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We have studied the coupling of longitudinal-optical (LO) phonons in a polar semiconductor to
the collective density oscillations of a two-dimensional electron gas (2DEG) in a strong magnetic
field. Both random-phase and time-dependent Hartree-Fock approximations for the electronic
contribution to the dielectric function have been considered. The strong field plays an essential
role since the magnetoplasmon resonance of the 2DEG occurs near the cyclotron frequency which,
for GaAs, becomes comparable to the LO-phonon frequency at available magnetic fields. The
coupling of magnetoroton modes [S. M. Girvin, A. H. MacDonald, and P. M. Platzman, Phys.
Rev. Lett. 54, 581 (1985)], which are relevant to the fractional quantum Hall effect, to LO pho-

nons is also briefly discussed.

Electrons in the conduction band of polar semiconduc-
tors interact strongly with longitudinal-optical (LO) pho-
nons. This interaction leads to a strong coupling between
plasmons and phonons when their frequencies are compar-
able. For degenerate bulk polar semiconductors, where
the phonon and long-wavelength plasmon frequencies are
of the same order, this effect has been predicted theoreti-
cally! and confirmed experimentally.>* In a recent Rapid
Communication, Xiaoguang, Peeters, and Devreese* have
calculated the plasmon-phonon coupling for a two-dimen-
sional electron gas (2DEG) occurring at a GaAs/
Al,Gaj -, As heterojunction using the usual random-phase
approximation (RPA) for the electronic contribution to
the dielectric function.’ Unlike the three-dimensional case
where the plasmon frequency at ¢ =0 is finite, the 2D
plasmon frequency® varies as ¢'/> so that in the long-
wavelength limit, which is most accessible to experimental
investigation,” the phonon and plasmon frequencies are
never comparable. In this article we discuss the plasmon-
phonon coupling when the 2DEG is placed in a strong per-
pendicular magnetic field. At long wavelengths the mag-
netoplasmon resonance frequency approaches the cyclot-
ron frequency so that the magnetic field can be used to
sweep the electronic collective-excitation frequencies
through the LO-phonon frequency and achieve a strong
coupling between the modes. We also discuss coupling of

the electronic intra-Landau-level magnetoroton®® modes
of the 2DEG, which are relevant to the fractional quantum
Hall effect,'? to the LO phonons although it seems that the
magnetoroton frequencies will always lie well below those
of the LO phonon modes.

The collective-excitation frequencies of the coupled
electron-phonon system are determined by the equation,
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In Eq. (2) II(g,w) is the proper polarizability of the
2DEG and €. and €o are the high- (0> wro) and low-
(w< w10) frequency dielectric constants in the absence of
electrons. The second, third, and fourth terms in Eq. (2)
represent, respectively, the contributions to the screening
from interband transitions in the semiconductor, from op-
tical phonons, and from the mobile electrons of the 2DEG.
[Note that in the absence of the electronic contribution
e(q,0.0) =0, where wfo=o0to(eo/€x).] We begin by
considering the random-phase approximation!? for which
I1(g,w) is given by'3
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[In Eq. (4) L™(x) is the generalized Laguerre polynomial.!*] To discuss the collective excitations qualitatively, we re-
strict our attention to the case where only the lowest Landau level is full, and include only the contribution to the polari-
zability from transitions between the n=0 and n =1 Landau levels. Then,
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which, when inserted into Egs. (1) and (2) yields,
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where wp, is the RPA magnetoplasmon frequency'® calcu-
lated for a nonpolar lattice (i.e., w0 =wT0),

wip=0l(1+4(g))

=02+, (5b)
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In the long-wavelength limit, Eq. (5a) has a very simple
relation to the corresponding expression®!¢ for the reso-
nant frequencies at B =0,
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where w,, is the plasmon frequency in a nonpolar lattice at
B=0

(6b)

Since for ¢ — 0, as we can verify from Eq (5b), the classi-
cal magnetoplasmon dispersion relation'” (o2, — 0? =o?)
applies, it follows that the terms propomonal to
wto— wto in Eqs. (5a) and (6a) which produce the cou-
pling between phonon and electron modes become identi-
cal. The only effect of the magnetic field then is to in-
crease the uncoupled electronic resonance frequency from
wp t0 omp=(w?+w})"? Since for GaAs, wro=36.7
meV, wto=233.8 meV, and o, (in meV) =1.70B (in T),
the electronic and lattice resonance frequencies become
comparable at available magnetic fields. Note that for
w< wro Eq. (5a) reduces to

wp=2nne’q/eam .
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1.e., the interaction contribution to the lower-frequency
magnetoplasmonlike resonance is identical to that in a
nonpolar lattice except that it is to be calculated with the
low-frequency dielectric constant € rather than e€~. The
modes are most strongly coupled when @, =@y o so that, at
least as ¢ — 0, o}, =wfo+w? . Using this in Eq. (5a)
gives

01(g)=wlo+ 5
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i.e., for both modes the dispersion at long wavelength
shows a ¢'/2 behavior which should be easy to observe.

In order to obtain accurate results for the coupled reso-
nance frequencies at all wave vectors it is necessary to
solve Eq. (1) numerically including all Landau levels in
Eq. (3). The results of such a calculation are shown in
Fig. 1. (For ¢ — 0 analytic results discussed above are
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FIG. 1. Magnetoplasmon-phonon modes in the RPA (dashed
curves) and in the HFA ( full curves). (a) w.=%wro, (b)
®: =wL0, and (c) w. =2wLo. The dotted curves in (c) are the re-
sult obtained when transition between only n =0 and n =1 Lan-
dau levels are included [Eq. (5)].
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recovered since | F,o(g)|%<q?".) Figures 1(a)-1(c) il-
lustrate the cases where w,=%wo (B=144 T),
0. =wo (B=21.6 T), and w.=2w1o0 (B=43.2 T),
respectively. All calculations are for a full lowest Landau
level'® and so correspond to densities of 3.6x10'' cm ™2,
5%10'"" cm™2, and 1x10'2 cm™2, respectively.!” For
. <wto the lower resonance is magnetoplasmonlike
while for o, > w0 the lower frequency is phononlike. For
wto < @, < oo the modes are very strongly coupled with
the g'/? behavior mentioned previously evident in Fig.
1(b). The solid lines in Figs. 1(a)-1(c) result from the
time-dependent Hartree-Fock approximation? to I1(g,w)
which introduces substantial corrections to the RPA away
from the long-wavelength limit. In particular, the uncou-
pled magnetoplasmon resonance frequencies are larger in
the time-dependent Hartree-Fock approximation so that
the mode coupling is increased for o, < wyo.

We conclude by discussing the coupling of the magne-
toroton modes®® relevant to the fractional quantum Hall
effect to LO phonons. To do so we combine Egs. (1) and
(2) with the single mode approximation for the magne-
toroton contribution to the density response function’

5(g)A(g)
2g,0)=—2297297
& i W — A%(g)]
In Eq. (9) v is the Landau-level filling factor, 5(g) is the
projected static structure factor, and A(g) is the magne-
toroton energy. Since A(g) <wio X(q,w) should be eval-
uated with €g and

9
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Inserting Eq. (10) into Eq. (2) gives
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FIG. 2. Relative changes in the magnetoroton and phonon
frequencies at v=-+ and B =20 T.

where
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We have displayed in Fig. 2 the relative changes in @ +,
i.e., (w+ —oL0)/w0 and (w- —A)/A at B=20 T. Since
A~0.le%/egl Kw o we can expand in A/wro to obtain
oi=wloll+(A/w0)*B(g)] and wi=A1-(a/
w10)?B(g)]. The coupling between the two modes is very
weak; however, the result shows that one can in principle
observe the magnetoroton mode through careful analysis
of the experimental results for the LO phonon frequency in
a very strong magnetic field.
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