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Abstract. The spectrum of the surface polaritons (SP) in a GaAs/AlGaAs heterojunction in
the presence of a large transverse quantizing magnetic field is calculated under the quantum
Hall effect conditions. The dispersion properties of the SPs are studied taking into consideration
the values of the dielectric constants of the GaAs and thé&al ,As media, and the finite
thicknessd, of the Al,Ga;_,As layer. It is shown that in the vicinity of the electron cyclotron
resonance, the SPs become slow waves, and their group velocity exhibits stepwise behaviour.
The magnitude of these steps is determined by the fine-structure constaate?/fic, the
thicknessd of the Al,Ga;_,As layer, and the dielectric constants of GaAs andGd;_,As.

It is found that the values of the phase and the group velocities of the SPs can significantly
decrease with increasing thickneds,of the Al,Ga_,As layer and with increasing difference
between the dielectric constants of GaAs and@d;_,As. Numerical results for the dispersion
curves are presented for representative cases. The possibility of experimental observation of the
effects considered is discussed.

1. Introduction

Due to significant progress in crystal-growth techniques, including molecular-beam epitaxy
and metal—-organic chemical vapour deposition, the interest in collective electromagnetic
excitations in two-dimensional electron systems (2DES) has increased significantly. There
is special interest in the surface polaritons (SP) which are non-radiative electromagnetic
waves localized at the 2DES [1-3].

Applying an external magnetic fieldB, perpendicular to the 2DES has important
consequences. For instance, the phase veloojly,= w/k, and the group velocity,
v, = dw/0k, of the SPs decrease dramatically in the neighbourhood of the cyclotron
resonance (CR)( andk are the frequency and the in-plane component of the wave vector
of the SPs, respectively) [4]. In this case, the SPs can become slow waves. Of significant
interest are the properties of the SPs in high magnetic fields, under the conditions which
produce the integer quantum Hall effect [5, 6]. In this case, all of the components of
the conductivity tensor of the 2DES are quantized, i.e. they exhibit stepwise behaviour as
the magnetic field varies. As a result, the dispersion characteristics of the SPs are also
guantized. In particular, when the magnitude of the magnetic field varies, the SP group
velocity exhibits a stepwise behaviour in the vicinity of the CR. The magnitude of the steps
is proportional to the fine-structure constant= ¢2/hc, wheree is the electron charge, and
¢ is the velocity of light.
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Note that the dispersion properties of the SPs were investigated under the assumption that

a 2DES is placed into an infinite homogeneous medium with the dielectric coag@ars].

In fact, the real picture is more complicated. Also, a selectively dopeGaAl  As layer

has a finite thickness. As a result, the electrons which form the 2DES are located between a
GaAs layer (this layer forms the substrate, and its thickness can be considered to be infinite)
and a AlLGa_,As layer. In addition, the dielectric constants of GaAs andG&,_,As are
different [7, 8]. In [7, 8], the ratio of the dielectric constants of the @& _,As and the

GaAs was chosen to bed®b. These parameters determine the behaviour of the SPs in the
GaAs/Al,Ga_As heterojunction.

In this paper, we investigate the SPs in a 2DES under the quantum Hall effect conditions,
taking into account the finite thickness of the 8lg_,As layer and the difference between
the dielectric constants of GaAs and, Sa,_,As.

The paper is organized as follows. In section 2, we derive the dispersion relation for the
SPs in a GaAs/AlGa_As heterojunction in a transverse quantizing magnetic field. In this
section, some limited cases of the dispersion relation are discussed. In section 3, numerical
results are presented and analysed for some representative cases. Section 4 concludes the
paper with a brief summary of the results obtained and a discussion of the possibility of
experimental observation of the properties considered for the SPs in the GaBa/AlAs
heterojunction.

z| B
d &1
&
0 2DES
£, X

Figure 1. The geometry of the system. The semi-infinite medium 1 is the vacuum/air with the
dielectric constant; = 1; medium 2 is the AlGa_,As layer with the dielectric constamb;
the semi-infinite medium 3 is the GaAs layer with the dielectric constant

2. Electrodynamics of the GaAs/AlGaAs heterojunction in a high magnetic field

We consider a structure consisting of two semi-infinite media, 2 ¢) and 3 ¢ < 0), with

the dielectric constants; and ez, respectively, separated by a thin layer (medium 2) with
the thickness! and the dielectric constam} (see figure 1). Suppose that the media 2 and
3 form a heterojunction at the interfage= 0, i.e. at this interface a 2DES is formed. The
external quantizing magnetic field3, is directed perpendicularly to the 2DES, along the
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z-axis. We assume that the process of propagation of the SPs in a 2DES is non-radiative,
i.e. in the media 1 and 3 the electromagnetic fields of the SPs decrease exponentially as the
distance|z| — oo.

To derive the dispersion equation which describes the SPs, two types of wave, TE and
TM waves, must be taken into account. This is due to the presence of the surface current
at the interface, = 0, which mixes TE and TM waves [9].

Assuming that the electromagnetic waves propagate along-tinés, we present the
components of the electromagnetic field of the non-radiative TM waves in each of the media,
1, 2, 3. We have

H, 1= Hiexplitkx — ot) — p1(z — d)] z>d (1a)
E, 1= (icp1/wer)Hy 1 z>d (1b)
E.1 = —(ck/we1)Hy 1 7>d (1c)
Hy,= [Hz(l) exp(p2z) + H2(2) exp(— p2z)] explitkx — wt)] O0<z<d (29)
E 2= —(ic/wez)(0H, 2/0z) (2b)
E;2 = —(ck/wez)Hy 2 (20)
H, 3 = Hzexplilkx — wt) + p3z] z<0 (3)
Ey3= —(icp3/wez)H, 3 (3b)
E. 3= —(ck/we3)Hy 3 (30)
w2
Ey:Hx:HZZO pPi = kz——28[ 121,2,3
¢

For the non-radiative waves, the in-plane component of the wave veeatwd the frequency
o should satisfy the following conditions:

Rep; > 0 i=13. (4)
The components of the electromagnetic field for the non-radiative TE waves have the form

E, 1= Ei1explitkx — wt) — p1(z — d)] z>d (5a)
H, 1= —i(cp1/w)Ey1 (5b)
Hz,l = (Ck/w)Ey,l (50)
E,;=[ES exp(paz) + ES exp(— paz)] explithx — wh)] O<z<d (6a)
H.»,= (ic/a))(aEy,Z/aZ) (Gb)
H. 2= (ck/w)E, > (60)
E, 3= Ezexplitkx — wt) + p3z] z<0 (7a)
H, 3= (icps/w)E, 3 (7b)
H 3= (ck/w)E, 3 (70)

H =E,=E, =0.

As the boundary conditions at the interfage= d, we use the conditions of the cont-
inuity of the tangential components of the electric and magnetic fields. The presence of a
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surface current at the interfage= 0 leads to discontinuity of the magnetic field tangential
components:

4
H ~ Hiy= —@uE)) — 0y E) (82)

4
HV(Y% - Hy(% = _T(O.XXE)((S) + O'XyE;s)). (8b)

Here, the indexs indicates the values of the electric and magnetic fields at the interface
z = 0. Theo;;(w) are the 2DES conductivity tensor components. We assume that the spatial
dispersion of the conductivity tensor can be neglectedki.ex 1, wherel = (ch/eB)Y?

is the magnetic length [5, 6]:

2¢> N
Oxx = i 4 (9a)
h 14 y?
22 N
_ . (9b)

Oyy = ——
: h 1+ y?
In equations (9)y = (v — iw)/ 2, whereQ2 = eB/mc is the cyclotron frequency is the
momentum relaxation frequency of the electrons; ahe: 1%n is the Landau-level filling
factor which assumes integer valu@é = 1, 2, ...) equal to the numbers of filled Landau
levels lying below the Fermi leveh(is the density of 2D electrons). Below, the effects of
electron damping are ignored, which corresponds to the conditiehw.
Using the previously described boundary conditions at the interface$ andz = d,
we derive the dispersion equation which describes the propagation of the non-radiative SPs:

A1A; + 4oy, /c)? pop3sBiB, = 0 (10)
where

A1 = (pae2 — p2e3 — (14w p2p30y, /w))(p2e1 — P1€2)

+ exp2pod)(p3s2 + poe3 + (14w pop3oy/w))(p2e1 + p1€2) (11)
Az = (p2— ps+ (4w w0y /D)) (p2 — p1)

— exp2p2d)(p2 + ps — (141 w0, /%)) (p2 + p1) (12)
B1 = p2 — p1+ exp2pa2d)(p2 + p1) (13)
By = pae1 — p1&2 — eXP(2pad) (p1e2 + pae1). (14)

Under the conditionss; = ¢, andd = oo, the dispersion equation (10) coincides with one
derived for the SPs in the 2DES embedded in the dielectric medium with the dielectric
constante; [5, 6]. In this case, the dispersion curves of the SPs in the vicinity of the
CR (@ ~ Q) intersect at the poink, ~ /2¢,Q/c. The group velocity of the SPs is
Vga = 2v/2caN/e,. One can see that when changiig the group velocity of the SPs is
guantized into fundamental steps definedebgind the value of; [5].

If e3 > ¢, andd = oo, then the SPs propagate along a 2DES which is located at
the interface of the semi-infinite media 2 and 3. In this case, the dispersion equation (10)
reduces to

(p3g2 + p2es + (147 pap3o.c /@) (P2 + ps — (14w w0y, /¢?)) + (dmoyy [c)paps = 0.
(15)

It follows from equation (15) that the dispersion curves of the SPs in the vicinity of the CR
intersect at the point

1/2
koo % (/) [2/3)(e2 + 83+ V(s — 020 + e223) |- (16)
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The group velocity of the SPs at this point is equal to

4(¥NkooQ4\/ (83 — 82)2 + €283 (17)

Vooo =
where
QZ
QZ
P =k = 63 (19)

We make the definitiol\e = ¢3 — ¢5. As g andes are slightly different, i.eAes < g3, &2,
we have from equations (16) and (17)

A
koo ~ K, (1 + —8> (20)
482
Ag
Vgoo ~ Vga (l — 2—82> (21)

Thus, in the case in which the 2DES is located between the two semi-infinite media 2 and
3 (which satisfy the conditioss > &), the point of intersection of the dispersion curves
shifts to larger values of (in comparison with the results of the paper [5]), and the phase
and the group velocities of the SPs decrease.

If d = 0 (imposing this condition has the result that one can neglect the thickness of
medium 2, which is correct whep,d « 1), the SPs propagate along the 2DES which is
located between the media 1 and 3. Eer> e1, we have from equation (15) that the
dispersion curves of the SPs intersect at the point

839 283
kor2 | =— = _|—k,. 22
CTNB | 3 (22)

In this case, the SPs have the group velocity
6ca N _ 3 82v

€3 ﬁé‘g sa
If the values ofs, and ez are only slightly different, we havéy < k. and vge, < vgo.
Thus, for an arbitrary value of the thicknegs,the point of intersection of the dispersion
curves in the vicinity of the CR is located in the intervaj,[k.,], and the group velocity
of the SPs is located in the intervalyf., v,o].

(23)

Vg ~

3. Numerical results

It is convenient to introduce the dimensionless frequebcy /2, the dimensionless
wave vector = ck/ 2, and the dimensionless thickness= d2/c. First, we consider the
limiting cases in which the 2DES is located between the two semi-infinite media, i.e. when
8§ = oo ands = 0. In figure 2, the dispersion curvégs) for SPs are shown for two cases:

8 = oo (solid lines) ands = O (dashed lines). The following parameters were chosen:
g1 =1,¢e =12, andez = 12.9. The numbers 1 and 5 indicate the valuesvo€onsidered.
Dotted lines correspond to the light lines for the media 2 and 3. For comparison, in figure 2
the dispersion curves (chain lines) for the case considered iref5k(s2 = 12, § = o0)

are plotted. One can see from figure 2 that the point at which dispersion curves intersect,
oo = ckoo/ 2, for the case wheré = oo, is located to the right of the one obtained in
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Figure 2. The dispersion curves for the SPs in the GaAs@4d;_,As heterojunctiond; = 1,

g2 = 12, e3 = 12.9) in the limiting cases wher& = oo (solid lines) and$ = 0 (dashed lines),

for N =1 andN = 5. The chain lines represent the dispersion curves for the SPs for the case
considered in [5]43 = e2 = 12,5 = 00).

[5] (¢. = ck,/). This means that in the case wheYe= oo, the larger value of the
dielectric constant of the GaAs substrate (in comparison with the dielectric constant of the
Al,Ga_,As layer) leads to a decrease of the phase and the group velocities of the SPs in
the vicinity of the CR. If§ decreases, the phase and the group velocities of the SPs increase,
and they reach maximum values&t= 0. In this case, the point at which the dispersion
curves intersect is indicated &s= cko/ Q2.

One can see from figure 2 that the difference between the dielectric constants of two
media, 2 and 3, leads to an interesting new result. Namely, all dispersion curves start at the
light line for the GaAs mediumy,;, = v;3 = ¢/,/e3. Thus, the SPs have a low-frequency
non-propagating region. For the case whére oo, the upper value of the frequenc;)
for this region is

2N 2
£ — 1+4(xN B 2aN - (24)
e3—&2 /83— &2

For the case wheré = 0, the upper value of the frequency,)X is determined by
equation (24) in which the substituticsy — ¢; should be made. When increasing the
magnitude of the magnetic fielB (or decreasing the value &f), the value o, increases
in a step-like manner.

Now we consider the case in whieh = 1, e3 = ¢, = 12, ands has a finite value.

For this case, the spectrum of the SPs is shown in figure 3¥fer 1,5, 10, ands = 1.0
(dashed lines) and = 0.1 (solid lines). One can see that the finite value of the thickness,
8, of the Al,Ga,_,As layer (medium 2) leads to the following important properties. All
dispersion curves in the vicinity of the CR & 1) intersect approximately at one point. In
figure 3, this point of intersection is indicated &g for § = 0.1, and¢yo for § = 1. One
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Figure 3. The dispersion curves for the SPs in the GaAs@3%_,As heterojunction in the
case in whichep = ¢3 = 12,0, and for the finite values of the dimensionless thickriee$ the
Al,Ga_,As layers = 1.0 (dashed lines) andl = 0.1 (solid lines), and for three values of,
N=1,N =05, andN = 10.

can see from figure 3 that whérincreases, the point of intersection of the dispersion curves
shifts to the region of the lower values of In the vicinity of the CR, the group velocity of

the SPsp, = ¢(3£/9¢), exhibits fundamental steps (with changivg depending not only

on the fine-structure constaat but also on the value of. Whené decreases, the group
velocity of the SPs (the slope of the dispersion curves) increases. All dispersion curves
start at the light line for the GaAs medium, on which the phase velocity of the SPs is equal
to the velocity of the bulk electromagnetic waves in mediumv3; = vy3 = v = ¢/ /€2

(p3 = po =0o0ré& = ¢/ /e2). This means that the SPs have a low-frequency non-
propagation region. The upper value for the frequency of this region depends on the value
of 8. This non-propagation region extends from the origin to the frequéney 1, which

is determined by the following equation:

5 — V14 4aNS + 4a2N2/(e — £1) — 20N //e2 — €1
i 1+ 4aNs ’

As the magnitude of the magnetic field increases, the valug oicreases in a stepwise
manner.

Now let us consider the change in the SP spectrum on the assumption that media 2 and
3 have greater dielectric constants. Let them be equal to the value of the dielectric constant
of the GaAs substrate; i.e. we will consider= ¢, = 12.9. The SP spectrum for this case
is shown in figure 4; the values & andé are the same as for figure 3. We can see that
in the case where; = ¢, = 129, all of the dispersion curves, together with their point of
intersection, shift to the region of the larger values¢ofand the slope of the dispersion
curves decreases. The shift of the point of intersection of the dispersion curves to the region
of the larger values of has the result that the group and the phase velocities of the SPs in

(25)
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Figure 4. The dispersion curves for the SPs in the GaAs@3_,As heterojunction in the
case in whiche; = ¢3 = 12.9, and for the finite values of the dimensionless thickries§ the
Al,Ga_As layers = 1.0 (dashed lines) an8l = 0.1 (solid lines), and for three values &f,
N =1,N =5, andN = 10.

the case in whichrz3 = ¢, = 12.9 are less than those in the case in whigh= ¢, = 12.0.
Also, the size of the low-frequency non-propagation region of the SPs in the case in which
g3 = g2 = 129 is larger than in the case in whieh = ¢, = 12.0.

Consider now the case in which medium 2 has a finite thickngésandes > s,. We
assume that, = 12.0 (the Al,Ga_,As layer) andeg = 12.9 (the GaAs substrate). In this
case, the spectrum of the SPs is shown in figure 5Meat 1,5, 10, ands = 1.0 (dashed
lines) ands = 0.1 (solid lines). One can see that the dispersion curves take an intermediate
position between those for the cases wheye= ¢, = 12.0 (figure 3) andez = s, = 12.9
(figure 4). Fors = 0.1 the point of intersection of the dispersion curvgs,, shifts slightly
to the region of the lower values g@f, in comparison to the case whese = ¢, = 12.9.

If § = 1.0 the point of intersection of the dispersion curvesgy, shifts considerably to
the region of the lower values af, and it lies approximately in the middle between the
points of intersection of the dispersion curves for the cases wieee ¢, = 12.0 and

g3 = g2 = 129. The upper boundary of the low-frequency non-propagation region of the
SPs.&,, satisfies the following equation:

4aN§ — \Je3— e1(1— £?)
(1—&?) (63— 62) —daNEJez — €1

tanh(£8+/e3 — €2) = ez — &2 (26)

In the case that we are considering & 120, ¢3 = 12.9), the low-frequency non-
propagation region of the SPs is larger than those in the cases where, = 12.0 and
g3 = &, = 12.9. This region expands with the decrease of
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Figure 5. The dispersion curves for the SPs in the GaAs@3_, As heterojunction in the case
wheree, = 120, e3 = 12.9, and for the finite values of the dimensionless thickness the
Al,Ga_,As layers = 1.0 (dashed lines) andl = 0.1 (solid lines), and for three values of,
N=1,N =05, andN = 10.

4. Conclusion

In conclusion, we have calculated the spectrum of the SPs in the Ga&&ALAS
heterojunction in a high magnetic field, i.e. for a case in which the effects of quantization
of the conductivity tensor of a 2DES are crucial. It is shown that all of the dispersion
characteristics of the SPs under the conditions of the integer quantum Hall effect are
guantized. In the vicinity of the cyclotron resonance, the phase and the group velocities
of the SPs decrease significantly. The SP group velocity exhibits a stepwise behaviour.
The magnitude of these steps is determined by the fine-structure coastarf /fic, the
thicknessd, of the Al,Ga_.As layer, and the values of the dielectric constants of GaAS
and Al,Ga,_,As.

The values of the phase and the group velocities of the SPs can significantly decrease
with increasing thickness of the Al,Ga,_,As layer, and with increasing difference between
the dielectric constants of GaAs and , B8la_,As. This fact can be used in various
applications in microelectronics and in making contactless measurements of the parameters
of the GaAs/AlGa,_,As heterojunction.

Recent experiments using inelastic light scattering [10-13] and far-infrared transmission
spectroscopy [14, 15] have observed collective excitations in a 2DES in a high magnetic
field. In these experiments one can study the SP dispersion curves with in-plane wave
vectorsk > 2 x 10° cm. For such values ok, the phase velocity of the SPs in
the magnetic fieldB = 5 T (which corresponds t&v = 1) in the vicinity of the CR,
o~ Q~ 1081, is vy, < 0.01c. Investigations of the SPs using inelastic light scattering
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are of significant interest for measuring the Landau-level filling factor dependence using
dispersion data with no direct contact with the GaAs@d_,As heterojunction.
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