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Role of vacancy-type defects in magnetism of GaMnN*
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Role of vacancy-type (N vacancy (V) and Ga vacancy (Vg,)) defects in magnetism of GaMnN is investigated by
first-principle calculation. Theoretical results show that both the Vi and Vg, influence the ferromagnetic state of a system.
The Vy can induce antiferromagnetic state and the Vg, indirectly modify the stability of the ferromagnetic state by depop-
ulating the Mn levels in GaMnN. The transfer of electrons between the vacancy defects and Mn ions results in converting
Mn3* (d*) into Mn?* (d%). The introduced Vy and the ferromagnetism become stronger and then gradually weaker with
Mn concentration increasing, as well as the coexistence of Mn>*+ (d*) and Mn?* (d°) are found in GaMnN films grown
by metal—organic chemical vapor deposition. The analysis suggests that a big proportion of Mn>* changing into Mn%*
will reduce the exchange interaction and magnetic correlation of Mn atoms and lead to the reduction of ferromagnetism of

material.
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1. Introduction

Diluted magnetic semiconductors (DMSs) have attracted
a lot of attention due to their potential applications in spin-
tronic technology.!'! Among the DMS materials, GaMnN is
of particular interest and increasingly studied.'?! However, its
potential applications remain far from being fulfilled as var-
ious experiments, which leads to controversial conclusions
concerning the ferromagnetism in GaMnN. > Moreover, al-
though Mn is known as forming deep acceptor levels located
in the band gap of GaN, the electronic structure and valence

10-131 and the origin

states of Mn ions are still controversial,l
of experimentally observed ferromagnetism is still not fully
understood. In our previous experimental studies,® 4171 we
observed the presence of N vacancy (Vn) with the Mn concen-
tration increasing and analyzed the coexistence of Mn3* and
Mn?* in a GaMnN sample. The understanding of magnetism
of GaMnN requires more knowledge of vacancy-type defects
and their interactions with the Mn ions. Since current exper-
imental studies cannot resolve the structure and properties of
defects to an atomic level, theoretical calculation is a valuable
complementary method, because it allows the investigations
of the geometry and electronic properties of defects in relative
isolation.

Some theoretical studies showed that the Ga vacancy
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(VGa) gives rise to ferromagnetism in the GaN system. [!3:19]

However, Mahadevan and Mahalakshmi found that the pres-
ence of Vg, can destroy the ferromagnetic state in Mn-doped
GaN.?% For N vacancies (Vy), few investigations have been
performed on the effects of Vy on valence states of Mn ions
and magnetism in GaMnN. In this paper, first-principle calcu-
lations coupled with zero-field-cooled (ZFC) and field-cooled
(FC) M-T measurements, are carried out to investigate the
changes of the electronic structure and valence states of Mn
ions and magnetic properties with the presence of vacancy de-
fects in GaMnN, and to further understand our previous exper-
imental results. In addition, more knowledge of microscopic
behavior may be helpful in further progress in the understand-
ing and engineering of the GaMnN.

2. Calculation details

Our calculation is based on a 32-atom supercell model.
The atomic positions and the unit-cell parameters are allowed
to relax to the minimum energy configuration to investigate
a variety of configurations of Ga;sMnN4 (one substitutional
Mn atom), Ga;sMnN5 (one substitutional Mn atom and one
VN), GajaMnNj¢ (one substitutional Mn atom and one Vg,),
GajsMny N5 (two substitutional Mn atoms and one Vy), and
Ga;3sMnyNj5 (two substitutional Mn atoms and one Vg,).
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Then, via calculating the system total energy, we choose the
stablest structures to study their electronic structures and mag-
netic properties. Two typical structures are shown in Fig. 1.

All the structure optimizations and density functional
theory calculations are performed with the plane-wave pseu-
dopotential method.?!! The Perdew—Burke—Ernzerhof (PBE)
exchange—correlation functional under general gradient ap-
proximation (GGA) and ultrasoft pseudopotential (Usp) are
used to describe the interactions between the valence electrons
and the doped ions. The plane-wave cut-off energy is set to
be 400 eV, other calculation parameters and calculation steps
have been reported in Refs. [22] and [23]. The calculation ac-
curacy has also been evaluated in Refs . [22] and [23].

Fig. 1. (color online) Model structures of (a) GaMnN: Vy and (b) GaMnN:
VGa.

3. Experimental details

The examined samples here were prepared by metal-
organic chemical vapor deposition (MOCVD). The details
of the growth conditions have been presented elsewhere. >4l
Trimethylgallium (TMGa) and ammonia were used as gal-
lium and nitrogen sources. Bis (monomethycyclopentadienyl)
manganese ((MCp)>,Mn) was used as a dopant source during
the growth of GaMnN films. The Mn concentration of the
GaMnN film was controlled by varying the ratio between the
molar flow rates of Mn and Ga flowing into the reactor. In
this paper, the samples denoted as A, B, and C were fabri-
cated at doping concentration x values of 0.75%, 1.8%, and
2.0%, respectively. Our previous experimental results indi-
cated that no second phase related to Mn was observed for
the GaMnN sample in the @-260 scan curve and the samples
were still long-range lattice ordering and symmetric after GaN
had been doped with Mn, which identified that Mn occupied
the Ga site in the GaMnN sample.*>3] The dependences of
magnetization on temperature and magnetic-field are investi-
gated using a superconducting quantum interface device mag-
netometer (SQUID). ZFC and FC M-T curves are obtained at
temperatures ranging from 5 K to 400 K in an applied field of
200 Oe (1 0Oe=79.5775 A-m™").

4. Results and discussion
4.1. Calculation results and discussion

To better understand the effects of vacancy-type defects
on electronic structure and magnetic properties of GaMnN,
some of the main details of Mn-doped GaN are recounted

(221 The total and par-

here, which has been studied previously.
tial density of state of GaMnN are shown in Fig. 2(a). It can
be seen that the Mn 3d states have been split into doublet e
and pseudotriplet t; states due to the crystal field. Mn replaces
Ga in Ga’>*N3~, Mn has a d* configuration and its level lies
in the middle of the gap, so the Fermi level (Ef) is located
in the t state of the Mn level which is partially filled, and
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Fig. 2. (color online) Total and partial densities of states for (a) GaMnN,
(b) GaMnN:Vy and (c) GaMnN:Vg,. The upper half for each panel is
for spin-up and the other for spin-down.
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Er mainly originates from the hybridization between Mn
3d and N 2p states with a small contribution of Ga sp
states, such hybridization interaction mediates the magnetic
interaction.[?! The total magnetic moment of 4.00 ug also
mainly originates from Mn atom (3.96 up) as shown in Ta-
ble 1. The Mn atom induces the neighboring N atom with
a magnetic moment of —0.12 pp, which further leads to a
0.08 up of the surrounding Ga atom.

Compared with density of states of GaMnN, the partial
density of states of Mn 3d electrons has obvious change with
the introduction of vacancy defects, and then the total densi-
ties of states of these systems have been significantly modi-
fied. Figure 2(b) shows the total and partial densities of states
of GaMnN:Vy. As mentioned above, for GaMnN, the EF is
located in the t; state of the Mn band which is partially filled.
The high-lying N vacancy state is higher than that of the Mn
level.[*”] The extra electrons provided by Vy must transfer
to the Mn states. The Eg shifts toward the conduction band
and the t, state is completely filled. This electron transfer
changes the d* (Mn3*) configuration into d®> (Mn?*) config-
uration and results in forming neutral Mn—Vy complex. The
spin-polarized states around Ef are significantly reduced, mo-
bile holes and itinerant electrons decrease, the difference in
density of states between spin up and down states decreases,
which implies that the exchange interaction is reduced in such
a system. The total magnetic moment in the cell is 4.87 pg,
and almost all of the magnetic moment arises from the Mn
atom (4.6 pup), consistent with a filled shell value of 5.0 ug.
As discussed above, the VN gives the extra electrons to the
system and the t, state is completely filled, so the moment
in the cell all comes from the Mn atom. The magnetic ex-
change interaction parameter J is calculated. J is the en-
ergy gain per Mn atom comparing the ferromagnetic (FM) and
antiferromagnetic (AFM) state configuration, so it is defined
J = (Eapm — Epm) /2 which makes J positive for a ferromag-
netic ground state.[?8! The magnetic exchange interaction pa-
rameter J is listed in Table 1. The ferromagnetic state is stable
with J being 89.5 meV (J > 0) in GaMnN. The presence of
Vn changes J from positive to negative, indicating that an an-
tiferromagnetic ground state is favored with J ~ —70.95 meV
(J < 0). Because the additional electrons provided by Vn
change the d* (Mn3*) to the filled d> (Mn>*), the double ex-
change interaction decreases and antiferromagnetic superex-
change becomes dominant.

Figure 2(c) shows the variations of the total and partial
density of states with Vg,. When a Vg, is introduced into
GaMnN, since the acceptor levels of Vg, are lower than Mn

levels in GaN, %] electrons are transferred from the Mn states

to Vga. This charge transfer significantly lowers the Mn 3d
states, and Ef shifts towards the valence band. The depopu-
lation of the Mn states reduces the exchange splitting of Mn
states. As a result, the exchange interaction is reduced con-
siderably and the ferromagnetic state is destroyed. The small
spin polarization arising from N 2p could be due to the inter-
action with Mn states. The magnetic moment in GaMnN:Vg,
is reduced, being 2.00 pp for the Mn atom, and being 3.26 up
for the total moment. The magnetic moment on the N atoms
surrounding Vg, is reverse (—0.38 pg). From the calculated
J, we find that the Vg, does not change the nature of magnetic
coupling, which has a J ~ 17 meV significantly smaller than
that of GaMnN. However, the Vg, indirectly modifies the sta-
bility of the ferromagnetic state by depopulating the Mn levels.
Table 1. Values of magnetic exchange parameter J, and magnetic mo-

ment M of Mn and its neighboring Ga and N for the lowest energy
structures.

Host JimeV My /ug  Mym/uB  Mn/uB  Mga/uB
GaMnN:Vy -70.95 491 4.60 0.18 0.04
GaMnN:Vg, 17 3.26 2.00 -0.38 0.16

GaMnN 89.5 4.35 3.96 -0.12 0.08

To investigate the charge transfers with the introduction
of vacancy-defects in systems, we examine their electron den-
sity differences in Fig. 3. Figures 3(a) and 3(b), 3(c) and
3(d), and 3(e) and 3(f) correspond to GaMnN, GaMnN:Vy,
and GaMnN:Vg,, respectively. Figures 3(d) and 3(f) show
the corresponding two-dimensional distributions of the elec-
tron density on the plane passing through a vacancy and the
nearest atoms around the vacancy. Compared with in GaMnN
as shown in Fig. 3(a), the electron density increases around the
Mn site in GaMnN:Vy as shown in Fig. 3(c), while the elec-
tron density decreases around the Mn site in GaMnN:Vg, as
indicated in Fig. 3(e). In Figs. 3(b), 3(d), and 3(f), the electron
densities are all linearly scaled in a color spectrum from red for
the maximum electron density to blue for the minimum, and
the white color represents the zero electron density. As shown
in Figs. 3(b) and 3(d), the color around the Mn site changes
from blue (in GaMnN) to red (in GaMnN:VYy), and the color
around the nearest-neighbor N site of Mn changes from red
to white in the presence of Vy. It suggests that the electrons
transfer from the Vy to the Mn ions. While in Fig. 3(f) (in
GaMnN:Vg,), the electron densities of the Mn site and the
VGa are in the blue color for the minimum and the white color
for zero, respectively, compared with those of the Mn site and
the corresponding Ga site in Fig. 3(b). It indicates that the
electrons transfer from the Mn ions to the Vg,. That is, the
electron accumulation and depletion suggest that the electrons

transfer between Mn ions and the vacancy defects.
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Our previous work!!"*! and Obloh et al.”?*! found that
Vn was likely to form under the higher growth tempera-
ture condition of MOCVD, and that our work identified it
as Vn-Mng, complex.!'*l Moreover, our photoluminescence
experiment!!7! found that the intensity of yellow band (YL)
bands decreased with the increase of Mn concentration in the
sample, which was attributed to Vg,.[?**!l This result indi-
cates that the Vg, concentration will decrease with the in-
crease of Mn concentration in the sample. Another reason is
that Mn replaces Ga sites in the GaMnN sample.*?! Our con-
siderations thus should be focused on the V.
A
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Fig. 3. (color online) Electron density differences for three systems: (a)
and (b) GaN:Mn, (c¢) and (d) GaMnN:Vy, and (e) and (f) GaMnN:Vg,.
In panels (a), (c), and (e), blue and yellow represent the electron density
increase and decrease, respectively; in panels (b), (d), and (f), red and
blue represent the electron accumulation and depletion, respectively).

As mentioned above, the presence of Vy changes the
Mn?** (d*) configuration in GaMnN. Theoretical study has
shown that the Mn—N bond length linearly decreases with the
number of the d (Mn) electrons decreasing, which is due to
the decreasing of Coulomb repulsion with the nearest N an-
ions. The d (Mn) obtains electrons and Mn3* (d4) change into
Mn2* (d°), so that the Coulomb repulsion between Mn and the
nearest N anions increases. Hence, the calculated equilibrium
Mn-N bond length increases from 1.94 to 2.01, the variation

of the charge state changes the bond lengths by about 3.6%. 33

In this paper, the calculated values of Mn—N bond length are
1.992 A and 2.054 A in GaN:Mn and GaMnN:Vy system, re-
spectively, which shows that the bond length increases about
3.1%, which is in agreement with the result in Ref. [33]. The
results of the density of state, charge density difference, and
the calculated values of the Mn—N bond length, jointly indi-
cate that there appears the Mn?>* (d’) in GaMnN system with
the increase of Vy, despite Mn replacing Ga in Ga3*N3~. Our
previous experiment also found that the Mn3* (d*) and Mn**
(d°) coexisted in the sample.[!”]

4.2. Experimental results and discussion

In order to further investigate the Vy effects on magnetic
properties of the GaMnN thin films, the dependences of mag-
netization on temperature and magnetic-field are measured by
using SQUID. The measurements are performed under ZFC
and FC conditions with an applied field of 200 Oe parallel to
the film surface.

Figure 4 shows the ZFC and FC M-T curves and the
temperature dependent magnetization curves of the difference
(AM) between the FC and ZFC magnetizations of the three
GaMnN samples. By taking the difference between FC and
ZFC, the para- and diamagnetic contributions to the mag-
netization can be subtracted, leaving only a measure of the
hysteretic ferromagnetic regime.**) The temperature depen-
dences of the difference between FC and ZFC for samples A,
B, and C are plotted in the main part of Fig. 4. In Fig. 4,
the AM; for each of the three samples still displays a nonzero
magnetization above room temperature. Therefore, all of the
samples exhibit that the ferromagnetism still holds above room
temperature. The magnetization for each of the GaMnN sam-
ples decreases continuously with the increase of temperature
in the whole temperature range (from 5 K to 400 K) and there
is no discontinuous change in the curve. Moreover, the magne-
tization of sample B decreases very slowly with the increase of
temperature and remains even at 400 K. A comparison of AM
among the three samples at 5 K reveals that AM increases from
8.86x 1077 emu/cm? to 1.96x10~° emu/cm? as the Mn con-
centration increases from 0.75% to 1.8% and then decreases
t0 7.91x 1077 emu/cm? as the Mn concentration increases fur-
ther to 2.0%.
Fig. 4, the divergence between the ZFC and FC curves be-

In addition, as can be seen in the insets of

comes greater and then smaller as the Mn concentration in-
creases, the ZFC and FC curves of the sample C with 2.0%
Mn overlap each other in the low-temperature region. These
findings show that the ferromagnetism of the GaMnN film be-
comes stronger and then gradually weaker as the Mn concen-

tration increases.
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Fig. 4. Temperature dependences of the difference between FC and
ZFC in magnetization for samples A, B, and C. The inset of each panel
shows ZFC-FC curves.

5. Conclusions

In this work, through the first principle calculation, we
can infer that the Vy or Vg, existing in GaMnN influences the
ferromagnetic state of the system. The Vi can induce an anti-
ferromagnetic state and the Vg, indirectly modifies the stabil-
ity of the ferromagnetic state by depopulating the Mn levels in
GaMnN. The additional electrons provided by Vy change the
d* (Mn**) into the filled &> (Mn?*), the double exchange in-
teraction decreases and antiferromagnetic superexchange be-
comes dominant. Our previous experiment found that the

VN was introduced with Mn concentration increasing and the

Mn** (d*) and Mn?* (d°) coexisted in the sample.!!*?8] In
the present study, the analyses of the ZFC and FC data show
that the ferromagnetism of the GaMnN film becomes stronger
and then gradually weaker with Mn concentration increasing.
Thus, due to the presence of Vy, a big proportion of Mn3*+
changing into Mn?* will reduce the exchange interaction and
magnetic correlation of Mn atoms, leading to the reduction of
ferromagnetism of material. It turns out that the additional
V changes the valence state of Mn ions, which is one of the
reasons influencing the magnetic properties of GaMnN. The
above analysis suggests that the position of Er and the relative
position of Mn levels influence the magnetism of film, while
their position closely depends on the optimum growth condi-
tion. Perhaps, just the difficulty in controlling the optimum
growth conditions in experiment leads to various experimental
results in GaMnN. Our work may be helpful for further under-
standing our previous experimental results and the origin of
ferromagnetism in GaN-based diluted magnetic semiconduc-

tors.
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