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Nonlocality in the Two-Dimensional Plasmon Dispersion
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Two-dimensional plasmons have been investigated in AloaAs-GaAs heterostructures with
transmission spectroscopy. In a magnetic field B, we observe an interaction of the plasmon excita-
tion with harmonics of the cyclotron-resonance frequency cu, =eB/m, which arises from nonlocal
effects on the two-dimensional-plasmon excitation and is governed by the parameter (quF/ao, ) (q
is the plasmon wave vector; up is the Fermi velocity). The dispersion and the excitation strengths
of the combined resonances are in excellent quantitative agreement with a quasiclassical nonlocal
theory.

PACS numbers: 71,45.Gm, 73.40.Lq

The dynamic spatial modulation of the charge densi-
ty, which is induced by a plasmon excitation in a plas-
ma, causes in a magnetic field 8 a nonlocal interaction
of the plasmon with harmonics n to, (n ~ 2) of the cy-
clotron resonance (CR) co, =eB/m. The strength of
this nonlocal effect is governed by the parameter
(q uF/to, ), where q is the plasmon wave vector and vF
is the Fermi velocity. For two-dimensional (2D)
plasmons nonlocal effects on the dispersion have been
theoretically studied in great detail. Previous exper-
imental investigations of magnetoplasmon excitations
in Si-metal-oxide-semiconductor (MOS) structures7 s

demonstrated an interaction of plasmons with harmon-
ics of the cyclotron resonance. However, it has been
shown that under the experimental conditions of Refs.
7 and 8, the nonlocal corrections are too small to ex-
plain the observed interaction. Rather the interac-
tion observed in the Si inversion layer has been linked
to the effect of scatterers on the line profile of Landau
levels. 4 This interaction has the same origin as the ex-
citation of so-called "subharmonic cyclotron reso-
nances, " ' which are strictly forbidden in a uniform,
translationally invariant plasma.

We have investigated 2D plasmons in electron
space-charge layers of A16aAs-6aAs heterostruc-
tures" ' using frequency-domain transmission spec-
troscopy and grating-coupler' techniques. In a mag-
netic field perpendicular to the 2D plane, we observe
an interaction of the plasmon resonance with the n = 2
harmonic of the CR that is in excellent quantitative
agreement with a quasiclassical nonlocal theory.

The experiments are performed on modulation-
doped A16aAs-6aAs single-quantum-well structures.
The samples are grown by molecular-beam epitaxy on
(100) GaAs substrates and consist of a l-p, m GaAs
buffer layer, a 5-nm undoped space layer of
Alz 3Gao 7As, a n-doped Ala 3Gao 7As (n = 3 x 10'

cm 3) layer of thickness 60 nm, and a thin (15-nm)
GaAs cover layer. Lateral Ag stripes with periodicity
a =1.15 p, m are prepared on top of the heterostruc-
ture (see inset of Fig. 1). The Ag grating modulates
normally incident far-infrared (FIR) radiation in the
near field and couples radiation to plasmons of wave
vectors q = n 2m/a (n = 1, 2, . . .).'3 The excitation of
plasmons is studied in a Fourier-transform spectrome-
ter. Since here, in contrast to Si-MOS structures, the
charge density N, cannot be switched between 0 and
N, without complicated gate techniques, we evaluate
from our experiment the relative change of transmis-
sion:

b T/T = [T(0)—T(B)]/T(0)

m Re[a-(co,B)—a-(to, B = 0) ],

where T(B) and T(0) are the transmission at finite
magnetic field B and without magnetic field, respec-
tively. ' In the small-signal approximation this expres-
sion is proportional to the difference in the real parts
of the dynamic conductivity tr(to). cT(co) contains
contributions from both q = 0 and, due to the grating
coupler, q = n27r/a. All experiments are performed at
4.2 K. The spectral resolution is 0.25 cm '. N, can
be increased by light pulses of a light-emitting diode
(persistent photoeffect) from 2.5 x 10" to 8.5 x 10"
cm ' and is determined by Shubnikov —de Haas mea-
surements in situ with an accuracy of 50/o.

Before preparing the grating, CR measurements
have been performed on the same samples. From the
cyclotron-resonance half-width, scattering times ~ are
extracted which are about 1 x 10 ' . s for N, = 2.5
x 10" cm and increase to 3 & 10 ' s for N, = 8.5
x 10" cm . We like to note that on samples without
gratings, excitation of harmonics of the cyclotron fre-
quency could not be detected.
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FIG. 1. Change of transmission by a magnetic field [see
Eq. (1) in text] for a 2D electron gas at different charge den-
sities N, in an A1GaAs-GaAs single-quantum-well hetero-
structure. The spectra contain information for both B =0
and 4.56 T. Resonances (upward-pointing arrows) at low

wave numbers are plasmon resonances for B = 0. For high
wave numbers cyclotron resonances (filled inverted trian-

gles) and magnetoplasmon resonances (downward-pointing
arrows) are indicated. For N, = 6.8 x 10" cm ' a splitting of
the plasmon resonances, co, ~+, due to a spatial charge-
density modulation is observed.

Spectra measured on a sample with a grating coupler
are shown in Fig. 1 for different densities N, . The
spectra, which are evaluated according to Eq. (1), con-
tain information for both finite B (here 4.56 T) and
B =0. The resonances at low wave numbers, appear-
ing as a negative signal, correspond to the grating-
coupler induced 2D plasmon excitation at B = 0. [The
contribution a-(co, q = O, B =0), the intraband Drude
absorption, is at wave numbers above 15 cm ' too
small to be detected on the scale of Fig. 1.] The 2D-
plasmon resonance frequency for 8 = 0 increases with
increasing charge density N, and agrees within 5% with
the plasmon frequency, '

too ——N, e q/2eepm', e = [et+ e2coth(qd) ]/2, (2)

if we use E'~= E'2=12 for GaAs, m' from the cyclotron
mass, and d = 80 nm for the spacing between the 2D-
electron-gas system and the grating coupler. At higher
wave numbers the CR excitation appears as a positive
signal [a-(co, q = 0, B = 4.56 T)]. The position

depends slightly on the charge density because of the
nonparabolicity of the GaAs conduction band. '

With increasing charge density a resonance can be
resolved at the high-frequency shoulder of the CR
which corresponds to the 2D magnetoplasmon excita-
tion [a-(cu, q =2m/a, B =4.56 T]. It follows within
5% the classical magnetoplasmon dispersion':
= GOO+ 0)

An interesting feature in Fig. 1 is that for
N, = 6.8x 10" cm 2 two plasmon resonances, (+)
and ( —), can be resolved, both at B = 0 and for finite
B. We attribute this small splitting to energy gaps in
the plasmon dispersion which arise from superlattice
effects of a spatially modulated charge density. Energy
gaps in the plasmon dispersion for a charge-density—
modulated 2D plasma' have been observed recently
in microstructured oxide-modulated Si-MOS sys-
tems. ' Here the origin of the charge-density modula-
tion is the following. To increase the electron density
N, we illuminate the sample with a light pulse. Since
this illumination is performed through the Ag grating,
the persistent photoeffect is spatially modulated.
This explanation is confirmed by the fact that the split-
ting is not observed for continuous illumination (spec-
tra for N, =8.5x10" cm 2), where because of scat-
tered light, donors are more uniformly spatially ion-
ized.

The splitting of the magnetoplasma dispersion

~m+ ~m —= (t0++roc) (~ —+~, )

is smaller than for plasmons ~+ and cu at 8 =0.
This is confirmed in the experimental data in Fig. 1

and will also appear in the results presented in Figs. 2
and 3. There one observes clearly that the excitation
strength of the co resonance is always smaller than
that of the ~+ resonance. This is a characteristic
feature of a charge-density —modulated system. ' The

-plasmon branch has an antisymmetric electric field
distribution with decreased optical activity.

Figure 2 shows measurements for N, = 6.5x 10"
cm at different magnetic fields 8. For 8 = 2.55 T
two well-resolved plasrnon resonances co„and coI are
observed. (For the col resonance the small splitting
due to the spatial charge-density modulation,
cuI+, cu, , can be resolved. ) The co„resonance cannot
be detected at magnetic fields higher than 3 T. With
decreasing B the co„resonance approaches co& and in-
creases in intensity. For 8 =1.64 T both resonances
have about the same strength. For 8 =1.46 T co„ is
the stronger resonance.

The experimental resonance positions are plotted in
Fig. 3. Here it becomes clear that the resonances co„
and coI arise from an interaction of the 2D plasmon
resonance with the first harmonic of the cyclotron res-
onance. We will show in the following that this in-
teraction is caused by nonlocal effects. At the crossing
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FIG. 2. Cyclotron resonances (filled inve gverted triangles)
and magnetoplasmon resonance .orf r N =6.5x10" cm and

t ma netic fields 8. The nonlocal interaction withdifferent magnetic ie s
s lits the magneto-the harmonic cyclotron frequency sp i s

plasmon dispersion into an uppe r (cu downward-pointing
arrow) and lower (Oii, upward-pointing arrow) branch. An
a

' ' ' ', ~&due to the spatial charge den-additional splitting (rui+, Oii ) due to e spa
'

sity modulation is in ica e .d' t d. (Dashed lines, left scale; solid
lines, expanded right scale. )

of the noninteracting magnetoplasmsmon and the har-
monic cyclotron frequency, i.e. when o)m Q)0+0)c
= (2 ) one finds (q vF/cu, ) = 3apq/g„. ap
=apemp/m' is the effective Bohr radius, an g„

~ ~

the
valley degeneracy. In the first magnetoplasmon exper-

small mass of GaAs (m' = 0.071mp) the valley egen-
eracy g, =1 [instead of 2 for Si(100)] with a corre-

1 hi her Fermi velocity, and the large wave
vector q give a value of 0.18 for gqvF&co, . e
fore, nonlocal effects are expected to be important.

f' th' uantitatively we have ca culated
the absorption of an electric field component wit

[Re[a-(co,q = 2vr/a, B)]} for the parame-
ters of our experiment with the theory o e .
theory includes nonlocal effe cts for a11 orders of
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FIG. 3. Splitting of the magnetoplasmon dispersion due
to the nonlocal interaction with the harmonic cyclotron fre-

uenc . Filled and open circles indicate experimental reso-
nance position for the cu, +, co„+ an Oi&, ru„
The solid line is the theoretical dispersion Ref. 6 calculate
for the parameters o ef th experiment. The experimental R

~ ~

frequencies i e(filled triangles) do not increase in proportion
with B (dashed line) because of nonparabohci y. n
lower part, experimen a it I (f'lied circles) and theoretical (Ref.

) (full lines) normalized excitation amplitudes are com-
pared. Q (B) is the peak absorption of the plasmon excita-
tion in an co sweep at fixed B.

qvpyco, an ini e/, d f' 't scattering times r. The full lines in
of the coFig. 3 are the calculated resonance positions o t e cu„

and coI branc es.b h There is an excellent quantitative
a reement of the nonlocal theory with the experimen-agreemen o e
tal resonance positions. (The smal in a
in the theoretical curve arises from an interaction of
the plasmon wi e'th th second harmonic of the cyclotron
frequency, w ic cah' h cannot be resolved in the experi-

) In the lower part of Fig. 3 we compare experi-ment. n e
mental and theoretical values for the normalized exci-

mental accuracy also the excitation strengths for ot
branches ~„an ~I ad are in good agreement with the
theory. Note, that no fit parameter has been used.
The mass m = 0.071mp is extracted from the CR posi-

d v=2.4X10 '2 s from the CR half-width.tion and v =
eor withThe excellent agreement of the nonlocal theory wi

the experiments, and the fact that we do not observe
harmonic cyclotron resonances p
grating coupler [a-(co,q =O,B)], demonstrate that the
interaction that is observed here is not of the
scatterer-in uce ypd d t e discussed for experiments on
Si,4 but is of classical nonloca1 origin.

A nonlocal effect on the plasmon dispersion is also
expected orf B =0. The plasmon frequency including
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first-order nonlocal corrections is co =coo+3(qvF) /
4=coo(1+3aoq/4g„). The corrections to coo [Eq. (2)]
are here considerably larger than for experiments on
Si, ' but the effect, an absolute shift in plasmon
frequency of about 1.5 cm ', is still too small to be
extracted unambiguously from the experiment.

In conclusion, we have demonstrated that nonlocal
effects, governed by (quF/c0, ), can be observed in
the dynamic 2D conductivity. The nonlocality induces
a strong interaction of 2D plasmons with harmonics of
the cyclotron resonance. In addition we observe a
small splitting of the 2D plasmon resonance which is
caused by a static, lateral modulation of the charge
density. This charge density modulation is induced via
a spatially modulated persistent photoeffect.
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