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The collective charge density excitations in a free-standing nanorod with a two-dimensional parabolic quantum well

are investigated within the framework of Bohm—Pine’s random-phase approximation in the two-subband model. The

new simplified analytical expressions of the Coulomb interaction matrix elements and dielectric functions are derived

and numerically discussed. In addition, the electron density and temperature dependences of dispersion features are also

investigated. We find that in the two-dimensional parabolic quantum well, the intrasubband upper branch is coupled

with the intersubband mode, which is quite different from other quasi-one-dimensional systems like a cylindrical quantum

wire with an infinite rectangular potential. In addition, we also find that higher temperature results in the intersubband

mode (with an energy of 12 meV (~ 3 THz)) becoming totally damped, which agrees well with the experimental

results of Raman scattering in the literature. These interesting properties may provide useful references to the design

of free-standing nanorod based devices.
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1. Introduction

Collective excitations (plasmons) in low-

dimensional electron systems have attracted much at-
tention. Many remarkable achievements have been ob-
[1-10] and surface plasmons(tt:12]

6-10] especially
[13,14]

tained for plasmons
experimentally[! =5 and theoretically,!
for the great potential applications.
them,
one of the research focuses due to its interesting

Among
a quasi-one-dimensional (Q1D) system is

properties'®16 and many promising potential ap-
plications in semiconductor devices,[!”) especially
1820l The one-dimensional (1D)
parabolic potential model has been extensively used
for many Q1D systems such as quantum wires (QWs)
and quantum well wires (QWWs).
Borges et al.l”) calculated the collective excitations
in QWs for two and three subbands by using the 1D

terahertz devices.!

For example,

DOI: 10.1088/1674-1056/21/5/057302

parabolic quantum well model. Bratschitsch et al.'8]

observed terahertz emission corresponding to the in-
tersubband plasmon of the parabolic quantum well. In
most of the Q1D systems, 811 the 1D parabolic quan-
tum well model was used by assuming a zero-thickness
plane approximation, which is reasonable when the
confinement in one dimension is much stronger than
the other for a QW or QWW.[

There is another kind of Q1D structure, the free-
standing semiconductor nanorod,?' =23 which is usu-
ally used as a kind of promising and interesting struc-
ture in nanodevices.?42%! However, to our knowledge,
neither collective particle excitation characteristics
nor single particle excitation characteristics in a free-
standing nanorod have been investigated. The poten-
tial quantum confinement in a free-stanting nanorod
is different from those in QWs and QWWs. Gener-
ally, the wells in QWs and QWWs are formed by the
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band offset; while in a free-standing nanorod, other
factors (such as surface states) usually make the case
different. Due to the existence of surface states,[26:27]
which is caused by dangling bonds and surface atom
reconstruction, etc., in a nanorod, no matter what
they catch or arrest (holes, electrons, atoms or even
nothing), they are usually charged when exposed to
air. Subsequently, it will cause the conduction band
and the valence band to bend along the radial di-
rection, and a surrounding depletion region subse-
quently forms. In this case, the two-dimensional (2D)
parabolic potential (instead of the 1D parabolic po-
tential model for QWWs) becomes a reasonable sim-
plified model for the surrounding depletion region to
investigate the excitations of electrons in the nanorod.

In this paper, we investigate the collective charge
density excitations in the free-standing nanorod
caused by surface states in an isotropic 2D parabolic
potential regime, and discuss the potential applica-
tions in a terahertz nanodevice. The electron density
and temperature dependences of dispersion features
are also investigated. The rest of the present paper
is organized as follows. In Section 2, we describe the
theoretical model. In Section 3, we present the numer-
ical results and discussion, including the comparison
with the cylindrical quantum wire with infinite rectan-
gular potential and the potential applications in ter-
ahertz nanodevices. Finally, in Section 4, we present
the conclusions.

2. Theoretical model

2.1. Wave functions in a two-dimesional
parabolic-well nanorod

The real environment of the free-standing
nanorod is much more complicated.?'=23 In this
the two-dimesional parabolic quantum well
model is a reasonable simplification for a free-standing
nanorod caused by surface states (see Appendix A).
The behaviours of the electrons in a two-dimesional
parabolic-well nanorod (2D-PWR) Q1D system can
be described by the effective-mass Schrodinger equa-
tion with the Hamiltonian in the cylindrical coordi-
nates

case,

0% 10 1 02
H = - (2 10 12
(p.6) 2m* \ dp? +p8p p? 892)
1
+ —m*2%p? (1)
2
where 2 = /e2N[ /m*es. By solving this cylin-

drically symmetrical Hamiltonian in the Schrodinger

equation, we obtain the wave function with the fol-
lowing expression:28l

Y(X) =Yum(p, 0)
= nmplm‘F(_nv |m| + 1; a2p2) e—a2p2/2 eime,

(2)

where a? = \/62N§m*/€sh2, C,m is the normaliza-
tion factor, and F(«, 3,7) is the confluent hyperge-
The corresponding energy of the

whole quantum system is

ometric function.

h%k?
Enmk., = Qmj + (2n + |m| + 1)hwo, (3)
with Wy = 0.

Specifically, we have the eigenstates of the lowest
two subbands

{ Y1(X) = oo(p,0) =
¥2(X) = Yoi(p,0) = %pe*"‘%‘/? et?,

and the eigen energy £y = Fog = hwg and Ey = Ey; =
Eg(—1) = 2hwy. For the 2D-PWR system, the second
subband is degenerate with m = £1. For the rest of
this paper, for simplification, we only consider the sec-
ond subband of m = 1 (the case of m = —1 is quite
similar).

Moreover, the schematic diagram of 2D parabolic
quantum well confined potential for the free-standing
nanorod caused by surface states is shown in Fig. 1.

2 2
—a 2
e~ P /2

5k

(4)

M

The wave functions and eigen energies of the ground
and the first excited subbands are also shown (Si is
doped at Np = 2 x 107 cm™3. The other material
constants are those of GaAs). The energy separation
between the two lowest subbands is 12.5 meV, corre-
sponding to 3.0 THz.
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Fig. 1. (colour online) Schematic diagram of the

2D parabolic quantum well model for the free-standing
nanorod caused by surface states. The wave functions and
eigen energies of the ground and the first excited subbands
are also shown. The energy separation between the two
lowest subbands is 12.5 meV (~3.0 THz).
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2.2. Analytical expressions of the experimentally?”! that the coupling between electrons

Coulomb matrix and semi- and phonons is important for polar semiconductors,
especially when the plasmon energy is close to the
. longitudinal optical (LO) phonon energy (36 meV for
sion GaAs). However, for a GaAs nanorod, the plasmon

analytical approximation for disper-

energy is significantly smaller than 36 meV and it is
a reasonable approximation for us to ignore this cou-
pling. To be a good approximation, we ignore the
effects of exchange correlations, image effects and the

For many cases,®” Bohm-Pine’s random-phase
approximation (RPA) is a reasonable approxima-
tion for plasmon studies. The collective excitation
spectrum of this cylindrical system is determined
by searching the zeros of dielectric function deter-
mination. Therefore, we use the standard linear-
response theory within the framework of RPA to study €ijkt(qz,w) = 6udjr — Vijr(q:) ki (qz,w),  (5)
the collective excitations of 2D-PWR. It is found  where

|
2 2 21.2
fo [M-FEk —Jo {h ks +Ez}
dk, 2m* 2m*

(g, 0) =2 L (k1=1,2),
wilgs ) = /27r 12 (k. +q.)° 12k ( ) ©

E, — —E + hw™
2m* + Bk 2m* et

and Vijri(gz) is the electron—electron Coulomb interaction matrix element as shown in Appendix B.
Then we derive the new expression of Coulomb matrix elements in the relative coordinates and centroid

coordinates as
_ 262 27 [e%s) 27 e}
Voula) =2 xa [ do [ [ ag [ aitore)
€L 0 0 0 0

X @; (ta ¢a t/a ¢/)@k (t, ¢7 tlv (b/)@? (t’ (,ZS, tlv d)/)KO(qutl)t/ dtl tdtv (7)

where ®i(t, .t ¢'), Bt ot &), Byt 6.t ¢),
Df(t,¢,t',¢') are the new wave functions in the  of the seven independent Coulomb matrix elements
relative coordinates and centroid coordinates with  Vijxi(g,) in the logarithmic coordinate. Figure 2(b)
Y = (X+X)/2,Y = (X —X')/2 and X = shows the comparison of the original expressions
(r,0), X' = (,0), Y = (t,¢), Y = (t,¢') Egs. (Bla)-(Blc) and the simplified ones (Egs. (8a)-
are the old and new coordinates in polar forms  (8c)) for the numerical results of Coulomb matrix ele-
respectively.  Note that the complicated expres-  ments Vii11, Vi122, and Vaaoo in the logarithmic coor-
sions in the zero order of the modified Bessel func-  dinate. It is clear to see that these simplified analytical
tion Ko(y/|u2 — 2uu/cos(6 — ') + u?|) (Eq. (Bld))  expressions (Egs. (8)) match very well with the orig-
are replaced by the simple form with single variable  inal ones for most wave vectors, indicating that they

coupling with phonons. The dielectric function matrix
elements for our 2D-PWR Q1D system then read

Figure 2(a) shows the wave vector dependence

Ko(2q.t'), which is very meaningful for analytical sim-  are very accurate substitutions of Egs. (B1).
plification and numerical calculations. In addition, from Fig. 2(a) we can safely take
Specifically, we find that the first three Coulomb Vi212(¢2), Vi112(¢2) and Viaaa(q:) to be zero. Particu-
matrix elements have very simple forms with only sin- larly, when the second subband is almost unoccupied,
glet integrals as follows: we have ITs9(q,,w) = 0, so dielectric function in two-

subband model can be simplified further into

‘71111(‘12:) = / Ko(t)dt, (Sa) 1 —Vii1(g2) 1111 (gz,w) = 0, (9a)

Vagaa(q) = 2—@ ) e~ TV Ko (t)dt, 1 — [Viso1(q:)|? Mo (gz, w) 12(gz,w) = 0. (9b)

€L 2
(8b) Equation (9a) indicates that the one-subband approx-

Vii2 (¢.) = 7ﬁ7 ) e—gtz Ko(t)dt. imation is part of this semi-analytical simplification.
er 2 (8¢) In this case, the dielectric function then reads

These simplifications greatly reduce the amount of det [eijri(gz, w)|
computation time reqired to obtain numerical results. " E1111
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=1—-Viin(g:) (g, w

2 4 2
—1—i’8—2/ d@/ we B’
EL, T

27 ,
X {/ dG’/ e P K,
0 0

x (V/|u'? — 2ua/ cos(0 — 6) + u2|)du’ | du
x IT11(qz,w). (10)

However, after using the new simplified expression of
Coulomb matrix elements given by Eq. (8), it becomes
a much simpler expression like

det |ei k1(gz, w)|

R E1111
=1—-Viin(g:)I1(gz,w)
2
=1- —ﬂ2/ te_%t2K0(t)dtH11(qz7w). (11)

Later the inset in Fig. 3 shows the comparisons
between dispersion spectrum results obtained from
Egs. (5), (10) and (11).
relation with good accuracy for certain cases.

It also shows a dispersion
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Fig. 2. (colour online) (a) Wave vector dependences of
the Coulomb matrix elements V;xi(qz). (b) Comparison
of the original expressions Egs. (Bla)—(Blc) (lines) with
the simplified ones Egs. (8a)—(8c) (crosses, squares and
circles) for the numerical results of Coulomb matrix ele-
ments V1111, Vi122 and Vagae. All are in the logarithmic

coordinate.
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Fig. 3. (colour online) Dispersion relations of electrons

in a 2D parabolic quantum well nanorod (2D-PWR) sys-
tem (one subband occupied case). The three shaded ar-
eas represent the (1-2) and (1-1) single particle excitation
continua (SPEC), respectively. The broken lines repre-
sent the Landau damped collective modes and w_ and
w12 in brackets mean that they are damped. T'=1.75 K
and EFp = FEy + 0.5AF>; = 1.5F; (AEQl = Fy — El).
The inset shows the comparison between dispersion spec-
trum results obtained in the different approximations from
Egs. (5), (10), and (11
are the same as those in Fig. 1.

). The other constants of material

3. Results and discussion

The dispersion relations of electrons in the 2D-
PWR system with the lowest subband occupied are
plotted in Fig. 3, where we take Fp = F1+0.5AF; =
1.5E; (AEy = Ey — Ep), v = 5 x 107 meV and
T = 1.75 K. The other material constants are the same
as those in Fig. 1. The figure shows that the upper
branch wy is always undamped with a large energy but
the lower branch and the intersubband mode is always
damped, which is different from those in other Q1D
systems. For example, in cylindrical-shaped quantum
wire with an infinite rectangular potential, the upper
branch w, has a much lower energy and is well sepa-
rated with the intersubband excitation mode.[*?] This
may be due to the fact that in the 2D parabolic well,
the overlapping of the wave functions is expected to
be not so significant as that in the infinite rectangu-
lar cylindrical quantum well, so the Coulomb matrix
elements are different from those of the later system.
This affects the results of Eq. (5) and finally this dis-
crepancy.

Moreover, the inset in Fig. 3 shows the magnified
(10),
and (11) with the lowest subband occupied. We can

comparisons of the w; modes from Egs. (5) ,

see that the three results match with each other very
well, indicating that our simplified expressions are rea-

sonably approximate expressions.
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As shown in Fig. 4, the two-subband occupied
case becomes a more complicated case in which the
populations on the subbands are much higher than
the above. In this case, the intrasubband w_ mode
and intersubband w3 mode both become undamped
as the (1-2) intersubband SPEC splits and the new
SPEC: (2-2) intrasubband SPEC emerges.

while, the intrasubband w; mode becomes coupled

Mean-

with the intersubband mode and becomes broken
modes near the crossover point. These characteristics
are quite different from those of other quasi-1D sys-
tems like cylindrical quantum wire with infinite rect-
angular potential,**) because in the latter system, the
intrasubband upper mode is usually uncoupled with

the intersubband mode even for larger wave vectors.

| bold solid:collective mgdes
w,: 12.0 meV -
16 (~2.9 THz)
. 12 Fe
(]
g
~
-
4 L
i T e T
() o .
0 1.0 2.0 3.0 4.0 5.0
q./10° cm™!

Fig. 4. (colour online) Dispersion relations of electrons
in the 2D-PWR system (two subbands occupied case).
The broken lines represent the Landau damped collective
modes. The shaded areas represent the (1-2), (1-1) and
(2-2) SPEC, respectively. Note that the (1-2) SPEC splits
into two parts. The basic parameters are the same as those
in Fig. 3 except for Ep = FE3 + 0.1AFE2; = 2.1FE;. The
intersubband absorption peak of the incident light is at
3 THz. By changing the Fermi level, we may control the
“on” or “off” of the terahertz absorption.

It is also noteworthy that when two subbands
are occupied, the small negative dispersion of the un-
damped intersubband mode indicates that the reso-
nant energy is a little bit smaller than the energy
separation of the lowest two subbands. This means
that the absorption peak of Raman scattering is at
3 THz. Thus, one might expect that the free-standing
nanorod is suitable for the fabrication of nanodevices
working in the terahertz range. By changing the Fermi
level, we may control the “on” or “off” of the terahertz
absorption.

The influences of electron densities with differ-

ent occupation levels on dispersion characteristics of

2D-PWR are plotted in Fig. 5. Only the lowest sub-
bands are occupied each with the one-dimensional

clectron density of n{})(Ep;) = 2.962 x 10° cm~!, and

n{D(Eps) = 8.944 x 10° cm~! respectively. Here, the
one-dimensional electron density of the i-th subband

in the nanorod is calculated by[?!]

2m*kgT (EF — Ei)’

nip (Er) = (12)

where F_1 /5 is the Fermi—Dirac integral. It shows that
for the intrasubband w mode, the higher the electron
density is, the higher the energies of the intrasubband
plasmon and single-particle excitations are, and the
larger the intersubband SPEC is.

(a)

20

hw/meV

0 1.0 2.0 3.0 4.0 5.0
q./10° cm™!

Fig. 5. (colour online) Dispersion relations of electrons
in the 2D-PWR system for different electron densities
with different occupation levels (T = 1.75 K): (a) Ep; =
FE1+0.1AE2; = 1.1Eq, (b) Epy = E1+0.9AF>; = 1.9E7.

In addition, we also investigate the temperature
dependence of plasmon dispersions of 2D-PWR sys-
tem as shown in Fig. 6. It shows a slight increase in the
intrasubband mode energy as temperature increases,
in agreement with the results of Hubband model for
GaAs-based Q1D electron gas by Vazifehshenas.!3?l
However, Vazifehshenas did not show the case of an
intersubband mode. Figure 6 shows the interesting
feature that for the free-standing nanorod, when the

temperature is higher than a certain critical value
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(about 10 K in this case), the connecting of the two
(1-2) intersubband SPEC results in a total damping
of the intersubband mode. This may be because the
higher temperature increases the chance of electron—
hole excitations via changing the Fermi distributions.
Then it enlarges the energy region of the single particle

excitation and makes the intersubband mode totally

damped.
1 @ 1-2) - = 7]
o = = ’LSPE’C/

é / SPEC —~ — _ @ —
3 8f
s — - -
%‘ R s
/ g =SPEC
4+ / T _
I W T — T2-2)
r S et == = - SPEC
0 LuatStmm=s . , :
0 1.0 2.0 3.0 4.0 5.0
q,/10° cm™!

- (b)

T30 40 5.0

0 1.0 2.0
q./10° cm™!

Fig. 6. (colour online) Dispersion relations of electrons in
the 2D-PWR system with two lowest subbands occupied
at different temperatures: (a) T = 1.75 K, (b) T'= 10 K.
Er = FE3 + 0.1AFE3; = 2.1E;. Higher temperature re-
sults in the intersubband mode with an energy of 12 meV
(~3 THz) becoming totally damped.

This temperature dependence of an intersubband
plasmon accords well with the experimental results of
Raman scattering in the low-dimensional semiconduc-
tor structures.3*34 Figures 1(a) and 1(b) in Ref. [33]
show their Raman spectra in Si-doped GaAs/AlAs
multiple quantum well at various temperatures. They
find that the intensity of the “plasmon-like” high-
frequency I, peak decreases with temperature in-
creasing from 200 K to 350 K. At 350 K, the peak
almost disappears, indicating that it tends to be to-
tally damped. This is in good agreement with our
numerical result. The main difference is the value of
the critical temperature: “about 350 K in Ref. [33]”

versus “about 10 K in our present work”. This is

because the exact structure we used is quite differ-
ent: “GaAs/AlAs quantum wells in Ref. [33]” versus
“GaAs nanorod in our present work”. However, they
still reveal similar trends of temperature dependence
of intersubband plasmon in low-dimensional semicon-
ductors, which stem from the temperature character-
These

interesting properties may provide useful references to

istic of Fermi—Dirac distribution of electrons.

the design of free-standing nanorod based devices. As
for this interesting property, it may provide a new
method of designing temperature dependent terahertz

nanodevices.

4. Conclusion

It is shown that the 2D parabolic quantum well
model works as a simple but reasonable model to in-
vestigate the collective charge density excitations in a
free-standing nanorod with surface states. We use the
framework of random phase approximation in the two-
subband model. There are three plasmon modes ef-
fected in our quantum system. When the first excited
subband is occupied, the (1-2) SPEC splits into two
parts, resulting in the intersubband mode wio being
undamped with small negative dispersion. Besides, in
2D-PWR, the intrasubband upper branch is coupled
with the intersubband mode, which is quite different
from the cases of other quasi-1D systems like cylin-
drical quantum wire with an infinite rectangular po-
tential. Moreover, higher electron density can result
in the higher plasmon energy of intrasubband modes
and enlarge the intersubband SPEC greatly. Finally,
we find that higher temperature can significantly in-
crease the chance of single particle excitations to make
the corresponding collective mode damped; and higher
temperature also results in the intersubband mode
with an energy of 12 meV (~3 THz) becoming to-
tally damped, which agrees well with the experimental
results of Raman scattering in literatures. These in-
teresting properties may provide useful references for

the design of free-standing nanorod-based devices.

Appendix A

For the 2D-PWR system, as the carriers are free
in the z direction (assume that the z direction is along
the nanorod), apparently the total wave function of
this system is ¥(X,z) = ¥(X)pk, (z) where X =

057302-6
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(r,0) in the z—y plane and ¢y_(2) = ei*k=*/\/L. The
surface states are assumed to bring negative charge
@~ into the system. The fixed surface charge induces
a surrounded depletion region in the nanorod with a
diameter r in a range of rg < r < Rg. The bending of
the conduction band bottom E.(r) is described by
277+
Eu(r) = 62]5\23 (r2—2r§1n:—0—r3),r0 <r < Ry,
0, r <1

(A1)
where 7 is the position in the radial direction, e is the
free electron charge, and ¢4 is the dielectric constant
of GaAs material (Here, e¢5 = e1,). We find that in

the rg << Ry limit, it is reasonable to make the ap-

2 2 n4 27 o) 2 o) ,
Viti(gz) = ié/ d9/ we P {/ de’/ u e Bu 2g(u7u’,(97<9')du’} du,
0 0 0 0

€L 7T2

2 2 28 27 e} 27 00 ,
‘/‘2222(%) = iﬁi/ d9/ u3 e—BZuZ [/ d9// u/3 e—BZu 2g(u,u’7 97 9/)du1:| du,
0 0 0 0

€L 7T2

2 2 26 27 e} 27 e} ,
Vii22(q.) = Siﬂ—/ d9/ we A’ {/ d9’/ w3 e=Fu 2g(u, u’,9,9’)du’] du,
0 0 0 0

L T2

with

proximation of a surrounded parabolic well with the

simpler form

277+
e“N,
D ,2

EC (Tv 9) = 2%

(A2)
Thus, we have the expression of 2 in Eq. (1), i.e.,

Q2 = /e2NJ /m*es.

Appendix B

The first three elements of electron—electron
Coulomb interaction matrix for the 2D-PWR system

are

(Bla)
(B1b)

(Ble)

g(u,,0,0") = Ko(\/|u2 — 2un/ cos( — 0') + u2|),

(B1d)

where u = ¢q.p, ' = q.p’, and f = a/q. (a see Eq. (2)), and K| is the modified Bessel function of the second

kind.
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