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We report on a characteristic photoluminescence feature of the substitutional Mn in high quality
GaMnN layers. The lattice site was identified using atom localization by channeling enhanced
microanalysis with a transmission electron microscope. It shows that 96.5%+5.0% of the Mn atoms
are incorporated on the substitutional Ga site. In photoluminescence a feature appears at 1.41 eV
with a phonon sideband related to the GaN matrix. The temperature evolution is characteristic of an
intra-atomic transition and it is assigned to the internal transition >E— T, of the Mn** ion. The
assignment is supported by absorption experiments. The persistence of the clear PL signal up to
about 1% Mn concentration is proposed to be a fingerprint of high quality diluted GaMnN. © 2007
American Institute of Physics. [DOI: 10.1063/1.2710342]

Diluted magnetic semiconductors on the basis of III-V
compounds have received major attention over the past
years. Early calculations predicted room temperature ferro-
magnetic behavior for GaMnN, bringing the focus to this
material system.1 On the other hand recent first-principles
calculations taking into account the short range character of
the double exchange interaction deny the room temperature
ferromagnetism.2 Experimentally ferromagnetism with
widely varying Curie temperatures as well as spin-glass be-
havior have been observed in single phase GaMnN.’

To achieve a consistent explanation of the experimental
results and draw conclusions about the application potential
of GaMnN as a room temperature spin polarized semicon-
ductor, some benchmarks have to be established to classify
the material properties of different samples. Optical measure-
ments are an invaluable tool for probing the electronic struc-
ture and indeed several Mn-related transitions have been
identified in absorption, in particular, an internal transition of
the Mn** ion at 1.42 eV and a broad feature above 1.8 eV
related to a transition from the valence band.* The same in-
ternal transition has recently been observed by cathodolumi-
nescence (CL) (Ref. 5) but could not be detected in photolu-
minescence (PL) up to now, not even at Mn concentrations
below 1%. For structural characterization transmission elec-
tron microscopy (TEM) is a powerful and widely available
tool, which can even yield information about the lattice site.

In this work we present a study relating PL. measure-
ments with TEM characterization and comparing them with
available experimental and theoretical data, mainly the
known absorption features. We show that if the incorporation
of the Mn in GaN is to a very high degree substitutional, then
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a clear PL at 1.41 eV is detected. Furthermore also an intense
band edge PL is measured, comparable to the one in the host
material. Above 1% Mn concentration both features are con-
tinuously quenched.

The GaMnN-samples are grown by plasma-assisted mo-
lecular beam epitaxy (MBE) at various temperatures as de-
scribed in Ref. 6. They are grown either on p-doped Si(111)
with an AIN buffer layer or on top of a metal-organic
chemical-vapor deposition (MOCVD)-grown GaN template
on Si(111) or sapphire. PL. measurements were carried out
with the 325 nm line of a HeCd laser typically at a power of
100 W/cm?. For low temperature spectra the samples were
kept in a liquid helium immersion cryostat at 2 K and dis-
persed by a 0.75 m Acton monochromator with a charge-
coupled device (CCD) camera. Transmission electron mi-
croscopy (TEM) and energy dispersive x-ray (EDX)
measurements were carried out using a Philips CM 200 UT-
FEG operated at 200 keV. The microscope is equipped with a
Si:Li detector (Oxford Link ISIS) for EDX analysis. The
samples show only a single phase in x-ray diffraction (XRD)
and TEM.

In order to quantitatively determine the fraction of Mn
atoms on substitutional and interstitial sites, atom localiza-
tion by channeling enhanced microanalysis (ALCHEMI) was
carried out in the TEM. The basic idea of this technique is to
exploit the strong dependence of the characteristic x-ray
emission on small changes of the crystal orientation due to
changes of the dynamical diffraction conditions.” Soo et al.
[extended x-ray-absorption fine structure (EXAFS)®] and
Kuroda et al. [angular-resolved particle-induced x-ray emis-
sion (PIXE)]9 already showed the substitutional incorpora-
tion, but they used integral methods while the method pre-
sented here is locally applied on defect-free areas. Structural

© 2007 American Institute of Physics
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FIG. 1. Measured (squares with error bars) and calculated x-ray intensities
for ALCHEMI using a systematic row of {0002} reflections. The solid line
shows the calculation for the cation site of GaN, the dotted line for the
interstitial sites.

defects may influence the results of angular-resolved mea-
surements and can thus be avoided by ALCHEMI.

For the analysis we considered substitutional Mn on the
cation site of the GaN host matrix as well as on the octahe-
dral (O) and tetrahedral (T) interstitial sites. Planar channel-
ing conditions with a systematic row of {0002} reflections
allow us to differentiate between the interstitial and substitu-
tional sites, while a further differentiation between the two
interstitial sites under consideration is not possible. In addi-
tion, measurements using a row of {1120} reflections were
carried out.

The measured total Mn concentration of the sample stud-
ied by ALCHEMI is about 1.5% of the metal content. We
used Bloch wave calculations to simulate the thickness inte-
grated electron density on all possible sites using the EMS
software package.lO In the absence of delocalization effects
this density can be assumed to be proportional to the emitted
x-ray signal. The calculated signals for all considered sites
are compared to the experimentally obtained ones."!

Figure 1 shows the measured K, intensity of the Ga and
Mn signal for different incident beam angles along the row
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of {0002} reflections. The calculated intensities for the cation
and interstitial site are also plotted. The occupancy analysis
itself was done by matching a linear combination of the cal-
culated Mn/Ga ratios for substitutional and interstitial sites to
the ratio of the measured lines. Analyzing the ratios is com-
mon in quantitative EDX analysis,12 as it allows us to mini-
mize the influence of experimental uncertainties as, e.g.,
changes in the electron intensity. This analysis revealed that
96.5%+5.0% of the Mn atoms are located on the substitu-
tional Ga site. The error of the occupancy was obtained by a
Monte Carlo simulation using the Poisson’s statistics of the
absolute count rates. We were able to reproduce this result
within the error examining other regions of the sample.
These results were cross checked with a measurement along
a row of {1120} reflections (not shown), which allows to
exclude Mn locations besides those considered above.

With the quantitative knowledge of the lattice site occu-
pation in our samples we can now analyze the optical prop-
erties of GaMnN. As compared with undoped GaN, the in-
corporation of Mn leads to a new band at 1.41 eV, which
shifts slightly with strain on different substrates. When the
Mn-concentration increases above 1 at. %, we can detect
nearly no luminescence from the sample at all.

Details of the luminescence band in the infrared (IR)
region are shown in Fig. 2. The electronic 3d-levels of a
manganese atom located at the gallium site are split by the
approximate tetrahedral symmetry of the crystal field of the
ligands into a doubly degenerate e state and a triply degen-
erate t, state. The #, orbitals further hybridize with the p-like
orbitals of the nitrogen neighbors forming bonding states in-
side the valence band and antibonding states above the non-
bonding e states. Density-functional theory predicts an en-
ergy difference between the antibonding ¢, states and the e
states of approximately 1.4 eV for Mn**."* The ground state
of a free Mn>* ion with its four d electrons is °D. The crystal
field splitting of the d orbitals splits this state into the new
ground state °T, where the hole is located in the , levels and
an excited state °E where the hole is located in the e levels.

A (spin-allowed) transition from the excited state °E to
the ground state 5 T, inside the Mn>* ion is then assigned to
the observed luminescence (Fig. 2). Below the zero-phonon
line (ZPL), a structured sideband of phonon replica is visible.
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FIG. 3. Comparison between a sample grown on Si(111) (J27) and on a
MOCVD-template on sapphire (G103) with comparable Mn concentration
(~0.5%). The inset shows an absorption measurement.

Figure 2 also shows absorption data from Wolos et al." with
qualitatively the same features as our luminescence data.
These absorption features are commonly found in
GaMnN*>'" and identified by Graf et al* as the internal
transition >T,— °E of the neutral acceptor (A’) Mn**. The
good agreement of the sideband with phonon modes in GaN
has been pointed out by Wolos et al. 14 and are marked in Fig.
2.

In Fig. 3 a comparison between GaMnN grown on dif-
ferent substrates is shown. The Mn concentration amounts to
approximately 0.5%. The optical quality is much better in the
samples grown on sapphire. These layers also show a re-
markably improved crystal quality in XRD and TEM. Fur-
thermore, PL near the band edge (not shown) reveals very
strong bound and free excitonic signals with a FWHM of
2-3 meV, which is identical to that of the MOCVD layer.
Three zero-phonon lines near 1.4 eV are well resolved which
can be explained by crystal-field theory taking into account
trigonal components and spin-orbit coupling as shown by
Marcet et al.” ZPL 1 and 2 are seperated by 1 meV through
spin-orbit coupling, while ZPL 3 is 6 meV apart from ZPL 1
because of the trigonal field. After’ a spin-orbit triplet is
expected, but two of the lines merge into ZPL 1. In absorp-
tion measurements a doublet can be resolved showing the
ZPLs 1 and 2 (Fig. 3 inset). Another significant difference
between the two sets of samples is the strength of the phonon
sideband, which is much weaker for the samples grown on
sapphire. Other groups were not able to detect the above
intra-3D luminescence in PL but only with CL in one very
diluted sample and at very high excitation densities.’

The temperature dependence of the Mn-related band at
1.41 eV (not shown) is typical for an intra-atomic transition.
The sharp ZPL weakens with increasing temperature and
around 100 K becomes indistinguishable from the broad
band at lower energy. It should be noted that the intensity of
the Mn-related band at 1.41 eV does not scale proportional to
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the Mn concentration in the layer. We find a decreasing in-
tensity for highly concentrated samples. Indeed, the whole
luminescence over the full spectral range quenches with in-
creasing Mn concentration, indicating the creation of nonra-
diative recombination channels competing with the radiative
processes. Also we find a correlation between the existence
of the PL at 1.41 eV and the existence of the excitonic lumi-
nescence near the band edge. This is an indication that the
excitation mechanism involves excitons, which is further
supported by our inability to detect the PL with below band-
gap excitation. An Auger-like energy transfer to the Mn atom
fulfills these requirements and is thus proposed as the exci-
tation mechanism.

In conclusion, we report on the first observation of the
intra-atomic transition E—°>T, of substitutional Mn in
GaMnN in photoluminescence. The analysis by ALCHEMI
revealed that 96.5%+5.0% of the Mn atoms in our samples
are located on the substitutional Ga site. The PL line shape
and intensity are highly sensitive to the structural properties
of the grown layers. The appearance of this feature now
opens up further possibilities to analyze the electronic struc-
ture of Mn®* in GaMnN, e.g., via magneto-optical experi-
ments.
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