phase velocities, and found that this range increases as zg
decreases since the optical mode phase velocity increases more rapidly than that of the acoustic
mode phase velocity as zg — O.

Considering the general case of N wires with no restriction on zo and no drift currents,
the dispersion relation is

A = det M" =0, (5

with M given by equation (49). Again, there is a total of 2N longitudinal electrostatic
modes, two for each quantum wire coupled to the semi-infinite dynamic plasma-like medium
(as well as being coupled to each other). On the basis of equation (55), we have numerically
calculated the coupled plasmon spectrum for the wires coupled to bulk and surface plasmons,
determining the collective mode frequencies w/(wp/ 8(1)/ 2) as functions of g, /gr for N = 2,6
for zo = 50 A. We also exhibit the geometric dependence of w/ (wp /8(1)/ 2) as a function of z
for N = 2,6 and g, /gr = 0.1. The results shown are for vacuum—GaAs parameter values,
nap =1 x10%*m>3, np=1x 108 m=, m = 0.063 me, ¢ = 1.00, &g = 10.33,b = 10 A,
a=20A and gr = wnip/2 is the 1D Fermi wavenumber.

Inthe case of N = 1 wire, figure 4 exhibits the dispersion of the two modes of equation (45)
for zo = 50 A, representing the coupling of the 1D single-quantum-wire plasmon with the
plasmon of the semi-infinite host bulk plasma. For N = 2, there are four modes arising from
equations (49) and (55) whose dispersion is plotted in figure 5 for zo = 50 A. Figure 6 exhibits
their dependence on z in this range for g, /gr = 0.1, in which case zgp > Na = 40 A is well
satisfied for zo > 500 A. Under these conditions the two lowest modes converge to the twofold
degenerate frequency of equation (54), while the two upper modes flatten out in accordance
with the decline of K (2|g.|zo) relative to Ko (|g.|b) (representing the lesser importance of the
image term as zo becomes large). We have also examined the coupled quantum-wire plasmon
spectrum of equations (49) and (55) for N > 2 up to N = 6, for which case the dispersion
is plotted in figure 7 for zo = 50 A. There are 12 modes, with five embedded in the lowest
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Figure 5. Plot of /(w,/./€0) as a function of ¢, /g for zg = 50 A, N = 2 wires and a vacuum-—
GaAs interface.
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Figure 6. Plot of w/(wp/\/20) as a function of zq for ¢, /qr = 0.1, N = 2 wires and a vacuum—
GaAs interface.

curve—indistinguishable due to lack of resolution. Figure 8 shows the dependence of these
12 modes on zg up to zg = 900 A for ¢, /gr = 0.1, with the 12 clustering into three groups of
modes for zg > 600 A. Such clustering may be expected on the basis of equations (52)—(54),
with two distinct modes from equation (52) and two clusters of five modes each from the
degenerate roots of equations (53) and (54) (with one accidental degeneracy in three distinct
clusters instead of four).

Our determination of K (1, 2) for an N-quantum-wire system embedded in a dynamic host
medium in the vicinity of an interface can also be used to examine the coupled mode spectrum
of the wire system plasmons hybridized with bulk and surface phonons as well as plasmons of
the dynamic host.
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Figure 7. Plot of w/(w,//€0) as a function of g, /gF for zo = 50 A, N = 6 wires and a vacuum—
GaAs interface.
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Figure 8. Plot of w/(wp//20) as a function of zg for ¢, /gr = 0.1, N = 6 wires and a vacuum—
GaAs interface.
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Appendix

In this appendix, using elementary row (column) operations, we evaluate the determinant of
matrix M, equation (50). Introducing A as the diagonal part of M, i.e.,

2¢?
A =1-"—RKo(lg:1b). (A1)
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and B as the constant term of M, i.e.,

2¢?
B = _TRFKO (21gx1z0) , (A2)
we write M explicitly as
A+B B B B B B
B A+B B B B B
B B A+ B B B B
M = B B B A+B B B (A.3)
B B B B -+ A+B B
B B B B e B A+B

Using the property that the value of the determinant of a matrix is unchanged when we add
to/subtract from each element of a row (column) a constant multiple of the corresponding
element of another row (column), we subtract the first row of M from all other rows to obtain

A+B B B B --- B B
—A A 0 O 0 0
—A 0 A O 0 0

detM =det| -4 0 0 A 0 0 (A4)
—A 0 0 0 --- A O
—A 0 0 0 --- 0 A

Next, we add the first column to the sum of all other columns, obtaining an upper triangular
determinant

A+NB B B B B B

0 A 0 O 0 0

0 0 A O 0 0
det M = det 0 0 0 A 0 0], (A.5)

0 0 0 O A 0

0 0 0 O 0 A

whose value equals the product of its diagonal elements,

detM = AN"'(A+NB). (A.6)

Finally substituting for A and B, we obtain

) N—1 2 2
2e 2e 2e
detM =(1-— TRKO (1gx1b) 1-— ?RKO (Igx1b) — ?NRFKO 2lgxlzo) | - (A7)
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