PHYSICAL REVIEW B 80, 235323 (2009)

Electronic structures of Mn-induced phases on GaN(0001)
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We investigate the atomic and electronic structures of Mn-incorporated GaN(0001) surface by scanning
tunneling microscopy and first-principles calculations. The incorporation of Mn at room temperature initially
leads to a disordered phase, and subsequently an ordered (3 X 3) reconstruction at ~0.5 ML Mn coverage. The
(3 X 3) exhibits a honeycomb structure for sample bias below —0.5 V, and appears as a closed-packed struc-
ture above —1.2 V, which is attributed to antiferromagnetic ordering induced by Mn atoms. Incorporation of
the same amount of Mn at an elevated substrate temperature of 300 °C produces an additional phase with local
(5 X 5) periodicity, consisting of two types of trimers: one with three spots of equal intensity and the other with
uneven intensities. This disparity in intensity can be resolved using a Fe-coated W tip, which is attributed to
enhanced spin-dependent tunneling between the Mn-induced minority states and the Fe-induced states of the

functionalized W tip.
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I. INTRODUCTION

Diluted magnetic semiconductors (DMSs) have shown
great potential for the next-generation spintronic devices
which manipulate both the spin and charge of electrons to
process information.!> Mn-doped GaN has garnered special
attention because its Curie temperature (T) is predicted to
be higher than room temperature.3 However, extensive theo-
retical and experimental investigations have yielded consid-
erable conflicting observations: ferromagnetic (FM) ordering
with T varying from 10 to 954 K, antiferromagnetic (AFM)
ordering, as well as spin glass behavior, have all been
reported.*~18

These inconsistencies may stem from the different growth
conditions used, which can lead to the formation of a variety
of defects,'® as well as the presence of Mn clusters and sec-
ondary phases. For example, Mn,N, phases that may have
formed during growth have been suggested as being, at least
partially, responsible for the ferromagnetic behavior of
(Ga,Mn)N.!"7 In addition, calculations have indicated that
while FM ordering is expected in the bulk, AFM coupling
can exist on or near the surface layers, due to the greater
contraction of Mn-Mn and Mn-N bond length on GaN

(1120) surfaces.'2% Furthermore, the incorporation of Mn
on the GaN(0001) (2 X 2) surface has been found to be con-
centration and temperature dependent: at low concentrations,
Mn atoms prefer random substitution. At higher Mn concen-
trations, growth temperature also plays a role: Mn atoms
tend to form ferromagnetic planar pairs or larger clusters in
the (0001) plane at low temperatures, and zigzag ferromag-
netic columns at higher temperatures.?! Clearly, a better un-
derstanding of the incorporation of Mn on GaN surface at the
atomic scale, particularly on a substrate orientation and sur-
face that is molecular beam epitaxy (MBE) growth relevant,
is crucial for improving the growth processes and ultimately
to synthesize homogeneous GaN-based DMS for practical
applications.

In this work, we investigate the atomic and electronic
structures of Mn-incorporated GaN(0001) pseudo-1X 1 (de-
noted “1X 17 hereafter) surface by scanning tunneling mi-
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croscopy (STM) and first-principles calculations. Depending
on Mn coverage and incorporation temperature, one disor-
dered and two ordered phases, (3X3) and (5X5), are ob-
served. The atomic structure of both ordered structures is
studied using a nominal W tip as well as an Fe-coated tip.??
Based on the calculated energetics of various Mn-
incorporation configurations, we propose a mechanism for
Mn incorporation, as well as structural models for these
phases.

II. EXPERIMENT

The GaN films were grown by plasma-assisted MBE on
6H-SiC(0001) substrates at 600 °C. The film surface exhib-
its a metallic ““1 X 17 structure which is typically seen for
GaN films grown under Ga-rich conditions, consisting of ~2
ML Ga on top of the Ga-terminated GaN.?*">> Mn was de-
posited on this surface at a rate of 0.1 ML/min at room
temperature as well as at an elevated temperature of 300 °C.
STM imaging was carried out in constant current mode with
an Omicron variable temperature STM interconnected to the
MBE chamber. W tips were prepared by electrochemical
etching, some of which were then subsequently coated with
more than 10 ML of Fe in ultrahigh vacuum. Characteriza-
tion by scanning electron microscopy and energy dispersive
spectroscopy indicate that the radius of the Fe-coated W tip
is ~300 nm.?¢ Unless otherwise specified, the images shown
are taken with a W tip.

III. RESULTS

STM images of the GaN surface after Mn incorporation at
room temperature and 300 °C are shown in Fig. 1. At low
Mn coverage, part of the GaN “1 X 1” region is converted
into a disordered structure [Fig. 1(a)]. With increasing Mn
coverage, the population of this phase grows to cover most
of the surface [Fig. 1(b)], while a new ordered structure with
a (3X3) periodicity begins to nucleate within it. At about
0.5 ML Mn, the (3 X 3) phase populates the majority of the
surface, as shown in Fig. 1(c). When the same amount of Mn
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FIG. 1. (Color online) STM images of structures observed after
Mn incorporation on the GaN(0001)-“1 X 1” at room temperature.
(a) At the beginning of Mn incorporation, the surface is converted
to a disordered phase (sample bias: —0.5 V, tunneling current: 0.3
nA, and image size: 20X 20 nm?). (b) With increasing Mn cover-
age, the disordered phase covers the majority of the surface (sample
bias: —1.3 V, tunneling current: 1.0 nA, and image size:
94X 94 nm?). (c) At 0.5 ML Mn, an ordered (3X3) phase is
formed (sample bias: —1.4 V, tunneling current: 1.0 nA, and image
size: 50X 50 nm?). (d) Reconstruction upon Mn deposition at
300 °C. Both (3X3) and (5X5) are observed (sample bias:
-0.15 V, tunneling current: 2.0 nA, and image size: 50 X 50 nm?).

(0.5 ML) is deposited at 300 °C, a new phase with partial
ordering is observed in addition to the (3 X 3) reconstruction
[Fig. 1(d)]. Since the two phases are always found to coexist,
the critical Mn coverage for the formation of each phase is
not well defined.
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FIG. 2. (Color online) (a) Atomic resolution STM image of the
(3 X 3) structure (sample bias: —0.3 V, tunneling current: 1.0 nA,
and image size: 5 X5 nm?); (b) The topography changes from hon-
eycomb to closed-packed structure as the bias voltage is switched
from —0.5 to —1.2 V; dotted line marks the position of the change
(tunneling current: 1.0 nA and image size: 9.5X 9.5 nm?). The par-
allelograms mark the unit cells in both cases. (c) Profile of line AB
marked in Fig. 2(b) showing the height difference between neigh-
boring protrusions for the honeycomb and closed-packed structure.
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FIG. 3. (Color online) (a) STM image of the local (5X35) ob-
tained with sample bias at —0.7 V, tunneling current at 3.0 nA
(image size: 22X 22 nm?). Variant I and II are marked by dashed
and solid outlines, respectively. (b) STM image of the same location
as in (a) but with sample bias at 0.7 V, tunneling current at 3.0 nA.
(c) Closed-up view of the triangular features of variant I. (d) STM
image of variant II taken using a Fe/W tip. [Sample bias: —0.4 V,
tunneling current: 0.5 nA, and image size: 9 X9 nm? for (c) and
55 nm? for (d)].

The (3 X 3) structure exhibits a strong bias dependence.
For sample bias below —0.5 V, a honeycomb structure is
observed [Fig. 2(a)], though the contrast of the corner spots
alternates slightly between bright and dim. When the sample
bias is changed from —0.5 V (bottom half) to —1.2 V (top
half), this contrast becomes much more enhanced, as shown
in Fig. 2(b). As a result, the honeycomb now appears as a
closed-packed structure. The difference in height between
the bright and dim spots can be clearly seen in the line pro-
file across AB, as shown in Fig. 2(c). For the honeycomb, the
height difference from peak to valley is 0.7 A, and between
the neighboring protrusions is 0.1 A. The closed-packed unit
cells exhibit a qualitatively similar profile, however, with an
enhanced height difference of 0.9 A from peak to valley, and
0.3 A between the neighboring bright and dim protrusions,
three times that of the honeycomb structure.

The high-temperature phase typically appears in small
patches separated by bright domain boundaries (one of
which is outlined by the dashed line), as shown in Fig. 3. The
lattice spacing between the corner holes (as marked by a
circle) is 16 A, giving rise to a local (5 X 5) periodicity. At
first glance this structure is qualitatively similar to that of the
Si(111) (5% 5).2” However, unlike the silicon surface, the
corner holes appear differently depending on bias polarities:
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while it appears as a depression (“hole”) in filled state im-
ages [Fig. 3(a)], it appears as a protrusion in empty-state
images [Fig. 3(b)].

Close examination of the structure reveals that there are
two variants of the (5 5): the majority (variant I) consists
of trimers with three well-resolved bright spots with equal
intensity [one of which is marked by a triad of three circles
in Fig. 3(c)]; the rest (variant II), as those enclosed by the
solid line in Fig. 3(a), exhibit only triangular shapes. Inter-
estingly, the details of these triangular features can be re-
solved clearly using a Fe-coated W tip, as shown in Fig. 3(d)
(marked by a triangle). They are, in fact, also trimers con-
sisting of three spots with uneven intensities—the two
“outer” spots are brighter than the “inner” spot—which gives
rise to additional ordering: a pair of bright spots facing each
other.

IV. DISCUSSIONS

To elucidate the energetics of various Mn-incorporation
configurations and the nature of their bonding, first-
principles calculations using the full-potential linearized aug-
mented plane-wave method,?®?° as implemented in flair,*
have been carried out. We model the Ga-rich GaN(0001)
surface using nine GaN bilayers with an additional two lay-
ers of Ga in a 3 X |3 structure; these additional layers of Ga
were either in the “1 X 17 structure (with four Ga atoms in
the top layer) or in a tetrahedral Ga bilayer. The in-plane
GaN lattice constant is fixed at the calculated value of
a=3.18 A (c/a=1.626). To check the Mn-Mn distance de-
pendence and relative magnetic alignment, additional calcu-
lations were done using 3 X3 and (3R30° X 3 (with six at-
oms per layer) structures with four GaN bilayers as the
substrate (plus two Ga layers). For the nine (four) GaN-
bilayer substrate calculations, the bottom three (two) layers
of the film were kept fixed at the calculated bulk positions,
but the positions of the other atoms were allowed to relax.
The calculations were done in a film, rather than a supercell,
geometry in order to avoid artificial interactions between the
slabs. The Brillouin zone was sampled using an 8 X8 X2
mesh for the 3 X /3 calculations, and equivalent sets for the
other calculations. The energetics reported here require the
differences between sets of calculations (e.g., the various
clean surfaces, adatoms, and substitution configurations), so
tests were done to ensure that the results were converged
with respect to basis size, k-point sampling, etc. The calcu-
lations using the different surface cells gave consistent re-
sults for systems that could be treated using all of the cells.
To address the incorporation of Mn at different sites, possi-
bilities ranging from the top GaN bilayer to adatom sites
were considered, both for the “1 X 17 and for the Ga-bilayer
structures.

The results suggest that the transformation from the
“1X1” to the (3 X3) structure proceeds by first incorporat-
ing Mn in the upper layer of the “1 X 1”. The “1 X 1” struc-
ture is nominally more stable than the Ga-bilayer structure
(by 0.07 eV), but the incorporation of Mn [cf. Fig. 4(a)]
reverses the relative stabilities of these two phases. Specifi-
cally, the configuration with Mn in a substitutional site in the
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FIG. 4. (Color online) (a) The addition of Mn to the

“1 X1 structure causes a structural change into a tetrahedral Ga
bilayer with a Ga adatom. (b) The resulting (3 X 3) structure con-
sists of AFM-coupled Mn atoms and Ga adatoms. (c) Calculated
line profiles (solid lines: local majority spin and dashed lines: mi-
nority spin) along a line through Mn and its neighboring Ga ada-
toms for two biases for various constant values of the energy-
integrated (position-dependent) density of states. (d) Calculated
spin-resolved local density of states for Mn.

top layer and Ga adatoms at T, sites (to account for the extra
Ga of the “1X17) is energetically more favorable, by
0.55 eV/incorporated Mn, than a “1 X 1” structure that sim-
ply incorporates Mn. Therefore, the incorporation of Mn
would favor the formation of a Ga-bilayer structure. In addi-
tion, there is also a strong preference for the Ga adatom to be
next to the substitutional Mn (by 0.41 eV), rather than hav-
ing the Ga adatom neighboring another Ga, in contrast to the
cases of Ge and Si incorporation on the same surface.!-3?

More importantly, with additional Mn incorporation into
the newly formed bilayer structure, there is also a preference
(~0.05 eV/Mn) for the Mn atoms to be second nearest
neighbors in the same plane, suggesting that the formation of
a new reconstruction is favored rather than Mn clustering.
(The preference for Mn to be surrounded by Ga is consistent
with the bulk phase diagram and the tendency in compounds
to have unlike neighbors.) Not surprisingly, the Mn atoms
also prefer to couple antiferromagnetically (~0.10 eV/Mn).
The smallest reconstruction that can satisfy these two condi-
tions, i.e., second-nearest-neighbor arrangements for Mn at-
oms and antiferromagnetic coupling between them, is a hon-
eycomb structure with a (3 X 3) periodicity, as shown in Fig.
4(b). Note that this arrangement also averts the magnetic
frustration that would have occurred if there were an addi-
tional Mn at the center of the honeycomb, i.e., a ({3X 3)
structure.

The calculated (energy-integrated) position-dependent
densities of states (DOS), [den(r,e), provide direct insights
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into the bias-dependent behavior shown in Fig. 2(b). A
simple model of STM relates the relative height of the tip to
contours of constant DOS; the bias dependence is reflected
by the range of energies of the states that are included in the
density. In Fig. 4(c), the contours of constant density for
biases E=—0.5 and —1.5 eV (which includes the occupied
states between the Fermi level and E) are plotted for the local
majority (solid lines) and minority (dotted lines) states along
a profile through a Mn atom and its neighboring Ga adatom.
The Ga adatom is clearly the most prominent feature, how-
ever, a distinct difference in height for the Mn atoms is also
observed depending on their magnetic orientation. The
height difference is calculated to be ~0.1 A for a bias of
-0.5 eV and increases to about 0.3-0.4 A for —1.5 eV.
This difference—which is independent of the choice of
contour—is simply related to the Mn local DOS (LDOS), as
shown in Fig. 4(d): the large peak in the majority LDOS is
not sampled for the smaller bias. These findings are in excel-
lent agreement with the experimental results presented in
Fig. 2.

These calculations also shed light on the nature of the
(5X5). As discussed above, the substitutional incorporation
of Mn causes the replaced Ga atom to form an adatom near
the Mn. Since the calculations show that the most prominent
LDOS on the surface originates from Ga atoms [Fig. 4(c)], it
suggests that the trimer spots of the (5% 5) are Ga adatoms.
The difference between the two variants (with even and un-
even trimers) is likely due to whether there is a Mn atom
incorporated within the layer below, since the contrast arises
from the spin-dependent tunneling between the Fe/W tip and
the Ga adatom bonded to a Mn atom from the layer below.
Our calculations of the Fe/W tip indicate that there is an
occupied state around 0.5 eV below the Fermi level (Ep),>
which would enhance tunneling into the Mn-induced minor-
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ity states at ~1 eV above Ep. The fact that this contrast
between the trimer spots can be resolved using an Fe-coated
W tip is consistent with it being related to the Ga adatoms
bonded to Mn atoms underneath.

The observation that this phase is only formed at elevated
temperatures may be due to the enhanced Mn migration at
higher temperatures, which leads to the formation of Mn-rich
domains, while the excess Ga atoms (displaced by Mn incor-
poration and from the formation of the Ga-bilayer structure)
form bright boundaries. In addition, since Mn prefers Ga to
be nearest in-plane neighbors, it also explains the secondary
ordering observed in these trimers, where the dimmer spots
are always the inner spots. Nevertheless, to confirm the pre-
cise placements of the substitutional Mn atoms underneath
the Ga bilayer, more extensive theoretical calculations are
necessary.

In conclusion, using STM and first-principles calcula-
tions, we have investigated the structural and electronic
properties of Mn-incorporated GaN(0001). A disordered
phase and a (3 X 3) structure are found at room temperature,
while coexistence of (5X35) and (3 X 3) are observed at el-
evated temperatures. The ordered (3 X3) phase exhibits a
honeycomb/closed-packed structure depending on the bias
voltage, and a structural model is proposed where the Mn
atoms are in an antiferromagnetic arrangement. The (5 X 5)
consists of two types of triangular features, one of which can
be resolved by a Fe/W tip and is attributed to enhanced spin-
dependent tunneling between the Mn-induced minority states
and states of the Fe-coated W tip.
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