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Abstract
Structural properties of GaN layers doped with magnetic impurities (Mn, Cr)
were investigated by Raman scattering. In the case of Mn-doping, an impurity
mode was observed at around 585 cm−1 with concentrations of Mn up to 1–
2%. This mode was assigned to a local vibrational mode of Mn substituting
the Ga site, and interpreted as spectral evidence of a uniform solid solution in
the samples. For Cr-doping, good crystalline quality was also confirmed up to
[Cr] = 3–5%. Cr is more miscible in GaN than Mn. Resonance enhancement
of LO phonon signal was observed in GaCrN layers when excited by a deep
UV laser at 266 nm (4.7 eV). This indicates generation of photo-carriers.

1. Introduction

GaN doped with dilute magnetic impurities is an attractive candidate for future ‘spintronics’
devices based on carrier-induced ferromagnetism [1, 2]. Great difficulties lie, however, in
growing high quality samples because of the low miscibility of magnetic elements. This is
the main reason for conflicting experimental results on ferromagnetism [3, 4], and makes it
indispensable to precisely investigate the structural properties of each sample. In this work,
Raman scattering characterization was performed on Ga1−x Mnx N and Ga1−x CrxN epitaxial
layers with x < 12% to focus on the miscibility of magnetic elements and their local atomic
arrangements.

2. Experiment

The samples had structures of Ga1−x Mnx N (200 nm)/GaN (200 nm)/GaN (buffer)/sapphire
(0001) and Ga1−x Crx N (500 nm)/GaN (20 nm)/GaN (buffer)/sapphire (0001). The top layers
were grown by molecular beam epitaxy (MBE) at 750–850 ◦C and 620 ◦C, respectively. NH3

gas was used as the nitrogen source. The conductivity was n-type for both samples according
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Figure 1. Raman spectra of Ga1−x Mnx N with x = 0.44–12% (#A–#C). Typical spectra of a high
quality GaN (#F) and an ion-implanted one (#D), and a calculated phonon DOS (#E) [7] are also
shown for comparison. The inset shows a polarized spectra of sample #A.

to a photo-voltaic effect. Further details are described elsewhere [5, 6]. Raman scattering
was observed at room temperature by a confocal microscope in backscattering geometry using
Ar ion laser at 514.5 nm and fourth harmonics of a YAG laser at 266 nm, and a double
monochromator of focal length 85 cm equipped with a liquid-N2-cooled CCD (charge coupled
device) detector. The concentration of magnetic elements was evaluated by electron probe
micro-analysis (EPMA).

3. Results and discussion

Figure 1 shows Raman spectra for Ga1−x MnxN with x = 0.44% (#A), 1.2% (#B) and 12%
(#C). For comparison, figure 1 includes typical spectra of a high quality GaN (#F) and an
ion-implanted GaN (#D), and a calculated phonon DOS (density of states) (#E) [7]. The inset
shows a polarized spectra of #A. An x-ray diffraction (XRD) analysis showed that there was no
phase separation for #A and #B, while #C showed some secondary phase components due to
unassigned precipitates [5]. The spectra #A to #C commonly show signals of the GaMnN layer
at 100–200 cm−1 (a), 300 cm−1 (b), 580–600 cm−1 (d), 670 cm−1 (e) and 730 cm−1 (f). In
addition to these signals, sharp phonon signals appear from the underlying GaN layer (c) and the
sapphire substrate (sa), which become stronger as the GaMnN layer becomes more transparent
from #C to #A. The spectral features (a), (b) and (f) are well reproduced in the ion-implanted
sample and resemble the phonon DOS profile. They are defect-induced signals observed when
a crystal loses long-range lattice ordering and the Raman selection rule is relaxed. These signals
show, therefore, no clear polarization dependence. On the contrary, the peaks (d) and (e) are
unique; unlike the defect-induced signals, these two components become well defined or sharp
when the Mn content is small, i.e. the sample is less defective. Furthermore, they show clear
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Figure 2. (a) Raman spectra of Ga1−x Crx N with x = 0–9.2% (#A–#F) with typical spectra of a
high quality GaN (bottom) and an ion-implanted one (top) [7] for comparison, and (b) close-up of
the E2 phonon mode.

polarization dependence, as seen in the inset, where z(x, y) − z and z(x, x) − z mean crossed
and parallel polarization, respectively, in backscattering geometry from the c-plane. The sharp
peak (e) has been assigned as a vacancy-related local vibrational mode (LVM) of the host
lattice, and can be observed in parallel polarization [8]. Here we assign the other one, newly
observed peak (d), to the LVM of Mn occupying the Ga site because of the following reasons:
first, the peak frequency (∼586 cm−1) is close to that of the LVM roughly estimated using the
GaN E2 (high) phonon frequency with consideration of the reduced-mass difference between
the Ga–N and Mn–N pairs, i.e. ωMn–N ∼ ωGa–N[µGa–N/µMn–N]1/2 = 582 cm−1. Second, as
shown in the inset, (d) disappears in crossed polarization geometry, which is consistent with
the local symmetry around the Mn ion occupying the Ga site (Td or, more precisely, C3v, if
c-axis anisotropy is included) [9]. Recalling that #A and #B showed no precipitation according
to XRD, we may conclude that the sharp LVM signal at 586 cm−1 is a measure of uniform
solid solutions of GaMnN where Mn occupies the Ga site.

A separate experiment on magnetization properties revealed that the non-phase-separated
sample (#B) was mainly paramagnetic, while the phase-separated one (#C) was dominated by
ferromagnetism at low temperature, which was ascribed to Mn-based precipitates [5].

In figure 2(a), Raman spectra of Ga1−x Crx N with x = 0–9.2% are shown as #A–#F
together with typical spectra of a high quality GaN (bottom) and an ion-implanted GaN (top) [7]
for comparison. Figure 2(b) shows a close-up of the E2 phonon mode. It is easily observed that
the E2 (high) phonon mode is sharply peaked at x = 0–3% (#F–#D), but clearly broadened at
above 3–5% (#C, #B and #A). The total spectrum of #A in figure 2(a) resembles well that of
ion-implanted sample (top), indicating that the long-range lattice ordering is lost. The A1 (LO)
mode at 735 cm−1 is also sharp at x = 0–3%. We found by a separate polarization experiment
that these two phonon modes satisfied well Raman selection rules for wurtzite symmetry at
low Cr concentrations.

Figure 2(b) shows furthermore that the E2 peak gradually shifts to higher frequency with
increasing x from 0 to 3% (from #F to #D), while some sudden change occurs at higher x
values (#C–#A). Our XRD characterization (θ–2θ scan) showed a well-correlated result with
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this Raman scattering observation, i.e. the diffraction angle of the GaN(0002) peak gradually
increased with increasing x from 0 to 3%, indicating a monotonous decrease in the c-axis
lattice constant. The increase in phonon frequency from #F to #D in figure 2(b) means that
lattice shrinkage also occurs in the c-plane. We have found by extended x-ray absorption fine
structure (EXAFS) that the nearest neighbourof Cr is N at x <∼ 3%. Thus, our results indicate
that substitution of Cr to the Ga site happens smoothly at low Cr concentrations, resulting in
lattice shrinkage. We consider that this lattice shrinkage increases the lattice distortion energy,
and at x = 3–5% leads to some local structure re-arrangement as seen in figure 2, #C to
#A. Our Raman spectra clearly show, however, that the wurtzite host-lattice structure is well
retained in the whole tested range x = 0–9.2% with no clear indication of phase transition or
secondary phases.

An impurity mode is observed at around 510 cm−1 (arrow in figure 2(a)). This mode
appears at x = 1–2% (#E) and enhances in intensity with x up to 3–5% (#C). Since it showed
clear polarization property suggesting Td or C3v symmetry, it may be attributed to Cr-related
LVM. Another impurity mode is observed at #E at around 530 cm−1, but not yet assigned.

In a separate Raman scattering experiment on Ga1−x CrxN, by using a deep UV laser source
at 266 nm (=4.7 eV), we observed a clear enhancement of LO-phonon intensity at x = 0–5%.
This is due to a resonance Raman effect induced by photo-excitation of free carriers. This
suggests a well-defined band structure of the samples, and we think that the generation of
photo-carriers may open the way to verify the possibility of carrier-induced ferromagnetism
by pure optical means.

4. Conclusion

In GaMnN layers, the formation of a uniform solid solution as ternary alloy was confirmed
at [Mn] <∼ 2%. The samples showed a local vibrational mode at 585 cm−1, which was
attributed to Mn substituting the Ga site. For larger Mn concentrations, Raman spectra showed
deterioration in long-range lattice ordering.

Good crystallinity was also observed in GaCrN layers doped by [Cr]<3–5%. They
showed resonance enhancement of LO-phonon signals when excited by a UV laser at 266 nm
(4.7 eV). This is a clear indication of the photo-injection of free carriers to a diluted magnetic
semiconductor.
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[9] Brandt M S, Ager J W III, Göez W, Johnson N M, Harris J S Jr, Molnar R J and Moustakas T D 1994 Phys. Rev.

B 49 14758


