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Abstract—Recently, room-temperature ferromagnetism was

reported in Cu-doped AIN film. However, a systematic study on

the magnetic mediation of intrinsic vacancy is still absent and the
origin of ferromagnetism of Cu-doped AIN remains unclear. We

investigate the magnetic properties of Cu-doped AIN by first-

principles  calculations. Our results reveal that the

ferromagnetism is very weak for Cu substitution only. However,

both the anion and cation vacancies can mediate the
ferromagnetism effectively. Under the N-poor conditions, the

defect complex with N vacancy has much lower formation energy
and the origin of ferromagnetism can be attributed to the N-

vacancy mediatedp-d hybridization.
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Zn0, SnQ, and TiQ.[14,15,16] The origin of ferromagnetism

is often attributed to the mediation of oxygen vacancy.
Nevertheless, studies also reveal that it is cation vacancies
rather than anion vacancies that mediate the ferromagnetism
effectively in some transition-metal (TM) doped
semiconductors.[17,18] Surprisingly, the magnetic mediation
of cation vacancies is often neglected in many studies.
Recently, Raret al. found RT ferromagnetism in Cu-doped
AIN.[19] It provides a new way to obtain the DMSs free of
magnetic elements. Although several theoretical studies have
been done on the magnetic properties of Cu-doped AIN,[20,21]
a systematic study on the magnetic mediation of intrinsic
vacancies is still absent. Therefore, the origin of
ferromagnetism is still unclear and needs further investigations.

first-principles study
In this article, we investigate the magnetic properties of
. INTRODUCTION Cu-doped AIN by first-principles calculation. Our results
Diluted magnetic semiconductors (DMSs) are neweveal that the magnetic coupling is weak when Cu
materials that explore both charge and spin degrees of freed@ubstitution occurs only, and therefore, the mediation of
and therefore are promising for spintronics.[1,2] Forintrinsic vacancies must be considered. Ferromagnetism is
application purposes, DMSs must have robust ferromagnetisréphanced for the doped system when N or Al vacancy is
which remains stable at room-temperature (RT), angbresent. Under N-poor condition, the formation energy of N
meanwhile possesses the semiconductor properties. Generaltgcancy is much lower than that of Al vacancy, and therefore,
ferromagnetism can be obtained by doping magnetic elemeri vacancy is much easier to form than Al vacancy. The
into wide band-gap semiconductors. For instance, RWDrigin of RT ferromagnetism can be attributed to the N-
ferromagnetism has been reported in Fe, Co and Ni dopetcancy mediatep-d hybridization.
semiconductors of oxide and nitride.[3,4,5,6] However, the
clustering of magnetic impurities and the formation of Il. CALCULATION DETAILS
secondary phases often make the ferromagnetism extrinsic and A supercell of size 2x2x3 is built from the unit cell with
prevent their further applications. Moreover, the dopedpace group P63mc. We perform density-functional
magnetic elements do not lead to ferromagnetism definitelyalculations based on the full-potential linear augmented plane
and experiments often found that ferromagnetism had closgaves plus local orbital methods (LAPW+lo), as implemented
relation to the presence of intrinsic vacancies.[7,8,9] Tdn WIEN2K computing package, on the magnetic properties of
exclude the contamination of magnetic elements, researchefsi-doped AIN. The muffin-tin spheres are set to be 1.8, 2.1,
doped light elements into semiconductors and consequentind 1.6 Bohr for Al, Cu and N atoms respectively. The
found RT ferromagnetism in the doped systems, which wageneralized-gradient-approximation of Perdew-Burke-
called d® ferromagnetism.[10] Experimentally, ~RT Ernzerhof form is used for the exchange-correlation potential.
ferromagnetism was reported in C-doped ZnO andhe waves inside the spheres are expanded by harmonic
SnQ.[11,12] Theoretical studies reveal that holes in valencgpherical functions up tb=10. In the interstitial regions, the
band play an important role uf ferromagnetism. By doping waves are expanded by plane waves, which are cut off by
impurities with weaker electronegativity or lower valence intosetting ReK,,,=8.0. An energy cut-off of -6.0 Ry is used to
semiconductors of oxide or nitride, holes are introduced inteeparate the core states from those valence states. Before the
the valence band of semiconductors, which leads to barghiculations, the doped structures are fully relaxed from
magnetization.[13] As a nonmagnetic element, copper is oftegeometry and internal atom positions until the force between
doped to many semiconductors to fabricate DMSsatoms is less than 1.0 mRy/Bohr.
Experimentally, RT ferromagnetism was reported in Cu doped

© 2015. The authors - Published by Atlantis Press 271



Ill.  RESULTS ANDDISCUSSIONS mediated ferromagnetism in many TM-doped semiconductors.
o By introducing one N vacancy and two Cu impurities, we
A. Roles of Cu Subsfitution investigate the magnetic mediation \4§ in Cu-doped AIN.

By introducing one Cu into the supercell, we investigatéThe magnetization energy as well as the total moments
the magnetic properties of Cu-doped AIN with impurityinduced for the ferromagnetic states is listed in table 2. It is
concentration 4.2%. Both the spin-polarized and nonmagnetitoticed that strong ferromagnetism emerges when N vacancy
calculations are performed and we find that the doped systei introduced into Cu-doped AIN. The ferromagnetism is
prefers the spin-polarized state, which is 0.18 eV in energstrengthened compared to that of the systems withQut

lower than the nonmagnetic state. Totally, 2.&? is  Total moments of C-’,.O(?uB are induced for the ferromagnetic
induced in the supercell by introducing one Cu, which is closstate of most structures. Cu impurity has a local moment of

to the moment of 2.03“B induced in Cu-doped SpQ17] 0.30 Hs and the nearest N atoms have a moment of 0.16
This is consistent with other results of calculations.[20,21] The’u

B on average. The total and projected density of states for
local moment of Cu is O.68UB and the N atoms nearest to the configuration Cy(C1.C5)#/\(A2) in ferromagnetic state

are calculated.
Cu have a moment of 0.261B on average. The N atoms

Compared to the doped system without vacancy, the
next-nearest to Cu have a moment of O.’HM Negligible  splitting of valence band is enhanced. The majority states are
moments are also induced for Al atoms, which couple to thetally pushed down to the Fermi level and the minority states
nearest N atoms ferromagnetically. To investigate thare pushed above the Fermi level. For both Cu and N atoms,
magnetic properties, we calculate the total and projectethe peaks at the Fermi level become sharper, indicating the
density of states (DOSs) for the Cu-doped AIN. strongerp-d hybridization. Local states are also introduced

into the band gap by Al atoms and the band gap becomes

To investigate the magnetic coupling between 'mpum'esnarrower compared to that of the system withdut Due to

we introduce two impurities into Al sites, which correspond t he donor character oy, the holes introduced by Cu

the concentration of 8.33%. Both ferromagnetic an L . :
antiferromagnetic states are calculated and we define tqggﬁégfihzr?ofa?%%%erﬁg?xiﬂe%uggg:etnISH%(\)/ngfggr?lgﬂy

magnetization energAyEM =Eu ~Eqy . A positive value T€move one hole instead of three holes in the valence band,
means the ferromagnetic state is stable and vice versa. TH&Ich indicates the local character of vacancy charge.
magnetization energy together with the total moments is listed \we also investigate the magnetic mediation of cation

in the table 1. vacancy by removing one Al from the Cu-doped supercell. It
is noticed that large magnetization energy emerges and the

TABLE I. MAGNETIZATION ENERGY TOGETHER WITHTOTAL SyStemS have |arge moments.

MOMENTSINDUCED IN THESUPERCELLS FOR THEDOPEDSTRUCTURES D IS
THE DISTANCE BETWEEN THEIMPURITIES. MCELL IS THETOTAL MOMENTS

FOR THEFERROMAGNETICSTATE. TABLE II. MAGNETIZATION ENERGY AND TOTAL MOMENTS
INDUCED IN THE SUPERCELLS FOR THEDOPEDSTRUCTURES WITHTWO CuU
Configurations d(A) E M IMPURITIES AND ONE INTRINSIC VACANCY.
M (meV cell (
Configurations AE M
) /L[B) M (meV) cell ( /'IB
Cuy(C1,C2 3.10 -15.8 1.51 )
U ( ) Cun(C1,C2)#\(A1) | -0.1 1.00
Cua(C1,C3) 4.41 5.0 4.00
Cun(C1,C3)#\(A1) | 14.1 3.00
Cua(C1,C4) 5.05 -2.0 4.00
Cun(C1,C4)WVy(ALl) | 2.6 2.70
Cuy(C1.C5) /.78 117 4.00 Cuu(CLCA)Ny(A3) | 58.1 3.00
Cux(C1,C6) 8.39 134 4.00 _ Cun(CLCE)NNAL) | 7.7 3.00
It is notlcec! .that the magnetization energy varies from Cun(C1,CE)M(A2) | 25.7 3.00
negative to positive values and the maximum value is less than Cuy(C1,C6)WN(AL) | 194 3.00
the thermal fluctuation of room-temperature, which means the Cun(C1,C6)W\(A2) | 29.6 3.00
room-temperature ferromagnetism is absent for the system Cun(C1,C5)Wa(C2) | 155.7 3.20
with Cu substitution only. When Cu impurities get closer, the Cua(C1,C5)4Va(C3) | 348.C 6.9C
Cua(C1,C6)Wa(C2) | 135.4 5.00
total moments decrease to 1.5&1B for the supercell. Cua(C1,C4)Wa(C2) | -40.7 4.40
Moreover, our calculations reveal that the structure (C1,C2) is Cun(C1,C3)Va(C2) | 16.7 300
0.5 eV lower in energy than other structures, which means that To further investigate the magnetic properties, we calculate
Cu impurities are inclined to form clusters in AIN. the density of states for the doped system Wjth For the

. o . configuration  Cy(C1,C5)4#/,(C2), more holes are

B.  Mediation of Intrinsic Vacancies introduced into the valence band and the Fermi level crosses
It is important to investigate the magnetic mediation ofboth the majority and the minority states. Therefore, a metallic

intrinsic vacancies since they play an important role in TMproperty can be expected in the doped system. The holes

doped semiconductors. It was reported that anion vacancieginly locate on the sites of Cu and its nearest N atoms. At the
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Fermi level, sharp peaks emerge for both Cu and N atoms, _TABLEIIl THE FORMATION ENERGY ASWELL ASTOTAL
MOMENTS FOR THESYSTEMS WITHDIFFERENTVACANCIES. EF11S THE

Indlc_at_lng the Strong p_d hybrldlzatlon betwe_en them' FORMATION ENERGY FOR THEN-POORCONDITION. EF2 IS THEFORMATION
Negligible holes are also induced for Al atoms, which couple ENERGY FOR THEN-RICH CONDITION.
to their nearest N atoms ferromagnetically. It is noticed that

both Vi andV, can mediate the magnetic coupling between Configurations | E;, M
impurities effectively and strengthen the ferromagnetism. V) V) (
However, compared t&y mediation,V, -mediated system ,UB)
possesses a metallic property and often has larger [cy, (i) 5.6 0.2 2.00
magnetization energy. Cua(C1)+Vn(A1) [ 5.C 5.8 1.0¢
: Cun(C1)+Vn(A3) | 6.4 7.2 1.00

C. Formation Energy of Defect Complexes Cuu(CL)Wa(C2) | 136 20 3.00

It is important to investigate the formation energy of defect | Cun(C1)+Va(C4) | 145 2.9 4.80

complex in Cu-doped AIN since they play an important role in
the RT ferromagnetism. The vacancies are formed only when
their formation energy is much low. The formation energy of We have investigated the magnetic properties of Cu-doped
the defect complex can be written as [22,23,24,25] AIN by first-principles calculation. Our results reveal that Cu
can substitute Al heavily under the N-rich condition. However,
E;, =E(Cu,V)—-E(0,0)+ py + th, — He, the magnetization energy is much small when Cu substitution

where E(CuY) is the total energy of the doped system withoccurs only and therefore the magnetic mediation of intrinsic

one defect complex, ar(0,0) is the total energy of undoped vVacancies must be considered. Both N and Al vacancies can
mediate the magnetic coupling effectively. The defect

complex with N vacancy has much lower formation energy
under N-poor condition while the defect complex with Al

in the corresponding matter stateé¥ is the chemical vacancy has much lower formation energy under N-rich

potential of the atom removed from the system. We calculatéondition. For the experimental preparation, Cu-doped AIN is

IV. CONCLUSIONS

system. Ha and'ucu are the chemical potentials of Al and Cu

the formation energy for both GuVy and Cy+V, defect
complexes under the nitrogen-poor and

) _ fabricated
nitrogen-rickhredominate. Therefore, the RT ferromagnetism can be

under N-poor condition and N vacancies

conditions. For the nitrogen-poor condition, the chemicahttributed tovy-mediatedp-d hybridization.

potentials of Al and Cu take those of bulk metals respectively.
For the nitrogen-rich condition, the chemical potential of N

takes that of nitrogen gas. The formation energy as well as t

total moments in the supercell is listed in table 3. For the
substitution of Cu, the formation energy is very high under the
N-poor condition while it is much low under the N-rich [2]
condition. This means that Cu can substitute Al heavily und€s]
N-rich condition. In experiments, the samples were prepared
under N-poor condition and therefore, the substitution of Cu i&!
very rare. Hence the average moment induced by Cu
substitution is significantly less than the calculating value 2.¢!

Hs /Cu, which is consistent with the experimental result.[lg]b6
It is noticed thal/y tends to occupy the sites nearest to Cu an ]
the defect complex has much lower formation energy under glﬂ
poor condition. For the defect complex with Al vacancy, th
formation energy is much low under N-rich condition while it 8]
is very high under N-poor condition. Also, Al vacancy is mor 9]
inclined to form on the site nearest to Cu. Therefore, w ol
deduce that the ferromagnetism reported in experiments .fl]
mainly mediated by since the samples are prepared unde
N-poor condition.[19] We also notice that Al vacancy cal 12]
also mediate the ferromagnetism effectively. When th
samples are prepared under N-rich condition, roomps
temperature ferromagnetism will also emerge.
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