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Optical Probing of Spin Polarization of Electrons in Quantum Dot Edge Channels
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We propose an optical method for the investigation of the quantum dot edge channels by utilizing
circularly polarized photoluminescence in the integer-quantum-Hall-effect regime. One of the advan-
tages of our method is that the degree of the spin-polarization of the electrons in the inner- and outer-
compressible liquids can be probed separately. The observed polarized photoluminescence spectra can
be explained by the calculated electron spin-dependent optical transition probabilities based on the

local-spin density approximation.
DOI: 10.1103/PhysRevLett.93.096803

It is well known that alternating strips of compressible
and incompressible electron liquids are formed at a
smooth edge of a 2-dimensional electron system
(2DES) [1-5]. The electron density varies gradually
from n; in bulk to O at the edge while the potential is
constant due to the screening by the electrons, forming
the compressible liquid (CL) strip at the edge. The in-
compressible liquid strips with an even filling factor exist
between the CL strips. The properties of these edge
channels have been investigated, for example, by trans-
port measurements [6,7], by scanning single-electron
transistor microscopy [8,9], and by a photoconductivity
measurement [10]. The polarization of the electrons in
edge channels has attracted little attention until recently;
however, it is now attracting interest in light of the spin
control of the electrons. A polarized spin-current was
created by locally gating edge channels, which was uti-
lized to polarize nuclear spins [11,12]. When multiple
Landau-levels (LLs) are occupied, the polarization of
the electrons in the edge channels, however, is not well
understood in the existing theories although the polar-
ization is not trivial, especially in the case where the edge
state is not defined by a semi-infinite half plane. This is
because there exist few experiments that enable a direct
probe of the spin-polarization.

A circular polarization-dependent interband spectros-
copy is a powerful tool for direct detection of the spin-
polarization of electrons in the 2DES. This method has
been successfully applied for the investigations of the
Skyrmionic excitations at v = 1 [13-15] as well as the
collective excitations of fractional-quantum-Hall (FQH)
liquids [16—18]. The relation between the degree of circu-
lar polarization of the photoluminescence (PL) and the
spin-polarization of the 2DES was parameterized as a
function of B/T, where B and T are the external magnetic
field and the temperature, respectively [14].

In this Letter, we propose a method to investigate the
spin-polarization of the electrons in edge channels in the
integer-quantum-Hall (IQH) effect regime. The electron
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spin-polarization can be directly obtained by the circu-
larly polarized PL spectra. The assignment of the ob-
served peaks in the PL is confirmed by a theoretical
calculation based on the local-spin-density approxima-
tion (LSDA) [5,19], modeling the edge channels at the
filling factor v = 3. Our problem is restricted to the weak
magnetic field regime where more than two LLs are
occupied. In this regime, we assume that the electron-
electron interaction is relatively weak and the LSDA gives
a good approximation. Strongly correlated electronic
states in quantum dots (QDs) in the regime where the
electrons occupy only the single-particle states of the
lowest LL were studied using a harmonic oscillator model
[20]. We realistically model the electron states and espe-
cially the position dependence of the acceptor level for
comparison with the PL spectrum of the field-effect
lateral QD structure by discritizing the system in
3-dimensional (3D) mesh [19].

The sample used in the present study is based on a
molecular-beam epitaxy grown GaAs-Al;_,Ga,As (x =
0.3) single-heterojunction structure. The GaAs capping
layer is 7.5 nm thick. The doped and the undoped
Al,_,Ga,As layer are 30 and 40 nm thick, respectively.
The concentration of the donors of the Al;_,Ga,As layers
is 1—2x10"® cm™3. A Be-8-doped layer is located
25 nm away from the heterointerface with a nominal
doping density of 2 X 10'° cm™2. The 2-dimensional
(2D) electron density (n,) without modulation by the
external bias voltage under illumination was estimated
to be 3.6x 10" cm™? at 1.8 K from an optical
Shubnikov-de Haas measurement. A semitransparent Ti/
Au Schottky gate structure was fabricated on the surface
with square mesh of a period (L) of 400 nm and a width
of 25 nm by the electron beam lithography [19,21]. A bias
voltage (V) was applied between the surface mesh gate
structure and an Ohmic back-contact on a n-type GaAs
substrate. The PL. measurements were performed by ex-
citing the sample at 800 nm with a continuous wave
Ti:Sapphire laser at the incident power density of
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10 mW/cm? at 1.8 K. The PL from the sample was dis-
persed through a 75 cm monochromator and detected by a
liquid nitrogen cooled charge-coupled-device detector.

In 2DES at v = 3, three peaks are observed in the PL
spectrum due to the principal quantum number N = (0
Landau-level (LLO), N = 1 Landau-level (LL1), and a
shake-up process (SUQO), as shown in Fig. 1(a) at 5 T at
Vg = 0 V. The degree of circular polarization as defined
by P = (I,- — I,+)/(I,- + I,+), where I,- (I,+)is the PL
intensity of o~ (o) polarization, is small (P, = 0.60)
for LLO and large (P; = 0.78) for LL1 as shown in
Fig. 1(b). At v = 3, the electrons in the fully occupied
LLO are spin unpolarized whereas a fully spin polarized
state is realized in the half-filled LL1. The observed P in
PL depends on both the electron spins and the population
of Zeeman sublevels of the holes. The latter contribution
depends on B/T and can be independently determined
[14]. Thus, the electron spin-polarization (7)) can be esti-
mated from the observed P by using P, and P; as given by
n = (P — Py)/(P; — Py). The estimated n is also de-
picted in Fig. 1(c). The P of SUO at V3 = 0 V is larger
than P of LLO. This result is in agreement with the theory
that the SUO is due to resonant many-body interaction
associated with the inter-Landau-level Auger process
[22]. By applying a negative bias voltage Vjp, with in-
crease in the strength of the confinement potential for
electrons, the PL intensity of the LL1 peak is weakened
because the number of the electrons in the LL1 decreases.
At Vp = —1.3V, the PL from LL1 is identified as a
shoulder.

A remarkable feature observed in Fig. 1(a) is that LLO
splits at below Vz = —0.5 — —0.6 V. The splitting en-
ergy depends on the energy difference of the electrostatic
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FIG. 1. (a) PL spectra at the bulk filling factor v =3 (5 T)
between Vz = 0 and —2.0 V for ¢~ polarization. Zero points
of the y axis are shifted for clarity. Dashed curves are a guide
for eyes. (b) Optical transition energy of the peaks in PL for o~
(solid circles) and ot (open circles) polarization. (c) Bias
voltage dependence of degree of polarization P of the peaks
in PL for LLO (solid circles), LL1 (open circles), SUO (crosses),
LLO-1 (solid squares) and LLO-2 (solid triangles). The esti-
mated spin-polarization 7 is also shown.
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potential below the surface mesh gate and at the center of
a QD. The splitting energy increases from Vz = —0.6 to
—1.1 V as shown in Fig. 1(b), reflecting the increase of
the electrostatic confinement potential. The lower (LLO-1)
and the higher (LL0-2) peaks are the emission from the
electrons in the inner- and outer-CL regions, respectively,
according to a LSDA calculation as described in the
following. Further evidence for this assignment is given
by the higher polarization P of LLO-2 than that of LLO-1
in Fig. 1(c). P of LLO-2, the outer-CL strip, increases with
decrease in Vy between —0.6 and —1.0 V, and at —1.0 V
the electrons in LLO-2 are highly polarized. On the
contrary, P of LLO-1, the inner-CL region, stays in the
range 0.67 and 0.63 between Vz = —0.6 and —1.0 V.

The above picture of the separately observed spin
polarizations of the inner and outer-CL regions is verified
by a calculation based on the LSDA formalism. The
density-functional theory has been widely applied to
calculate the electronic states of QDs in magnetic field,
especially for QDs with electron number N = 30 — 100,
since it is empirically known to give good approximations
[4,5,19,23-25]. Here, a 3D mesh of 80 X 80 X 8 and 80 X
80 X 30 per unit cell is used for the calculation of the
wave function and the potential, respectively. The mag-
netic field perpendicular to the heterointerface is taken
into account by the gauge-invariant discretization method
[26] with the symmetric gauge. A periodic boundary
condition is applied laterally. The Hamiltonian is re-
quired to be a periodic function of L. Thus, only discrete
values are allowed for the external magnetic field in our
method since a phase factor exp[iaL,/(213)] is imposed
on the Hamiltonian by the gauge-invariant discretization
method in the symmetric gauge upon linear transforma-
tion of x — x + Ly where a and [ are the period of the
mesh for discretization and the magnetic length. The
quasi-Fermi energy (Ej) is assumed to be equal to the
Fermi energy in the n-type GaAs substrate, which is
assumed to be pinned 0.96 eV below the conduction
band edge of GaAs at the surface [27]. The bias voltage
(V,) is applied between the quasi-Fermi energy and the
surface gate structure. The donor concentration is taken to
be 1.63 X 10'8 cm™3 , which is determined such that the
calculation reproduces the filling factor v =3 at V, =
0 V and at B = 4.14 T , where the imposed phase factor
satisfies the required periodicity. Other parameters used
in the calculations are the electron effective mass m, =
0.0665, the gyromagnetic factor g = —0.44, and the di-
electric constant € = 12.53. The residue of the potential
is converged to an accuracy of less than 1073 eV. Details
of the calculation are described elsewhere [19].

An intuitive picture of the IQH edge state is given by
plotting the single-particle energies as a function of the
square of the average electron position from the center of
a QD (r,) as defined by (p2) = [Ir—r.[2e}(0)b;(r)r,
where i is the index of the electron state, as shown in
Fig. 2(a). p? is related to the azimuthal rotational quan-
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tum number M by p? = 2[4(M + 1/2) in the case of
2DES. The CL region is identified in Fig. 2(a) for V, =
—0.6 V in the region (p?) < 90[%, where the electric field
is screened. The region 90/% < (p?) < 21013 is an incom-
pressible liquid strip, and the outer-CL strip is seen at the
edge in the region (p?)>210/3. This ordering of the
strips corresponds to the “C state” as denoted by
Chklovskii et al. [1]. The kink observed at (p?) = 25173
is due to the size of the unit cell of 400 nm X 400 nm
assumed in the calculation. Figure 2(b) shows the elec-
tron density distribution and the single-particle potential
for up- and down-spin electrons on the plane of maxi-
mum electron density. The position of the edge is com-
pared with the edge shown intuitively in Fig. 2(a).

As can be seen from Fig. 2(a), the single-particle
energies of LL.1 and LLO outer-CL strip are nearly degen-
erate. However, they form separate peaks in the interband
optical transition spectra where both the electron and hole
energies are relevant, unlike the density of states shown in
Fig. 2(a). The effective hole potential is a reversal of the
effective electron potential excluding the exchange term
as defined by Egz-(r) = —[V.(r) + Vy(r)], where V. and
Vy are the electrostatic confinement potential and the
Hartree term, respectively. Our calculation shows that
the effective hole potential is higher at the center of a
QD than the edge, which enables separate observation of
the interband transition from LL1 and the LLO outer-CL
strip.

The optical transition probability is proportional to [19]

1B =33 [ drolf, et er)

><8[Eg+E$}(r')+Eg—E} (1)

where ') (1)=f[(Er—E?)/keT1lb;,(r)1, p®(r.r) =
8(r—r'), T =2K, and E, o, and EY are the transition
energy, the spin index, and the eigenenergy of the j-th
electron state with spin o, respectively. The band gap
energy E, is taken to be 1.494 €V including the acceptor
binding energy. The optical dipole matrix element be-
tween an electron and a hole is approximated as unity
because of the strong localization of the hole at the
acceptor site. The summation with respect to r’, where
r’ represents the position of the acceptor atom, is per-
formed on the plane at a fixed distance from the hetero-
interface. This implies that the optically created holes are
trapped at the uniformly distributed acceptors at a con-
stant probability independent of the position.

Three peaks appear in the spectrum J, due to LLO
inner-CL, LLO outer-CL strip, and LL1 inner-CL as
shown in Figs. 3(a) and 3(b). The optical transition energy
between the LLO electrons in the outer-CL strip and a
hole is lower than the transition energy between the LL1
electrons in the inner-CL and a hole. The essential fea-
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FIG. 2. (a) Single-particle energy plotted against {(p?) at
V, = —0.6 V for down- (solid circles) and up- (open circles)
spin electrons. (inset) Density of states for down- (solid lines)
and up- (dashed lines) spin electrons. (b) Electron density
distribution of down-spin electron (i), up-spin electron (ii),
and potential of down-spin electron (iii) and up-spin elec-
tron (iv) at V, = —0.6 V, along the horizontal direction par-
allel to the side of the square mesh through the center of the
QD. Potential is offset for clarity.

tures of the polarization of the peaks observed in PL are
reproduced by the calculation.

At V, = 0V, the optical transition probability is pro-
portional to the electron density of states within the
single-particle picture since the effective hole potential
E")(r) is constant on the plane of the acceptor cites. At
small IVgI, the electrostatic potential gives only small
modulation of the single-particle energy and the edge
state is not formed.

AtV, just below the threshold voltage for the formation
of the edge state, both the up- and down-spin electrons
occupy the LLO outer-CL strip. The polarization of the
peak due to the LLO outer-CL strip is small at V, =
—0.4 V. This is observed in PL in Fig. 1 for Vz =
—0.6 V. With decrease in Ve, the LLO outer-CL strip
for the down-spin electrons is depopulated. The polariza-
tion of the peak due to the LLO outer-CL strip becomes
larger at V, = —0.5 V. This is observed in Fig. 1(c) for
Vg = —0.9 V. Further decrease in V, results in a de-
crease in the polarization of the peak due to the LLO
outer-CL strip as shown in Fig. 3(a) for V, = —0.6 and
—0.8 V, and disappearance of the well-developed peak
due to the LLO outer-CL strip for both the up- and down-
electrons at V, = —1.0 V. Corresponding decrease of the
polarization is observed in Fig. 1 for Vg = —0.9 V. The
increase of the splitting energy between the inner- and
outer-CLs with decrease in V, between —0.4 V and
—0.6 V agrees with the observation in Fig. 1(c) for Vj
between —0.6 and —1.0 V.

While our model calculation explains essential fea-
tures of our experimental observations, there remain
small discrepancies. In the PL spectra in Fig. 1, the
peak due to LL1 disappears before the peak due to the
LLO outer-CL strip disappears with decrease in Vg. A
contradictory dependence on V, is seen in Fig. 3. The
increase of P of LLO-1 in Fig 1(b) at V= —12V
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FIG. 3. (a) Calculated optical transition probability J, at
(i) V, = —0.4, (i) —0.5, (iii) —0.6, (iv) —0.8, (v) —1.0, and
(vi) —1.2 V. Solid and dashed lines depict J,, for the down and
up spins, respectively. (b) V, dependence of the peak energies
in J, for up- (solid circles) and down-spin (open circles)
electrons, respectively.

contradicts with the calculated results for V, = —1.0 V.
These discrepancies may be attributed to the following
reasons. First, the PL is measured at 5 T, but the calcu-
lation is performed at 4.14 T due to the constraint of the
phase factor by the boundary condition described before.
Since the size of the system is effectively smaller for the
calculation than the experiment if the size is measured
with [z, the bias voltage range for the outer-CL strip to be
formed is narrower for the calculation. Second, the sub-
levels of the hole state are not taken into account in the
calculation. The observed increase of the circular polar-
ization for large |V| may be attributed to the change in
the hole sublevels by the electrostatic potential. The third
possible reason is deviation of Vj from V, for large [Vp|,
although it is often considered to be reasonable that the
quasi-Fermi energy of the electrons matches to the Fermi
energy of heavily n-doped GaAs substrate at an equilib-
rium condition. While further development of the tech-
nique in the theoretical modeling may be necessary for
more quantitative arguments, the bias voltage dependen-
cies of the PL lineshapes and the degrees of circular
polarization are remarkably well explained by the calcu-
lated spectra, which confirms the feasibility of our pro-
posed method.

In summary, the electron spin-polarization of the CL
strips in the IQH-effect regime is separately detected by
the circularly polarized PL measurements, and the ex-
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perimental results are verified by our model calculation
based on LSDA. Our proposed method may also be ap-
plied to experimental study of the edge channels for the
FQH-effect regime. With a combination of the near-field
scanning optical microscopy [28], our method is expected
to enable us to spatially map the polarization of the
electrons in edge channels. Such an experiment is under
preparation.
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