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ABSTRACT

The magnetic properties and electronic states of the transition metal doped 111-V wurtzite
compounds (A;-M,)N are caculated using Korringa-Kohn-Rostoker Green’s function method
combined with the coherent potential approximation, where A = Al, Gaand M = 3d transition metal
atoms namely V, Cr, Mn, Fe, Co, Ni and x is the fractional concentration of M. The positive value
of the energy difference between ferromagnetic (FM) state and disordered local magnetic moment
(DLM) state per unit cell denotes the magnetic phase stability. The total energy difference (Ep -
Erv) is used to estimate the Curie temperature (Tc) within the mean-field approximation. The
calculated T of V and Cr doped nitrides increases rapidly at lower concentrations and is found to
be above the room temperature in the concentration range of x = 0.05 — 0.20. The FM behavior in
Mn doped (Al.-,Mny)N is suppressed at the concentration range of x = 0.01 — 0.10. A clear phase
transition from DLM to FM state occurs at concentrations x > 0.10. The energy differencein Fe, Co
and Ni doped materials, results in lower values of the DLM states, where the super-exchange
interaction dominates over the FM one. The FM materials exhibiting T above room temperature
have applicationsin the field of spintronics.

Keywords: KKR-Green’s function, Coherent potential approximation, Disordered local
magnetic moment (DLM), Ferromagnetic materials, Curie temperature

INTRODUCTION

Diluted magnetic semiconductors (DMS) have been a context of great interest for
possible application in the field of spintronics as they have the intrinsic properties of both
semiconductor and ferromagnetic materials. Spintronic devices use both the electrical
charge and spin of electrons to improve the functionality of the devices. The DMS or the
half metallic state (Gonzalez, et at. 2011) is found when a semiconductor is doped with
3d transition metals (TM), which leads to the interesting transport properties with carriers
of the one type of spin forming a new class of DM S materials.
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Current research in spintronics is focused in the study of magnetic behavior of new
materials, for example, magnetic ordering of dopants in semiconductors, magnetic phase
stability of aloys formed by semiconductors doped with TM atoms. For a material to
exhibit magnetic properties, there must be some form of ordination amongst the magnetic
moments. For an antiferromagnet, the moments are aligned anti-parallel throughout the
material, whilst for a ferromagnet the moments are paralel to each other. An important
parameter for this ordering is temperature. If the temperature exceeds the ordering energy
then the materia will lose its magnetic properties. For ferromagnets, this temperature is
caled the Curie temperature. The carrier induced magnetic properties of DMS has
demonstrated that the Curie temperature (T¢) can be controlled by changing the carrier
density (Ohno, 1992). Therefore, to synthesize a material with T¢ higher than room
temperature (RT) has become one of the important topics in spintronics.

Early studies of DMS were focused on 11-V1 semiconductors, such as CdS, CdSe, ZnTe,
ZnS and 0 on. Since many TM aoms adopt divalent ionic states, the TM impurities
subgtitute with the divaent cations easily. However, most 11-VI DMS are antiferromagnetic,
or have low T¢ (Chambers, 2009). For this reason they are quite unattractive for application.
Severdl attempts have been made to search DM S with their half metallic ferromagnetic and
antiferromagnetic natures exhibiting perfect spin polarization at the Fermi level (Furdyana
1988, Bhatt et al. 2002, Sato et al. 2003, Bergqvist et al. 2007). Interest in the family of carrier
induced I11-V type DMS started with the discovery of ferromagnetism in 5% Mn-doped InAs
and GaAs with a Curie point of 110 K (Ohno et al. 2000). Dietl et al. (2002) tried to explain
the carrier-controlled ferromagnetism in TM doped I11-V semiconductors using the double-
exchange Zener model (Zener 1951) of ferromagnetism and enumerated how the doping of
Mn ions initiates ferromagnetic behavior via holemediated exchange interaction. First-
principles calculation (Schilfgaarde et al. 2001) have been carried out to understand the
underlying mechanism of carrier-induced ferromagnetismin TM doped 111-V semiconductors.
Based on Dengty Functional Theory there are mainly two approaches (a) the supercell
approach in which the TM atom is doped in the subgtitutional cation site in a large supercell
such that the impurities in two neighboring cells do not interact; (b) the coherent potentia
approximation (CPA) approach, which treats the DMS as a chemically disordered system.
Recently, TM doped [11-V oxides and nitrides are getting more interest because of the
theoretica prediction and experimental realization of RT ferromagnetism (Beloufa et al. 2009,
Coey et al. 2004, Han et al. 2016). Therefore, I11-V type DMS opens up the new door of
incorporating a variety of magnetic properties in the field of spintronics and is compatible
with the present day electronics and the existing optical and electrical devices.

FRAMEWORK OF CALCULATION

We used Korringa-Kohn-Rostoker (KKR) Green’s function method combined with
the CPA for the calculation. First-principles calculations are used which is an efficient
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tool to describe magnetism as no parameters need to be introduced from experiments.
The €electronic structures of DMS are calculated based on the generalized gradient
approximation (GGA) and muffin-tin potential approximation (MTA). GGA is a class of
approximation to the exchange correlation (Akai, 1998) energy functional that depends
upon the value of the electronic density and its gradient in space. MTA is used in this
calculation, where the potential was assumed to be spherically symmetric inside the
atomic sphere and constant in the interstitial regions. In DMS, TM impurities are
introduced randomly into cation sites of the host semiconductor. This substitutional
disorder is described by the CPA method (Shiba, 1971). We have calculated the
electronic properties using CPA, where the averaged electronic properties were
considered instead of individual properties for respective impurity configurations.

For the calculation of the magnetic phase stability, Curie temperature T¢ and the
electron structures, the wurtzite semiconductors are systematically doped with V, Cr, Mn,
Fe, Co and Ni TM atoms into the cation sites of host compounds upto 3, 5, 10, 15, 20 and
25 percent concentrations. Imaginary part at the Fermi level is approximately taken as
0.001Ry and the width of the energy contour is set as 1.5Ry. The shape of the crystal
potential is approximated by a muffin-tin potential, and the wave functions are calcul ated
up to 1I=2, where | is the angular momentum quantum number defined at each atomic site.
Lattice parameters ‘a’ and ‘c’ represent the edge length of the basal plane hexagon and
the axial height of the unit cell perpendicular to the basal plane, respectively. The u
parameter (internal parameter) describes the relative position of anion sub-lattice with
respect to the cation sublattice along the ‘c’ axis in the wurtzite structure. The lattice
congtants of the wurtzite structure are shown in Table 1.

Table 1. Lattice constants and band-gap energies of wurtzite AIN and GaN are taken from
(Juza et al. 1938).

Compounds GaN AIN
a=b (A9 3.18 3.111
c (A9 4,978 5.16
u 0.375 0.390
E, (eV) 34 6.015

The total energy per unit cell of the wurtzite type structure is calculated for
ferromagnetic (FM) state, where magnetic moments point in the same direction which is
described as (Aly,M,,'M,,' )N and for disordered local moment (DLM) state with
magnetic moments randomly oriented such that the net magnetization becomes zero (Al..
MMy )N. In order to discuss the ferromagnetism of DMS, the total energies (TE) of
both the ferromagnetic state and the DLM state are calculated and in particular the energy
difference AE = TE (DLM) — TE (FM) is estimated. However, lower energy state in FM
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phase compared to the corresponding DLM phase indicates the magnetic phase stability.
Through numerical calculation we have found magnetic phase stability and RT
ferromagnetism in V and Cr doped AIN, which have been confirmed by various
experimental works. Throughout the present calculations, we used the KKR-CPA
package MACHIKANEY AMA 2002 developed by Akai (2002).

Fig.1. Unit cell of wurtzite structure (hcp)

RESULTS AND DISCUSSION

In this section, we present the calculated magnetic properties, Curie temperature Tc
and subsequently discuss the stability of magnetic phase and electronic structures in
terms of density of states (DOS).

Dilute Aluminum Nitride (AIN)

In Table 2, magnetic moment, partial spin moment, energy difference AE as well as
the Curie temperature, T are tabulated for 10% concentration of TM atoms.

Table 2. Net magnetic moment (NM) per unit cell and local spin moment (SM) per atom in
the FM ¢tate of (Al4M,)N and the energy difference between FM and DLM states for
doped transition metal atoms.

Materials NM (pg/cell) SM (ug/atom) AE (mRy) Tc (K)
(Alg.go Tig-10)N 0.10 1.16 0.07 74
(Alg.go Vo10)N 0.19 1.32 0.49 523
(Alg.go Crg.19)N 0.29 2.19 0.47 493
(Alg.go MNg.10)N* 0.00 0.00 0.00 -
(Alg.go Feg.10)N 0.49 3.29 -0.70 -
(Alg.go Cog.10)N 021 1.39 -0.17 -
(Alg.go Nig.19)N 0.16 0.89 -0.19 -

*(Al,Mn)N do not exhibit RT ferromagnetism for all x (Sato et al. 2005).

The calculated results tabulated in Table 2 have been plotted in Fig. 2(a). The solid
line is plotted for 10% concentrations of TM atoms. A positive energy difference
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indicates the stability of the FM state relative to the DLM state. From Fig. 2(a), it is
observed that Ti, V, and Cr doped cases exhibit the stability of the FM state whereas for
Fe, Co, Ni, the lower value of DLM state dominates over the FM state. This indicates that
Fe, Co, Ni doped cases are unstable magnetic states. For lower concentration of Mn
doped AIN, it does not show any ferromagnetic behavior while at higher concentration, at
some cases it shows ferromagnetic behavior. According to some groups it has been
reported that nitride semiconductors doped with Mn fabricated by reactive sputtering and
molecular beam epitaxy shows ferromagnetic behavior, and the Curie temperature is
above 300 K for Mn-AIN denoting the fact that it exhibit ferromagnetism above room
temperature (Kanamori, 1974). Though some groups have reported that these Mn-doped
nitride semiconductors are one of the candidate materials for devices operating above RT,
on the other hand, other groups have reported that these materials do not exhibit
ferromagnetism at RT (Song et al. 2005; Sato et al. 2005). Thus, whether these materials
exhibit ferromagnetism above RT is yet to be justified. Hence, the clear evidence of
ferromagnetism above RT in these materialsis yet to be confirmed.
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Fig. 2. (a) The energy difference (AE) per unit cell of (AlpgoMg.10)N between the FM and
DLM states for a series of 3d TM atoms, (b) Energy difference AE in mRy per unit
cell for arange of 0% (nonmagnetic) to 20% Cr in (Al,Cr,)N.

Fig. 2 (b) shows the energy difference AE in mRy between FM states of (Al;,Cr,) N
and their respective DLM states as a function of Cr concentration. From the graph, we
can conclude that energy difference for both the compounds gradually increases with the
increasing concentrations of TM atoms. The curve is quite linear with increasing
concentrations. Using the energy difference AE, we have also calculated the T using the
Heisenberg model in the mean field approximation, which can be expressed as T¢ = (2/3)
(AE/XKg). We have calculated the T for Cr and V doped cases and have discussed the
results. The summarized results are plotted in Fig. 3. In Fig. 3(a) Tc of (Al14CryN is
plotted against various concentration of Cr. The dotted lines represent the RT. From the
figure we can infer that at lower concentrations of Cr atoms the values of T increases
sharply, however, at higher concentrations of the dopants T¢ provides stable value. The
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Heisenberg model in the MFA reports that the T of the DMS is proportional to AE. As a
result, due to larger AE between the DLM and FM states, the FM state for Cr doped case
will be stabilized. It is evident from the graph that the T is above RT starting from 3%
Cr doped nitride. Thus, we can conclude that the Cr doped wurtzite AIN exhibits RT
ferromagnetism. In the DM S with double exchange mechanism (Sato et al. 2003), T¢ is
proportional to the square root of TM impurity concentration (T o« vx). The plotted
curve based on our calculation certainly follows the sguare root curve which indicates
that our calculated results are consistent. In Fig. 3(b) the VV doped case is quite similar to
that of Cr doped case for concentration range of (0% to 15%). But at higher concentration
(x= 0.17) of V, the value of T, starts decreasing. This is because, the ferromagnetic
super-exchange interaction mechanism is dominant at low concentrations of Vanadium,
but the anti-ferromagnetic super-exchange interaction appears and reduces the
stabilization of ferromagnetism at sufficiently high concentrations (x > 0.17).
Consolidating the two cases, we can report that with a few constituent of V and Cr doped
wurtzite AIN, the material exhibits RT ferromagnetism.
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Fig. 3. (@) Curie temperature (T¢) in K of (&) (Al.xCr)N, and (b) (Al.,V,)N for arange
of impurity concentrations from 0% (nonmagnetic) to 25% of magnetic atoms.

In order to fully understand the mechanism by which the FM state in Cr doped AIN
compound is stabilized and at the same time to identify the contribution of Cr atom to the
ferromagnetism, the total density of states (TDOS) and partial density of states (PDOS)
for the (Alg9oCro10)N compound were calculated. The positive sign in the vertical axis
represents spin-up DOS, while the negative sign in the vertical axis denotes the spin-
down DOS. Figure 4(a) shows the total DOS of the undoped AIN semiconductor. From
the Fig. 4(a) we can see that the Fermi region islocated in the gap region, which indicates
the semiconducting nature of AIN. The symmetric nature of spin-up and spin-down DOS
curves confirms the nonmagnetic nature of AIN. Fig. 4(b) shows the TDOS and PDOS of
3d states of Cr atom. As AIN is doped with Cr dopant, the d-states appear near the Fermi
level. The d-states can be defined as three types of states, bonding which lies in valence
band, non-bonding and anti-bonding states which are |ocated above the valence band.
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Fig. 4(a): Tota DOS of host AIN semiconductor, and (b) total DOS and partial DOS of Cr doped

AIN semiconductor

The TDOS curve confirms that due to the Cr substitution at the Al site, the
compound has a ferromagnetic behavior. This behavior occurs because in the valence
band near the Fermi level, majority of the spins are metallic and the minority spins are
semiconducting. The non-bonding states are fully occupied and are located below the
Fermi level but closer to the valence band. The anti-bonding states are split and we obtain
localized and non-overlapping spin up and spin down states. The spin-up states are
partially occupied. The spin-down states are above Er and are dightly mixed with
conduction band. Thisis similar to behavior of the same impurities in gallium nitride and
isaresult of Zener double exchange mechanism.

Dilute Gallium Nitride (GaN)

In Fig. 5(a) T¢ of (GayCry) N is plotted against various concentration of Cr. The
dotted lines represent the RT. From the figure, we can infer that for lower concentrations
of Cr atoms the values of T¢ increases sharply, however, at the higher concentrations of
the dopants T provides stable values. This property is quite similar to that of Cr doped
AIN case. Thus, we can conclude that the Cr doped wurtzite GaN exhibits room
temperature ferromagnetism. Cr-doped GaN is expected to be one of the most stable
candidates among all other transition metals doped GaN materials. (Sato et al. 2002)
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Fig. 5 Curie temperature (T¢) in K of (a) (Gay.,Cr,)N, and (b) (Ga;.V,)N with respect to Cr and V
concentrations, respectively.
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At low concentrations the Curie temperature increases rapidly but at higher
concentrations the Curie temperature becomes steady. For (Gay.,V,)N and acceptor doped
(Ga<Cry)N, ferromagnetic super-exchange interaction is responsible for the
ferromagnetism, on the other hand, the ferromagnetic double-exchange interaction is
dominant for high- T¢ in (Ga,V,)N, which is consistent with the results reported in the
reference (Sato et al. 2003). Though the anti-ferromagnetic super-exchange interaction
was dominant for high concentration V doped AIN in Fig. 3(b), but for high
concentration of V doped GaN (Fig. 5(b), the anti-ferromagnetic super exchange is not
dominant and hence the ferromagnetism remains steady. The underlying reason for this
behavior isthat the lattice constants of AIN are smaller than that of GaN, and the effect of
anti- ferromagnetic super-exchange interaction in (Al;4V,)N is strongest and easier to
subdue the ferromagnetic interaction.

CONCLUSION

The structural, electronic, and magnetic properties of TM doped I11-V wurtzite
compounds are reported in this article using the CPA and GGA approximations. AIN and
GaN-based DMS have very similar chemical trends in their magnetic stability and Curie
temperature. Doping of V and Cr cases exhibit the stability of the FM state, whereas for
Fe, Co, and Ni impurities, the lower energy of DLM state dominates over the FM state.
Tc increases at low concentrations of V and Cr doped compounds and reaches a steady
state at higher concentrations. From the presented results, one can infer that Cr and V
doped AIN are good candidates for high T ferromagnets as they exhibit ferromagnetism
above RT. In addition, the TDOS of (AlygCro10)N exhibits half-metallic and
ferromagnetic behavior, because in the valence band close to the Fermi level, the
majority spins (spin-up) are metallic, and the minority spins (spin-down) are
semiconducting. The calculated FM half metals can be promising candidates for the next-
generation spintronic and opto-electronic applications.
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