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Abstract

We studied the electronic and magnetic properties of wurtzite GaN (w-
GaN) doped with different concentrations of the 4d transition metal
ions Nb, Mo, and Ru. We incorporated spin-polarized plane-wave den-
sity functional theory within an ultrasoft pseudopotential formalism.
The 4d transition metals were doped at different geometrical sites to
determine the geometry with the lowest total energy and the one that
induced the largest magnetization. A spin-spin interaction study was per-
formed to determine whether the doped compound was ferromagnetic
or antiferromagnetic. The origin of magnetization in the transition-
metal-doped w-GaN compounds is due to the p-d hybridization of the
nitrogen and 4d transition metals. From the bulk modulus results, we
inferred that the structural integrity is preserved under compressive loads
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after doping w-GaN with these 4d transition metal ions. Our results
indicate that these compounds can be used in spintronic applications.

Keywords: GaN, Density functional theory, Electronic properties, Magnetic
properties, Spintronic devices

1 Introduction

Gallium nitride (GaN) is a mechanically stable wide-bandgap semiconductor
with potential applications in high-speed switching transistors, light-emitting
diodes, photodetectors, and solar cells. Owing to their higher breakdown
strength and ability to conduct electrons more efficiently leading to lower heat
generation, GaN-based power devices are more efficient and compact than their
Si counterparts [1]. Moreover, due to its higher electron mobility, GaN is a
suitable option to replace Si-based devices because of its ability to operate at
higher frequencies and sustain higher temperatures than Si and SiC [2]. The
crystal structure of GaN, which is thermodynamically the most stable and has
the lowest total energy, is the wurtzite structure (w-GaN) [3]

Dilute magnetic semiconductors (DMSs), which are formed by intro-
ducing transition metals into intrinsic nonmagnetic semiconductors, have
received considerable attention for their possible applications in semiconduc-
tor spintronics. Unlike conventional volatile DRAM, spintronic devices store
information bits using magnetic spin states instead of storing electrons. This
method of data storage makes spintronic memory devices non-volatile. In gen-
eral, dilute magnetic semiconductors show ferromagnetism after being doped
with transition metals [4-11]. Room temperature ferromagnetism has been
observed in several studies, which is a necessary condition for a material to
be applied in spintronics, this can be achieved by doping w-GaN with group
B transition metals [12-16]. Recently, antiferromagnets and ferrimagnets have
also been reported to be useful for various applications in spintronic devices
[17, 18]. Xiong et. al. [17] in their study described the applications of antiferro-
magnets in AFM-based memories. Zhang et. al. [18] discussed the various class
of ferrimagnets including oxides and alloys and their applications in storage
and computing devices.

Extensive studies have been carried out to determine electronic and mag-
netic properties of materials by doping 3d transition metals in GaN [19-32].
Comparatively few studies have reported the effects of 4d transition metals
doped in GaN [33-38]. Garcia et. al. [33] and Osuch et. al. [34] studied the
magnetic properties of GaN doped with Ag and Pd respectively. The authors
concluded that doping Ag and Pd into GaN induced ferromagnetic ordering in
the compound. Compounds Agg ge25 Gag.g375N and Pdg gg25Gag.g375N possess
magnetic moments of 1.8 pug and 1.3 up per supercell, respectively. More-
over, magnetization is induced in the doped compound Pdg gg25Gag.9375N even
though Pd is nonmagnetic in its natural phase. The authors [33, 34] suggested
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that including 4d metals as dopants in semiconductors may overcome the tech-
nological limitations in producing dilute magnetic semiconductors, and that
these compounds can be important candidates for spintronics applications.
Therefore, it is of interest to study alternative 4d series elements doped in wide-
gap semiconductors that could give rise to potential candidates for spintronic
applications.

In this study, we performed first-principles calculations to determine the
electronic and magnetic properties of w-GaN doped with Nb, Mo, and Ru.
A spin-spin interaction study was carried out to determine the ground-
state total energy difference between ferromagnetic and antiferromagnetic
spin systems. Furthermore, formation energies were calculated to confirm the
thermodynamic stability of the doped compounds.

2 Computational Methods

First-principles calculations were carried out using spin-polarized, pseudopo-
tential density functional theory [39, 40] as implemented in the plane-wave
based Quantum ESPRESSO simulation package [41-43]. We adopted ultrasoft
pseudopotentials to describe electron-ion interactions, with the Perdew-Burke-
Ernzerhof (PBE) [44] parametrization of the generalized gradient approxima-
tion (GGA) for the electron-electron exchange-correlation potential energy for
all the calculations. The electron wave function was expanded in plane waves
with a kinetic energy cutoff of 816 eV, and the Brillouin zone was sampled
in the special Monkhorst-Pack scheme [45] using a gamma-centered 8 x 8 x 8
k-point mesh for the unit cell. The Marzari-Vanderbilt smearing technique
[46] was used with a smearing width of 0.01 Ry. Using these parameters, we
achieved total energy convergence better than 0.0001 meV for all calculations.

For structure optimization, each structure was optimized until the maxi-
mum stress was less than 1 Kbar and the Hellman-Feynman force was less than
10~* Ry/A or 1 meV/A. GaN in the wurtzite crystal structure is characterized
by three lattice parameters: @ = b = 3.216 A and ¢ = 5.24 A. We calculated
the electronic structure of 4d transition metal doped GaN using a 48-atom
2a x 2b x 3¢ supercell to investigate the magnetic properties of Ga;_,TM,N
doped with = 0.042,0.083. Fig. 1 depicts the compound representing a
concentration of 4.2%.

For the compound representing a concentration of 8.3%, two 4d transition
metals were doped in the pristine supercell of w-GaN by TM = Ru, Nb and
Mo at six different geometrical sites within w-GaN to determine the structure
that has the lowest total energy and the structure that induces the largest
magnetization. Fig. 2a shows the structure with energetically the most stable
doping arrangement (doping configuration C;) for the two Nb and Ru-doped
w-GaN supercells, and Fig. 2b shows the lowest energy doping configuration
(Cq) for the two Mo-doped w-GaN supercell. Fig. 2¢ depicts the structure
that induces the largest magnetization (doping configuration Cs) for all three
TMs = Nb, Mo, and Ru doped into w-GaN. The other structures of two 4d



Springer Nature 2021 BTEX template

transition metals replacing two Ga atoms at different geometrical sites in the
w-GaN supercell are shown in the Supplementary Information. Furthermore,
the ground state energies were calculated and compared to determine whether
the dopants induced ferromagnetism or antiferromagnetism in w-GaN.

Fig. 1 Supercell structure of Gag.958Nbg.042N (TM = Nb, Mo and Ru). The
magenta, light blue, and gray atoms represent Ga, N, and TM dopants respectively.

3 Results and Discussion

3.1 Structural Properties

The volume optimization of GaN, Gag.g5sNbg.042N and Gag.g17T Mg 03N with
TM = Nb, Mo, and Ru was performed to determine its structural properties.
Self-consistent field calculations were performed for several values of lattice
constants above and below the optimum lattice constant. The total energy
was calculated for each lattice constant. The bulk modulus, total energy, and
lattice constant were obtained by fitting the data to the Birch-Murnaghan
equation of state. The Birch-Murnaghan equation of state is given as [47]

B(v) - By oo {(V)}B{(g)}{(q} ,

(1)
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Fig. 2 Supercell of Gag.917Nbg 083N (TM = Nb, Mo and Ru) (a) Ground state struc-
ture of Nb- and Ru-doped systems (doping configuration C1) (b) ground state of
Mo-doped system (doping configuration Cg), and (c) highest magnetization induc-
ing structure (doping configuration C3) for Nb-, Ru-, and Mo-doped systems. The
magenta, light blue, and gray spheres represent Ga, N, and TM dopants, respectively.

where Vj is the reference volume, V is the deformed volume, Ej is the ground
state energy, By is the bulk modulus and B is the derivative of the bulk
modulus with respect to pressure.

Table 1 Lattice constants and bulk modulus of pristine GaN, Gag.g58TMg.042N and
Gag.917TMo.083N with (TM = Nb, Mo and Ru) in the wurtzite structure.

Compound a c Bulk Modulus
Gaj—zTMgN (A) (A) (GPa)
GaN(Pristine) 3.213 5.235 172.0

3.189'  5.185! 173.02
Gag.958 Nbg.042N 6.468 15.785 168.8
Gagp.958Rug.g42N 6.451 15.731 171.1
Gag.958Mog.042N 6.461 15.773 168.3
Gag.917Nbg.os3N 6.501 15.826 167.6
Gag.917Rug.083N 6.461 15.765 172.3
Gag.917Mog.0ssN  6.486 15.821 166.0

1Experimental Value of lattice constants [48]

2Experimental Value of Bulk Modulus [49]

The bulk modulus and lattice constant values obtained from the Birch-
Murnaghan fit of w-GaN are listed in Table 1. The value of the bulk modulus
By = 172 GPa and lattice constants for the ground state of w-GaN, a =
3.213 A and ¢ = 5.235 A, are in accordance with the experimental value of
bulk modulus By = 173 GPa reported in the literature [48] and values of
lattice constants a = 3.189 A and ¢ = 5.185 A reported in the literature [49].
From Table 1 we infer that the hardness is preserved for GaN doped with
Mo, Nb, and Ru because the values obtained for the bulk modulus of the
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Fig. 3 Variation in total energy with the volume of (a) Gag.958 TMg.g42N (TM = Nb,
Mo and Ru) (b) Gag.917TMo 083N (TM = Nb, Mo and Ru)

doped compounds are close to the value of pristine w-GaN. The plots of the
total energy versus volume for Gag gss8TMg 042N and Gag.917TMg.gg3N with
TM = Nb, Mo, and Ru are shown in Fig. 3. The formation energies of Mo-, Nb-
, and Ru-doped w-GalN compounds were calculated to determine their energy
stability. The expression to calculate the formation energy is given as [12]

Er = Eiot — Fref — mETv + MmEGa, (2)

where Fyo is the energy of the transition-metal-doped GaN compounds,
FEet is the energy of the pristine w-GaN, Ery; is the energy of the dopant, Eg,
is the energy of the Ga atom and m is the number of transition metals that
replace Ga atoms in w-GaN. The formation energies of the Gag.g58TMg.042IN
compounds are listed in Table 2 and those of the Gag.917TMg. 083N compounds
for all doping configurations Cy1, C5 and Cg are listed in Table 3. From the for-
mation energies of the doped GaN compounds, we can infer that these ternary
compounds are thermodynamically stable and can be grown experimentally.
Furthermore, compounds formed by doping Nb into GaN are energetically the
most favorable because they have the most negative formation energies.
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3.2 Electronic properties

All three 4d transition elements, Nb, Mo, and Ru, generated magnetic moments
for Gag.955TMg.042N (TM = Nb, Mo, and Ru ) compounds, that is, at a con-
centration of 4.8%. The induced magnetization values are presented in Table
2. Among the ground state doping configurations, C; for Gag.g17TMg.0g3N
(TM = Nb and Ru ) and Cy for Gag.917Mog 0s3N only Mo generates a mag-
netic moment in w-GaN. In addition, the Cy doping configuration of the
Gag.917Mog.0s3N compound exhibited a stable ferromagnetic state. This result
agrees with that reported by Xiao et. al. [35]. In their study, room-temperature
ferromagnetism was observed in a Mo-doped GaN ML. The configuration C; of
w-GaN doped with either Nb or Ru was found to be nonmagnetic. The values
of the induced magnetization and the total energy difference for the ferromag-
netic and antiferromagnetic states are listed in Table 3. Furthermore, all three
elements, Nb, Mo, and Ru, generated magnetic moments in the configuration
structure Cs of the compound Gagg17TMg gssN (TM = Nb, Mo, and Ru).
The values of the induced magnetization and total energy difference between
the ferromagnetic and antiferromagnetic states for this structure are listed in
Table 3. We infer from the total energy difference between the ferromagnetic
and antiferromagnetic states, given in Table 3, that the doping configuration
Cs doped with Mo or Ru atoms shows a stable ferromagnetic state. The Cj
configuration of Gag.917Nbg.0g3N compound favors antiferromagnetic ordering
in the system, however, due to asymmetry in the Nb-N bond lengths at the
two dopant sites, there is a residual, net non-zero magnetization of 0.14 ug,
as shown in Table 3. Our results for Ru-doped GaN agree with those reported
by Latif et. al [36]. They concluded that the ferromagnetic state is more favor-
able than the antiferromagnetic state in Ru-doped c-GaN. A similar result was
reported by Ghosal et. al. [37] in their study of Ru doped in zincblende ZnS.

Table 2 Calculated total magnetization and formation energies (Er) of Gag.g58 TMo.042N
compound with TM = Nb, Mo and Ru.

Compound Magnetization Ep
Gar_o TMN (15) (eV)
GaN(Pristine) 0 -

Gag.g958 Rug.042N 0.91 -0.10
Gap.958Mog.042N 1.43 -0.32

The spin-polarized total and partial density of states were calculated to
determine the electronic structures of the compounds. The total and partial
density of states for the Ga 955 TMg 042N (TM = Nb, Mo and Ru ) compounds
are shown in Fig. 4. The Fermi level was set to zero while plotting the density
of states. In all the figures, the density of states plots is asymmetric, which
suggests that magnetization is induced by the presence of unpaired spins in
all doped systems.
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Table 3 The calculated total magnetization, total energy difference (AE = Epn — EarMm),
ground state configurations (non-magnetic (NM), ferromagnetic (F), and antiferromagnetic
(AF)), and formation energies (Ew) for the ground state of Gag.958 TMg.042N compound

with TM = Nb, Mo and Ru for doping configurations C1, C2 and Cg.

Doping Compound Magnetization (ug)  AE (meV) Ground FEf (eV)
Config. Gaj_,TM,.N F AF state
I Gag.917Nbg.0s3N 0.2 0 0.26 NM -6.17
! Gap.o17Rup.0s3N 0 0 -0.125 NM -1.76
Co Gag.917Mog.ossN  1.78 1.15 -1657.59 F -2.07
Gag.917Nbg.ossN  3.45 0.14 2.80 AF -5.00
Cs Gag.917Rug.083N 1.93 0.01 -320.13 F -0.22
Gag.917Mog.os3sN  2.66 0.11 -0.11 F -0.53
L (@) ' Total —
10
5L
0
5L
| /\//Vj/
A 1 1
15 ‘ L
1. (b
10
Ea
>
L o
)
o
a 5l
B /\//\///
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-1

0 1
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Fig. 4 Calculated total and partial density of states for (a) Gagp.9g58Nbg.042N, (b)
Gag.958Mog 042N, and (c¢) Gag.g58Rug.042N. Contributions of one transition metal
atom and four neighboring nitrogen atoms were considered. The vertical dashed line
denotes the Fermi level, which is shifted to zero.
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The total and partial DOS plots of ground state structure (doping con-
figuration C;) of the compound Gagg17TMpogsN (TM = Nb and Ru) are
presented in the Supplementary Information. Because the PDOS plots of Nb
and Ru doped in w-GaN for configuration C; are symmetric, we infer that
there is no induced magnetization for this doping configuration. This result
is in agreement with the zero-calculated magnetization value for this struc-
ture. The PDOS plot of ground state structure (doping configuration Cs) for
Gag.917Mog.083N compound is shown in Fig. 5. The PDOS plot of Mo-doped
w-GaN is asymmetric which suggests a nonzero magnetic moment for the
structure.

Total
10 4d-Mo |
Ef 2p-N
5 L -
a
5 £\
~ 0 f~ "~
[72]
(@]
o
-5 -
-10 -
1 1 1 1 1 1
-4 -3 -2 -1 0 1 2

Energy E-Ef (eV)

Fig. 5 Calculated total and partial density of states for the lowest energy structure
of Gag.917Mog.083N (doping configuration C3). Contributions of one Mo atom and
four neighboring nitrogen atoms were considered. The vertical dashed line denotes
the Fermi level, which is carried to zero.

Fig. 6 shows the calculated total and partial DOS plot of the structure
that induces the largest magnetization (doping configuration C3) for all three
TMs = Nb, Mo, and Ru doped into w-GaN. We infer from Fig. 6a, that
despite Nb-doped GaN exhibiting an antiferromagnetic spin configuration, the
PDOS plot is asymmetric which is in agreement with the non-zero net mag-
netization. This is due to slightly different geometry at the two dopant sites
due to local perturbations in the bond length of Nb-N. The structure with
the bond length of Nb-N is shown in the Supplementary Information. Hence
the doping configuration Cg of the compound Gag.g5sNbg 942N appears to be
ferrimagnetic.

From Fig. 6b and 6¢, we infer that the main contribution to the down-spin
density in the DOS plot of Mo doped w-GaN is due to the 4d-Mo state and the
main contribution to the up-spin density in the DOS plot of Ru doped w-GaN
is due to the 4d-Ru state. In addition, from these plots, we conclude that there
is a small contribution from the 2p-N states crossing the Fermi level to the
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up-spin density in Ru-doped w-GaN and the down-spin density in Mo-doped
w-GaN. Hybridization occurred between the 4d-Ru and 4d-Mo states of the
metallic dopants and the 2p states of the nitrogen atom close to the Fermi level.
Hence, we conclude that the magnetization in the transition-metal-doped w-
GaN compounds is due to the p-d hybridization of the nitrogen and transition
metal ions. Similar results were reported by Espitia et. al., [12], and Doumi
et. al., [50], in their study of the electronic properties of 3d transition metals
(Ti, V, Cr, Mn, and Fe) doped in GaN compounds in the zincblende phase.

(a) Total

DOS (eV-1)

Energy E-E¢ (eV)

Fig. 6 Calculated total and partial density of states for highest magnetization
inducing structure (doping configuration C3) for (a) Gag.917Nbg.0s3N (2p-N1 and
2p-Ng represent the contribution from four nitrogen atoms neighboring to Nb; and
Nbo dopant sites respectively), (b) Gag.g17Mog.0s3N, and (c) Gag.g17Rug.083N. The
vertical dashed line denotes the Fermi level, which is carried to zero.

10
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4 Conclusions

First-principle spin-polarized calculations were performed to study the elec-
tronic and magnetic properties of GaN doped with 4d transition metals
(Nb, Mo, and Ru) in the wurtzite phase. All three 4d-transition elements
generate magnetic moments in the GagossTMg 042N (TM = Nb, Mo, and
Ru ) compounds. Among the lowest-energy doping arrangements, configura-
tions C; of Gag.o17TMp 03N (TM = Nb and Ru) and configuration Cs of
Gag.917Mog.0s3N, only Mo generated a magnetic moment in w-GaN. Among
the two dopant structures that induce the largest magnetization (configu-
ration Cj3), the ferromagnetic spin configuration of Mo and Ru doped into
w-GaNlN is more energetically favorable, whereas the antiferromagnetic spin
configuration is favored in the Nb-doped w-GaN compound. Furthermore,
the doping configuration C3 of compound Gag.g917Nbg gg3N is ferrimagnetic
because of the small nonzero net magnetization. From the calculation of the
partial density of states, we infer that the main contribution to the total mag-
netic moment induced in compounds Gag.g58TMq 042N and Gag.g917TM gg3N
(TM = Nb, Mo, and Ru) originates mainly from the transition metal atoms.
In addition, magnetization is generated by hybridization of the p-d states of
nitrogen and 4d-transition metal atoms. We envisage that these compounds
will be promising materials for spintronic applications.

Supplementary Information. The figures of two 4d transition metals (Nb,
Mo, and Ru) replacing two Ga atoms at different geometrical sites in the
w-GaN supercell and the corresponding values of the total energy and magne-
tization are provided in the Supplementary Information. The total and partial
DOS plots of the doping configuration C; of Gag.g17TMg 083N (TM = Nb and
Ru) and configuration C3 of Gag.917Nbg.0g3N structure with the bond length
of Nb-N are also shown in the Supplementary Information.
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