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We have studied the fine structure polarization splitting of exciton emission lines related to isoelectronic
centers in an nitrogen-doped GaAs. The nitrogen doping has been performed in atomically controlled way
using the (3X3) nitrogen stable surface of GaAs(001), which forms a series of distinct, strong, narrow
bandwidth luminescence lines. The localized bound excitons have been found to consist of four signals, which
can be selected by linear polarization. Magnetic-field-induced change in the splitting shows a quadratic de-
pendence of the bright exciton splitting owing to the in-plane Zeeman interaction. Our calculations of the
optical selection characteristics considering both the J-J coupling and local-field effects demonstrate the
polarization splitting depending on the symmetry of the isoelectronic center.

DOLI: 10.1103/PhysRevB.77.193102

Nitrogen (N) has a strong electronegativity and creates
isoelectronic centers in III-V semiconductors such as GaAs
and GaP. The electronic states created by the N-related cen-
ters cause substantial localization of excitons. Incorporation
of a small amount of N atoms leads to dramatic changes in
the local electronic structure of the host semiconductor.? In
the impurity limit, the localized electronic states relating to
N pairs and N clusters have been observed to show
resolution-limited luminescence lines.>* The extremely nar-
row bandwidth luminescence has been attracting strong in-
terest for light sources such as single photons and event-
ready polarization entangled photon pairs utilized in
quantum information processing. From the same point of
view, the atomlike properties of single self-assembled semi-
conductor quantum dots (QDs) have been widely studied.>
However, the emission energy is difficult to control and, fur-
thermore, the exchange interactions in the in-plane asymme-
tries of the QD cause a significant fine structure splitting of
the intermediate exciton states, which eventually gives rise to
the so-called “which path” information.’ In contrast to the
self-assembled QDs, utilization of the impurity states in
semiconductor materials can achieve a narrow bandwidth
bound exciton emission with defined photon energy. Re-
cently, each individual bound exciton has been demonstrated
to be able to generate single photons.!'-!3 Since the fine
structure splitting of the impurity center is influenced by the
electron-hole exchange interactions and the symmetry, un-
derstanding of the detailed structure of the polarization split-
ting and the interactions in the center is indispensable to
control the fine structure.

Here, we have studied the fine structure polarization split-
ting of exciton emission lines related to N pairs in GaAs. The
in-plane Zeeman interaction causes a field evolution of the
split states. To understand detailed exchange interactions in
the centers, we performed calculations of the optical selec-
tion characteristics considering both the J-J coupling and
local-field effects.

N atomic-layer doped GaAs has been grown on an un-
doped GaAs(001) substrate by molecular-beam epitaxy. Be-
fore doping N, a 380-nm-thick GaAs-buffer layer was grown
at 565 °C. The As partial pressure was 3.0 X 107 Torr. We
used active nitrogen species created in a radio-frequency
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PACS number(s): 71.35.Ji, 71.55.Eq, 71.70.Gm, 78.55.Cr

plasma source from ultrapure N, gas. The gas-flow rate was
1.0 ccm. The N doping has been performed at 570 °C on the
GaAs buffer layer by confirming the N-stabilized (3 X 3)
long-range ordered surface.*!* During the N doping, the As
shutter was not closed. Following the nitridation, a
50-nm-thick GaAs capping layer was grown. The sheet con-
centration of the doped N analyzed by secondary ion mass
spectroscopy is about 3 X 10'> cm™2.

Photoluminescence (PL) has been performed to study ex-
citon fine structures of isoelectronic centers in the GaAs:N
sample. The excitation has been done by the 488 nm line of
an argon-ion laser. The sample was set in a superconducting-
magnet system at 2.5 K in a He-gas flow cooling system. PL
was dispersed in a 550 mm single monochromator and de-
tected by a liquid-nitrogen cooled silicon charge coupled de-
vice array. The resolution limit of our system is 0.1 meV.

Figure 1(a) is a typical PL spectrum of the GaAs:N
sample. The spectrum shows two narrow signals at 1.4431
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FIG. 1. (a) Typical PL spectrum of the GaAs:N sample. The fine
structure polarization splittings for the 1.4431 and 1.4925 eV sig-
nals are displayed in (b) and (c), respectively.
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and 1.4925 eV. This is a typical feature of the sample grown
by the above mentioned atomically controlled technique,
where the atomic-layer doping selects the N pairs in the
(001) plane.* Figures 1(b) and 1(c) show highly resolved
linearly polarized PL spectra for the 1.4431 and 1.4925 eV
signals, respectively. The PL spectra exhibit clear fine struc-
ture polarization splitting. The structure consists of four lines
as indicated by arrows.*!> Each spectral linewidth is close to

our resolution limit. The [110] ([110]) polarization corre-
sponds to the direction showing the PL-intensity maximum
(minimum). The in-plane polarization dependence reveals
the twofold rotation symmetry of the emission center, which
suggests a C,, symmetry about its central [001] axis.* Fur-
thermore, the PL-intensity maximum at the [110] polariza-
tion indicates that the N pair is oriented along the [110]. The

[110] ([110]) polarization selects the inner (outer) pair. The
polarization selection of the 1.4925 eV signal is obvious as
compared to that of the 1.4431 eV signal. This point will be
discussed later.

We performed PL measurements in the in-plane magnetic

field. The applied magnetic field direction is [110] which is
perpendicular to the N pair direction. With increasing the
magnetic field, the polarized spectra show dramatic changes
depending on the polarization direction. Figures 2(a) and
2(b) display the results for the 1.4431 eV signal. The spec-
trum in the magnetic field splits into many signals. Similar
changes can be confirmed for the 1.4925 eV signal, as shown
in Figs. 2(c) and 2(d). These field evolutions indicate that the
optical selection characteristics are broken by the magnetic
field. As will be discussed later, the J-J coupling in a biaxial
field, C,,, splits the I'¢ X I'g excitonic state into eight singlet
states,!>!¢ in which two transitions from the J=2 to the J
=0 ground state are forbidden. Then, six transitions are op-
tically allowed. Furthermore, since the polarization direc-
tions of two transitions from the J=1 and 2 to the J=0
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FIG. 2. Polarized magneto-PL spectra measured in the Voigt

configuration. The magnetic field was applied along the [110] di-
rection that is perpendicular to the N pair direction.
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FIG. 3. Magnetic field dependence of the splitting energy indi-
cated in Fig. 2. Solid lines indicate the quadratic dependences. The

magnetic field was applied along the [110] direction.

ground state are parallel to the [001], emissions due to these
transitions cannot be observed when detecting PL from the
(001) face. Therefore, the remaining four transitions are ob-
served. The observed signals in Fig. 1 are attributed to these
transitions. On the other hand, many more signals can be
confirmed in the magneto-PL spectra displayed in Fig. 2 es-
pecially for the 1.4431 eV signal. When the magnetic field is

parallel to the [110] direction, the C,, symmetry should be
preserved. Therefore, the appearance of the signals more
than four lines in the high magnetic field is due to lowering
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FIG. 4. Calculated (a) exciton fine structure splitting and (b) the
oscillator strengths as a function of the biaxial potential €, by using
parameters of y=1.0 meV and ;=300 peV, where 7y is the J-J
coupling energy and €; and €, are uniaxial and biaxial potentials,
respectively. (c) shows typical calculated oscillator strengths by us-
ing parameters of y=500 ueV, €,=—170 peV, and €,=—-130 ueV.
In this calculation, we do not consider the quantum size effects
causing the significant anisotropic polarization dependence of the
oscillator strength, as shown in Fig. 1.
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the symmetry of the emission center, which is considered to
be caused by applying the in-plane magnetic field along an

unideal direction slightly deviated from [110]. In a general
field less than C,,, six of the eight transitions become ob-
servable.

Here, we note the dominant two lines indicated by arrows
in Fig. 2. The splitting energy of these peaks increases with
the magnetic field. The field dependences for the 1.4431 and
1.4925 eV signals are summarized in Fig. 3. Both the results
obey quadratic dependences as drawn by solid lines. The
quadratic dependence is a typical feature of the bright exci-
ton splitting caused by the in-plane Zeeman interactions.>!?
Therefore, these two originate from the hybridized states of
the |+1) and |-1) exciton states. The remarkable splitting
observed in the 1.4431 eV signal demonstrates a strong long-
range exchange interaction caused by tight binding of the
exciton states at the N pair center.

Next, we performed theoretical calculations of the exciton
fine structure of the N pairs in GaAs by considering both the
J-J coupling and local-field effects.'® In the J-J coupling
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Figure 4(a) shows a calculated splitting pattern of the ex-
citon levels as a function of the biaxial potential €, with
using parameters of y=500 ueV and €,=-170 ueV. Here, A
and B represent the triplet and quintet states, respectively.
The indices of A and B indicate the value of M. The biaxial
local field splits all degenerate energy levels. Figure 4(b)
shows the calculated oscillator strengths of the energy levels
shown in Fig. 4(a). Solid, dashed, and dash-dotted lines in-
dicate the polarized components along the x’, y’, and z’ di-
rections, respectively. Only two levels, B, and B,,, remain
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description, the exchange interaction splits the I'g¢ X I'g exci-
tonic state into a J=1 triplet of energy Ey+57y/8 and a J
=2 quintet of energy E,—3v/8, where E, is the exciton en-
ergy without the exchange interaction and v is the J-J cou-
pling energy. On the other hand, the local potential with the
C,, symmetry couples x’, y’, and z’ eigenstates. Here, we
choose that the x', y’, and z' axes correspond to [110], [110],

and [001], respectively. Therefore, we need two parameters
as follows:

Y ") 2
| —€+6 0 0
, , (1)
o'l 0 —€6-6 0
'] 0 0 +2¢

where €, and €, are uniaxial and biaxial potentials,
respectively.'® The energy levels and those oscillator
strengths are calculated by diagonalizing the following 8
X 8 matrix in the |J,M j) representation,16
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dipole forbidden transitions, while it is noted that six levels
become dipole allowed transitions in the C,, symmetry. In
our experimental configuration, the x’ and y’ polarization
components can be observed. Figure 4(c) shows a typical
calculated oscillator strengths by using parameters of 7y
=500 peV, €,=—170 peV, and €,=—130 ueV. In this calcu-
lation, we do not consider the quantum size effects causing
the significant anisotropic polarization dependence of the os-
cillator strength, as shown in Fig. 1. Filled and hatched boxes
indicate the polarized components along the x" and y’ direc-
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tions, respectively. The calculated result reproduces the ob-
served optical selection characteristics; the x'(y’) polariza-
tion selects the inner (outer) pair, and the oscillator strength
of the high energy level is larger than that of the low energy
level for each polarization. According to these results, it is
concluded that the exciton fine structure can be analyzed by
the local-field effects in the C,, symmetry based on the J-J
coupling representation. On the other hand, the fine structure
polarization splitting of the 1.4431 eV signal is rather un-
clear than that of the 1.4925 eV signal, which never appears
in the ideal C,, symmetry. We need to consider local-field
effects in a lower symmetry than C,, for the 1.4431 eV cen-
ter.

In summary, we have studied the fine structure polariza-

PHYSICAL REVIEW B 77, 193102 (2008)

tion splitting of exciton emission lines related to N pairs
formed in GaAs. The localized bound excitons consist of
four signals, which can be selected by linear polarization. In
the in-plane magnetic field, the Zeeman interaction causes a
quadratic dependence of the bright exciton splitting. The the-
oretical calculations of the optical selection characteristics
demonstrate the polarization splitting depending on the sym-
metry of the isoelectronic center when considering substan-
tial J-J coupling and the strong biaxial field.
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