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Density of states and absorption spectrum of narrow quantum wells
containing a small number of free electrons and subject to a high magnetic
field are calculated numerically. The effect of an additional, second elec-
tron on the photoexcited electron—hole pair is analyzed. In density of states,
the exciton—electron interaction fills the gaps between the Landau levels and
yields additional discrete peaks corresponding to bound trions. In absorp-
tion, interaction with the additional free electron has no effect on the position
or intensity of the main sequence of excitonic peaks. However, it gives rise to
additional weaker trion peaks, both in the lowest and higher Landau levels.

PACS numbers: 71.35.Pq, 71.35.Ji, 71.10.Pm

1. Introduction

The exciton is an electron—hole pair bound by the Coulomb attraction,
X= e+ h. It occurs naturally in photoluminescence (PL) experiments, since the
relaxation time of both photoexcited carriers is typically much shorter than the
radiative recombination time. Negative and positive trions consist of an exciton
and an additional bound electron or hole, X~ = X +e or XT = X +h, respectively.
Whether trions actually form from excitons depends on the presence of free car-
riers in the system (e.g., due to doping), in addition to photoexcited pairs. The
measure of the attraction between a neutral exciton and the free carrier is called
the binding energy of a given trion state. It is defined as a difference between
the ground state energy of the unbound configuration (an exciton and an electron
in their separate ground states) and the trion energy. Obviously, trion binding
energies (originating from charge-dipole interaction) are much smaller than exci-
ton binding energy (due to direct charge—charge attraction). However, the spatial
confinement and the magnetic field can profoundly increase the exciton—electron
attraction [1], allowing for observation of these complexes in the experimental PL
spectra [2].
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Trions in 2D quantum wells (QWs) have been the subject of extensive theo-
retical studies in the past [3-5]. Depending on such parameter as the well width w
or magnetic field strength B, their energy spectrum contains one or more bound
states. They are labeled by spin S of the two identical carriers and total relative
angular momentum M. Due to a simple optical selection rule, only those trions
with M = 0 can recombine without transferring their angular momentum to other
carriers or impurities (which may be sparse in high-quality wells at low carrier
concentration). Hence, the M = 0 trions are called “bright”, in contrast to the
M # 0 “dark” states.

At least three trions are identified in model calculations: “bright singlet”
Xy (S =0, M = 0) which is the ground state at small B [1], “dark triplet” X}
(S =1, M = —1) predicted to survive as the only bound state in the high-B
limit [3], and a weakly bound but strongly radiative “bright triplet” X (S =1,
M = 0) that occurs at intermediate fields [5]. All or some of these states are
usually observed in PL experiments [6-8].

Understanding the role of trions in PL experiments requires many factors
to be taken into account (e.g., complicated single-particle energy band structure,
inter-carrier interactions, lattice defects, or spin-related effects). Some of the ex-
perimentally measured parameters can be calculated rather accurately, e.g. bind-
ing energies [5]. In this paper we discuss the effect of the presence of a trion on
the optical absorption spectra of two-dimensional electron gas (2DEG) in high
magnetic fields. The attention is paid mainly to the interaction of exciton with
single free electron and its effect on the PL spectrum.

2. Model

We consider a symmetric GaAs quantum well of width w = 15 nm, weakly
doped to produce a small electron concentration p, and placed in a high magnetic
field B = 10 T. By small concentration we mean that the filling factor v = 2mpA?
is much smaller than unity (A = y/hc/eB being the magnetic length). The e + h
and 2e+ h energy spectra were obtained by exact numerical diagonalization of the
Hamiltonian matrix. All calculations were performed on the Haldane sphere [9].
In this geometry, the magnetic field normal to the spherical surface of radius R is
produced by a Dirac monopole 2Q = 47 R? /¢, (where ¢y = hc/e is the magnetic
flux quantum) placed at its center. The single-particle energy levels &, fall into
degenerate angular momentum shells with | = @Q+n. The n-th shell represents the
n-th Landau level (LL), and n = 0 corresponds to the lowest LL. The energy ¢,
consists of the cyclotron energy hw.(n + %) and a curvature-dependent finite-size
term n(n + 1)A%/2uR?. In the above, w. = eB/pc is the cyclotron frequency, and
1 is the electron or hole effective mass.

With the aim of realistic modeling we replaced ¢,, with the correct energies of
electron and hole LLs, taken from experiment, i.e. at B =10 T, hw. = 17.8 meV
for electrons and 3.7 meV for the heavy hole [10]. The Coulomb interaction matrix
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elements were integrated numerically in 3D using the lowest-subband electron and
hole wave functions ¢(z).

3. Density of states

First, we have calculated the density of states DOS = dI'/dE (the number of
states I' per unit of energy E). Figure 1 shows results for e + h and 2e + h, both
for large 2Q) = 50 and with only two lowest electron and hole LLs included (n < 1).
Discrete energy spectra were transformed into continuous lines by broadening with
Gaussian functions. Solid, dashed and dotted lines were used to mark 2e 4+ h
(S = 0 and 1 plotted separately) and e 4+ h curves, respectively. Only S, = 0 is
shown. Additionally, the 2e + h curve was rescaled so that comparison with e + h
lines can be drawn.

low-energy
sector

Density of states (arb. units)

Oscillator strength (arb. units)

Energy (meV)

Fig. 1. Density of states (DOS) of e + h and 2e + h systems (continuous lines) and
optical DOS for 2e + h (discrete bars), calculated for a symmetric 15 nm GaAs quantum
well at magnetic field B = 10 T. Inset: magnified lowest-energy sector.

One of the differences between 2e + h and e + h DOS is the emergence of
trion states below excitonic continuum. For the noninteracting e—h pairs DOS
contains discrete peaks labeled by “neny”. When interactions are included, these
peaks broaden and shift slightly to the lower energies.

The curves for 2e + h are dominated by “n.n.n,” peaks, corresponding to
three unbound particles confined in different combinations of LLs. Low-energy
tails are due to exciton plus an additional unbound electron. Bound trions states
are visible as discrete peaks just below continuum (see inset for clarity). They are
the Xg, Xtq, X¢p (the weak binding of X is a result of unrealistic restriction to
n <1).
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4. Optical DOS and absorption spectra

For a pair of initial and final states |i) = e and |f) = 2e + h, the optical
oscillator strength is ¢ = |(f|P[i)|?, with P defining the dipole transition. It
can be expressed as a function of either initial- or final-state energy, and e.g.,
Q2(E) =Y 240(Es — E) describes the optical DOS (ODOS) of the 2e+h system.
Analogous expressions hold for the vac «» e + h transition.

On the other hand, the oscillator strength may be expressed as a function
of the photon energy £ = FEf — E; and weighted by the initial-state occupation
function 6, to give the absorption spectrum 2(&) = >, ¢ Oi6(Es — E; — £). Let
us note that this is obviously not equivalent ODOS for 2e + h.

Figure 2 plots ODOS of e + h, for n < 4 and 2Q = 20. Empty dashed bars
correspond to a noninteracting e—h pair. They have equal height and are equally
spaced by the joint electron and hole cyclotron gap fiwe x = i(we,e +We,n). Empty
solid bars illustrate the situation in which the e—h interaction is so weak compared
to hw. x that the LL mixing is absent. The peaks still have equal heights but now
their positions shift by Ax(n), the excitonic binding energy in the n-th LL. Since
Ax(n) decreases with n, the separation between consecutive peaks also decreases
(and is always larger than fiw. x). Finally, the grey-filled bars show the spectrum
including both intra- and inter-LL interaction. The strongest effect of the LL
mixing is the intensity transfer from higher to lower energy.

e+h

empty dashed bars - no interaction
empty solid bars - isolated LLs
filled bars - mixed LLs
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Fig. 2. ODOS of e+h, in a 15 nm symmetric GaAs QW at the magnetic field B = 10 T.

Five lowest LLs were included in the calculation.

Figure 1 shows also optical DOS for 2e 4 h, calculated using the same n < 1
and 2) = 50. There is no apparent correlation between DOS and optical DOS. In
analogy to e + h, the main peaks, labeled by “n’/nn”, correspond to a zero-wave
vector exciton created/annihilated on the n-th LL, in the presence of the second
electron (not bound to the exciton) on the n’-th LL. These peaks describe optical
processes almost unaffected by exciton—electron scattering. Optically active bound
trions (with e and h residing in different LLs) are visible as weaker peaks displaced
from “n’/nn” by the appropriate binding energy. In the lowest LL, only the singlet
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state is well visible because X ; has no oscillator strength, and Xy, has very small
binding energy (so that it cannot be distinguished from the exciton). The triplet
trion visible at E ~ 2.5 meV has one of its electrons in the 1st excited LL. It can
be formed if “00” exciton captures thermally excited electron.
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Fig. 3. The spin-resolved 2e + h absorption spectra calculated for a symmetric 15 nm
GaAs quantum well at magnetic field B = 10 T including five lowest LLs. Parts (a) and
(b) correspond to the initial-state electron in the lowest or first excited LL. Insets show

the magnified regions around the lowest two peaks.

Figure 3 shows the 2e+h absorption spectra §2(£), assuming that the initial-
-state electron is either in the lowest or first excited LL. Remarkably, when the
(great number of) main ODOS peaks “n’/nn” are shifted by E; = n'hwce, they
reproduce the bare-exciton spectrum.

The presence of an additional electron does not cause shifting or splitting of
these main absorption energies, and it has no significant effect on their intensities
(relative to one another). This demonstrates that bare excitonic absorption is
unaffected by a dilute electron gas (neither by renormalization of energy nor by
transfer of intensity between LLs).

The effect of free electrons is emergence of additional (compared to the bare
exciton) features in absorption spectrum, the strongest of them associated with
the trion formation. In Fig. 3, trion absorption peaks can be seen most clearly
in the insets, in which the vicinities of peaks “00” and “11” have been magnified.
In reality, their intensity relative to the excitonic peaks will depend on the filling
factor v (and can easily be much higher).
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5. Summary

In conclusion, we have calculated the DOS for e + h and 2e + h systems by
exact numerical diagonalization of the realistic Hamiltonians. The main difference
between DOS of e + h and 2e + h is the emergence of discrete bound trion states
below the excitonic tails and redistribution of DOS away from the LL peaks. The
ODOS of 2e + h shows no obvious correlation with DOS. The presence of (and
interaction with) an additional electron manifests in form of additional weaker
peaks. Some of them are attributed to bound trion states (in the lowest and
higher LLs).
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