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We investigate polarization-resolved fine structure in the photoluminescence (PL) in the fractional quantum
Hall effect regime at B = 4—6 T, where small Zeeman energy allows spin-depolarized ground states. We observe
up to five distinct peaks with characteristic polarization and temperature dependence in the vicinity of v = 1/3
and quenching of the PL from triplet charged quasiexcitons at around v = 1/4. Those findings appear to be
consistent with results of exact diagonalization on a Haldane sphere including all spin configurations and are

understood to be PL from fractionally charged quasiexcitons.

DOI: 10.1103/PhysRevB.89.115317

I. INTRODUCTION

The quest for the understanding of strongly correlated
electrons in the fractional quantum Hall effect (FQHE) [1,2]
continues [3,4]. At present, the FQHE is understood as the
integer quantum Hall effect of composite fermions (CFs) [5,6].
A CF is composed of an electron with an integer number of
flux quanta ¢y = h/e attached to it. The effective magnetic
field B* = B —2qvB experienced by a CF is reduced by
2qv B, where 2q is the number of the attached flux quanta
forg = 1,2, ..., and v is the electron filling factor. Hence, the
v = 1/3 state corresponds to the spin-polarized filled lowest
Landau level of CFs with two flux quanta attached [7], while
v = 1/4 is expected to correspond to the Fermi sea of CFs
with four flux quanta attached.

For FQHE at low magnetic fields the Zeeman energy is
expected to be much smaller than the Coulomb energy, and
the spin is expected to play an important role [8,9]. The spin
polarization of the CF at low temperatures changes with v due
to the alignment of the CF Fermi level with respect to the
up- and down-spin CF levels depending on B* [7,9—11]. The
ground state of the two-dimensional electron system (2DES)
at v = 1/3 is expected to be fully polarized in the absence of
the Zeeman energy. The spin configuration of the ground state
of 2DES slightly away from v = 1/3 was verified to involve a
reversal of a large number of spins at small Zeeman energies
[9,12]. The charged excitations in the vicinity of v = 1/3 were
thus shown to be skyrmions of CFs, but it was claimed that
extremely low density GaAs samples were required for the
observation of skyrmions of CFs [9,12].
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Upon an optical excitation, an electron-hole pair is created
in the CF sea. The transition energies and the intensities of the
photoluminescence (PL) due to recombination of the electron
in the FQHE and a mobile hole have been found to correlate
with v [13—19], but only recently has a behavior characteristic
of CFs been observed [18]. Optical methods have been used
as important probes of the FQHE including the excited states
and the spin polarization [10,20-22].

The early report on the observation of the o t-polarized
PL in the FQHE regime suggests the possibility of extracting
the spin polarization from the o component of the PL.
[16] However, the understanding of the PL in the FQHE
regime, especially the PL in the ot polarization, has been
limited until now despite extensive theoretical investigations
[18,23-27]. For example, the effect of the electron-hole
Coulomb interaction on the spin configuration of the
electrons-hole system in the FQHE state has not been fully
understood.

In this work, we address the role of spin in emission from
FQHE by investigating the evolution of the circularly polarized
PL in the FQHE regime at low perpendicular magnetic fields
B =4-6T and as a function of the carrier density n,. A gated
GaAs/Aly33Gage7As undoped quantum well (QW) sample
was employed, in which the electron density can be tuned
from nominally zero by bias voltage. The sample exhibits
only small degradation of mobility in the low-density regime
because of the lack of the donor layer [28-30]. We observe
polarization-resolved fine structure in the vicinity of v = 1/3
and a quenching of PL in the vicinity of v = 1/4. The
observed fine structure in circularly polarized PL is explained
by calculated emission spectra for an increasing number of
electrons interacting with an exciton X on the Haldane sphere,
including all spin configurations. The calculated results are
consistent with our observations and relate the observed PL
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peaks to fractionally charged quasiexcitons in the interacting
electron fluid.

II. EXPERIMENT

The PL experiments were carried out on a sample consisting
of the n-GaAs substrate, a superlattice barrier, a 20-nm
Alp33Gag ¢7As barrier layer, a 50-nm GaAs QW, and a 400-nm
Al 33Gag ¢7As barrier layer. The electron density n, was tuned
by applying a bias voltage Vp to a bottom gate as given by
ng = 1.03 x 101 Vg +3.43 x 10! (¢cm™?) for Vg in V. The
sample had a peak mobility of 3 x 10% cm?/Vs. The sample
was mounted with silver paste on a copper plate that penetrates
the die cavity of a chip carrier to a copper block thermally
anchored to the mixing chamber. The sample was irradiated
below the band gap of the barriers by linearly polarized laser
light at 1.550 eV from a Ti:sapphire laser that was introduced
in a dilution refrigerator using a polarization-maintaining
single-mode optical fiber at an incident power of 0.8 uW.
The diameter of the laser spot was about 1 mm. The excitation
power density was kept small (0.1 mW cm™2) to minimize
heating of the carriers.

The circular polarization-resolved PL measurements were
performed at temperatures between 25 and 1000 mK in
perpendicular magnetic fields using a quarter-wave plate
and a polarizer in the detection optical path. The PL was
detected with a Spex 1404 double monochromator equipped
with a liquid-nitrogen-cooled charge-coupled-device detector.
Details of the experiments can be found elsewhere [31,32].

III. PHOTOLUMINESCENCE FROM
A GATED QUANTUM WELL

Figure 1 shows the schematics of recombination processes
between a conduction band (CB) electron in an N, =0
Landau level and a valence band (VB) hole for 6~ and o™
polarizations. Figure 2 shows color plots representing the
PL spectra from a gated QW at magnetic fields 4-6 T for
0.1 < v < 0.5. To better visualize the observed features, the
energy shift due to the vertical electric field has been subtracted
from the photon energy. The energies of the lowest PL peak
(X{)ino~ polarization were fitted to a third-order polynomial
function. The fitted functions were used as a “baseline” and
were subtracted from the PL peak energies.

The lowest-energy transition is assigned to the spin-singlet
charged exciton X, while the higher-energy peaks are

(a)

(b)
cB =——— CB oK
N,=0 dy N=0
o & ; ot
VB —$
1=0 _é

\Y
N=0 —— N,

FIG. 1. (Color online) Schematics of recombination processes
for (a) o~ and (b) o polarizations.
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FIG. 2. (Color online) Color plots representing the PL spectra in
a gated QW with a width of 50 nm in (a) 0~ and (b) o+ polarizations
at4 T,in (c) 0~ and (d) o polarizations at 5 T, in (¢) 6~ and (f) o
polarizations at 6 T at 25 mK, and in (g) o~ and (h) ot polarizations
at 6 T at 700 mK.

attributed to spin-triplet charged quasiexcitons immersed in
the incompressible liquid [17,25]. Figures 2(a), 2(c), and 2(e)
show the v-dependent majority-spin recombination spectrum
with photon polarization ¢~ at 25 mK at 4, 5, and 6 T,
respectively. As v increases, several striking features are
visible. At around v = 1/4, the PL intensities of the highest
two to three peaks are quenched at 4, 5, and 6 T, as shown in
Figs. 2(a), 2(c), and 2(e), respectively. As v increases, the
emission recovers, but discontinuous jumps in energy and
splittings ataround v = 1/3 are observed for the triplet charged
quasiexciton PL emission lines, as shown in Figs. 2(a), 2(c),
and 2(e).

The fine structures in PL are observed not only in o~
polarization but also in ot polarization [Figs. 2(b), 2(d),
and 2(f)], where the emission is due to recombination of
the minority-spin electron with the hole. At this polarization,
the emission is dominated by X since X[ requires the
minority spin. Still, we observe quenching of emission at
around v = 1/4.

The effect of temperature on PL is shown in Figs. 2(g)
and 2(h). At 700 mK, most of the anomalies in the PL spectra
disappear for both polarizations. Interestingly, the PL intensity
at v = 1/4 was recovered at 700 mK.

The PL spectra in the vicinity of v = 1/3 are displayed in
Fig. 3, and the PL peak energies in the vicinity of v = 1/3 are
displayed in Fig. 4 at 4-6 T. The area of circles denotes the
peak intensity. Discontinuous jumps in energy and splittings
of PL peaks at around v = 1/3 are more clearly seen in both
o~ and o polarizations. Remarkably, we find that PL peak d
in Figs. 2(a), 2(c), and 2(e) is only observed at v > 1/3 and
is absent at v < 1/3. The PL spectrum at 4 T in Fig. 3(a) also
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FIG. 3. (Color online) PL spectra at v = 1/3 for (a) o~ and (b)
ot polarizations at T = 25 mK at4 T. PL spectraatv = 1/3~ (0.323)
for (¢) 0~ and (d) ot polarizations at T = 25 mK. PL spectra at
v =1/3 for (¢) 0~ and (f) o* polarizations at 7 = 1000 mK. PL
spectraat v = 1/3 for (g) o~ and (h) o polarizations at T = 25 mK
at 6 T. Fitted curves are also shown.

clearly shows PL peak d at v = 1/3 and the absence of PL
peak d atv = 1/37 in Fig. 3(c). Peak d also disappears at T >
700 mK, as shown in Figs. 2(g) and 3(e). Peak d is observed
only due to the presence of quasielectrons. Furthermore,
we can identify a transition marked by d’ that is observed
in the presence of quasiholes at v < 1/3 as a shoulder, as
shown in Figs. 2(b), 2(d), and 2(f) and 3(b), 3(d), 3(f),
and 3(h).

The lowest peak in Figs. 2—4 is assigned to be X_.
This state is the most strongly bound state in the presence
of quasielectrons or quasiholes. No discontinuities of the
transition energy of X were observed at v = 1/3. The PL
peak intensity for ot is larger than for o~ polarization.
This is due to large excitonic enhancement of the oscillator
strength induced by rearranging the occupations of the spin-
down electron in response to the optically created hole [32].
This effect is more significant at lower magnetic fields, as
observed in Figs. 4(e)—4(g). The observation of fine structures
in PL may be due to the lack of a donor layer and hence
the lack of short-distance potential fluctuation originating
from the remote ionized donor layer in modulation-doped
GaAs QWs.
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FIG. 4. (Color online) PL peak energies at (a) 4 T, (b) 5 T, and
()6 T at 25 mK and (d) 6 T at 700 mK for o~ polarization and PL
peak energies at (e) 4 T, (f) 5T, and (g) 6 Tat 25 mK and (h) 6 T

at 700 mK for o+ polarization as a function of v. The area of circles
denotes PL peak intensity.

IV. EMISSION SPECTRA FOR ELECTRONS
INTERACTING WITH AN EXCITON
ON THE HALDANE SPHERE

To understand the above observations, following earlier
work [18,23,26,33,34], we study recombination spectra of an
exciton interacting with an increasing number of electrons N,
on the Haldane sphere [35]. An infinite two-dimensional plane
is mapped onto the Haldane sphere, at the center of which
there is a magnetic monopole of strength 2S. The degeneracy
of the lowest Landau level g = 2S5 + 1, and v is determined
by v = (N, — 1)/(2S), where S* = 28 is proportional to the
number of flux quanta. We compute the initial ground and
excited states of the photoexcited state of N, + 1 electrons
and the single valence hole including all spin configurations.
Upon recombination, the electronic system is left in any of its
allowed final N, electron states. All calculations are performed
for subspaces characterized by the total spin projection of the
electrons SZ, and the total spin is extracted from electronic
degeneracies. Zeeman energy equal to zero was assumed.
Calculations are applicable to triplet charged quasiexciton
states since X requires the inclusion of the Landau-level
mixing.

In the following we focus on the vicinity of v = 1/3. The
energy levels as a function of total angular momentum L of the
photoexcited system consisting of N, = 5 electrons plus one
X atv =1/3 (§* = 12) are shown in Figs. 5(a) and 5(b) for
the spin-polarized and spin-depolarized systems, respectively.
The energy is measured from the ground-state energy in
units of the gap E, at v = 1/3. The low-energy spectra for
the spin-polarized S, = 3 system [Fig. 5(a)] correspond to a
charged exciton propagating in the incompressible fluid. The
optically active initial states are indicated by triangles, whose
area is proportional to the oscillator strength. The dominant
emission for the spin-polarized system at a low temperature
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FIG. 5. (Color online) Energy levels as a function of total angular
momentum L of the photoexcited system consisting of N, =5
electrons plus one X for (a) S, =3 and (b) S, =2 at v=1/3
(S* = 12). The area of the triangles reflects the oscillator strength
for the transition to N, =5 electrons, S, = 5/2 final state. Energy
levels for (¢) S, = 3 and (d) S, = 2 for v = 1/3% (§* = 11). (e) and
(f) Energy levels of the final state N, =5 electrons for S, = 5/2
at v = 1/3% (§* = 11) and spin projection S, = 5/2. The energy is
measured from E,. The arrows indicate optical transitions.

is the emission from the initial ground state with S, =3
to the S, = 5/2 final state at L = 0, corresponding to o~
polarization, as shown in Fig. 5(a). For a spin-depolarized,
S. = 2, systemin Fig. 5(b), the optically active state at L = 01is
the second lowest state with energy D* above the ground-state
energy. This state is populated at a finite temperature and gives
the dominant emission in ot polarization.

We now turn to the emission spectrum in the presence of
quasielectrons, v > 1/3. Figures 5(c)-5(f) show the energy
spectra of initial and final states as a function of L at v = 1/3
minus one flux quantum (S* = 11). The initial spectrum of
N, = 5 electrons plus one X (N, = 6 + 1h) with maximum
total spin S, = 3 is shown in Fig. 5(c), while the system with
a lower total spin, S, = 2, and with reversed spin excitations
is shown in Fig. 5(d). Figures 5(e) and 5(f) show the final-
state spectrum of N, = 5 electrons with S, = 5/2. Schematic
diagrams that outline the steps of optical recombination are
shown in Figs. 6(a) and 6(b).

The L = 5/2 ground state in the N, = 5 electron system is
understood as a filled lowest CF Landau level and a single CF
quasielectron in the second CF Landau level. The quasielectron
binds to the quasiexciton, forming a fractionally charged
quasiexciton. The dominant emission at a finite temperature
(corresponding to peak b in Figs. 2 and 3) is the transition from
the initial excited state at L = 5/2 with S, = 3 or S, = 2 to the
S, = 5/2 final state at L = 5/2. These transitions are marked
by red and orange arrows in Fig. 5. Interestingly, we have

PHYSICAL REVIEW B 89, 115317 (2014)
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FIG. 6. (Color online) Schematic diagrams that outline the steps
of optical recombination at (a) v = 1/3 and (b) v = 1/3%.

found that the initial ground state at L = 1/2 with S, = 3 and
S, = 2 is optically inactive. The emission from the ground
state is only possible with the help of impurity scattering
at low temperature. The angular momentum nonconserving
transition marked by the yellow arrow is also only allowed
by impurity scattering. This transition leaves a single CF
quasielectron in the second CF Landau level. In the case of
recombination of the majority-spin electron with the hole, the
recombination probability after impurity scattering is large
because the spin selection rule is fulfilled for all majority-spin
electrons. By contrast, the recombination probability is small
for the case of recombination of the minority-spin electron
after impurity scattering. This explains the observation of
peak d only in o~ polarization, as shown in Figs. 2 and 3
with the separation of peaks d and b (Eyq) as the fractionally
charged quasiexciton binding energy Eox_. The gap energy
E,; at v =1/3 is estimated to be 0.34 meV at 6 T by taking
Eox— = Evqg = 0.20 meV. This result is consistent with the
gap energy E; =3 K = 0.26 meV estimated by a transport
measurement of the activation gap at 6 T [12].

Figures 7(a) and 7(b) show calculated emission spectra at
v=1/3 (§* =12) and at 1/3" (§* = 11), respectively, for
recombinations of majority-spin and minority-spin electrons.
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FIG. 7. (Color online) (a) Calculated emission spectra for re-
combination of (i) a majority-spin electron and (ii) a minority-spin
electron at v = 1/3 (§* = 12). (b) Same as in (a), but at v = 1/37
(S* = 11). The emission spectra are aligned to v = 1/3, as indicated
by the dashed line. The yellow line corresponds to the transition
indicated by the yellow arrow in Fig. 5(e). (c) Evolution of emission
spectra at fixed B (§* = 12) for the initial states of (i) zero electrons
(e), (ii) le, (iii) 2e, (iv) 3e, (v) 4e, (vi) Se, and (vii) 6e plus X at
temperature T = 0.4E,. Spectra are shifted vertically for clarity.

115317-4



PHOTOLUMINESCENCE FINE STRUCTURES IN THE ...

The observed PL peaks in Figs. 2 and 3 are reproduced in
Figs. 7(a) and 7(b). The emission spectra were calculated for
all spin configurations, and we found no visible additional
structures to Figs. 7(a) and 7(b). The peak with the largest
oscillator strength in Figs. 7(a) and 7(b) for the majority- and
minority-spin electrons corresponds to the largest PL peak,
peak b in Figs. 2 and 3. The higher-energy peak in Figs. 7(a)
and 7(b) for the recombination of the majority-spin electron
corresponds to peak ¢ in Figs. 2 and 3. The calculated emission
spectrum lacks the corresponding higher-energy peak for the
recombination of the minority-spin electron, in agreement
with the observation in Figs. 2(b), 2(d), 2(f), 3(b), 3(d), 3(f),
and 3(h). The peak with the largest oscillator strength for
ot is higher in energy than the corresponding peak for o~
polarization by D*, while the peak energy of peak b for
o% in Fig. 2 is lower than that of peak b for o~. This is
because the Landau-level mixing is not taken into account
in the calculations. The reduction of the peak energies and
the enhancement of the PL for o* in Fig. 2 is due to the
spin-dependent excitonic effect [32]. The transition marked
by the yellow arrow in Fig. 7(b) is due to the recombination
of the fractionally charged quasiexciton state corresponding to
peak d in o~ polarization in Figs. 2 and 3. The lower-energy
PL peak (peak a) that increases with temperature may be due
to disorder-induced emission from a nonmultiplicative dark
triplet trion state not shown in Figs. 7(a) and 7(b).

The evolution of calculated emission spectra at a fixed B
(8* = 12) for the initial states of N, electrons plus X at T =
0.4E is shown in Fig. 7(c). We see how the multiple peaks at
N, =5 and 6 are developed from the single peak at N, =0
and the double peak at N, = 1. A remarkable result is the
quenching of the oscillator strength at v = 1/4 for N, =4
electrons plus X. This was also obtained at v = 1/4 for five
electrons plus X at $* = 16. We have found that the low-lying
states in all spin subspaces are dark at v = 1/4. This result
agrees with the quenching of the PL of the highest two to three
peaks at around v = 1/4 in Figs. 2(a)-2(f). The recovery of
the quenching of the PL at 700 mK in Figs. 2(g) and 2(h)
also confirms that the low-lying states in all spin subspaces are
dark. The case of v = 1/4 is expected to be a Fermi sea of CFs
with four flux quanta attached, but the Wigner solid might be
favored by disorder [15].

V. CONCLUSIONS

We have observed a distinct fine structure and discontinuous
jumps in energy and splittings in PL at around v = 1/3 and
quenching of PL intensities of higher-energy peaks at around
v = 1/4. These features in PL are in accordance with calcu-
lated emission spectra of electrons interacting with an exciton
on the Haldane sphere, including all spin configurations. We
have observed a PL peak that shows large intensity only in
the presence of quasielectrons, and it has been shown that this
peak is due to recombination of a quasiexciton-quasielectron
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trion leaving the quasielectron in the excited state. Quenching
of PL intensities of higher-energy peaks at around v = 1/4
has been observed, in agreement with numerical calculations,
which show the low-lying states in all spin subspaces to be
dark atv = 1/4.
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APPENDIX: BRIEF ACCOUNT
OF THE THEORETICAL APPROACH

We consider theoretically the system of N, interacting elec-
trons accompanied by an exciton and confined in a quantum
well. The quantum-well boundary conditions (translational
invariance) are approximated by mapping the system onto the
Haldane sphere with a magnetic monopole placed in its center.
With a strength of the monopole of 25, the lowest Landau
level is composed of g = 25 + 1 degenerate levels, labeled by
the single-particle angular momenta/ = —S, ...,S. A similar
electronic structure is also assumed for the valence hole.

‘We populate the single-particle levels with N, + 1 electrons
and one hole. The Hamiltonian of such a system of confined
interacting carriers is

25+1
q=] 0jo|Veelko'lo)e;t ¢
= 5 (i0jo' | Veelko O>Ciach/cka’cla
ijkl oo’
25+1

= > tiojt|Venlktlo)el bl hiccio,
ijkl o

(AD)

where cl.“; (cio ) creates (annihilates) an electron in state i with
spin 0 = £+1/2 and hlt (h;;) creates (annihilates) a hole in
state i with spin T = £3/2. The above Hamiltonian contains
only the electron-electron and electron-hole Coulomb terms,
whose characteristic matrix elements are analytical functions
of the state indices and 2.

First, we choose the projection of the total electronic spin
S, by selecting the number of electrons with spin up and with
spin down, as well as the spin 7 of the hole. Further, we create
all possible configurations of N, 4 1 electrons and one hole on
the single-particle levels and divide them into classes labeled
by the total angular momentum L = . I + I". Within each
{Se.z, L} subspace we construct the matrix of the Hamiltonian
in the basis of the many-particle configurations and diagonalize
this Hamiltonian numerically using a block, Jacobi-Davidson-
like conjugate gradient algorithm. A similar computational
procedure is carried out for the system of N, electrons, that is,
the initial system with one electron-hole pair removed. Last,
we utilize Fermi’s golden rule to compute the emission spectra
from the system N, 4+ X to the system with N, electrons. The
procedure is described in detail in Ref. [36].
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