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Ferromagnetism in Cr-doped GaN: A first-principles calculation
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Electronic structure, energy bands, and magnetic properties of Cr-doped GaN have been calculated from first
principles using a 32 atom supercell within the frame work of linearized muffin-tin orbital tight binding method
and gradient-corrected density-functional theory. The coupling between Cr atoms is found to be ferromagnetic
with a magnetic moment of 2.64 at each Cr site. The magnetic moments of Ga and N sites are rather small,
namely, 0.02hg and —0.02g, respectively, yielding a total moment ojxg per supercell. Parallel calcula-
tions done on small clusters of Cr-doped GaN also yield similar results indicating that magnetic coupling
between Cr atoms results from a local phenomenon. These results are consistent with the recent experimental
discovery of ferromagnetism in Cr-doped GaN single crystals.
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I. INTRODUCTION contribution of substrates plays a crucial role. The x-ray dif-
fraction pattern of bulk(Ga,ChN single crystals clearly
The interplay between the charge carriers in a semiconshows a wurtzite structure witte5.191 A, which is margin-
ductor and the electron spins of a ferromagnetic metal dopedlly larger than that of pure Gaf¢=5.185 A). This is attrib-
into the semiconductor can be utilized for many magnetolited to the larger Cr atomic radiugl.40 A) than Ga
spin-electronic devices. The desirable features for the suq1.26 A), indicating that Cr indeed substitutes the Ga site.
cessful application of a semiconductor spintronics materialyhen doped into GaN and Cr, Mn atoms go to the Ga-
are that it should show ferromagnetism with a reasonablypstitutional site as &t and Mr#*+ valence states id® and
high T, and a sizable concentration of magnetic sites. Therg4 configurations, respectively. This indicates that a magnetic
should also be some efficient mechanism to inject spinimpurity such as Mn or Cr contributes spins as well as holes
polarized charge carriers from a metal into or across a nongp-type doping to the I1l-V semiconductors such as GaN.
magnetic semiconductor. Interest in the famlly of carrier- The first attempt to exp|ain carrier-controlled ferromag_
induced dilute magnetic semiconducteMS) started with  netism in Mn-doped 1lI-V semiconductors was made by
the discovery of ferromagnetism 5% Mn-doped InAs  Diet| et al2 who used the double-exchange Zener mddeél
and GaAs with a Curie point of 110'kand the subsequent ferromagnetism and predicted how the incorporation of Mn
theoretical predictioh® that the Curie point in Mn-doped jons induces ferromagnetic behavior via hole-mediated ex-
GaN could be higher than the room temperature. Amongs¢hange interactionRuderman-Kittel-Kasuya-Yosida type
the 1lI-V semiconductors, GaN, with a wide-band gap of jtvinov and Dugae®subsequently proposed the indirect ex-
~3.4 eV, is extensively studied because of its promising apchange interaction caused by virtual electron excitations
plications in short wavelength opto-electronic devités:  from magnetic impurity acceptor levels to the valence band.
though  wurtzite-structured ~ ferromagnetic  Md&,N  Ap initio calculationd®-23 have also been carried out to un-
samples have been grown using various techniques, there ijarstand the underlying mechanism of carrier-induced ferro-
wide variation in the reported magnitude of Curie temperamagnetism in transition-met&l'M) -doped I1I-V and 11-VI
ture (T¢) in Mn:GaN. semiconductors. Basically there are two approaches, both
The recent discovefyof the room temperature ferromag- based on density-functional theory, vig) the supercell ap-
netism of Cr-doped GaN single crystals has stirred furtheproach in which the TM impurity atom is placed in the sub-
interest in the DMS systems. This discovery is significantstitutional Ga site in a large superc@ize depending on the
because Cr-doped GaN has been successfully grown in thgpurity concentration such that the impurities in two
form of bulk single crystals using a sodium flux growth neighboring cells do not interacth) the coherent potential
method. In contrast, Mn-doped GaN samples are grown impproximation(CPA) approach, which treats the DMS as a
the form of thin films® The ferromagnetic to paramagnetic randomly disordered substitutional alloy. Schilfgaarde and
transition temperaturéTc) of (Ga,ChN is observed to be Mryaso? have performed a thorough investigation of the
around 280 K from superconducting quantum interferenceinomalous magnetic interactions in doped DMS systems.
device(SQUID) magnetization measurement as well as fromThey had performed linearized muffin-tin orbitdlMTO)
the temperature dependence of electrical resistivity thagalculations on a zinc-blende structured supercell, in order to
shows a change in slope at280 K. A higher Tc  investigate the exchange interactions betwedmignetic
(=400 K) has also been reported for the thin films of dopants(Cr, Mn, and Fgin different Ill-V semiconductors
(Ga,ChN grown on a sapphire substrate by the electron cy{GaAs, GaN, and AIN They had observed that doping
clotron resonance assisted molecular-beam-epii@®R- caused deviations in the magnetic exchange interaction from
MBE) technique’. However, in the case of thin films, the what is predicted by simple models due to the formation of
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deep levels. They also concluded that short-range interactioi©a,CpN single crystals whose x-ray diffraction pattern
between the dopant atoms could cause a clustering of theséearly shows a wurtzite structure with=3.18 A andc
atoms. More recently, Kronikt all! performed plane wave =5.191 A. Thec/a ratio of 1.628, which is slightly larger
psueopotential-based supercell calculations, in order to exhan that of pure GaN, is due to the larger Cr atomic radius
amine the theoretical limits to spin-polarized transport in(1.40 A) compared to that of G&1.26 A). The correspond-
wurtzite MnGa,_ N for 6%Mn doping. From their band ing Ga-N bond length is 1.947 A. In the wurtzite structure,
structure calculations they inferred that M8& N is more  the lattice vectors arén units ofa) (v3/2, -1/2, 0, (0, 1,
suitable for spin injection, compared to Mg _As. Sato  0) and (0, 0,c/a). The unit cell contains two cations at
and Katayama-Yoshida used the Korringa-Kohn-Rostoker (0,0,0 and(2/3,1/3,1/2, and two anions at0,0,3/8
coherent potential approximatigkKR-CPA) on various 8 and(2/3,1/3,7/8. We have constructed a 32 atom super-
TM-doped disordered DMS systendsoth IlI-V and II-VI).  cell composed of eight wurtzite primitive cells of GaN, i.e.,
They found the ferromagnetic state to be stable for less thaghe |attice vectors have been doubled along all three direc-
(or equal tg half-filled V, Cr, and Mn doping, while a spin-  tjons, thereby accommodating 16 Ga and 16 N atoms. For
g|aSS-|ike state is stable for more than half-filled Fe, CO, an%tudying Cr-doped GaN, we repiaced a pair of neighboring
Ni doping. Similar conclusions have also been arrived at bysa atoms by Cr atoms so that the supercell formula unit
Schilfgaarde and Mryasdy, who have provided explana- hecomes GGayN;s The reason for substituting two Ga at-
tions for this in terms of the Anderson-Hasegawa modelgmg by Cr is to allow the Cr spins the freedom to couple
This inference _is re_iterated by the experimental observationﬁarromagnetica”y or antiferromagnetically. We should point
of ferromagnetism in Mn- and Cr-doped GaN. Recently Ragyyt that the 32 atom supercell is one of the smallest super-
and Jen& have shown that the bond strength of Mn-N is cells that ensures separation between the impurities in neigh-
significantly larger than that of Ga-N bond strength. Thisboring supercells by at least a few times the Ga-N bond
implieS that substitution of Mn at the Ga site is energetica”yiength_ The Cr-Cr Separation can be Varied W|th|n the Super-
favorable. In addition, it may also lead to a clustering of Mn¢e|l in the range of-3—5 A. The results reported here have
around the N site. They found the Mn atoms to be coupletheen performed with Cr-Cr distance of 3.2 A, which is more
ferromagnetically, leading to giant magnetic moments. Schilthan the critical separation 0f2.7 A needed for ferromag-
fgaarde and Mryasd have also arrived at similar conclu- netic coupling to occur. This value has been obtained from
sions for the clustering of the magnetic impurities. our cluster calculation, which will be discussed in Sec. Il B.
In this work, we have carried out a first-principles inves-  \we have used the self-consistent tight-binding linear
tigation of the (Ga,C)N system using two different tech- muyffin-tin orbital (TB-LMTO) method® with the atomic
niques. Using a super-cell technique, we have replaced twWgphere approximatiofASA) and incorporated the “com-
nearest neighbor Ga sites with Cr atoms in wurtzite GaNyined correction” term that accounts for the non-ASA con-
crystal and calculated the magnetic structure using spingipution to the overlap matrix. Knowing the ASA potential,
polarized density-functional theory. We have also carried oupne can calculate the ground-state charge density, and hence
parallel calculations in Cr-doped GaN clusters. Since GaNhe ASA total energy. We have used the gradient-corrected
c_Iusters have different structures than'their bulk, the Obje_cspin-polarized exchange-correlation functional as per the
tive of the cluster studies was to see if the Cr-Cr magnetiyriginal Perdew-Wang formulatioH.All of our calculations
coupling depends on its environment and on Cr-Cr interhaye been performed scalar relativistically, i.e., without spin-
atomic distance. Ouab initio investigations yield the elec- orpit interaction, which is not significant in the case of GaN.
tronic structure, energetics, and magnetism of Cr-doped Galpin-polarized bands have been calculated with a minimal
in a cluster as well as in a bulk crystalline environment. Inpgsis set consisting af p, andd orbitals (¢=2) for Ga, Cr,
Sec. Il we outline our computational procedure. The resultgng N, with Nd orbitals downfolded. The need for treating

are discussed in Sec. Ill and summarized in Sec. IV. the localized semicored3states of Ga as band states has
already been emphasized by other workérfs,and accord-
Il. COMPUTATIONAL DETAILS ingly we have included the fully occupiedi3tates of Ga as

relaxed band states in our self-consistent iterations. Apart

In order to simulate the effect of doping a,&imer in Ga )
substitutional sites, and to see if there is ferromagnetic couf—rom the valence states of Ga, Cr, and N, the core orbitals

pling between Cr spins governed by its local environment Vere kept frozen in their isolated atomic form. In order to fix
we have performed two sets of calculatiora) supercell the magnitudes of the sphere radii of the individual atoms,

band structure calculations with the catig@a) site selec- h_av_e gse(_j Fhe so-called Hartree potenthl plot
tively replaced by Cr atoms arb) ab initio cluster calcula- prescriptiont® This yields Ga and N atomic sphere radii to be

tion with a Crp, dimer embedded inside (&aN), cluster. All 1.227 and .1'015 A, which are roughly proportional to the
the results reported in this work are based on the densit gorresponghngl:] covalefnt radii of ﬁ'62 and 1'ﬁ6 A of Ga anq
functional theory with the gradient-corrected exchange—N’ respectl\_/e y. And for Cr, we nave used t € same at_omlc
correlation functionat sphere radius as t_hat _of GE'_:\. Since the wurtzite GaN is an
open structure, which is typical of any tetrahedrally bonded
semiconductor, we have introduced two different types of
empty spheregtwo of each typgat the high symmetry po-

For our supercell calculations, we have used the experisitions consistent with thé®6;mc space group. Thus the

mental lattice parameters obtained in the recent work on bulkvurtzite unit cell is divided into a total of eight overlapping

A. Supercell band calculations
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atomic spheregfour real atoms and four empty spheres

This translates to a 64 sphere supercell, i.e., 32 real atoms
and 32 empty spheres. In all our supercell calculations, we 40
have used(6,6,4 k mesh, which corresponds to 144 k
points in the irreducible wedge of the simple cubic Brillouin 30 ¢ E T
Zone (BZ). BZ integration has been performed using the I i
improved tetrahedron methbtithat avoids misweighing and 20 +

corrects errors due to the linear approximation of the bands

inside each tetrahedron. In order to establish the location and 10 |

occupancy of the impurity band in the gap, we have calcu- -

lated the so-called “fat bands” which are nothing but the 0 N‘J W

band structure projected onto specific site orbitals. The pro- '
jected impurity bands are fattened, and the widths allocated
are proportional to the sum of the weights of the correspond-
ing orthonormal orbital&®

10

DOS (states/eV cell)

20 ¢

B. Cluster calculations 30 | Ex i

We have studied atomic clusters of,@aN), (x<3). In L
this size range, almost all the Ga and N atoms are surface 40 |
atoms, and consequently, have dangling bonds. Interaction of
the Cr atoms with the Ga and N atoms not only can alter the . . . .
structure of (GaN), clusters, but also can influence their -20 -10 0 10
magnetic coupling with each other. We should emphasize Energy (eV)
that the nearest neighbor configuration of Cr atoms, the
Cr-Cr interatomic distance, and the coordination of Gaand N FIG. 1. Total density of states dfGa.Cr,)N;¢ supercell for
atoms in Cy(GaN), clusters are expected to be very different majority spin(top) and minority spin(bottom.
from those in the bulk. Thus, the magnetic properties of
Cr,(GaN) clusters will provide a good test of how sensitive ll. RESULTS AND DISCUSSION
the Cr-Cr magnetic coupling is to its environment, and may
illustrate the importance of lattice relaxation on the magnetic
coupling between Cr atoms in GaN crystal. We have studied Many of the salient features of the electronic structure of
this problem by using the linear combination of the atomicthe (Ga,C)N system can be seen from the total spin density
orbitals-molecular orbltaI(LCAO—MO) method and the of states(DOS) per unit SuperceWFig_ 1 and the partia|
gradient-corrected density-functional theory. The equilibriumpQs of the Cr impurity aton{Fig. 2). First of all, we ob-
geometries of GaN), and Cp(GaN), clusters are computed serve a half-metallic behavior in the sense that the Fermi
by optimizing their structures with respect to different ar-level state density is finite for the majority spin and zero for
rangements as well as spin configurations. Since the clustetie minority spin. This half-metallicity is due to Cday-
have a finite number of electrons occupying discrete molecupridizing with the N-2 states. The Cd band with a three-
lar energy levels, their preferred spin multiplicitf=2S  peaked structure and a width ef2 eV falls within the LDA
+1) yields the number of unpaired electrons and hence thgap of GaN, which is lower than the experimental gap as
total magnetic moment. An analysis of the spin density disexpected. There is still controversy in the literature as to
tribution and the Mulliken population yields the directions of whether such DMS systems are strictly half-metallic or
the spin momentgup or down and hence, the magnetic whether the semiconducting nature of the material is retained
coupling. We have used frozen core LANL2DZ basis sets foupon doping'! Both the doubly degeneratgdands and the
the atomic orbitals and the calculations were performed ustiply degeneratd,, bands, of Cr are strongly spin split by
ing the Gaussian 9&code?® We have used the Becke, Perdew, ~1.8 eV. While the majority states of Cr lie within the GaN
Wang! (commonly referred to as BPW®brescription for  band gap, as can be seen from therojected fat band$
the generalized gradient approximatic®GA) form of the  (Fig. 3), the minority states merge with the conduction band
exchange correlation potentials. The threshold of the roostates. The Cey and Cri,, projected fat bands crossing the
mean square forces for geometry optimization was set a@ermi level point towards® configuration of Cr in GaN, as
0.0003 a.u./Bohr. Calculations were carried out for varioussompared to al* configuration of Mn in GaN that we have
spin multiplicities of each cluster. The lowest energy con-found in a similar analysis performed earféiThis is also
figuration then yields the total magnetic mome(i-1) ug similar to what was found by Schilfgaarde and Mrya$du
of the cluster. For Grin GaN, we have found that the total their study of doped DMS systems. The bonding peak for the
energy for ferromagnetic coupling is lower in energy by Cr majority spin lies~1.5 eV above the valence band top,
0.42 eV compared to the antiferromagnetic configurationwhich matches with the estimate given by van Schilfgaarde
Accordingly, the results reported in the following section areand Mryasov® This implies that Cr acts as an acceptor just
all based on ferromagnetic configuration only. like Mn. It is to be noted that here thed 3tates lay around

A. Cr,-doped GaN crystal
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the midgap, in contrast with the case @aMn)As, where
the d bands of manganese lay just above the valence band

12 7 1 edge!?
! Er T ] We have also studied the paramagnetic DO&, before
switching on the spin polarizatigrio check the exact posi-
8 1 tion of theey and thet,y bands of Cr in théGa,CoN super-

cell DOS. The fact that they levels lie aboveg; confirms
that Cr is sitting in the tetrahedral environment in the GaN
lattice. Had it been the other waiye., e; abovety,) then the
: : crystal-field splitting would have suggested Cr in octahedral
L M AN environment. This is in tune with what Saet all? and
0 Fr— vy - Schilfgaarde and Myrasé¥have mentioned in their papers.
Subsequently, when spin polarization is switched on, the fer-
romagnetic calculation shows a further spin splitting which
we observe in our partial DOS as well as in fat bands.
Our calculations show that gBa;,N+¢ is having a ferro-
magnetic ground state with a localized magnetic moment of
2.69ug on the Cr atoms. The nearest neighbor host atoms are

DOS (states/eV cell)

E J/ ] weakly polarizedinduced moments of +0.02& on nearest
¥ neighbor Ga sites and -0.025 on nearest neighbor N
12 7 siteg. Note that this nonintegral value of the magnetic mo-
ment is due to the use of the atomic sphere approximation in
o 0 o - 0 our self-consistent calculation. Similar calculations that we

had performed earliét on the MnGaN;s supercell had
Energy (eV) shown a magnetic moment of § on the Mn atom. Thus,
doping of GaN by Mn or Cr, both of which are nearly half-
filled bands leads to ferromagnetism. This result agrees with
the conclusion derived from KKR-CPA calculatiotfsand
LMTO calculationd® where the authors reported the trend in
the magnetic states when differerd &ansition metals are
doped into IlI-V as well as 1I-VI semiconductors. They also
4 % had arrived at the conclusion that Cr- and Mn-doped GaN
§/ DMS’s are both ferromagnetic. It is to be noted that the
] / increase of Cr-Cr separation in the supercell, or the incorpo-
ration of Cr in the interstitial site leads to drastic reduction in
0 the magnetic coupling.

FIG. 2. Partial DOS of Cr ifGa;4Cry)Ng supercell majority
spin (top) and minority spin(bottom).

/

4 B. Cr-doped (GaN), clusters

In order to demonstrate the sensitivity of the magnetic
coupling between two Cr atoms to its interatomic distance
and environment, we have studied an extreme case, hamely
Cr atoms doped int¢GaN), clusters. As already mentioned,
Schilfgaarde and Mryasé¥ have also studied the effect of
§ the dependence of the environment on the magnetic interac-

tion in the case of doped DMS systems. From time to time

we shall compare our results with some of their results as

0 relevant. We note that the structure and coordination in
(b) atomic clusters are very different from their bulk. Thus, a Cr
dimer doped intdGaN), clusters may have different inter-
atomic separation and environments, and this could change
significantly with the size,x. We have performed self-
consistent LCAO-MO calculations on(GaN), and
(GaN),Cr, (x<3) clusters, whose equilibrium geometries
are shown in Fig. 4. We note that all the structures of
(GaN), (x<3) clusters are planar with strong Ga-N bonds
The GaN bond length in the dimer is 1.88 A, which is close

FIG. 3. Cr-projected fat bands for majority syi@ e, projected  to the Ga-N distance of 1.947 A in the bulk. The Ga-N bond
(b) tpq projected. distances increase somewhat with cluster size. These results

-8

VI

Energy (eV)

(
\

Qz

G K M G A L H A

| _—— |
=
—

214422-4



FERROMAGNETISM IN Cr-DOPED GaN: A FIRST-. PHYSICAL REVIEW B 69, 214422(2004)

() (b) Cr

PRE 212 R 118 , (GaN)Cr, .

Ga N © i

© @ ] \
1.75

218 o L2 2.74 o o
g ( ©

2pp < T - T 1 - 1
> -
© @ L (GaN),Cr, o
© q w ]
2.23 TINE <

1.93 Qe

© 136 © 07 X 14

Oug /
FIG. 4. Ground-state cluster geometries(&aN), (left pane)
and (GaN),Cr, (right pane). 0 o—"

are in very good agreement with other available

calculationg* This situation changes substantially when Cr 1.0 1 ./'\_

atoms are added. The GaN bonds break@aN), (x=2) 0.5 - (GaN)Cr,
clusters but reappear (GaN);, although in a stretched form. 0.0 4 B— g —"

On the other hand, a Cr-N bond emerges and the correspond- — T T T T T T
ing bond length remains relatively unchanged throughout. 2 4 6 & 10 12 1
The energy gainsd, in adding a Cy dimer to an existing Multiplicity (2S+1)

(GaN), cluster, namely, A=-[E(GaN),Cr,—E(GaN),

—-E(Cr,)] are 5.43, 3.21, and 4.47 eV, respectively, forl, FIG. 5. Variation of total energy of GiGaN), (x<3) clusters

2, 3. The corresponding values of Cr-Cr distances are 3.29Vith spin multiplicity (2S+1). Energy AE (eV) is given with re-
2.62, and 2.74 A, respectively, for=1,2,3. Inthis context ~ SPect to the ground-state energy.

it is worth mentioning that the calculated binding energies of;in, 4 lowering of energy by 0.42 eV. In lower concentra-
CrN and GaN are, respectively, 2.06 eV and 2.16 eV. Conyions of Cr, the Cr-Cr distance will be even higher in the

sequently it is energetically possible to replace Ga by Cr incr-doped bulk GaN, and this should lead to ferromagnetic
GaN. Thus, the success of synthesizing Cr-doped GaN igoupling between two Cr atoms. Therefore, we have not ex-
single crystals may have a molecular origin. amined theM =1 state for the other clusters. The results for
We next discuss the magnetic configurations of these clusspins at Ga, N, and Cr itGaN),Cr, and(GaN);Cr, clusters
ters. The total magnetic moments(@aN), clusters are 2, 0, follow the same pattern as that {&aN);Cr, although the
and Qug, respectively, fox=1,2,3,i.e., GaN clusters con- magnitudes of the moments vary with size(@aN),Cr,, the
taining as few as two dimers cease to be magnetic. Howevemoments at Ga, N, and Cr sites are, respectively, —0.32,
as Cp is added, the magnetic nature changes completely. Te0.32, and 1.64g. The total magnetic moment of
determine the ground-state spin multiplicityl=2S+1) of  (GaN),Cr, is significantly reduced from that inGaN),Cr,
(GaN),Cr, clusters, we had to optimize their geometries fornamely, to 25 although Cr atoms remain ferromagnetically
each allowableM. In Fig. 5 we plot the energies of coupled. The total magnetic moment ¢BaN);Cr, rises
Cr,(GaN), clusters as a function d¥l relative to the lowest sharply to 1@z, of which 0.66ug, —0.04ug, and 4.0%g
energy configuration. The preferred spin multiplicity and moments reside at Ga, N, and Cr sites. Once again, the cou-
hence, the total magnetic moment of these clusters corrgsling between the Cr atoms is ferromagnetic and the critical
spond to the ground-state configuration. The total magnetiseparation needed is2.7 A. In fact, for our supercell cal-
moment of (GaN);Cr, is 8ug, out of which 0.0%g, culation we kept this Cr-Cr distance as 3.2 A, as already
-0.64ug, and 4.28; moments are residing at Ga, N, and Cr mentioned in Sec. Il A. It is important to note that the cou-
sites, respectively. Note that the coupling between two Cpling between the Cr and the N atoms, which are strongly
atoms is ferromagnetic while that between Cr and N is antibonded to each other, remain antiferromagnetic irrespective
ferromagnetic. It is well knowa? that in Cp, the spin cou- of whether Cr is doped into clusters or crystal. This provides
pling is antiferromagnetic when the Cr atoms are closer angome insight into the origin of the ferromagnetic coupling
it becomes ferromagnetic when the Cr-Cr distance increasebetween doped Cr atoms—namely, that it is an indirect ex-
Therefore, we have calculated the antiferromagnetic state fathange mechanism mediated by nitrogen.
M=1 in the (GaN);Cr, cluster. It does show a dip in total
energy in Fig. 5. The spins at Ga and N are almost zero while IV CONCLUSION
those at the Cr sites are +4/46and —4.16.g, respectively. We have shown through first-principles calculations that
However, as noted above, the ground state is ferromagnettbe Cr atoms couple ferromagnetically when doped into GaN
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whether the host is a cluster or a crystal. Fos i@rGaN, the  flexibility in synthesizing DMS systems involving Cr-doped
ferromagnetic ground state is found to be 0.42 eV lower tharfGaN.

the antiferromagnetic one. This coupling is mediated by ni-

trogen through an indirect exchange mechanism and is a lo-

cal phenomenonalso see the conclusions of Ref.)1The ACKNOWLEDGMENT
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