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Observations of indirect exciton trapping in one- and two-dimensional magnetic lattices
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A simple method to create and control magnetic potentials on coupled quantum wells is demonstrated
for indirect exciton magnetic confinement. Localized inhomogeneous magnetic potentials with periodically
distributed local minima and maxima, known as magnetic lattices, are projected into the plane of the coupled
quantum wells and used for spatially distributed two-dimensional indirect exciton trapping, in which case
localized indirect excitons are observed. The indirect exciton trapping mechanism is examined by controlling the
external magnetic field bias, resulting in a shift of the localized excitonic lattice.
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In quantum heterostructures such as coupled quantum wells
(CQWs), the presence of an artificially exerted confining
potential quantizes the motion of quantum particles in discrete
levels determined by the confining fields. Such confinement
plays an important role for the control of quantum particles and
opens a new direction for simulation of condensed-matter sys-
tems and to process quantum information in semiconductors.
Interesting results have been recently reported for indirect exci-
ton trapping in CQWs using periodic electrical potentials.'~* In
particular, trapping of indirect excitons has been demonstrated
by an electric potential for a single electrostatic trap,”® a
one-dimensional electrostatic lattice,® and two-dimensional
electrostatic lattices.>!? Meanwhile, special attention has been
paid to magnetic field confinement as an alternative stable
trapping mechanism for the indirect excitons,''~'* where
stable magnetic traps can be produced by using permanent
magnetic materials.'> Integration of magnetic materials with a
quantum well system has been proposed theoretically''¢ and
demonstrated experimentally.'*!”

In this article we present a clear signature of stable magnetic
confinement of indirect excitons in both one- and two-
dimensional magnetic lattices within a system of CQWs. The
observed trapped indirect excitons are periodically distributed
and controlled by shifting the trapping magnetic field local
minima and maxima using a modulating external magnetic
bias field. The confinement stability of the inhomogeneous
magnetic field is due to the use of permanently magnetized
material to produce the trapping fields. The magnetic field’s
local minima and maxima projected onto CQWs as shown in
Fig. 1 are the origin of the magnetic confinement in a similar
way to the magnetic trapping of ultracold atoms.'>!® The
magnetic field local minima B, are realized by fabricating
specific patterns in a permanently magnetized thin film of
thickness t, in which case the patterns extend through the
thin film down to the surface of the underlying CQW layers.
The presence of the patterns results in local field minima
and maxima that appear at effective distances d,, above
the top and the bottom of the magnetized thin film, as
shown in Fig. 1(c). The effective distance is defined as
dipin & %ln(Bim) where « represents both the length («y)
of each pattern and the separation (o;) between patterns,
Bine = Bo{l — exp[—(r/a)7]} with By = uoM,/m and M, the
magnetization along the z axis.!> Thus, the d;, is determined
by the pattern parameter « (o, and o) and t. Depending on

1098-0121/2012/86(8)/085445(6)

085445-1

PACS number(s): 71.35.Ji, 52.55.]d, 52.55.Lf

the shape and the number of the patterns the magnetic field
local minima can be periodically distributed as simulated for
the case of two-dimensional magnetic lattices in Fig. 1(d).

The center of each of the local field minima (i.e., the
magnetic bottom of each single lattice site with B = Bp,)
is surrounded by relatively high fields known as magnetic
barriers A B(k) which define the space of the confinement and
its depth, AB(k) = | Bmax(k)| — | Bmin(k)|. The curvature along
the confining directions determines the trapping frequency wy
which depends on the Zeeman levels of the trapped particles.
For the case of a harmonic potential (i.e., individual single site)
the trapping frequency is given by wy=, , = %«/ UBEFME %Tf
and o, = Vo? + w%, where g is the Landé g factor, up is
the Bohr magneton, and m ¢ is the magnetic quantum number
of the hyperfine states."

Here we consider the ground state of the free indirect
excitons to be optically active, resulting in recombination in
a narrow radiative zone with a momentum close to zero."”
As schematically represented in the inset (1) of Fig. 1(b), the
indirect excitons are spatially trapped in their ground states
at the bottom of each single trap. The bottom of the trap
is a space point where the trapping magnetic field is at its
minimum value and points perpendicularly to the x-y plane of
the integrated magnetic CQWs; the total field at this location is
denoted by B, . Note that the quantum well growth direction
is along the z axis. Around each magnetic local minimum
(lattice site), the magnetic field is relatively higher with a
direction parallel, By, to the x-y plane of the CQWs. At B
locations the indirect exciton’s momentum increases at the
cost of its energy. The difference in the excitons’ energies
defines the trapping energy. The exciton energy is defined
as Eo(P) = —Ege °Iy(—0), where Iy(—o) is the modified
Bessel function, Eg is the binding energy, o = (££)2, and

2h

lp = f—g is the magnetic length. For indirect excitons at nearly

zero momentum, the magnetic length /g is comparable to the
Bohr radius ap where in the case of short magnetic length
lp < ap, the spin part of the dominant indirect exciton wave
function is deformed and also causes the Zeeman splitting.
For a small separation (<lg) between the electron (e) and
hole (%) layers in CQWs subject to magnetic fields, the ground
state of the system results from the e-h interaction, leading
to a confined cloud of indirect excitons that is sufficiently
extended in the confining space.?” In the present experiments,

©2012 American Physical Society


http://dx.doi.org/10.1103/PhysRevB.86.085445

A. ABDELRAHMAN AND BYOUNG S. HAM

PL signal

Metal Contact (MC)

Imaging System

Magnetic Field

Magnetic
Trap
-5.0 0.0 5.0
X (pm)
©

PHYSICAL REVIEW B 86, 085445 (2012)

Radiative
Zone

B

(Trap Edge)

X(um)

(d

FIG. 1. (Color online) (a) Schematic diagram of the experimental setup showing the integrated magnetic coupled-quantum-well system.
The excitation pulse is set at <1000 um away from the magnetic structure. (b) The existence of the hole in the permanent magnetic material
creates a confining magnetic field with its minima projected into the location of the double quantum wells in which case the dispersion surface
of the indirect excitons behaves according to the direction of the confining field as depicted in the inset (1). (c),(d) The simulated magnetic
field of a two-dimensional magnetic lattice with oy = o), = 3.5 um and 7 = 2 um.

we fabricated the quantum well width at less than [ (less than
the Bohr radius of excitons in GaAs ~13.5 nm). Thus, the
indirect excitons are seen to mainly interact with the trapping
inhomogeneous magnetic fields.

The double-quantum-well system of Fig. 1(b) is grown by
molecular beam epitaxy, where the sample consists of two
8 nm GaAs quantum wells separated by a 4 nm Al 33Gag ¢7As
barrier and surrounded by two 200 nm Alj 33Gag ¢7As highly
conducting layers. The metal contacts monitor the electric
field along the z direction for indirect exciton generation;
Fig. 2 shows the gate voltage Vi dependence of the emitted
photoluminescence spectrum, indicating the energy shift of
the indirect excitons with respect to V.

Using an rf sputtering technique, a nonmagnetic material,
gadolinium gallium garnet (GGG) Gd;GasOy,, of thickness
~3 pum is deposited on top of the CQW system, where
the thickness of the nonmagnetic spacer determines the
effective distance dp,;, and allocates the magnetic field local
minima and maxima within the quantum well layers. The
permanent magnetic material Bi;Dy,Fes;Ga; O, is deposited
with a thickness of &2 pum on top of the whole system
(GGG + CQWs), as shown in Fig. 1(b).

We demonstrate magnetic trapping in two types of mag-
netic lattice: (i) for one-dimensional magnetic lattices with
dimensions o, = oy = 5 m as shown in Figs. 3(a) and 3(b),

and with o, = 10 um, oy = 30 um as shown in Fig. 4(a);
and (ii) for two-dimensional magnetic lattices with o, = oy =
3.5 pum as shown in Figs. 3(c) and 3(d). The Bi;Dy,Fe Ga 0,
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FIG. 2. Gate voltage V; dependence of the emitted photolumi-
nescence spectrum shows the shift in energy of the indirect excitons
with respect to Vi using a pump laser with wavelength A = 632 nm,
excitation power Pl = 1 mW, and 7 = 25 K.
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FIG. 3. (Color online) Experimental results for confined indirect excitons (a) and (b) for a one-dimensional magnetic lattice with dimension
of oy = o, =5 pum and (c) and (d) for a two-dimensional structure with experimental parameters «; = o, = 3.5 um. In both structures the

magnetic material thin-film thickness is T = 2 um.

is transparent to light at wavelength A > 600 nm,?! where the
indirect-exciton-generated photoluminescence is fully trans-
mitted through the magnetic layer. The maximum intensity
of the emitted indirect exciton photoluminescence at 13 K
is found to be around 1.51 eV. The magnetic lattices for
one- and two-dimensional structures are fabricated by using
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focused ion beam lithography, annealed at 876.15 K, etched,
and externally magnetized with a magnetic field of 500 G
before cooling to 13 K in a helium cryostat. The magnetizing
magnetic field is applied perpendicular to the overall growth
direction, resulting in magnetization of the Bi;Dy,Fe4sGa; O,
layer along the z direction perpendicular to the surface of the
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FIG. 4. (Color online) Effect of increasing the injection rate of the electrons and holes via the potential gate voltage V; enhanced
photoluminescence is observed at each single magnetic trap. The experiments are conducted for (a) a one-dimensional magnetic lattice with
dimensions of a;, = 10 um, oy = 30 um, and 7 = 2 um with excitation pulse of & = 632 nm and (b) a two-dimensional magnetic lattice with

oy =0op =3.5pum, 7 =2 um,and A = 532 nm.

085445-3



A. ABDELRAHMAN AND BYOUNG S. HAM

3.5um
—  Edge
= Center

Indirect-Excitons PL (arb. units)

X(um)
(a)

PHYSICAL REVIEW B 86, 085445 (2012)

3.5um

—  Edge
= (Center

Indirect-Excitons PL (arb. units)

FIG. 5. (Color online) (a),(b) Comparison of the number of trapped indirect excitons at the center and at the edge of a two-dimensional
magnetic lattice along the x and the y axis, respectively. Due to the asymmetrical distribution of the magnetic single traps (sites) a large number
of trapped indirect excitons is found to concentrate at the center sites of the lattice. Experimental parameters as in Fig. 3(d).

sample. The existence of the fabricated patterns distributes the
magnetic field accordingly as described above. In the case of
the two-dimensional magnetic lattice, 3 x 3 blocks of 9 x 9
square holes are fabricated as shown in Fig. 4(b).

Indirect excitons are known to have long lifetimes, orders
of magnitude longer than direct excitons, and can propagate
farther in space at a bound e-/ state before being recombined.??
Here, the indirect excitons are formed in and drift to the vicinity
of each single magnetic trap via distinct photoassisted capture
along with the injection of electrons and holes. As shown
in Fig. 5 the asymmetrical distribution of the magnetic single
traps'® can also be detected by scanning the number of trapped
indirect excitons per site at the center and at the edge of the
two-dimensional magnetic lattice, revealing the signature of
the magnetic confinement of the indirect excitons.

The gate voltage Vi controls the electric field between the
separated electron and hole layers. Increasing Vi results in
enhancement of the indirect exciton emitted photolumines-
cence (PL) intensity with respect to the e-i density.?® Figures
4(a) and 4(b) show enhanced photoluminescence as the gate
voltage V; increases for the cases of two- and one-dimensional
magnetic lattices, respectively. The experimental result shown
in Fig. 4(a) is for a one-dimensional magnetic lattice structure
excited separately by using a NeHe laser (A = 632 nm) while
the result shown in Fig. 4(b) is for a two-dimensional magnetic
lattice excited using a Nd:YAG laser (A = 532 nm).

As observed in Fig. 6, the density of the trapped clouds
increases as the power of the excitation laser increases merely
because of the environmental fluctuations, and the indirect
exciton scattering is smoothed out due to the magnetic
confinement, which localizes the trapped particles in a space
of limited degrees of freedom. Figure 6 shows the enhanced
concentration of the indirect excitons as the laser power
increases at A = 532 nm. The drift of the indirect excitons
towards the single traps could be mainly due to the interaction
of these particles with the magnetic field where they are
attracted towards space points of minimum magnetic values.
At a relatively far distance from the excitation laser spot the
concentration of the trapped particles declines, as illustrated
in Fig. 6, where the excitation laser is set at the left bottom
corner of the two-dimensional structure. We noticed that

increasing the power of the excitation laser increases the
number of magnetically trapped particles at far distances. The
increased number of particles in each single magnetic field
local minimum (single trap), even though the excitation pulse
is set relatively far away, may indicate the drift of the indirect
excitons towards the periodically distributed minimum values
of the magnetic field.

In this type of magnetic trapping, external magnetic bias
fields are often used to increase the magnetic trapping field’s
minimum value away from zero to prevent a Majorana spin-flip
process of trapped particles.'> The Majorana spin-flip process
is avoided here because the zero point of the magnetic field
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FIG. 6. (Color online) Nd:YAG pump laser with wavelength A =
532 nm is used to examine the effect of varying the excitation power
Ppaser on the concentration of the trapped indirect excitons for the case
of a two-dimensional magnetic lattice.
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FIG. 7. (Color online) (a),(c) Simulation results of applying an external magnetic bias field along the x axis for a two-dimensional magnetic
lattice with simulation parameters «;, = oy = 3.5 um, n = 9 sites, T = 2 um, and magnetic bias field B, vi,s = 75 G. (b) Experimental results
for measured PL intensity along the y axis showing the increased number of trapped indirect excitons between the sites. (d) Shifts in the center
of each single trap along the x axis due to the application of B, ;5. The red arrows in (c) and (d) indicate the change in the number of trapped

indirect excitons per site due to the application of B pj,s.

local minima is located away from the formation plane of
the indirect excitons. However, the effect of the external
magnetic bias field can be used as a clear signature to identify
the magnetic trapping of the indirect excitons as we show
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FIG. 8. (Color online) Simulation results showing the displace-
ment Ax of each magnetic site across the formation plane of
the indirect excitons due to the application of B, pi,s. Simulation
parameters are o, = oy = 3.5 um, n = 9 sites, and v = 2 um.

in Fig. 7 for the case of two-dimensional magnetic lattices.
Moreover, applying external magnetic bias fields along the x,
y, and/or z trapping axes allows to control the sites location
and the number of the trapped particles in a magnetic lattice.
Such bias fields can be used to induce tunneling of trapped
particles between sites for a lattice with sufficiently small
dimensions. They also allow to evaporatively cool down the
trapped individual clouds.

The simulation results in Figs. 7(a), 7(c), and 8 show the
effect of applying an external magnetic bias field along the
x axis for a two-dimensional magnetic lattice of dimensions
ap = &g = 3.5 um, n =9 sites, and T = 2 um, in which
case the external bias fields modulate the location and the
magnetic minimum value (magnetic bottom) of each single
trap. While the modulating field increases the magnetic
bottom and deforms the distribution of the traps along the
applied field direction (x axis) it causes no change in the
asymmetrical distribution of the traps along the direction (y
axis) perpendicular to the applied magnetic field."

Such a scenario is observed in our approach of magnetic
confinement; an external magnetic bias field of Byj,s & 75 G
is applied along the x axis, resulting in increased numbers
of trapped indirect excitons between the sites along the y
direction without deforming the asymmetrical distribution of
the sites along that axis, as shown in Fig. 7(b). Meanwhile,
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along the x axis a slight change in the shape of the magnetic
lattice (i.e., disappearance of the asymmetrical distribution of
the sites”!%13) is observed due to the application of the external
modulating magnetic field. As shown in Fig. 7(d), the external
modulating magnetic bias field causes a shift of the center
of each individual site along the applied field direction (the
x axis). The bias field also affects the number of trapped
indirect excitons per site; the number of particles decreases
away from the external field source as the magnetic bottom of
each site changes. This change is indicated as red arrows in
Fig. 7(d).

To conclude, we observed magnetic trapping for indirect
excitons in one- and two-dimensional magnetic lattices. Mod-

PHYSICAL REVIEW B 86, 085445 (2012)

ulating external magnetic bias fields along the confinement
direction may cause sufficiently cooled individual clouds
of trapped indirect excitons to tunnel between sites. This
approach is a suitable candidate for simulating condensed-
matter systems and processing quantum information.
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