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Magnetoplasmons in a quasi-one-dimensional quantum wire
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Abstract. Plasmon specira in a quasi-10 quantum wire under a transverse magnetic field are
calcvlated within the random phase approximation (rea) in the long-wavelength limit. We find
interesting collective behaviours corresponding to the edge state electrons in both intrasubband
and intersubband (between occupied subbands) excitations. The various plasmon mades show
anomaious maguetic field dependences. The intrasubband and some segments of the intersubband
excitation frequencies decrease with increasing field. These results are in good agreement with
experiment,

1. Introduction

Plasmon excitations of a quasi-one-dimensional (quasi-1D) electron gas under a strong
magnetic field have recently been studied extensively [1-3]. These elementary excitations,
so-called magnetoplasmons, have become an important aspect of many-body physics and
play significant roles in both integer and fractional quantum Hall effects (QHE) {4-6].
It is well known that edge states are crucial in determining transport properties of such
systems [7]. As observed in [1-3], and as will be shown in this paper, magnetopiasmons
are also closely associated with edge states,

Since the edge states are more significant in quasi-1D geometries, quasi-1D quantum
wires provide a natural ground for studying magnetoplasmon excitations. Experimentally,
the edge magpetoplasmons can be studied by inelastic scattering [1], far infrared
spectroscopy [2], and radio frequency techniques [3). Some theoretical efforts on the
excitations have been reported [8]. The single-particle states in quasi-1D wires in a
longitudinal magnetic field and the associated effect of the observed damping of density of
states oscillations have been investigated [91. However, the collective excitations of such
systems in the presence of a transverse magnetic field have not been studied completely
due to the difficulty of having to solve a secular equation of infinite dimensions. In [10]
we proposed a general method to solve this problem, but for a quasi-1D system the problem
can be solved in a rather simple way by noticing the unique feature of the ‘Fermi surface’
in quasi-1> geometries. Also, by varying the magnetic field strength, one can control
the number of occupied subbands and study any designated collective and single-particle
excitation modes. As we shall see below, in the long-wavelength limit, elecirons involved
in the collective excitations (except those in the intersubband excitations from occupied
subbands to empty subbands) will contribute to the edge states.
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In this paper, we study the various collective excitations in a quasi-1D quantum wire
under a transverse magnetic field. Our main results can be summarized as follows. First,
the applied field displaces most of the excitation modes to the edges of the quantum wire.
Each intrasubband excitation has one mode that is localized on one of the two edges of
the wire. The directions of the incident perturbation and the applied field determine which
edge the plasmon is in. Intersubband excitations divide the wire into three regions. An
intersubband excitation between occupied snbbands, which was believed to be too weak to
observe in the absence of a2 magnetic field, could be substantial in our case and has two
modes with different g dependence which are localized on the two edges. The intersubband
excitation between occupied and empty subbands has only one mode which is localized in
the middle of the wire. Second, these magnetoplasmons show anomalous field dependences.
In contrast to the bulk collective modes, whose squared frequency increases linearly with
the squared cyclotron frequency, the intrasubband modes have frequencies that generally
decrease with increasing magnetic field. If only the # = 0 subband is occupied (the so-called
electric quantum limit), the intersubband excitation to the n = 1 subband has a frequency
that increases with the applied field as we expect from conventional studies. However, for
a multiple subband occupation, the intersubband excitation between occupied and empty
subbands has a frequency that decreases with the applied field due to the depopulation
effect. In contrast, the frequencies of intersubband excitations between occupied subbands
increase with the applied field. When the subband occupation is changed by changing the
applied field, one should see the transition between two modes and one mode intersubband
excitations.

2. RPA in a magnetic field

We consider a quasi-1D wire with parabolic transverse confinement. The electrons are
confined in the z = 0 plane (a standard 2D EG) and are free in the x direction. A magnetic
field B is applied along the z axis. The Hamiltonian is

1 il 2 i 2.2
Hy = ﬁ[(m - ZB.V) + P,;J + smawp”y*. (1

Single-particle eigenstates and energy eigenvalues of Hy are

W (@) = L™ 2e* g (3) (2)
with
1 [a\” SV
bur(y) = (2,,”! \/;) H VA — yo)]e 0¥/ (3)
212
Epx=(n+ Dno+ Zmi (4)

where Hp, is a Hermite polynomial, and the parameters in (3) and (4) are

A =mo/h Yo = (we /D) ki% 12 =hc/eB
2

&)

w, = eB/mc & = 0! + o} m* = m(@/wo)”.
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The effective electron mass m = 0.07m,. Equation (3) shows that a magnetic feld shifts
the centre of the wavefunction towards the edge of the wire, Those states labelled by %
around ks are edge states. The corresponding energy subbands are shown in the inset in
figure 1. At zero temperature, the Fermi energy and the Fermi wavenumbers kg’) associated
with different subband indices r can be simply determined by

Zk('" aN/2L

()
k‘”’ [2m* Er — (n + L/203)/H2)

where N /L is the electron density of the system. To compare with experimental results, we
need to relate wy to the width, W, of the quantum channel. Following [11], we take W =
2z(N/L)Y 3[2& /(331'”1&)0)]2/3. The full Hamiltonian of the system is H = Hy + Heosloms.
Using (2) as the basis for second quantization

1
H=ZkEn.kc,t‘kcn,k+5 mz Viyngng s K @)CL €l ConteCnge 0
' n!.1.3‘4

The interaction vertex is given by

Varsaara K ) = 22 f f 834y 81 s VB oy ORI = ¥ Dbns (5 Nbne (5

(8)
where Kp(x) is a modified Bessel function and e; is a host dielectric constant. Let
Plarg = Ch aagCre- ©)
Then
= B}y =, Dlie] = (Bnierg — Ew )0 tg + [Heautombs £leg, 1 (10)

Applying RPA to the second term in the above equation gives

- iﬁ{ls,,i,,fkq) = (Epp4qg — n’,k)(PnTnﬂkq) -+ Z (P — ”n.k+q)Vn1rz’rm4 *,k+q, Q)(p,tmﬁk'q)

i’l[ﬂd&’
(11)

where np, = {C,I_kC,,,k) is the average number of electrons in the subband 7 with momentum
k. With a linear response to an external field with frequency w

- I<prm'kq) (p:{n’kq> (12)

Turning off the external field, the solutions of (11) and (12) represent intrinsic excitations
in the system, including plasmon excitations. Thus we need to solve

Nk — Ankig

Vi ,k’,k , T'{ . 13
En’.k—En,k+q+ﬁcu ' +4q Q)(pnnkq) (13)

<pr1n’kq) =

mm'k
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Figure 1. Intrasubband excitations in a quasi-1D quantum wire at 8 = 27T (two subband
occupation}. Curves marked by 4 and A are the excitations in the n = Cand n = 1
subbands, respectively. The higher and lower shaded areas are the single-particle excitation
regions corresponding to the two subbands. The inset is the enerpy subband picture.

The difficulty in extracting the excitation frequency lies in the coupling in &’ between
V and p. In the following, we shall show that this can be avoided in the long-wavelength
limit, using the peculiar property of quasi-1D Fermi surfaces (only two points, see the inset
of figure 1).

Multiplying (13) by Ko{g|y" — ¥'|)#p 444 (V) (¥} and integrating over k and y', we
obtain

Mg ) = 2o 3 > [ P T J & 810100 Kalals” = YD a)
x f 35 G (VB £ Wornta () (14)
where
Wauy ) = [ dy Kataly' = 5D 5 Hlesg Obex ol (1)

Noticing that the polarization factor in (i4) is non-vanishing only around the two Fermi
edges (the shaded areas A and B in the inset of figure 1), one can complete the integral

over k in the long-wavelength limit (g < kf,") g )}
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Figure 2. Intersubband excitations at 8 = 2T. Curves marked by e and o are the two modes
between the n = 0 and # = 1 subbands. The e mode cotresponds to regicn B and the o mode
corresponds to region A in the inset of figure 1. The curve marked by & is the excitation between
the n =1 and » = 2 subbands. The shaded areas are the single-particle excitation regions with
the higher one between the n = 0, ! subbands and the lower one between the n = 1, 2 subbands.

Wang(0") = % ;(H,’;, (q, ) f 4y 8} 1, OVKO(GlY" = ¥ Db 1 (V)
x f 8 B g I 1. ) W ()
HTT0 ) [ 8] gy OIKolaly” = Db 5,0)
x f d¥ B —ira (3:)¢;.,_,;F<y)wmrq(y)) (16)
where
Kk kg

£ , @) = = 17
Mo (@, ©) = o ey + (0 =05 an

and e = Sk + £¢"). Multiplying U6 by 87, £ 0" Wnrsg ) 200 87, 50" vy
(y™) respectively, and integrating over y", one obtams for non-vanishing densxty fluctuation,
the following secular equation:

1-— 1'I+r(q,w)A,,,,*(Q) —H,,,,:(q,w)A;,,r(Q) =0 (18)
,m,(q, WA () 1-TI,.(g, cu)A (q)
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where, noticing that ¢ are real,

nn' q e h J J J fl.kF‘*’q’ J ; n' ki y I’l.ik}'-‘ g n' ke '

In doing this, we have neglected the coupling between the subbands, n,n’, and others

(terms with m # n and m' & n' are generally smaller because of the orthogonality of base

wavefunctions). To simplify our notation, we write A;(g) = At .(g) and Ax(g) = A, (q).
The solution of {18} is

o) _ o) 2 2 bk

= (n —n")d + (kg )Ai(g) & {[A1(¢I)-Az(4)+2A;(fI)7n—*

fike 2 N K
+(m )}q + AN (K —kp")] : (20)

Equation (20) is the magnetoplasmon frequency for intrasubband excitations when n = »’,
and for imtersubband excitations between occupied subbands when n > n'. For the
intersubband excitation from an occupied subband (n') to an empty subband (n), the
approximation we used in evaluating the integral over k in (14) is not valid. In this case,
only one Fermi distribution function appears in (14), which implies that @ff electrons in
the subband »' are involved in the excitation to the empty subband n. One can give a
rough estimate of the excitation frequency in the long-wavelength limit (kf:ﬂq &« m*@) by
evaluating the integral in (14) with k = kg = kg") /2 in the integrand. This gives

@ % (n — )@ + 2A1 (k. 1)

Numerically calculated dispersion curves are shown in figures 1 and 2. The various
parameters were chosen for a typical quasi-1D quantum wire cut from GaAs/Al,Ga;_;As,
with W ~ 0.1 um, N/L ~ 2.3 x 10°cm™ (hayg & 1.77meV) and ¢, ~ 13. We take the
magnetic field to be B = 2T (hew, &~ 3.3 meV), at which the two subbands are occupied. 'We
then obtain & % 2.24 x 108cm™", k(" & 1.36 x 10°cm™! and Er ~ 2.09h% ~ 7.8 meV.
The 1ntrasubband excitations (for subbands 0 and 1) and the intersubband excitation between
the two subbands are calculated by (20}. The intersubband excitation mode between #' = 1
and 7 = 2 is calculated from (21). The single-particle excitation regions (shaded area),
where plasmon excitations are damped, are determined by the condition that the imaginary
part of (14} is finite when replacing w by w + in and letting  — 0, i.e.

. Rotk — Rpktg
lim Im 0 22
120 2t Eyy = Byprg + R0 +17 > @

which gives
A n
Tk <o <5 (g +4") (23)

for intrasubband excitations and

q<cu<(n-n)co+ (k‘"”q+qz) (24)

(

for intersubband excitations from »’ to .
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3. Discussion

We now discuss, in physical terms, the following three features of the dispersion curves.
(i) Intrasubband excitations (# = »') show an acoustic-like dispersion as ¢ = 0. The
leading term of the excitation mode of the rth subband, as g — 0, scales as

hkl(,")c 172 12
S8 i S 25
® (13755 ) qlin(go/q)] | (25)

with go ~ /A, the inverse of the wire width. Notice that the coefficient in front of ¢
decreases with increasing field. Since k{” < ki for n > ', the excitation frequency
becomes smaller for subbands with hlgher indices », as shown in figure 1. In the long-
wavelength limit (small ¢), intrasubband modes can be excited only around one of the two
Fermi edges (regions A or B in the inset to figure 1). For g > 0, there are states available
in region B for intrasubband excitation, but no intrasubband excitation can be detected in
region A since all destination states are occupied. In the presence of a magnetic field, the
states around Fermi edges are displaced to the two edges of the quantum wire, states around
+kF to the upper edge (¥ > 0 side) and states around —kg ™ o the lower edge (v < 0
side), i.e. the edge states [7]. Therefore, by applying a magnetic field perpendicular to the
wire, a spatial asymmetry is introduced. For g > 0, the intrasubband excitations will appear
at the upper edge (¥ > 0} of the wire, while no intrasubband excitation occurs at the lower
edge (y < 0). Changing the sign of ¢ or the field direction reverses the spatial distribution
of these excitations so that the intrasubband modes will appear at the lower edge of the
quantum wire.

(ii) For intersubband excitations between occupied subbands with »’ > n, both solutions
in (20) are negative and should be discarded. For n’ < r, however, we obtain twe solutions
corresponding to the two Fermi edges. The two modes between the subbands # = 0, 1 have
different ¢ dependences; one increases with g, the other decreases with ¢. This can also be
understood physically from the inset of figure 1. As ¢ — 0, we obtain

wm B+ (A £ ADED — 1) (26)

which confirms that only elecirons in regions A and B in the n = 0 subband are involved
in excitation between the n = 0 and n = | subbands. The gap at ¢ = 0 is due to the
coupling between the upper-edge mode and the lower-edge mode. Both the frequency and
intensity [12] of an intersubband excitation depends sensitively on the number of electrons
involved in the excitation, namely the more electrons participate in the excitation, the higher
are the excitation frequency and intensity. For intersubband excitation betweenthen = 1,2
(occupied and empty) subbands, as we see from the inset of figure 1, all electrons in the
n = 1 subband are involved in excitation from the n = ! to n = 2 subbands. As g — 0,
we obtain from (21)

~ .k

2 27
wRetYy 137:;s @7)

with y being a constant of order unity. From these discussions we see that, in the presence
of a magnetic field, the electrons participating in intersubband excitations are effectively
divided into three spatially separated parts for the case of two subband occu at[on na.mely
those at the two Fermi edges of the n = 0 subband (with density ~ kF F ) and
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those of the n = 1 subband (with density ~ kf:”). If the applied field is adjusted so that
ké?) 2 Skf,l)‘ i.e. the number of electrons involved in the three intersubband modes are
comparabie, one should be able to see all three intersubband modes. Here we emphasize
the importance of the parabolic confining potential of the quantum wire, If the potential
is flattened over a large region inside the wire, then the electrons involved in intersubband
excitations between occupied subbands (e.g. n = 0, 1) will be much less than those invoived
in intersubband excitation between occupied and empty subbands (e.g. n = 1, 2). In this
case, the intersubband mode between the last filled subband and the first empty subband
will dominate the excitation spectra, since the intensities of the other intersubband modes
are much smaller. For quasi-1D quantum wires obtained on a split-gate GaAs/Al,Ga;_,As
hetercjunction, it has been shown that the gate voltage can actuaily change the effective
potential between a parabolic and a flattened potential profile {13].

3
B(T)

Figure 3. Field dependence of excitation frequencies at ¢ = 10%em™!, Curves marked by 4
and 4 are the intrasubband excitations in the n = 0 and # = 1 subbands, respectively. Curves
marked by 4 are the two modes between the 2 = 0 and n = 1 subbands, Curves marked by
o are the intersubband excitation between the # = 1 and n = 2 subbands. The inset is the
dependence of the excitation frequency between the # = 0 and n = 1 subbands on the magnetic
field over a wider range.

(iii) Figure 3 shows the magnetic field dependence of the various excitation modes at
g = 10°cm™!. The intrasubband frequencies are not very sensitive to the field variation;
they generally show a decreasing tendency with increasing B, in agreement with the edge
magnetoplasmons calculated previously from a hydrodynamic model [14]. Such behaviours
have been verified by experiments in [2]. The intersubband excitation frequencies between
occupied subbands (n = 0, 1) increase with the field due to the increase of @, as seen
from (26). The intersubband excitation between occupied and empty subbands (n = 1,2)
decreases with increasing field as a result of the depopulation effect (reduction in k,ﬂ”) from
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the n = 1 subband, which dominates in (27). This single intersubband mode will split into
two modes when the field is sufficiently lowered such that the n = 2 subband starts to
be occupied. The split modes show a similar field dependence as the intersubband modes
between the # = 0, 1 subbands. The inset in figure 3 shows the field dependence of the
intersubband excitation from n = 0 to # = 1 in a wider field range. Again there is only one
mode when the field is increased so that the n = | subband becomes completely depleted.
But this single mode increases with increasing field, in contrast to that from the n =1 to
r = 2 mode. This is because there is no depopulation effect in the # = O subband, while ©
increases with increasing field. Changing the electron density in the system while fixing the
magnetic field would have the same effect as fixing the electron density while decreasing
the applied field for a multiple subband occupation. We expect that the curves of frequency
against electron density will be similar to figure 3. Nevertheless the degenerate mode in
the inset of figure 3 will increase with increasing electron density (thus increasing kf:O ", s0
that curves in the new inset will be similar to those between the n = I, 2 subbands.

We conclude by briefly discussing the experimental situation, Both intrasubband and
intersubband plasmon excitations have been observed experimentally. Dispersion curves
calculated here are similar to those observed in the absence of a magnetic field [1], i.e.
the intrasubband excitation frequency grows like g(Ing)'/? and the intersubband excitation
frequency shows almost no dependence on g. Complete dispersion curves in the presence
of magnetic fields are still not available. Perhaps more interesting is the field dependence of
excitation frequencies. Contrary to intuition, the intrasubband plasmon frequency decreases
with increasing field, This behaviour has been observed in experiment [2]. The intersubband
plasmen frequency were found to increase with the applied field [1,2]). The decreasing
intersubband branch in figure 3 was not observed. Probably this is because it has an energy
higher than those accessible by the far-infrared radiation technique. However, there are
traces of the depopulation effect in [2], i.e. one intersubband mode disappeared as the field
increased.
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