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Abstract

Recombination spectra of free and acceptor-bound positive trions in a quasi-two-dimensional hole gas are investigated by the

combination of polarization-resolved photoluminescence and transport in high magnetic fields B and the realistic numerics. The whole

family of free positive trions (the pair of bright and dark triplets in addition to the well-known singlet) is observed for the first time.

Crossing of the singlet and triplet Coulomb energies is found at B � 12T. Slight decrease of all trion emission energies is observed at

B ¼ 14:2T, coincident with the formation of a n ¼ 1
3
Laughlin hole liquid. For the acceptor-bound trions, weak inter-Landau-level shake-

up transitions are identified and explained by the breaking of translational invariance.

r 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Excitons ðX ¼ eþ hÞ and trions (X� ¼ X þ e or h) often
determine photoluminescence (PL) spectra of low-dimen-
sional semiconductor nanostructures [1,2]. In quasi-two-
dimensional (2D) quantum wells subject to high magnetic
fields B, the trion energy spectrum contains the following
bound states labeled by the pair spin S and relative angular
momentum M [3,4]: spin-singlet with M ¼ 0 (X�s ) and a
pair of triplets with M ¼ �1 ðX�tdÞ and M ¼ 0 ðX�tbÞ. For
free trions, only the M ¼ 0 states are optically active
(‘‘bright’’); while recombination of states with Ma0
(‘‘dark’’) requires breaking of the 2D translational
invariance (e.g., by well width fluctuations or impurities).

In this paper we present investigations of the energy
and recombination spectra of positive magneto-trions in
p-doped quantum wells. Experimental PL and transport
studies were supplemented with realistic configuration-
interaction calculations. We report the first experimental
e front matter r 2007 Elsevier B.V. All rights reserved.
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detection of the entire family of Xþs , Xþtd, and Xþtb positive
trions and the singlet-triplet crossing (at B � 12T).
Reduction of the trion emission energy was found at
B ¼ 14:2T, coincident with condensation of the holes into
an incompressible n ¼ 1

3
Laughlin liquid. We also deter-

mined the recombination spectrum of acceptor-bound
trions, including weak shake-up transitions (with one of
the left-over holes excited to a higher Landau level, LL) [5].

2. Experiment

We used a pair of MBE-grown, symmetrically C-doped
GaAs/Al0.35Ga0.65As quantum wells of width w ¼ 15 nm,
hole mobilities (measured at low temperature T ¼ 4:2K)
m�105 cm2=Vs, and hole concentrations p ¼ 1:15 and
1:89� 1011 cm�2 (determined from quantum Hall measure-
ments). Both samples showed similar behavior so we will
only present the results obtained for the lower concentra-
tion. The PL was excited by a 720 nm red line (titanium
sapphire tunable laser; below the energy gap in the barrier),
and an additional 514 nm green line (ion argon laser; above
the barrier gap) was used to decrease p. The spectra were
recorded at TX1:8K and Bp23T (corresponding to LL
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Fig. 1. PL spectrum of a 2D hole gas at B ¼ 0. Arrow marks the slope

change in the trion emission tail, corresponding to the passing of the left-

over hole through the Fermi surface.
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Fig. 2. Polarization-resolved PL spectrum of a 2D hole gas at B ¼ 20T.

Recombination of free and acceptor-bound excitons and trions is

identified (incl. shake-up transitions).

0 10 15 20

B (T)

1.3

1.4

1.5

1.6

Δ 
(m

e
V

)

p=1.15×1011cm-2

w=15nm

T=1.8K

L
o
n
g
it. re

s
is

tiv
ity

ν=2/3

1
2

1/3

5

Xs
+

Xtd
+

Fig. 3. Binding energy of singlet and triplet positive trions as a function of

magnetic field. The quantum Hall curve confirms formation of the

Laughlin hole liquid at B � 14:2T.

L. Bryja et al. / Physica E 40 (2008) 1386–1388 1387
filling factors nX 1
5
). We used Faraday configuration with

the linear polarizer and wave quarter placed together with
the sample in liquid helium.

The PL spectrum at B ¼ 0 shown in Fig. 1 consists of a
single Xþs line. When plotted in logarithmic scale, the long
low-energy tail IðEÞ changes slope at the energy E about
d ¼ 1meV below the peak maximum. This effect is a
consequence of the finite radius kF of the 2D hole Fermi
sphere. In recombination of a free Xþ its total initial
momentum _k shared by the three bound particles equals
the momentum of the single left-over hole. Depending on
whether k is larger or smaller than kF, the hole is left either
outside or inside the Fermi sphere. For k4kF, decay of
IðEÞ is exponential [6]. In the opposite case, Pauli exclusion
principle considerably weakens the transition, causing
relatively more rapid decrease of IðkÞ. Combining expres-
sions for kF ¼

ffiffiffiffiffiffiffiffi

2pp
p

and the hole Fermi energy EF ¼

d=½1� ð2þme=mhÞ
�1
� we obtained EF ¼ 1:6meV and

mh ¼ 0:13.
An example of a much richer PL spectrum revealed at

B40 is shown in Fig. 2. Convincing identification of all
marked peaks was possible by studying dependence of the
spectra on p (tuned by the green laser) and comparison
with extensive numerics [7]. Among the resolved peaks are
free and acceptor-bound excitons (X, AX, and the light-
hole X lh), three states of a free trion (Xþs , Xþtd, and Xþtb),
and the four-line emission spectrum of the acceptor-bound
trion ðAXþÞ including a pair of AXþ ! �Aþ ‘‘shake-up’’
transitions involving excitation of one of the left-over holes
to a higher LL.

From the comparison of sþ and s� spectra we also
extracted the Zeeman splitting for the recombination of
different states. Interestingly, they are nearly identical for
X and Xþtd, considerably lower than for Xþs or AXþ. This is
traced to the k-dependence of the hole Landé g-factor.
Note that it causes reversal of the order of Xþtd and Xþs
peaks in the sþ and s� spectra.
To remove Zeeman contribution from the trion binding

energy D ¼ E½X � þ E½h� � E½Xþ�, the X=Xþ peak separa-
tions measured in PL must be averaged over both s�

polarizations. The resulting curve DðBÞ of Xþs and Xþtd is
displayed in Fig. 3. The singlet–triplet crossing is found at
B � 12T (relatively low field compared to the crossing
of negative trions in typical n-doped wells). Note also
downward cusps at B ¼ 14:2T in both curves. From the
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Fig. 4. Calculated magnetic field dependence of trion binding energies in a

symmetric 15 nm quantum well. Big difference between positive and

negative singlet states is evident.
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quantum Hall measurements [see the longitudinal resistance
curve RxxðBÞ] it is clear that B ¼ 14:2T corresponds to
n ¼ 1

3
, i.e., to the formation of a Laughlin incompressible

hole fluid.
3. Theory

The numerical (exact diagonalization) calculations of the
binding energies of the relevant excitonic complexes
(X ;Xþ;AX , and AXþ) were done in Haldane spherical
geometry, with the configuration interaction (CI) basis
containing up to five LLs and three quantum well
subbands for both electrons and holes [7]. Inclusion of
Coulomb dynamics in all three dimensions was essential for
reaching sufficient numerical accuracy for reliable inter-
pretation of the experiment.
In Fig. 4 we compare DðBÞ of different trions in a
symmetric w ¼ 15 nm quantum well. In comparison of Xþ

with X�, binding of the singlet state weakens the most of
all trions. This leads to the shift of the singlet–triplet
crossing to a lower B � 11T. Note that this transition field
agrees very well with our experiment (better than the
binding energies themselves).
Similar calculations were also performed with an ionized

acceptor located inside the quantum well. The AXþ ground
state is a spin-doublet with M ¼ �1. It can recombine to
any of the Aþ eigenstates with the same M ¼ �1.
Transitions to the lowest spin-singlet (Aþs ) or triplet (Aþt )
dominate, but the shake-up processes to the excited states
(�Aþs and �Aþt ) are also allowed. Calculated positions and
relative intensities of these four peaks agree rather well
with Fig. 2.
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