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In two-beam magnetophotoluminescence spectra of a two-dimensional valence hole gas we identify the
three-level energy spectrum of a free positive trion �X+� with a field-induced singlet-triplet transition. The
recombination spectrum of acceptor-bound excitons �AX� and trions �AX+� is also detected, including a cyclo-
tron replica �AXSU

+ � corresponding to the hole shake-up process. The emergence of a shake-up peak at low
temperature is shown to be a sensitive probe of the presence of a small number of impurities inside the
high-mobility quantum well, and its relative position is directly related to the hole cyclotron mass.
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I. INTRODUCTION

Quantization of single-particle energy into macroscopi-
cally degenerate, widely separated Landau levels �LLs�
makes the two-dimensional �2D� gas of charge carriers in a
strong magnetic field a unique setting for studying the non-
perturbative many-body interaction phenomena. Eminent ex-
amples of discoveries made in these systems include frac-
tional quantum Hall effect,1 emergence of incompressible
fluids with fractional or non-Abelian quasiparticles,2–4 or for-
mation of topological “skyrmion” excitations5,6 carrying
massive spin per unit charge.

A powerful tool used to study interacting 2D carriers is
photoluminescence �PL� spectroscopy.7,8 In a PL experiment,
additional electron-hole �e-h� pairs are introduced into the
system through photon absorption, and response of the sur-
rounding carriers makes the recombination spectrum sensi-
tive to their many-body dynamics.

Since their prediction9,10 and successful experimental
detection,11 trions �X±=2e+h or 2h+e� have been recog-
nized to play crucial role in PL of 2D gases.12–14 The three-
body dynamics of a trion might at first sight seem analogous
to the familiar hydrogen ion problem. However, comparable
e and h masses, confinement, magnetic field, nonparabolic
and anisotropic hole dispersion, and coupling to the crystal
lattice or free carriers—all generate complexity making tri-
ons fascinating objects of intense experimental15–20 and
theoretical21–28 research.

Nonetheless, the role of trions or other e-h complexes in
magneto-optical spectra is still far from being completely
understood. Especially the hole gas remains relatively less
thoroughly explored because of both more complicated va-
lence band structure and a larger difficulty in achieving ul-
trahigh carrier mobility. The last point invokes the puzzling
question of the role played by localization or, alternatively,
of the influence of weak disorder in strongly interacting 2D
systems of carriers.

This very question is addressed in the present paper. We
report magneto-optical studies of a high-quality 2D hole gas

in a GaAs quantum well. By precise control of experimental
conditions we were able to record very rich spectra shown in
Fig. 1, including free excitons and positive trions, and the
transitions involving trions bound to residual neutral accep-
tors inside the well. In the free trion spectrum, all three
anticipated25 bound states have been identified: one spin-
singlet and two spin-triplets. Of those, the positive “dark
triplet” state Xtd

+ has not, to our knowledge, been previously
observed. Crossover to the Xtd

+ ground state has been found at
the magnetic field B�12 T. The variation of energy and in-
tensity of the free trion peaks appears in coincidence with
expected formation of the incompressible hole fluids. The
spectrum of impurity-bound trions constitutes a sensitive
probe of the weak disorder in our sample. It contains a cy-
clotron replica corresponding to the “shake-up” process29–31

in the valence band. Identification of all transitions and es-
tablishing the role of acceptors located inside the well was
achieved by comparison of experiment with realistic numer-
ics. Led by prediction that the shake-up splitting is a bare

FIG. 1. �Color online� The �− polarized PL spectrum of the 2D
valence hole gas as a function of the magnetic field. Energy is
measured from the exciton line. Arrows mark several peaks identi-
fied at high fields: exciton X, trions X+ �red for spin-singlet and blue
for two triplets�, and emission spectrum of the acceptor-bound trion
AX+, including a shake-up line AXSU

+ .
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cyclotron energy, we were also able to determine the hole
cyclotron mass and observe an anticrossing of the heavy- and
light-hole subbands at B�8 T.

II. EXPERIMENT

The studied sample was a GaAs/Al0.35Ga0.65As quantum
well of width w=15 nm, grown by molecular beam epitaxy
on a �001� semi-insulating GaAs substrate and symmetrically
� C-doped in the barrier on both sides. The mobility of the
holes measured at low temperature �T=4.2 K� was �=1.01
�105 cm2/V s, corresponding to the mean free path compa-
rable with electron systems at �e�106 cm2/V s. The hole
concentration, measured from transport �quantum Hall ef-
fect� at the relevant temperature and magnetic fields was p
=1.15�1011 cm−2. The PL was excited by a 720 nm red line
of titanium sapphire tunable laser �below the energy gap in
the barrier�, and an additional 514 nm green ion argon line
�exceeding the gap� was used to decrease hole
concentration.18 The spectra were recorded at T=1.8 K and
in high magnetic fields up to B=23 T �i.e., at low LL filling
factors down to �= 1

5 � with a small step �B=0.1 T. We used
Faraday configuration with the linear polarizer and wave
quater placed together with the sample in liquid helium. To
switch between the �− and �+ circular polarizations �the
same for excitation and detection�, the magnetic field direc-
tion was reversed.

The field evolution of the PL spectrum obtained without
additional green illumination �i.e., at the maximum concen-
tration p=1.15�1011 cm−2� is presented in Figs. 2�a� and
2�b�. In the absence of magnetic field a single line is ob-
served, with an exponential low-energy tail, characteristic32

of the recombination of a spin-singlet trion Xs
+ �the only

bound 2h+e state at B=0�. More transitions appear when the
magnetic field is applied. Also, a difference emerges between
the two polarizations of emitted light, corresponding to the
recombination of e-h pairs with different spins �↑-↓ for �−

and ↓-↑ for �+�. This is sketched in the inset in Fig. 2�c�,
showing the spectra for B=16 T. The field dependence of all
resolved transition energies is displayed in Fig. 3.

Among other peaks we identify a neutral exciton X and
�for the first time� a pair of triplet trions: “dark” Xtd

+ and
“bright” Xtb

+ �the latter only visible in the stronger �− polar-
ization�. The exciton-trion peak splittings � are plotted as a
function of B in Fig. 4�a�. It is known18–20 that especially for
the Xs

+, difference between the exciton and trion Zeeman
splittings must be taken into account to make comparison
with the numerical Coulomb binding energies drawn with the
lines. This is done in Fig. 4�b� by averaging � over both
polarizations, markedly improving agreement with the nu-
merics. However, the lines in this frame are only a guide for
the eye, emphasizing the �not fully understood� oscillations
in ��B�, coincident with the Laughlin �= 1

3 fluid formation at
B=14.2 T. The singlet-triplet crossover �“hidden” in the PL
spectra� is revealed at B�12 T. The actual ground-state
transition occurs at a lower field due to the hole Zeeman term
weakening the Xs

+ binding. This prediction matches the ob-
served gradual decrease of the Xs

+ emission beyond B
�10 T.

Convincing identification of the weak lines found on the
low-energy wing of the trion spectra was achieved by the
comparison with realistic calculations. In the high-field �+

spectra, the AX state �an exciton bound to a residual neutral
acceptor A=A−+h inside the quantum well� is identified. It is
easily distinguished from charged complexes by additional
application of a green laser, causing clear enhancemenent of
the neutral X and AX emission peaks relative to all charged
states �at appropriate green illumination, the X peak is de-
tected down to B=0; an even larger power density converts
the structure from p to n type18�. The pair of �± lines labeled
as AX+ are attributed to recombination of a trion bound to a
neutral acceptor. At lower energy, a cyclotron replica of the
AX+ peak was detected. It describes a shake-up process29,30

in which the e-h annihilation is accompanied by excitation of
a leftover acceptor-bound hole to a higher LL.

Remarkably, the selection rules associated with transla-
tional symmetry of the quantum well preclude shake-up re-
combination of free trions.31 Furthermore, we found that
shake-up which arises from scattering of trions by free car-
riers is virtually negligible at fractional LL fillings due to
Laughlin trion-carrier correlations.27 Also in the comparable
electron systems shake-up is much weaker due to a larger
cyclotron gap. These facts make our system well suitable for
studying the shake-up effect. More importantly, its detection

FIG. 2. �Color online� Top: Comparison of �a� �− and �b� �+

polarized PL spectra at a sequence of magnetic fields between B
=0 and 23 T �same sample as in Fig. 1�. Bottom: Magnified spectra
at B=16 T. Several identified lines include free exciton X and three
positive trions X+ �spin-singlet and two spin-triplets�, acceptor-
bound exciton AX and trion AX+, and a light-hole exciton Xlh. Note
different spin splittings of the X, AX+, and different X+ states. Inset:
Schematic of the �± polarized transitions of a positive spin-singlet
trion.
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is a sensitive probe of a small number of residual impurities
in a high-quality structure.

III. CALCULATION

Calculation consisted of exact diagonalization of model
Hamiltonians of small e-h systems in Haldane spherical ge-
ometry, with and without an additional point charge A− in the
middle of the quantum well. Other near-center positions of
the A− gave equivalent results, but placing A− closer to the
well’s edge caused qualitatively different behavior, which
was found inconsistent with the experiment.28 Two spin
states and up to five LLs and two subbands were included for
both electrons and holes, with the realistic intersubband and
inter-LL �cyclotron� energy gaps. One- and two-body Cou-
lomb matrix elements were integrated exactly, using realistic
3D subband wave functions. Zeeman energy was omitted.
Further details were recently given in Ref. 28.

Let us summarize the numerical results. First, the Cou-
lomb binding energy of 2.65 meV was obtained �including
five LLs and two well subbands� for the neutral AX=A−

+2h+e state at B=15 T. Assumming the AX Zeeman split-
ting similar to X+ and AX+, this matches perfectly the ob-
served relative position of AX in the PL spectrum. Next, a
more strongly bound charged AX+=A−+3h+e state was
found in the presence of excess holes. It was established as
the most stable radiative complex in the presence of an A−

�with the neutral AX state prevailing for the A− located out-
side the well�. An example of the A−+3h+e spectrum is
shown in Fig. 5�a�. The ground state is a spin-unpolarized
�doublet� state AXd

+ with angular momentum M =−1 corre-
sponding to the “compact” single-particle configuration
shown in the inset in Fig. 5�c�. The AXd

+ has much lower
energy than a trion unbound from the A �the A-X+ interaction
pseudopotential is drawn with a solid line�. However, it is
rather weakly bound against the break-up into a spin-singlet
As

+ and a free exciton. Another marginally bound state *AXd
+

FIG. 3. �Color online� Mag-
netic field dependence of recombi-
nation energies identified in polar-
izations �− �a� and �+ �b� in the
PL spectra in Fig. 2. �c� Splitting
of the shake-up line.

FIG. 4. �Color online� �a� Magnetic field dependence of the trion binding energies determined from the exciton-trion peak splittings,
�=E�X�−E�X+�; lines, numerical calculation of the corresponding Coulomb binding energies �i.e., binding energies ignoring the Zeeman
term�; �b� Coulomb binding energies of the singlet and dark triplet trions, obtained as �± averages 1

2 ��++�−� to remove Zeeman effect; lines,
guide for the eye. The crossover occurs at B�12 T, and adding the hole Zeeman term to E�Xs

+� shifts it to an even lower field. Note features
around B=14.2 T, corresponding to �= 1

3 .
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occurs at M =0. All spin-polarized �quartet� states have
higher energy, even with the Zeeman term, and can be ne-
glected.

Figure 5�c� compares the AXd
+ and *AXd

+ binding energies
� computed more accurately by including more LLs or well
subbands. Clearly, only the AXd

+ is expected to show in PL,
and its small ��0.5 meV makes the detection depend on
low temperature �indeed, only the free X and X+ are observed
in our experiment above T�5 K�.

The accurate energy spectrum of A+ �i.e., of the final state
in the AXd

+ recombination� is shown in Fig. 5�b�. The four

lowest A+ states in the optically active M =−1 subspace �de-
fined by the �M =0 selection rule� include two singlets and
two doublets, derived from single-particle configurations
with either both holes in the lowest LL �A+� or with one hole
in the higher LL �*A+�.

The oscillator strengths for the AXd
+→As

+, At
+, *As

+, and
*At

+ transitions were calculated to predict the AX+ recombi-
nation spectrum in Fig. 5�d�. Coulomb transition energies
obtained from exact diagonalization have been additionally
shifted by the Zeeman correction determined from Fig. 2�c�.
Good agreement with the experimental PL spectrum supports
identification of the AX+ lines.

Remarkably, the energy distance between At
+ and *At

+ ap-
pears nearly identical to the hole cyclotron gap ��c over a
wide range of magnetic fields. This means equal binding
between the neutral acceptor and a hole in the lowest or
excited LL. More importantly, it allows extraction of the hole
cyclotron mass mh

* from the position of a shake-up line in the
PL spectrum. The result for our experimental data shown in
Fig. 5�e� reveals an anticrossing of the heavy- and light-hole
subbands at B�8 T.

IV. CONCLUSION

In conclusion, using polarization-resolved magneto-PL of
a 2D hole gas we detected all three states of a free positive
trion �singlet, dark triplet, and bright triplet�, earlier reported
only for negative trions. The “hidden” singlet-triplet cross-
over is found at a rather weak field B�12 T. We also ob-
served correlation between the changes in energy and inten-
sity of the trion recombination and condensation of the holes
into a series of incompressible fluids, thus confirming high
quality of the studied hole gas. Nevertheless, additional
lower-energy PL lines could not be explained by assuming
perfect translational symmetry. By combining experiment
with analysis of optical selection rules and realistic numerics,
we attributed these lines to the acceptor-bound trions, thus
establishing PL as a sensitive probe of the weak disorder in
our sample. A shake-up peak was also identified in the spec-
tra, with the relative position unaffected by interactions and
thereby directly linked to the hole cyclotron mass.
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