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FIG. 2. (a) Solid and dotted lines show AT/T p—rior to il-
lumination for w, 880 A and w, 580 A (baseline offset), re-
spectively. Insets to the right show illumination-induced split-
ting of the m-(qG) resonance (top) and of the m+ resonance
(bottom), for w, -500 A. (b) Calculated absorption spectrum
for a parabolic well with nq 2.75 X 10'~ cm 3, and w, 880 A
for q ~~ qp 1.6 & 104 cm ' (solid line) and for q & 2qz

3.2x 104 cm ' (dotted line). Insets to the right show the cal-
culated, fluctuating surface plasmon charge bn(z, q~~ qp) for
the m- and m+ resonances. (c) Calculated absorption spectrum
for a neutral jellium slab with nb 2.75X10' cm, and
w, 880 A.

range 51-54 cm ', based on the observed range of m+
with w, .

For q~~ 0, the tp+ resonance becomes the parabolic
well sloshing resonance discussed in Ref. 10. Because the
confining potential E, is harmonic, the frequency of the
sloshing mode is independent of w„and is equal to co~

Resonances in parabolic wells at rp=-tu~ have been ob-
served bg other groups, and identified as the sloshing reso-
nance. ' Surface plasmons are a more general type of
collective mode, which have frequencies that do depend on
Wg.

Surface plasmon spectra for both neutral and non-
neutral jellium layers have been calculated in the time-
dependent, local-density approximation (TDLDA). To
simulate the grating coupler, an external potential
b&„& exp(i[qtx —tpt])exp(qtz) was used, where q~~ is
the wave vector of the surface plasmon, and the electron
gas lies at z (0. Surface plasmon resonances appear as
peaks in 1m[M(qt, m)], where

M(qt, co) ' dze "Bn(z,qt, co) ',
la

and bn (z, q~~, co) is the induced charge density. The calcu-
lations assume m /mp 0.069 and f/ep 13; a constant
Im(m) I/z, with tpzt 300; and include an image plane
above the electron gas, which mimics the effects of the
metallic gate and grating on the surface of the sample.

Figures 2(b) and 2(c) show the absorption spectrum
to 1m[M(q&, tp)] for the parabolic well and for the neutral
slab, respectively, for nb 2.75&10's cm (co~ 52.2

in the parabolic well produces a steeper surface potential
[solid line in Fig. 1(b)], and a corresponding steeper decay
in the density at the surfaces of the electron gas. The
different surface conditions shown in Fig. 1(b) have a
marked effect on the surface plasmon spectrum.

Extensive investigations of collective electronic excita-
tions in heterojunctions, square wells, and superlattices of
square wells have been carried out. '4 All of these struc-
tures realize electron gases with density profiles that are
sharply peaked in one or tnore sheetlike layers, and have
different plasmon modes from the thick, nearly uniform
layer of electron gas explored here.

We have studied a sample from a high-quality,
molecular-beam epitaxy (MBE) grown parabolic well
structure. Measurements of the Al flux during pro-
grammed growth sequences indicate that the well follows
the design parabola closely, and extensive magnetotrans-
port studies' show that the measured single-electron sub-
band spacings agree with self-consistent calculations at
the 3% level. Figure 1(c) sketches the conduction-band
edge, E„for the empty well. The Al fraction, x, increases
quadratically from x 0 at the well center to x 0.2 at
the well edges at z 2510 A and z 4510 A, where z is
measured from the sample surface. At the edges of the
well, x steps up to 0.3. The design density' is nb
=2.5 x 10's cm 3, and corresponds to m~ 50 cm

We study the dependence of the surface plasmon spec-
trum on the continuously variable width, w„ofthe elec-
tron layer. A negative dc voltage bias VG applied between
a semitransparent gate that covers the sample surface,
and an Ohmic contact to the electron gas, reduces w, by
moving the top edge of the electron gas away from the
gate. We obtain the sheet density N, (VG) and the width
w, =N, /nb from the integral of C(VG), the measured ca-
pacitance between the gate and the electron gas. Magne-
totransport measurements give N, (VG) in agreement with
that obtained from the capacitance. We also obtain d, the
separation between the gate and the top surface of the
electron gas, from the capacitance. '

To excite surface plasmons, we used a 3.92-pm period
grating of Au bars to spatially modulate normally in-
cident, far-infrared radiation. '7 Figure l(d) sketches the
fringing fields in the near field of the grating, which excite
surface plasmons with wave vectors q]] nqG, where qG
=2m/A, G, A, G is the grating period, and n 1,2, . . . . ' A
300-mK composite Si bolometer and a Bomem DAC. 002
Fourier-transform spectrometer, set at nominal 0.5 cm
resolution, were used to collect far-infrared transmission
data. The 2.90-mm diam sample was held at 1.5 K for all
measurements.

Transmission spectra display both low- and high-
frequency resonances, which arise from the coupling of
charge fluctuations on opposite faces of the electron layer.
Figure 2(a) shows the normalized transmission, AT/T-
= [Tp —T(w, )]/Tp, where Tp is the transmission through
the empty well. The solid line corresponds to w, 880 A,
and the dotted line to w, 580 A. As discussed below, we
identify the resonances below 20 cm ' and near 50 cm
as low and high frequency, coupled surface plasmons, m-
and m+. Because we probe q]]&0 only, we cannot measure
co~ nbe /em directly, but estimate that co~ lies in the
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cm ') and w, S80 A. These parameters correspond to
the experimental spectrum shown as a solid line in Fig.
2(a). The relative amplitudes of the calculated spectra
for qi =qG (solid lines) and qs =2qG (dashed lines) have
been scaled to account for the coupling efficiency of the
grating to the low-frequency resonance, in the limit that
the electron gas becomes a two-dimensional sheet. ' The
unperturbed electron gas is calculated to occupy three
subbands of the self-consistent potential V(z) for w,
-880 k

The form of the calculated parabolic well spectrum is
simple: only two resonances appear, for fixed qs. As
shown in the inset to the right of Fig. 2(b), the calculated,
fiuctuating charge of the surface plasmon, bn(z, rp~), is
localized near the surfaces of the electron layer. In con-
trast to the parabolic well, the calculated spectrum for the
neutral jellium slab has a large number of weak reso-
nances. The resonance near 0.Scud (-42 cm ') has been
identified as the thin-layer analog of the multipole sur-
face plasmon. This resonance becomes much stronger for
lower electron densities and larger qi.

The qualitative differences between the spectra for the
parabolic well and the neutral slab are due to the more
abrupt electronic surfaces of the embedded electron gas.
The multipole mode, for example, occurs only at electron-
ic surfaces that are sufficiently diffuse. ' This association
of the simple spectrum for the parabolic well with its steep
electronic surfaces is corraborated by calculated results
for electron gases with surfaces that are steeper than in

the parabolic well. For example, if the central parabolic
region occupied by the electron gas is bounded with quar-
tic, rather than by quadratic, extensions, the absorption

spectrum still shows only two resonances, with resonance
frequencies m+ and m —that are both shifted slightly up-
wards from those of the parabolic well.

The experimental transmission spectra for the parabolic
well, shown in Fig. 2(a), are similar in form to the calcu-
lated spectra in Fig. 2(b). The two low-frequency reso-
nances in the data can be identified from their dependence
on w, as rp (qG), and ro (2qG). The strong resonance
near 50 cm ' is the antisymmetric, coupled surface
plasmon, rp+. In the spectum for w, 880 A, an addition-
al, small peak appears above the main roy resonance.
This feature is not apparent in spectra for smaller w„and
is discussed below. Because the damping processes that
occur in the physical system are more complex than in the
calculations, we do not expect agreement in the resonance
strengths for the experimental and calculated spectra.

Figure 3(a) shows the dependence of the experimental
ro on w, . The vertical lines indicate subband occupation:
Self-consistent calculations for nb 2.75X 10's cm
show that the second subband begins to fill at w, 360 A,
and the third subband at w, 690 k The dependence of
the experimental ra+ on w, is shown in Fig. 3(b). No
sharp features associated with subband filling are ap-
parent in the data, for either resonance, in agreement with
TDLDA calculations.

The resonance frequencies can also be estimated from a
nonretarded, local optics model, in which the dielectric
function of the electron gas is taken to be e = e2(l
—rp~2/rp 2) over its width w, . Dielectrics with
separate the electron gas from the gate, which is treated
as a perfect conductor, and bound the back side of the
electron gas. We obtain

2 2NP

2+(ei/e2)(coth(qiw, )[1+coth(qid)] ~ [coth (qiw )[I+coth(qid)] —4] )

In the limit d oe, for ei = e2 Eq. (1) reduces to
rp+ 2 rpz[1 ~exp( —qsw, )], as is appropriate for a
symmetric slab. ' In the limit w, 0, Eq. (1) becomes
rp+ rp~ and

cop(q sw~)

(ei/ez) [1+coth(q sd )]
e qtt&e

2

rim'[I+coth(q&d)]
'

the well-known dispersion relation for the two-dimen-
sional plasmon on an electron sheet of vanishing thick-
ness. ' For the range of qi and w, used in the experiment,
the resonance frequencies calculated for the embedded
electron gas in the TDLDA agree with Eq. (1), which be-
comes inaccurate for larger q[[ and w, than studied here.
In contrast, for the neutral jellium slab, the local optics
model fails qualitatively, even for small q[[w, .

Figure 3(a) shows rp from Eq. (1) (solid lines) and
Eq. (2) (dashed lines), for qi =qG (lower curves), and for

qi 2qG (upper curves). Figure 3(b) shows rp+(qG) from
Eq. (1). We have used nb 2.75X10' cm, e~ =12.5ep
in the dielectric layers surrounding the electron gas, and
e2 = 13.1 e'p and m * 0.069mp, which are the average
values over the part of the well occupied by the electron
gas for w, 880 A. The observed frequencies deviate
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FIG. 3. (a) Dependence of ro —on w, . The solid lines show
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from the calculated values by as much as 6%. Possible
origins for this discrepancy include variation in the curva-
ture across the well, the abrupt step in the confining po-
tential at its extreme edges [see Fig. 1(c)],and the spatial
variation in m and e.

Large-scale changes in the curvature of the part of the
well occupied by the electron gas should produce extra
resonances in the transmission spectra, which are not ob-
served for w, & SSO A. Fluctuations in the curvature may
be responsible for the larger linewidth of the ra+ mode rel-
ative to the co mode.
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We estimate that the step in E,(z) at the edge of the
parabolic well occurs -400 A from the nearest surface of
the electron gas, for tu, -880 A, if the density profile of
the gas is idealized as rectangular. This is roughly 4 times
the Thomas-Fermi screening length for an electron gas
with n, 2.75 x 10' cm . The depth of the parabolic
part of the well above the Fermi energy is at least —100
meV, or —16hco~, for the data shown here. As w, is in-

creased, a weak resonance first appears above the main

cay peak in the spectrum for w, 880 A [see Fig. 2(a)].
This may indicate the onset of the interaction of the tail of
the electron density with the step at the edge of the
confining potential. For larger w„transmission spectra
show a series of several, substantially broadened reso-
nances near 50 cm

The dependence of c and m on the local Al fraction
produces -2% variation in the average of snt over the
electron layer with w, . Because the fluctuating charge of
the surface plasmon is concentrated at the edges of the
electron gas, the variation of s and nt at the surfaces
may be more relevant. At the top surface on the electron
gas, we estimate that m and e vary by 9% and 2%, re-
spectively, as the well is depleted.

The effects of static, spatial modulation of w, on the ex-
perimental spectra are consistent with identification of the
observed resonances as surface plasmons. Periodic modu-
lation of w, was produced by briefly illuminating the sam-

ple from its back side with an infrared LED. Because the
gold grating has higher reflectivity than the Ti gate, w, is
weakly modulated, due to the persistent photoeffect. ' Al-

though a detailed analysis of the surface modes of a corru-
gated electron layer is complex, qualitatively one ex-
pects that the modulation in w, should open gaps in sur-
face plasmon dispersion relations ra(qs), for qt mx/Aa,
where nt (+ 1, ~ 2, . . . ). Because the grating coupler
excites plasmons with wave vectors qs 2nx/A, G, for
n 1,2, . . . , these gaps should split surface plasmon reso-
nances, as has been observed for two-dimensional
plasmons. The insets in Fig. 2(a) show the effect of il-
lumination on ray and ra —,for w, -500 A. Both reso-
nances split into two peaks, with a fractional splitting
bra/to~12% and 9% for the ray and ro resonances, re-
spectively. If the ra+ resonance were the parabolic well
sloshing mode, 'o which has frequency independent of w„
one would expect weak, static modulation of w, to have
little effect on the line shape.

We have shown that Al, Ga~, As heterostructures can
be used to realize quasi-three-dimensional metals with
unusual surface properties, and that they provide a physi-
cal system in which to probe in detail the effects of surface
conditions on surface electronic excitations. More de-
tailed calculations are needed to understand the depen-
dence of the observed resonance frequencies on w, .
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