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Donor and acceptor levels of &doped two-dimensional magnetoplasmas are investigated in the
strong-magnetic-field limit. Disorder and impurity scatterings are treated self-consistently and
the effects of nonlinear screening are included. We find that the frequency-dependent conductivi-
ty exhibits satellites near the main cyclotron resonance peak which are associated with impurities.
Our results can explain some new features recently observed in far-infrared-magnetospectroscopy
studies of shallow impurities in a two-dimensional electron gas.

The confining effect of a magnetic field has many quali-
tative consequences for a two-dimensional (2D) electron
gas (2D EG) in a perpendicular magnetic field. For ex-
ample, at zero magnetic field there are both bound and
free single-electron eigenstates in the ideal 2D EG with a
single ionized impurity, while only bound states occur in
the presence of a perpendicular magnetic field. ' The
study of low-lying impurity levels has played a prominent
role in optical studies of heterostructures. Recently
there has been considerable experimental interest in

impurity levels in a magnetoplasma. It is clear that a
finite density of electrons can alter the impurity levels, be-
cause the electron-ionized-impurity interaction may be
strongly screened. However, the screening in a 2D EG is
itself qualitatively changed by a magnetic field. In the
simplest description, the screening wave vector in the 2D
EG is proportional to the density of electronic states at the
Fermi level. For an ideal 2D EG, the quantization of ki-
netic energy in units of hto„where ta, is the cyclotron fre-
quency, produces a singular density of states and causes
the screening wave vector to oscillate between infinity,
when a Landau level (the set of states with one allowed
kinetic-energy value) is partly filled, and zero when the
Landau-level filling factor is an integer. This strongly
singular behavior is largely mitigated by the disorder
broadening of Landau levels and a realistic description of
the screening of the electron-impurity interaction is made
possible only by accounting for disorder.

In this article we present a study of impurity levels in a
strictly 2D EG in a strong magnetic field. The interac-
tions of electrons with an ionized impurity and with a dis-
order potential are treated self-consistently. Nonlineari-
ties in the screening ' of the electron-impurity interaction,
which are found to be very important, are accounted for
by solving a set of self-consistent Hartree equations. We
calculate the effect of impurities on the infrared conduc-
tivity in the dilute-impurity limit and find that our theory
is able to explain recently observed and as yet unex-
plained features in the cyclotron resonance (CR) spec-
trum of b-doped 2D EG systems.

We begin by considering the case of an isolated ionized
impurity. It is convenient to take the origin of coordinates

drdr'(tt„(r)Z(r, r';ca)p„(r') . (I)
In the self-consistent Born approximation (SCBA), the
disorder-averaged self-energy is given by

~„(r,r';to) - g y„(r')y„(r')G„(m, m';to)
m, m'

X (VD(r) VD(r')),
where G„(m, m';co) is the Green's function.

We assume that the disorder is due to a set of identical
scatterers with 2D Fourier transform VD(q), whose posi-
tions projected onto the 2D plane are randomly distribut-
ed. In this case the impurity-averaged Green's function'
and self-energy are diagonal. The effect of disorder is to
change the spectral distribution of the Green's function
(i.e., the density of states) for each angular momentum
channel of each Landau level from a 8 function to a con-

(2)

to be at the impurity site and to choose the symmetric
gauge [A 8(—y, xO)/2] for the vector potential. In the
absence of disorder and impurity scattering, the eigen-
functions of the Schrodinger equation, "p„(r), may be
labeled by a Landau-level label [n;e„h, co, (n+ 2 )1 and
an intra-Landau-level label (m 0, 1,2, . . . ). [The angu-
lar momentum of the state (n, m) is h(n —m). ] In this
paper we limit our attention to the case of a strong mag-
netic field where the mixing of Landau levels by impurity
scattering or disorder scattering can be neglected. In the
absence of disorder and screening, the effect of an ionized
donor is simply to lift the Landau-level degeneracy by
shifting the eigenvalue for each angular momentum state.
Within each Landau level the shift is largest for the
s(n m) eigenstate whose eigenfunction has a finite am-
plitude at the impurity site. The shift decreases as m
for large m, since the large m orbitals are localized farther
from the impurity site. (Explicit results are given in Ref.
2.)

In the presence of disorder, the angular momentum
about the impurity site is no longer a good quantum num-
ber. We evaluate the disorder self-energy in the represen-
tation of disorder-free eigenstates defining

Z„(m,m';to) -(nm (Z(co) ~nm')
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(5)
r0 —co„—V„(m) —Z„(m;ar)

'

In Eq. (5), ro„ro, (n+ 2 ) is the Landau-level energy
and V„(m) is the m-dependent energy shift from the
screened impurity potential which, as we discuss below,
must be determined self-consistently. [G (q) is defined
in Ref. 2, L„(x) is a Laguerre polynomial, and l

(hc/e8) 'l has been adopted as the unit of length. ]
In the absence of the impurity potential, both X,(m, co)

and G„(m, ro) are independent of rn In thi.s case the sum
over m' in Eq. (3) may be performed and the usual SCBA
result" for the self-energy and Green's function of a

I

G„(m;ra)-

tinuum. The diagonal self-energy matrix elements are
given by

Z„(m;cu) g G„(m';r0) Q„(m, m'), (3)
m'

where

d2
Q„(m, m') - ~ [L„((q('/2)]'

(2n)

xe -~q~ (G~~(q)Pn;(VD(q)P (4)

n; is the density of disorder scatterers, and

disorder-broadened Landau level is recovered. For any
fixed set of V„(m)'s Eqs. (3) and (5) must be solved self-
consistently. The imaginary part of the self-energy for a
given angular momentum channel has a contribution
reflecting the rate at which electrons are scattered out of
that channel by disorder. We see that electrons can
scatter between channels only if they have spectral weight
at the same energy. Thus the broadening tends to be
smaller for angular momentum channels which are
strongly shifted by the impurity potential.

The set of V„(rn)'s must be determined by satisfying
another level of self-consistency.

V„(m) V„(m)+2 g [v„(m') —v„]A„„(m,m'), (6)
n', m'

where v„ is the fillin~ factor (per spin ' ) far from the im-
purity. In Eq. (6) V„(m) is the contribution to the energy
shift in angular-momentum channel m from the interac-
tion of electrons with the bare ionized impurity potential.
The additional contribution to V„(m) is the contribution
to the potential from the screening charges induced by the
impurity. The two-particle Coulomb matrix element,

A„„(m,m') &nm;n'm'[e /e(r~ —
rq( (nm;n'm'),

is given by

A„„(m,rn,
') q2 e i L„((qp/2)L„((qp/2)L ([qp/2)L ([qp/2),

(2rr)' e q
(7)

where e is the background dielectric constant. In our cal-
culations we have determined the self-consistent set of
V„(m)'s by iterating starting from the V„(m)'s estimated
in a linear screening approximation. ' At each stage in

the iteration procedure Eqs. (3) and (5) are solved as de-
scribed above. The filling factors in each angular momen-
tum channel can then be determined by integrating the
corresponding spectral weight up to the Fermi level. A
new estimate of the self-consistently screened impurity po-
tential is then obtained from Eq. (6) and the process is re-
peated to convergence.

Figure 1 displays the spectral distribution in the pres-
ence of an ionized donor for s(n m) and p

—(n rn-
+'1) channels and for a higher angular momentum

channel for both n 0 and n 1 Landau levels. In each
case the solid line and dashed lines show the result ob-
tained neglecting and including the disorder coupling be-
tween angular momentum channels. These results were
obtained for the representative case of 8 12.41 T and
n n; 3X10" cm with the disorder due entirely' to
remote ionized donors set back by d 0.6l. (At this field
and density, vo —,

' and the Fermi energy equals hco, /2. )
As m increases, the effect of the impurity potential dimin-
ishes and the spectral distribution converges toward the
SCBA result for a uniform system. The results for m 9
shown in Fig. l are barely distinguishable from those in
the absence of the impurity. The spectral distribution is
most strongly altered for the s and p channels. The s
channel is shifted well down so that the main peak does
not overlap with that from other angular momenta. As a
result the main peak is not broadened by interchannel
counling and is narrower than that of other channels. The

I

center of the p channel is shifted upward since the impuri-
ty is locally overscreened at the position where the p-
channel wave functions are localized. This feature occurs
even in a linear screening approximation and is a conse-
quence of two-dimensional electrostatics. 9 We find that
the charge on the ionized donor is, as expected, completely
screened. '

Figure 2 shows the spectral distribution in the presence
of an ionized acceptor. Because of the repulsive interac-
tion between the electrons and ionized acceptors the s lev-
els in this case are shifted upward. Again the p levels are
overscreened and they are shifted downward. We em-
phasize that it is because of the kinetic-energy quantiza-
tion and magnetic confinement effects in a strong magnet-
ic field that acceptors, at least in the absence of disorder,
produce bound states' in the conduction band.

In the dilute impurity limit we may evaluate the in-
frared conductivity by calculating its change for an isolat-
ed impurity and multiplying by the number of impurities.
For an isolated impurity transitions with hn=l and
hm 0 are optically active. It is easy to show that the in-
frared conductivity is the sum over all m channels of the
joint density of states between occupied states in the n =0
Landau level and the density of states in the n =1 Landau
level. For a typical situation, such as that discussed
above, only m 0 and m = 1 channels are strongly altered
by the presence of an impurity. Figure 3 shows the ab-
sorption spectrum for an impurity density of 3X10'
cm for both donor and acceptor cases. In each case the
main peak comes from transitions far away from the im-
purity sites. This peak is centered near the CR peak in
the absence of impurities. For the case of donors the
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FIG. 1. Spectral distribution of the s and p channels and of
the m 9 channel in the n 0 and n 1 Landau levels with an
isolated ionized donor. The solid lines show results obtained by
neglecting coupling between different angular momentum chan-
nels awhile the dashed lines include this coupling. Energies are in
e2/el units and are expressed, for both n 0 and n I, relative
to the Landau-level eigenenergy in the absence of disorder and
the impurity. For these calculations 8 12.4 T and e'/el 21
meV.

FIG. 2. As in Fig. 1 but for an isolated acceptor.

side, in agreement with our calculation. The feature on
the high-energy side of the cyclotron-resonance transition
in the acceptor case is associated, in our calculations, with
2p to 2s transitions. ' Our calculations could be gen-
eralized to the case where v & 2 and improved by account-
ing for the finite thickness of the 2D EG layer and by in-
cluding the coupling of different Landau levels by
electron-impurity, electron-disorder, and electron-electron
interactions. Even with these improvements, however, we
believe that a quantitative understanding of the magneto-
optical spectrum in a particular sample will be difficu to
achieve since the details of the spectrum depend sensitive-
ly on the disorder scattering in the system which has un-
controlled contributions from interface roughness and
from accidental doping.

shoulder on the high energy side of the main CR peak
comes from transitions between the downward shifted ls
channel to the upward shifted 2p+ channel, while the
peak on the low-energy side of the main CR peak comes
from transitions between the upward shifted 2p channel
to the downward shifted 2s channel. (In undoped quan-
tum wells this transition is not seen since 2p is not occu-
pied. ) In the case of acceptors, the situation is qualita-
tively different. The feature on the high-energy side of the
CR peak comes from transitions between the do~nwaId
shifted 2p channel to the upward shifted 2s channel. In
this case the upward shift of the ls channel is sufficiently
large that it is nearly unoccupied and there is no feature
on the low-energy side of the CR peak associated with ls-
to-2p transitions.

We believe that our theory provides an understanding
of several qualitative features seen in magneto-optical
studies of impurity levels at strong 6elds in magnetoplas-
mas. For donor impurities, features have been seen both
on the high-frequency and on the low-frequency side of
the main cyclotron resonance peak. Features on the
high-energy side have been interpreted as 1s-to-2p + tran-
sitions, in agreement with our calculation. The origin of
the features on the low-energy side ' which we attribute
here to 2p to 2s transitions, has not been understood.
For acceptors no feature has been seen on the low-energy
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FIG. 3. Optical absorption spectrum in the strong magnetic-
field limit for a dilute density of (a) ionized donors and (b) ac-
ceptors. The energies are in e /el units and are measured with

respect to hm, .
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