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The states of charged magnetoexcitons in two-dimensional systems are considered. Exact optical
selection rules for intra- and inter-band processes are discussed. The effect of excess electrons on
internal transitions of negatively charged excitons X~ in quantum wells is studied experimentally
and theoretically. An experimentally observed blue-shift with excess electron density is explained
in terms of collective excitations, magnetoplasmons bound to a valence band hole.

1. Introduction

The existence of three-particle mobile semiconductor hydrogenic complexes, negatively
(X7) and positively (X*) charged excitons, or trions, was predicted many years ago [1].
These species are the bound states of two electrons and one hole (2e—h) and one elec-
tron and two holes (e-2h), respectively. Reduction of the dimensionality enhances the
binding of the X~ and X* considerably [2-4]. Experimentally, X~ has been identified
in magneto-optical spectra of a low-density quasi-two-dimensional electron gas (2DEG)
in quantum wells (QWs) [S]. The observation in magnetic fields B of spin-singlet and
spin-triplet X~ and X' charged excitons in QWs has been subsequently reported by
many groups [6—13]. The bulk of the experimental work to date has been concentrated
on interband magneto-optics. More recently, intraband internal transitions of charged
excitons have been studied [14]. Theoretically, the behavior of X~ at high B (charged
magnetoexcitons), has been studied in the strictly-2D geometry [15], in realistic QWs
[16, 17], in a confining potential of a donor ion [18] and a quantum dot [19], and in a
spherical geometry [20, 21]%). The binding of X~ at low magnetic fields has also been
studied [23, 24].

The trions, X~ and X%, are often considered to be semiconductor analogs of the
negative, H™, and positive, H}, hydrogen ions. This analogy, however, is not complete.
Indeed, the hydrogen ions are usually treated in the infinite proton mass approximation
[25] and more closely resemble localized semiconductor complexes, such as the two-
electron negative donor ion, D™. The latter has been extensively studied in 2D systems
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rotational symmetry. The latter is some analogue of the translational symmetry on the plane. Be-
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in B (see, e.g. [26-30], and references therein). In the case of X, there are some
fundamental differences in the basic physics, which derive from the free motion of the
complex. For charged systems in B components of the magnetic translation operator do
not commute, [K,, K,] # 0, although both commute with the Hamiltonian, [K, H] = 0.
Therefore, translations form a non-commutative group and the corresponding dynami-
cal symmetry is often called magnetic translational symmetry (see [31-33], and refer-
ences therein). It has been used in the study of the motion of atomic ions in magnetic
fields [34]. This symmetry and the corresponding exact optical selection rule for
charged magnetoexcitons (MXs) have been identified only recently [35, 36].

The aim of this paper is twofold. First, we present an overview of the underlying
symmetries (Section 2) and exact optical selection rules (Section 3) for charged e-h
complexes in magnetic fields; eigenspectra of the strictly 2D X~ states in several lowest
Landau levels (LLs) are presented in Section 4. Second, results of experimental and
theoretical studies of the effect of excess electrons on internal X~ transitions are given
(Section 5).

2. Charged Electron-Hole Complexes in a Magnetic Field

We consider in the effective mass approximation charged e—h complexes in a semicon-
ductor with a simple valence band in a magnetic field; the exchange e—h interaction is
neglected. General symmetry properties are illustrated through the example of a three-
particle negatively charged exciton X~. Analogous considerations apply to other
charged e—h complexes. The Hamiltonian describing the 2D charged exciton X~ in a
perpendicular magnetic field B = (0, 0, B) is given by

H = Hy+ Hiy , 1)

where the free-particle part is
%) ~2
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and & = —ihV; — - A(r;) are kinematic momentum operators. The interaction Hamil-
tonian is ¢
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In concrete calculations the Coulomb interactions Uee = —U.p = €2 /er are considered,

otherwise particular forms of the interaction potentials can be rather arbitrary. We will
use the symmetric gauge A = B x r/2. The exact eigenstates of (1) can be labeled as [36]

|Wkm ssmv) - (4)
Here M, is the total angular momentum projection, an eigenvalue of

L.=% (rj x —inV;),. The total spin of two electrons can be either S, =0 (singlet

j
states) or S =1 (triplet states); Sy denotes the spin state of the hole. The discrete
quantum number k=0, 1,... is associated with magnetic translations. Indeed, the Ha-
miltonian (1) commutes [31, 32, 34-37] with the operator of the magnetic translations,

[K, H] = 0. Here K=Y K;, and K; = &; —% r; x B are the generators of magnetic

j N
translations of individual particles. In the symmetric gauge, K;(B) = #;(—B). Indepen-
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dent of the gauge, K; and #; commute: [Kj, #j,] =0, p, q=x,y. Noting that
5 hB
K., Ky] = —i - Q, where the total charge Q =" ¢;j = —e for the X~, and introduc-
i

ing the dimensionless operator

. (hBLlQ')” K 5)

with canonically conjugate components, one obtains the lowering and raising Bose lad-
der operators for the whole system [32, 34-37]

- A ro7 0

ki i\ﬁ (ke £ iky), [kt k] 0]
Therefore, k> = k. k_ + k_k, has the discrete oscillator eigenvalues 2k + 1, k=0,1,....
Because of the non-commutativity and hermiticity of K, and Ky, there is a macroscopic
(Landau) degeneracy in k. This degeneracy is quite natural because physically k de-
scribes the center-of-rotation of the charged complex in B. Finally, v in (4) is the princi-
pal quantum number. It can be discrete (bound states) or continuous (unbound states
forming a continuum); see below. Each v-th family of macroscopically degenerate states
starts with its Parent State that has k =0 — the center of orbit is the origin — and has
the largest (for Q < 0) possible M, in the family. The value of M, for the PS is deter-
mined by particulars of interactions and cannot be established from simple considera-
tions. Daughter states in the v-th family, |‘P,<CIX,‘,>17,(Se Shv>’ are constructed out of the PS as

(D) L@
|qjkMZ—kSeShv> = k- |qjk:0M7 SeShv>7 (7)

V!
where we have used [L;, léi] = +k.. In what follows we will often omit the superfluous
notation k = 0 for the PSs, e.g., |'1’§‘12 SuSyv)-

1. (6)

3. Selection Rules for Magneto-Optical Transitions

Selection rules should be formulated in terms of exact quantum numbers. At B = 0, the
exact quantum numbers can be chosen as the center-of-mass (CM) momentum, a con-
tinuous vector K, and the angular momentum projection of the relative motion lgel. For
simplicity we omit here the spin quantum numbers S, S, and do not discuss the usual
spin selection rules. There are two independent optical selection rules associated with
the orbital motion: (i) in the dipole approximation, when the photon momentum can be
neglected, K is conserved, and (ii) l;el changes according to the polarization of the
photon and the process involved.

For charged complexes in B, the quantum number associated with the translational
invariance, k, becomes discrete. It is conserved in the dipole approximation [36]. Physi-
cally this means that the centers-of-rotation of charged complexes in B in the initial and
final states must coincide. (Naturally, the emission or absorption of the photon does not
change the total charge of the system.) Because of the coupling of the CM and internal
motions for the e—h complexes in B, there is some fundamental difference in the opti-
cal selection rules. Note first that neither l;el, nor the CM angular momentum projec-
tion [f, is separately conserved in B. Only their sum, the total M, = l;el + £, is con-
served [34]. The second selection rule is formulated, therefore, in terms of M,.
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g Fig. 1. Intraband absorption processes involv-
MzSeShv DVV' ing the 2e-h states. The exact selection rule is

M, — M, = +1 for the ¢* polarization; spin is
conserved

v Y

YMzSeShv'
O * FIR photon

Importantly, the two selection rules cannot be satisfied independently in B. Indeed, con-
servation of k implies that the PSs, as having the same k = 0, must be directly con-
nected by the optical transition. However, each PS has some specific value of M.,
which is determined by the particulars of interactions. The existence of degenerate
daughter states does not bring any freedom, because in each family the quantum num-
bers k and M, are connected uniquely via Eq. (7). As a result, transitions between
certain families of states turn out to be prohibited (see below); we call such states dark.
The existence of dark states remains hidden in other (e.g., Landau) gauges (see Appen-
dix).

3.1 Internal intraband transitions

The Hamiltonian describing the interaction with radiation of polarization ¢* and fre-
quency o in the Faraday geometry is [38]

Yoo 47 O”ji —iot

viep T e, )
where o = Tjx £ imjy, and Fo is the electric field amplitude. Since
[VE K] = [V*, K?] =0, the quantum number k is conserved in intraband transitions
[32, 35, 36]. This means that the transitions must be allowed directly between the PSs:
|¥’§\];_)V> — \‘I’?ZVJ. Therefore, the PSs must satisfy in the o* polarization the usual selec-
tion rules M. =M, +1, spin conserved (see Fig.1). For the transition dipole matrix
element between the daughter states in the k-th and k’-th generations we have from (7)

_ (@D i @y _ 1 ®) | gz ()
Dy, = <l‘Uk’M’Z—k’v’| V| qjka/a) Nl <q/Mg.w| k+Vik7 |WMZV>
= S (Wit | V1400 ~ Onrs v, )

Here we have used [V*, k_] = [V*, k] = 0 and the operator algebra [k, k_] =1. We
see that D,,, is the same in all generations. Therefore, D, is a characteristic of the two
families of states.

3.2 Interband transitions

The interaction of an e—h system with the radiation field with e—h pair annihilation is
described by the luminescence operator LpL = Pev | dr lIA’e(r) ‘f’h(r), where p., is the
interband momentum matrix element (see Fig.2). Consider the photoluminescence
(PL) transition X~ — e, + photon, in which an e—h pair is annihilated and an electron
is left in the final state in the n-th LL. In PL from the X~ ground state, n =1,2,...
correspond to so-called shake-up processes (see, e.g. [9, 39] and references therein).
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Fig. 2. a) Interband PL process from the 2e-h state.
b) Interband absorption process involving electrons in
the n-th LL. For a) and b) the exact selection rule is
n=M,

The corresponding dipole transition matrix ele-
ment (Fig. 2a) is DeL(v) = ()] Lor WD) ).
Here |¢'°)) is the factored wave function of the
electron in the n =0, 1,... LL with the oscilla-
* (b) tor quantum number m = 0,1,... (see, e.g. [33,
34, 37]). The latter is the single-particle analog
of the quantum number k in (7). The angular
momentum projection m, =n —m. Due to the
change of the Bloch parts of orbital wave func-
lPMZSeSh\/ tions in this case, the usual selection rule
AM; = 0 holds for the envelope functions. Thus,
m, =n—m = M, — k must hold. Because of the commutativity [prL, K] =0, the oscil-
lator quantum number should be conserved: m = k. We see, therefore, that [36]

Dpr(v) ~ On M, - (10)

This is an important result. It shows that the X~ PL transition is only possible when the
electron is left in a single and specific electron LL with the number n = M,; M, here is
the angular momentum projection of the PS. The implications for any isolated X~ state
in a translationally invariant system in B are:

— X~ states with M, < 0 are dark in PL;

— X~ shake-up processes in PL are strictly prohibited. (For donor-bound X~ states
in zero LLs with M, > 0 (which are energetically favorable), the optical transitions are
allowed only via shake-up processes (see [18])).

The general exact selection rules discussed in this section are applied in the following
to describe the magneto-optical transitions of the 2D charged MXs X ™.

4. 2D Trions in Zero and Higher Landau Levels
In the limit of high magnetic fields such that [15, 16, 36]

heB G

Me(h) 2 @ ’

hwce(h) = (11)

LLs remain well-defined. In this limit the three-particle 2e—h states can be labeled in
the first approximation as |II/,((",{,I"Z “;e s,»)- Here, in addition to the exact quantum numbers
(4), a pair of quantum numbers (neny) has been introduced, describing the total elec-
tron LL number n. and the hole LL number sy, [37]. The expansion in LLs for charged
e—h complexes that preserves all symmetries requires summing over an infinite number

of e- and h-states in zero LLs. The method has been described elsewhere [37].

4.1 Eigenstates

The calculated 2e—h eigenspectra in several of the lowest LLs (n.np) are presented in
Figs. 3-5. Note that only the PSs k = 0 states are shown. Filled dots above free LLs in
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Fig. 3. Eigenspectra of the three-particle 2e-h electron triplet S. =1 states in zero LLs
(nenn) = (00). Only states with k =0 are shown. Energy is given relative to that of free LLs
L h(wce + wen), in units of Eg = /7w/2 €*/elp

Figs. 3—-5 show positions of the excited three-particle states, denoted as (2e)—h. These
states originate from the excited states of two electrons that are bound in 2D: despite
the e—e repulsion, their relative motion is finite because of the confining effect of the
magnetic field [40]. Our results show that an infinite number of such states remain
bound in the presence of the hole. For M, > 1, the hole can be at a sufficiently large
distance from two electrons so as not to perturb strongly their relative motion. In this
situation, the relative motion of two electrons can be approximately described by the
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Fig. 5. Same as in Fig.1 for states in the (n.np) = (01) LLs. Energy is given relative to
h( wee +3 ocn). The solid triangle marks the state with M, = 0 that may undergo a weak inter-
band PL transition X{;;, — e; + photon. The solid diamonds mark the final states in the intraband
internal inter-LL transitions X{,, — X;;, which are strong in the 6~ polarization

relative e—e angular momentum projection m. The larger m, the larger is the e—e dis-
tance. With increasing M, channels with larger m appear as the bound (2e)-h states. In
Figs. 3 and 5, for instance, only one such family (with m = 1) has developed; states with
even m =0, 2,... are forbidden for electron triplets in the zero electron LL. Asympto-
tically (M, — oo) an infinite number of different (2e)—h families appear in the spectra.
The bound discrete (2e)-h states form therefore rather dense spectra, a quasi-conti-
nuum. The hole is at a finite distance from the electrons in these states: the relative
motions of all three particles are finite. In an approach that fails to recognize different
k-states, it would have been hardly possible to identify the nature of the excited dis-
crete states above free LLs. Note that bound excited states of a similar nature exist in
the spectra of the 2D negative donor ion D~ in strong magnetic fields [28].

The shaded areas in Figs. 3-5 correspond to the three-particle continuum. It is formed
by the neutral MX, all states of which have bound internal and extended CM motions
[18, 41], and an electron in a scattering state. The electron is on average at infinity (see
footnote 2)) from the MX: the mean quantum mechanical distance between, e.g., two

electrons is infinite in any scattering state, \/((r; —r2)%),. = co. For the (neny) = (10)
LLs, there are two different overlapping MX bands (see Fig. 4). One corresponds to the
Xoo MX (e and h in their zero LLs) with the second electron in a scattering state in the
first LL. The lower continuum edge lies at the ground state energy —Ej of the Xg9 MX
[41]. The second, narrow continuum corresponds to the X;p MX (e in the first and h in
the zero LL). The lower continuum edge lies at the ground state energy —0.574E, of
the X;o MX. For the isolated MX, it is achieved at a finite momentum Klgz ~ 1.19; an
inverse square-root van Hove singularity in the X density of states is associated with
this extremum in 2D. There is another extremum [41] in the Xy dispersion at K =0
producing a finite jump in the Xjo density of states at an energy —0.5E;. For the
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(neny) = (01) LLs, there is only one continuum formed by the Xy MX in the zero
electron and first hole LLs (Fig.4). The spectra of the isolated Xy and Xjo neutral
MXs are equivalent.

There is a number of low-lying bound X~ states. In the zero LLs, there is only one
bound state, the triplet Xy with a small binding energy 0.044E, (counted from the
lower continuum edge, see Fig.3) [15, 16, 36]. In the 2D system in the high-B limit,
there are no bound singlet X~ states in the zero LLs. This is in contrast to the situation
at B =0, where only the singlet X~ binds, and to quasi-2D systems at finite B, where
both singlet and triplet X~ states are bound [16]. In the next electron LL (neny) = (10),
there is also only one bound state, which is the triplet X, with larger binding energy
0.086E, [36, 37]. This resembles a stronger binding of the triplet donor ion D~ in the
first electron LL and has the same physical origin, which is discussed in [28, 36]. In the
next hole LL (ncny) = (01), there are many bound states, both triplets X, (Fig. 5) and
singlets X,,; spectra for the latter have been presented elsewhere [37]. This is ex-
plained by the fact that the neutral Xy MX is relatively weakly bound, so that many
bound X~ states split off from the corresponding narrow continuum. The ground triplet
Xy, state has M, = —4 and rather large binding energy 0.184E,. For the singlet X,
ground state the corresponding values are M, = —3 and 0.207E, [37].

4.2 Interband transitions

The spectra obtained for the X~ eigenstates, together with the selection rule (12), make
it possible to qualitatively understand interband transitions involving both discrete
bound X~ states and the continuum. As follows from (12), all 2e—h states that have
negative total M, < 0 are dark in PL. An important example is the ground triplet X,
state in zero LLs that has M, = —1 (Fig. 3) and is therefore dark [36]. This result has
also been found in the spherical geometry [20]. In the strictly-2D high-B limit it also
follows [15] from the “hidden symmetry” [42—-44] in e—h systems. Importantly, quasi-2D
effects, admixture of higher LLs, or a complex character of the valence band [36] will
not make the ground X[ state bright, as long as it remains at M, < 0. Finite-size calcu-
lations performed in the spherical geometry [21] indicate that the second ‘“bright” tri-
plet X, with M, =0 may exist in quasi-2D systems at finite B. High-accuracy calcula-
tions in plane geometries for realistic QW parameters give, however, a rather small
binding energy (0.15 +0.1) meV for wide 300 A GaAs QWs at high B and indicate that
this state is unbound in 100 A QWs.

Let us now consider bound states in higher LLs. The strongly bound triplet X;;, state
in the first electron LL (10) has M, =1 (Fig. 4). It is PL active only in the process
X0 — €7 + photon, which leaves the electron in the first LL. This PL process has a
large dipole transition matrix element. Consider now the absorption (Fig.2b) involving
the low-density 2DEG in the zero LL with final states belonging to the first electron
LL. Such absorption processes were observed [45] in the low-density 2DEG in mag-
netic fields and called a “Combined Exciton-Cyclotron Resonance” (EXCR). Due to the
selection rule (10), the transitions to the bound triplet state e; + photon — X;;, and
transitions to the excited bound states (2e)-h are prohibited. Therefore, when the final
states belong to the first electron LL, the EXCR processes can only go via transitions to
the continuum. There are two overlapping continua in the (10) LL (Fig. 4). Somewhat
surprisingly, theory [46] predicts that both channels e; + photon — Xy +e; and
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(10)—— Fig. 6. Schematic drawing of the 2e-h

: triplet S. = 1 eigenstates in zero and two
higher LLs relevant for the inter-LL
transitions from the triplet ground state

in the o* polarizations

-0.57E, -

e, + photon — Xjo + ¢; have large
oscillator strengths. Therefore, the
high-field ExCR should have a dou-
ble-peak structure.

4.3 Intraband transitions

Consider the inter-LL transitions

from the 2D triplet Xj;, ground

state. In principle, both bound-to-

bound and photoionizing bound-to-

X0 ; continuum transitions are possible

My=-1 in B. This is in contrast to the 2D

negative donor ion D, for which

all internal transitions are bound-to-bound, and there are no allowed photoionizing

transitions in strong magnetic fields [27, 28]. In the 0" (0~) polarization the inter-LL

e-CR-like An. =1 (h-CR-like An, = 1) transitions are strong and gain strength with B

(Fig. 6). All other transitions are only due to LL mixing and are weak; transition matrix

elements ~ [Eo/hwce(h)]z ~ B!, The transitions must simultaneously satisfy the two se-
lection rules (11): Ak = 0 and AM, = +1.

Consider first the ot polarization. Because of the selection rules, the bound-to-bound
X0 — X{jo transition, which lies below the e-CR, is strictly prohibited in a translation-
ally invariant system [36]. There are two channels of photoionizing transitions to the
continuum: X, + photon — X9 + e and X3+ photon — Xjo + €;, shown as transi-
tions 1 and 2 in Fig. 6. Both have large oscillator strengths and intrinsic linewidths
~ 0.2Ey. The situation resembles the ExCR transitions discussed above. The corre-
sponding double-peak structure in the singlet and triplet X~ inter-LL transitions has
been observed experimentally [14].

In the o~ polarization, there are two bound-to-bound [35] X{;, — X, transitions with
final states having M, = —2 (transitions 3 and 4 in Fig. 6). Both transitions lie above the
h-CR. There is also a broad photoionizing transition 5 to the Xy; + ey continuum. Note
that transitions to many families of the bound Xj;, states (see Fig. 5) are forbidden in a
translationally invariant system. As the presence of disorder would make many of these
transitions partly allowed, the spectra are expected to be sample dependent.

5. Many-Body Effects in Internal Transitions
of Charged Magnetoexcitons
5.1 Experiment

Optically detected resonance (ODR) spectroscopy combines visible/near-infrared photo-
luminescence (PL) with far-infrared (FIR) methods [47]: one monitors the changes in
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the intensity and shape of the PL signal of a sample that are induced by the (resonant)
absorption of radiation from a FIR laser. The sample is mounted inside a variable tem-
perature insert in a liquid helium cryostat at the center of a superconducting magnet
and is kept at low temperatures, typically 4.2 K. The external magnetic field (up to
15T) is used to tune the various FIR transitions into resonance with the FIR laser
photon energy, which ranges from 2.87 to 17.6 meV. Optical fibers are used to transport
the exciting light and collect the PL signal, and a light pipe and condensing light cone
system is used to guide and focus the FIR radiation to the sample inside the cryostat.
The light intensity of the HeNe or Ar" ion excitation lasers is approximately 500 mW/
cm?, and the power of the FIR laser at the output coupler of the laser head lies be-
tween 20 and 80 mW. The FIR radiation is modulated with an external chopper at a
frequency of approximately 200 Hz, and phase-sensitive, lock-in techniques are used to
detect the induced changes in the PL signal, which are typically between 0.1 and 10%
of the PL intensity.

Three GaAs/Aly3Gap7As multiple quantum well samples, modulation-doped with sili-
con in the barriers, were studied. The structures of these low, medium, and high carrier
density samples are [(well/barrier—thickness in A) x repetitions]: sample 1: (200/400) x 40;
sample 2: (240/480) x 20; and sample 3: (240/240) x 10.

Figure 7 shows ODR scans for all three samples taken at a FIR laser photon energy
of 12.8 meV. In addition, the magnetic fields corresponding to electron filling factor
ve =2, B=04, 1.7, and 4.0 T, respectively, (determined by magneto-photolumines-
cence measurements) are indicated by the downward pointing arrows. The position of
electron cyclotron resonance, present in all three traces, is marked by the vertical solid
line at B=7.7 T labeled e-CR. A second feature marked by the upward pointing ar-
row is observed at magnetic fields just below e-CR. It is identified as the triplet-like
internal transition of X~ [14, 36]. As the carrier density is increased (following the
traces from top to bottom), this feature evolves from a shoulder to e-CR in the low
density sample to a clear peak in the high density sample as it moves to lower magnetic
fields and therefore experiences a blue-shift in energy. Other resonances observed at
lower magnetic fields are identified as the internal singlet-like transitions of X~ [14, 36].

T T+ T T T T T T "~ T 1T 1

I ‘V=2 2x10"%cm®

Fig. 7. ODR spectra of samples 1,
2, and 3, recorded for a FIR laser
24 photon energy of 12.8 meV. The

2
5
o] 10
S 32x10 om position of the e-CR is indicated
= by the solid vertical line, the tri-
5 plet-like X~ transition is marked
(73] by the upright arrows, and filling
o factor v, = 2 is indicated for each
8 sample by the downward pointing
arrows. Inset: comparison of the
F oo . - blue-shift of X~ and D~ plotted
4008 6 7T 8 9 4 X triplet

as a function of magnetic field
R S TR P SV R S (see text for details)
0 1 2 3 4 5 6 7 8 9 10 11 12
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They are most notable in the low and medium density samples, but are not seen in the
most heavily doped sample for which they would occur at fields below that correspond-
ing to v, = 2. This behavior is not the subject of the present discussion.

The inset to Fig. 7 shows that the experimentally observed blue-shift of the dominant
internal X~ transition extracted from the low and medium density samples is larger
than the corresponding singlet-like transition of D~ measured in a well- and barrier-
doped GaAs multiple quantum-well (MQW) sample of similar dimensions and carrier
concentration [48, 49].

5.2 Theory

To understand the experimental findings, we consider intraband excitations from the
ground state of the 2D system with integer fillings of electron LLs ve = 27/3n, =1, 2
containing a low-density gas of photoexcited mobile valence band holes (see Section
5.1). The collective excitations correspond to transitions to the correlated e—h final
state. It can be viewed as an interacting few-particle system: The final state consists of
the conduction band electron in the empty n =1 LL, ey, a conduction band hole in
an otherwise filled n =0 LL, hyy, and a mobile valence band hole in the n =0 LL,
hypo. Similar ideas have been exploited for a description of the interband PL from the
2DEG in high fields (see [50] and references therein to earlier work). Notice now that
we can treat the final state as a positively charged complex X', with a strong ex-
change interaction between the particles e, and hepg. The intraband optical transition
matrix element (Fig. 8a) resembles an interband transition (Fig. 2b). Classification of
states and optical selection rules can therefore be formulated following the recipes of
Sections 2 and 3.

In the absence of the valence band hole, the intraband collective excitations are charge-
neutral 2D magnetoplasmons [40, 51]. They are characterized by the conserved CM mo-
mentum K, have finite relative motion (a bound ey —heyo pair) and extended CM mo-
tion. Only K = 0 magnetoplasmons are e-CR active and, due to Kohn’s theorem [38],
have the bare cyclotron energy siw... Magnetoplasmons with K # 0 form at v. =1 a band
of finite width Ey/2. In the presence of the valence band hole, different K states are ad-

mixed into the three-particle X eigenstate.
htbo (@) Kohn’s theorem is no longer applicable, and
many states acquire oscillator strength.

Calculations of the eigenspectra of the
three-particle 2h—e excitations and matrix
elements of intraband optical transitions
hybo + photon — 2h—-e  (Fig. 8) were per-
formed using a method that is similar to our

Fig. 8. a) Intraband absorption processes involving
the valence band hole hyyg in the initial state and
2e-h final states. b) Polarization operator 7(w) de-
scribing intraband absorption in the 2DEG with
integer filling of LLs in the presence of the va-
lence band hole. Absorption —2Imu(w) ~ np,
n((x)) where ny, is the density of holes
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Fig. 9. Energies and oscillator strengths of the collective modes, magnetoplasmons bound to the
mobile valence hole, for electron filling factors v. = 1,2. They are blue-shifted relative to the inter-
nal transition of the isolated (v — 0) triplet charged MX X~. The shaded area shows the position
of the magnetoplasmon continuum

treatment of the X~ states [36, 37]; a detailed account will be presented elsewhere.
Here we discuss the spectra of transitions that have energies larger than the e-CR en-
ergy hwe.. For electron filling factor v, = 1, there exists one rather sharp peak. It corre-
sponds to the optically active 2h—e state, a three-particle resonance that lies within the
magnetoplasmon continuum (Fig. 9). With increasing v, exchange-correlation effects
are enhanced. As a result, the quasi-bound three-particle state shifts upward in energy.
For filling factor v. = 2 it moves out of the continuum and becomes a truly bound 2h—e
state that is characterized by finite relative motions of all particles. For both v. =1 and
2, the optically active state describes a magnetoplasmon bound to the mobile valence
band hole hyyo. Note that with the increased energy separation from the optically-active
e-CR mode, this state loses oscillator strength.

The energies of collective excitations are larger than the energy of the internal transi-
tion [14, 36] of the isolated (v — 0) triplet X~ state. This means that X~ transitions are
blue-shifted in the presence of excess electrons. The calculated blue-shifts of the X —
triplet at v =1 and v. =2 are 0.28FE, and 0.49E,, respectively. This behavior resem-
bles the blue-shift of the two-electron negative donor center D~ in the presence of
excess electrons [48, 49], which is understood in terms of magnetoplasmons localized on
fixed donor ions D [52, 53]. In the latter case the translational invariance is broken by
the donor potential and classification of states is qualitatively different. Quantitatively,
the blue-shifts of the X~ and D~ are comparable; for the latter they are given by
0.15E, and 0.34E; at v, = 1 and 2, respectively [52]. In agreement with experiment, the
predicted blue-shift of the X~ is larger than that of the D~ (see inset to Fig. 7).

6. Conclusions

Exact optical selection rules for inter- and intra-band transitions of charged e—h com-
plexes in magnetic fields have been discussed. We have considered in detail the struc-
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ture of the 2D X~ eigenspectra in several LLs. It has been shown that generally there
exists a multitude of discrete bound X~ states, both singlets and triplets, associated with
higher LLs. Only few of these states are optically active in a translationally invariant
system in a magnetic field.

The effect of excess electrons on internal transitions of charged MXs X~ in quantum
wells has been studied experimentally and theoretically. The observed blue shift is ex-
plained in terms of a new type of collective excitations, magnetoplasmons bound to a
mobile valence hole.
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Appendix

In the Landau gauge, translational invariance is manifestly preserved in one direction
[54]. Tt might seem that the implications due to the magnetic translations could be
more transparent in this gauge. Here we show that for charged e—h complexes this is
not the case: the existence of dark states remains in fact hidden in the Landau gauge.
Fundamentally, this happens because in the Landau gauge the rotational symmetry of
space is manifestly broken in the Hamiltonian. The choice of the symmetric gauge
leaves both dynamical symmetries, rotations about the B axis, and the magnetic transla-
tions, intact.

The transformation from the symmetric A(r) =B xr/2 to the Landau gauge
A'(r) = (0, Bx, 0) = A(r) + Vf(r), where f(r) = Bxy/2, is realized with the help of the

unitary operator U =exp (i) e;Bf(rj)/hc [54]. The eigenstates and operators in the
j

Landau gauge will be denoted below by the tilde sign. As an example, the exact
charged degenerate eigenstate in the v-th family with a 1D momentum k, is designated
as |‘i’kvv). The spin quantum numbers are omitted for brevity (cf. (7)). Consider in the
Landau gauge the dipole transition matrix elements, analogous to Eq. (9), between the
states from the v-th and v/-th families. The operator of the interaction with the radia-
tion of polarization o= (8) is V= = UV*U' in this gauge. It conserves k,, therefore
<'i/kyv| v+ |‘I~’k;_1,/> ~ 8(ky — k). Also, D, (ky) = <‘I~’kﬂ, v+ |lf’k}_vf> does not depend on k.
Indeed, a state with some arbitrary &, |‘I’k;_v), can be constructed from any other state
in the same v-th family, |¥,,), with the help of the unitary operator of translations in
the momentum k, space, T,

W) = Tk, [Who) s (A1)
Ty, = exp (—iK ky/B2). (A2)

This follows from the (gauge independent) commutation relation for the x- and y-com-
ponents of the operator of the magnetic translations [K,, K,] = ilz* and from the com-
mutativity of K with the Hamiltonian, [H, K] = 0. Since [T, V*] = [T,ﬁy, VE =0, we
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have
f)w/(k'y) = <i’k;y v+ |lilk’yv’> = (| TT/V_kyViTk’yfk D)
- <g~lkyv‘ Vi |q~lkyv’> - ﬁvv’(ky) . (A3)

However, unlike the situation in the symmetric gauge, there are no PSs in the Landau
gauge: states with arbitrary k, are allowed. Therefore, we cannot proceed here as in
Eq. (9). As a result, the fact that some of the families of states are dark turns out to be
hidden in the Landau gauge. To make it apparent, one has to go back to the symmetric
gauge

- 00 ~ 1
)= ol (k) U—
| k} > kg() ky( ) \/F
(v)

where a (k) are expansion coefficients, and we have used Eq. (7). Then, using (9)
yields

K<), (A4)

Dvlky) = | 32 ay) (k)* & (k)| Dyw = Dy, (AS)

where we have used the fact that Z a ( ) a,(:/>(k) =1 for arbitrary families », .

This fact can be established by group theoretlcal considerations [31]. It physically fol-
lows also from, e.g., the sum rule for the oscillator strengths and the fact that D,,, does
not depend on k,. Above we have not used a concrete form of the gauge transforma-
tion U. Therefore we have proved that the dipole transition matrix element D,,, — a
characteristic of two macroscopically degenerate families of charged states — is gauge-
invariant, as it should be.
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