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Nitrogen-induced magnetic transition in small chromium clusters
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Using density functional theory with generalized gradient approximation for exchange and

correlation, we show that otherwise antiferromagnetically coupled chromium atoms in very small

chromium clusters couple ferromagnetically when doped with a nitrogen atom, thus leading to giant
magnetic moments. For example, the magnetic moment Yl & found to be &g while that of

Cr, is Oug . Strong bonding between Cr and N atoms brings about this magnetic transition. The Cr
atoms nearest neighbor to N couple ferromagnetically with each other and antiferromagnetically
with nitrogen. The significance of these results in understanding the ferromagnetic order in
Cr-doped GaN is discussed. @003 American Institute of Physic§DOI: 10.1063/1.1607958

I. INTRODUCTION and 5, respectively. While we find significant differences be-
tween our calculated equilibrium geometries and magnetic
Among the 3 transition metals, Cr and Mn exhibit very properties of some of the £Xn<5) clusters with the pre-
contrasting behavior while sharing some common featuressious calculation, these clusters are still antiferromagneti-
With a 3d°4s' configuration, Cr atom binds strongly with cally coupled. On the other hand, the total magnetic mo-
another Cr atom and the resulting sextuple bonding ina Crments of CgN clusters are 85, 13ug, 9ug, and 3ug, for
dimer" yields a very short bondl.68 A) and a large binding n=2, 3, 4, and 5, respectively. In the following we discuss
energy (1.44 e\). On the other hand, a Mn atom, with a the origin of this magnetic transition and its implications for
configuration of 8i°4s?, binds very weakly with another Mn  the understanding of ferromagnetism in Cr-doped GaN. In
atom? The bond length of the Mndimer—namely, 3.5 Sec. Il we provide a brief outline of our theoretical proce-

A—is the largest among anyd3transition-metal dimers and dure. The results are discussed in Sec. Ill and summarized in
its binding energy is vanishingly small. Small clusters of Mn gec. |V.

containing five atoms or fewer are ferromagnetic while clus-
ters of Cr in the same size range are antiferromagnetic. In th
bulk phase both Mn and Cr are antiferromagnetic. In thisﬁ' THEORETICAL PROCEDURE
regard, it is interesting to note that ligated Melusters have The calculations are carried out using molecular orbital
shown ferromagnetic behavior and have been proposed diseory where the wave function of the cluster is represented
molecular magnets for quantum devidedherefore, it by a linear combination of atomic orbitals centered at indi-
should be interesting to examine the magnetic behavior of Cvidual atomic sites. We describe the atomic orbitals by an
clusters to see if they can also behave as molecular magnedi-electron Gaussian basis, 6-3ITG which is available in
under specific conditions. the GaussiAN 98 code® The total energy of the cluster is
Recently, Mn-doped GaN has been found to be ferrocalculated using the DFT—GGA level of the theory. We have
magnetic, although the controversy regarding the value of itsised the hybrid BPW91 form and tleaussIAN 98 code for
Curie point still persisté.It has been shown that nitrogena- our computations. Cr contairgselectrons and one does not
tion of small Mn clusters not only enhances their bindingknow a priori the ground-state spin configuration of a given
energy substantially, but also the ferromagnetic coupling beeluster. Therefore, we have performed calculations for all
tween Mn atoms leads to giant magnetic momérfsr ex-  allowable spin multiplicitiesvl = 2S+ 1, starting with a spin-
ample, the total magnetic moment of Mihis 22ug. Since  singlet configuration for the even-electron system and spin-
Cr-doped GaN has just been discovered to be ferromagheticdoublet configuration for the odd-electron system. For a
one wonders if this coupling is mediated by nitrogen and ifgiven spin multiplicity, we optimize the geometrical structure
clustering of Cr around nitrogen is energetically favorable. of a cluster by starting with different initial configurations
To understand this, we have calculated the equilibriumand optimizing the geometry without symmetry constraints.
geometries, electronic structure, total energies, and magnetithe ground-state structure and preferred spin multiplicity are
moments of GiN (n<5) clusters by using the density func- obtained from the minimum in the total energy. Except for
tional theory(DFT) and the generalized gradient approxima-the smallest clusters no frequency calculation was performed
tion (GGA) to the exchange-correlation potential. We notein order to avoid excessive computation. However, many
that an earlier calculatidrhad shown that small Cr clusters random initial configurations were used to make reasonably
are antiferromagnetic and the total magnetic moments of Crsure that one may not end up with a local minimum. In the
clusters are g, 6ug, Oug, and 4.6y, for n=2, 3, 4, following we discuss our results.
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TABLE |. Binding energies/atonteV), magnetic moments/atonug), and symmetry of the ground state of the
Cr, (n<5) clusters calculated in the present paper and compared with calculations of previous authors.

Present Cheng—Wang Kohl—Bertsct
DFT-GGA DFT—-LSDA DFT—-LSDA
all-electron frozen core pseudopotential
Method n collinear spins collinear spins noncollinear spins Expt.
E, (eV/atom 2 0.97 1.14 0.99 0.72
3 0.98 1.10 —
4 1.34 1.46 —
5 1.50 1.70 —
Magnetic moment 2 0.00 0.00 0.00 —
(g /atom) 3 2.00 2.00 0.69 —
4 0.00 0.00 0.00 —
5 0.40 0.92 0.53 —
lonization potential 2 6.07 —
(eV) 3 4.88 —
4 5.74 5.9¢
5 5.21 5.36
Structural 2 Dy, Dy —
symmetry 3 Cs Co, —
4 D D2n —
5 CZU CZU -
*Reference 7. ‘Reference 13.
PReference 9. 9Reference 12.
Ill. RESULTS AND DISCUSSIONS and binding energy/atom of 1.69 A and 1.14 eV by Cheng

and Wang and 1.72 A and 0.99 eV by Kohl and BertSch

Iculations of th ilibrium metri lectroni . .
Calculations o .t e equilibriu geo .et es, eept ° Ccompare favorably with the experimental vaiusf 1.68 A
structures, magnetic moments, and binding energies werée

carried out for Cf and CpN clusters fom=5. Although the and 0.72 eV/atc_)m,_ respectiyely. Note that the difference in
primary focus of this work is to examine the role of nitrogenthe calculated binding energies of 0.15 eV/atom by these two

doping on the stability and magnetic properties of Cr clusdroups can only be attributed to different numerical proce-

ters, we first describe our results on purg, @hd compare d_ures a:jsfboth authors use thde local s_pllanengtt]y approglma—

with those available in the literatufé. tion and frozen core or pseudopotential. Fog Cheng an
Wand find the structure to havé,, symmetry in which two

A. Cr, (n<5) clusters Cr atoms remain dimer like while the third atom sits at an

Cheng and Warfghave studied the structure, binding @P€X position of the isosceles triangle. The coupling between
energy, and magnetic properties of,gn<15) clusters us- the nearest-neighbor atoms is antiferromagnetic and the apex
ing density functional theory, local spin density approxima-atom is responsible for the entireug magnetic moment.
tion (LSDA), and numerical atomic bases with frozen Cr Kohl and BertscH,on the other hand, have pointed out that
1s2s2p cores. According to these authors, an exhaustivé-rs is a classic case of a frustrated system where the spin of
structural search for cluster structures was performed bjhe apex atom does not know whether to point up or down if
fully optimizing the geometries without imposing symmetry the spins are constrained to be collinear. However, once the
constraints starting from a wide variety of trial structures.spins are allowed to be noncollinear, the frustration is re-
Their main conclusions are th&t) Cr, clusters exhibit a moved and the energy can be lowered. Indeed, they find the
dimer-growth pattern untih<11, beyond which the clusters total moment of Cyto be 2ug and the noncollinear configu-
begin to mimic a bcc growth pattern which is the crystalration lies 0.083 eV/atom lower in energy than the collinear
structure of bulk Cr and?2) the coupling between the Cr state. Note that the choice of basis séts., all-electron ver-
spins is antiferromagnetic and the total magnetic moment o$us pseudopotential or frozen core potentiehoice of ex-
Cr,, Cr3, Cry, and Cg clusters are 0, ig, 0, and 4.6z,  Change correlation functional, and other numerical details, as
respectively. These authors have treated the spins to be caliscussed in the above, can lead to an inaccuracy in the total
linear: i.e., they are either parallel or antiparallel. Recentlybinding energy of a cluster by about 0.2 eV or large, Gas
Kohl and Bertschhave studied small Cr clusters containing been found to have a collinear ground state with the lowest
up to 13 atoms using pseudopotentials and by allowing th@oncollinear state lying 0.12 eV/atom higher in energy. On
spins to assume a canted or noncollinear configuration withithe other hand, the €iground state is noncollinear with the
the framework of the LSDA. To facilitate comparison with collinear state lying 0.054 eV/atom higher in energy. The
our calculations, we summarize in Table | the results of thesenagnetic moments/atom calculated by Kohl and Beftacé
authors for clusters of up to five atoms. smaller than those if the states are collinear with the excep-

The Cr dimer is one of the most studied systeinsghe tion of Cr, where the noncollinear configuration has a bigger
transition-metal series. Both grodpsof authors find Cyto  total magnetization than the collinear configuration. This is
be antiferromagnetically coupled. The calculated bond lengtimot surprising as the total magnetization of the collinear con-
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FIG. 1. Relative energiede of various spin multiplicities measured with FIG. 3. Relative energiede of various spin multiplicities measured with
respect to the ground state. The solid circle and solid square refer, resperespect to the ground state. The solid circle and solid square refer, respec-
tively, to Cr, and CpN. tively, to Cr, and CgN.

figuration of Cy, is zero. Unfortunately, there are no experi- able experiments. We begin by giving the equilibrium geom-
ments, except that for ¢r with which these results have etries of Cy (n<5) clusters along with their higher-energy
been compared. isomers in Figs. 5—7. In agreement with previous authbrs

In our calculation we have used an all-electron basiswe find Ci, to be antiferromagnetic with a binding energy of
The exchange correlation has been treated within the GGR.97 eV/atom and a bond length of 1.66 A. These results
using the hybrid BPW91 functionilHowever, we have used agree well with the experimental values of 0.72 eV/atom and
the collinear configuration as the inclusion of vector spinsl.68 A.
within the GGA is still under study for bulk materiafsand We have identified three isomers of;{see Figs. &)—
no theory is available for this for clusters where the lack of5(d)]. The ground-state geometry of {JiFig. 5(b)] is found
symmetry does not allow the use of packages likewksp  to have aCs symmetry with two Cr atoms lying at a distance
code! For a given cluster we have optimized the structureof 1.71 A(dlmer like) while the third atom lies 2.91 and 2.39
for all possible spin multiplicities starting with singlets for A from each of the other two Cr atoms. Cheng and Wang,
even- and doubles for odd-electron systems. In Figs. 1-4, wen the other hand, found the ground state of @rhave a
plot the energies calculated with respect to the ground-statg,, symmetry. We find theC,, structure to lie 0.24 eV
spin configuration for Gr, Cry, Cr,, and Cg clusters. Note above the ground state. However, a third isomer in the form
that these energy differences are not monotonic. While thef a linear chain[Fig. 5d)] is nearly degenerate with the
energy difference between two successive spin multiplicitieground-state structure as its energy is only 0.034 eV higher
may be small in some cases, they can be as much as 1 eV han the most stable structure. Note that the spin frustration
some other cases. noted by Kohl and Bertséhdisappears in th€, structure

In Table | we list our results corresponding to the [Fig. &b)] as well as in the linear structu{@g. 5d)]. In
ground-state spin configuration. In the following we will Fig. 5b), the apex atom is asymmetrical and thus views the
compare these results with the above calculations and avaipther two atoms differently. It couples ferromagnetically
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FIG. 2. Relative energiede of various spin multiplicities measured with FIG. 4. Relative energiede of various spin multiplicites measured with

respect to the ground state. The solid circle and solid square refer, resperespect to the ground state. The solid circle and solid square refer, respec-
tively, to Cr; and CgN. tively, to Cr; and CgN.
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Worar= 0 Ly , E4=0.97 eV/atom
IP=6.07 eV (a)

Hiow= 6 My, Ey=0.98 eV/atom
IP=4.88 eV (b)
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1.65 2.64
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FIG. 5. Geometries of the ground state and low-lying isomers ofadd
Cr, clusters. Interatomic distan¢d), total magnetic momentg), ioniza-
tion potential IP(eV), and relative energieds (eV) with respect to the
ground state of each cluster are also given.

Hiotar™ 0 His Eq, =1.34 eV/atom

IP=5.75 eV (a)

(Dan)

Hio= 0 g, A€ =0.01 eV
IP=4.94 eV (c)
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(Dan)
o= 0 g, AE=0.37 eV
IP=5.51 eV (b)

(Day)

Hiow™= 0 pg, AE =031 eV
1P=4.85 eV (d)

FIG. 6. Geometries of the ground std® and low-lying isomergb), (c),

(d) of CryN clusters. Interatomic distan¢d), total magnetic momeniug),
ionization potential IReV), and relative energieds (eV) with respect to
the ground state of each cluster are also given.

with the atom at a distance of 2.91 A and antiferromagneti-
cally with the one at 2.39 A. This is consistent with the result
of Kohl and Bertsch who found the ground state of &rbe

antiferromagnetic at a distance of 1.72 A and ferromagnetic

at a distance of 2.75 A. Thus Fig(i5 lowers its energy by
removing the frustration, not by having its spins canted, bu
by having its structure distorted. Note that the difference
between the energy of Figs(l§ and Hc) is 0.08 eV/atom,

which is same as that gained by having noncollinear spin
Similarly, in Fig. §d), two atoms are dimer like. The third

atom couples antiferromagnetically to the atom lying at ay

distance of 2.64 A and ferromagnetically to the one at a
distance of 4.29 A. Again, frustration is removed and the
energy is lowered. All of these isomers have a total magnetic
moment of Gug and two of the Cr atoms remain in a dimer-
like configuration. The third atom is responsible for the ma-
jority of the magnetic moment of the Ccluster. This, how-
ever, does not rule out the possibility that further energy
lowering can still occur by allowing noncollinear spins on
top of structural distortion.

We have identified four different isomers of LrTheir
geometries, interatomic bond distances, magnetic moments
ionization potentials, binding energy of the ground state, and
relative energies, calculated with respect to the ground-stat:
structure, are given in Figs(®-6(d). The ground state of
Cr, [Fig. 6@] has aD, symmetry where two Grlike

dimers combine to form a twisted structure. A nearly degen- ™

erate structure in the form of a planar rhomi&sy. 6(c)]
shows no dimerlike growth. The other two high-energy iso-
mers, which are also energetically degenerate, are shown i
Figs. Gb) and &d). Note that while one of therfFig. 6(b)]
shows a dimerlike growth, the other does not. Thus, unlike
the observation of Cheng and Wahgie see the disappear-
ance of dimerlike growth in clusters as small as .Cote

Wiow™ 2 H, By, =1.50 eV/atom
IP=5.21eV (a)

(€)

Heoa= 4 g, Ae =0.12 eV
IP=4.99 eV (c)

and Bertsch have found the ground state of Cto have
collinear spins with total magnetic moment ofi.p.

The equilibrium geometries, bond distances, magnetic
moments, ionization potentials, and relative energies, calcu-
‘ated with respect to the ground state, of Cluster isomers
are given in Figs. ®-7(d). The ground-state structufEig.
7(a)] and its nearly degenerate isonjEig. 7(b)] again show
$ho sign of dimer growth. The higher-energy isomer lying
0.12 eV above the ground state ha€asymmetry and also
oes not exhibit any dimer growth. The only isomer that

4.8

3.7

W1 &
(CZV)

Wiowa= 6 Hp, Ae =0.06 eV
IP=4.98 eV (b)
3.0
2.8 -3
1.73 73
23 .8
2.51
(sz)

Moo= 2 Up, Ae=1.01eV
IP=4.87 eV (d)

FIG. 7. Geometries of the ground stdt and low-lying isomergb), (c),
(d) of CrsN clusters. Interatomic distan¢d), total magnetic momentg),

that the spin coupling _iS antiferromagn_etic in all four isomersjgnization potential IReV), and relative energiese (eV) with respect to
and the total magnetic moment isu@ in each case. Kohl the ground state of each cluster are also given.
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shows dimer growth is given in Fig(d), but it lies 1.01 eV  TABLE Ii. Valence electronic configuration with spin polarization for,Cr
above the ground state. These results are different from thog89 CeN clusters.

obtained by Cheng and Wang. We also find the total mag- cr, Cr,N

netic moment of the ground-state struct[ffeg. 7(a)] as well

as that of Fig. W) to be 2ug in contrast to the 4.655 " oSton Spin 4s 3d 4s 3d
quoted by Cheng and Wang. We should recall that our cal- Cr1 spin up 0.73 3.77 0.87 4.29
culated magnetic moments are obtained by optimizing the tSF;i”I down 10-0218 510213 5’514 fg’g
clusters for d|ffere_nt allowable spin _m_ultlpllcmes and finding cr2 Sopf:‘ up 0.28 193 0.87 4.29
the value for which energy is minimum. It appears that spin down 0.73 377 0.04 037
Cheng and Wang may have used thefbau principle to total 1.01 5.01 0.91 4.60
2s 2p

calculate the magnetic moments where one populates the N

: ; ; ; spin up 0.97 1.71
single-particle energy levels of spin-up and -down states in <pin down 091 238
increasing order. In systems such as Cr clusters, where the total 188 4.09
energy levels for spin up and down are close, the choice of
the aufbauprinciple may lead to erroneous results. Kohl and

BertscH have found the Grground state to have noncol-

linear spins and hence a very different structure from thosgy Cr,N (n<5) clusters

shown in Fig. 7. The structure with collinear spins lies 0.054 ) ) ]
eV/atom above the noncollinear ground state. In Fig. 8 we provide the geometries of the ground state

As mentioned before, the energy differences betwee@"d SOme higher-energy isomers of,Rrclusters. For GN
low-lying isomers as well as that between collinear and non¥€ have found two isomerg-igs. 8d) and &e)] while for
N we have identified three isomef§igs. §f)—8(h)].

collinear spin configurations are rather small and are ofterf's - X
within the accuracy of the numerical procedure. Thus it is\Ot€ that t?ehadéjltu?n of N has abstrong |rk1)fluence on thﬁ
very important to compare theoretical results with experi—geome”y of the Cr clusters as can be seen by comparing the

ment to establish their accuracy. Unfortunately, no magnetigESUItS n F|g_. 8 with those in Figs. 5—7. These res.ult from a
s&rong bonding between Cr and N atoms and will be dis-

measurements are available to compare with the calculate L2 . . .
. L P ssed later in this paper. The CrN distance is 1.54 A, which
moments in this size range. We have, therefore, calculate Lo hd
the vertical ionization potential—i.e., the energy necessary o enlarged as the Cr concentration increases. TRNCCr
o Bond angle in G is close to 120° and this is maintained in

remove an electron from a neutral cluster without changinq:r N. In the ground-state structure of &t [Fig. 8(d)], the
its geometry. Note that the ensuing positively charged clusteﬁitioéen atom is bonded to three Cr atoms iﬁ keer’Jing with

can have a spin multiplicity that can differ from _the neutral the trivalent nature of N. The structure where N occupies a
py +1. So_ we havg calculated both these energies for all _th?etrahedral positiorfFig. 8()] is about 0.5 eV above the
isomers given in Figs. 5—7. The lower of these two energiey o nd state. Note that the ground state of Gas aD,

is listed in the figures. In Table | we compare the verticalgycyre where two Grlike dimers are twisted against each
ionization potential calculated for the ground-state structurginar put in CiN, the four Cr atoms occupy a tetrahedral
with available experlr_nerhz. The agreement is very good and configuration and there is no signature of dimerlike growth.
provides confidence in our calculated ground-state structure§ne structure of GN is again severely distorted from that of
The vertical ionization potentials of higher-energy isomerscr, . Here the five Cr atoms occupy a trigonal bipyramid
are given in Figs. 5-7. In particular, note that fors@he  structure with the N atom capping one of the triangular faces.
isomer in Fig. 7d) yields an ionization potential that is in

maximum disagreement with experiment. The above analy-

S€s C.Iearly point out the ”eeo.l for a t.ho'r(')L.Jgh search.for S,trucfABLE IIl. Valence electronic configuration with spin polarization for;Cr
tural isomers and various spin multiplicities before identify- ;nq cgn clusters.

ing the ground-state structure and hence the growth mode

To understand the electronic structure of these clusters Crs CrsN
and the contribution to the total magnetic moment of the pgsition Spin 4s 3d 4s 34
clusters originating from gdand 3 electrons of Cr, we have -
calculated the electron occupation of 4nd 3 states of crl SPIn P 0-79 385 079 4.28
. g . spin down 0.23 1.08 0.32 0.23
each atom for spin-up and -down configurations. The results total 1.03 4.94 111 451
are given in Tables II-V for Gr, Cr3, Cr,, and Cg clusters. Cr2 spin up 0.39 1.31 0.79 4.28
These will be compared with corresponding N-doped clus- spin down 0.63 3.75 0.32 0.23
ters in the next section. Two points are to be notdd:The crs t;;?r" up 10'.0924 ng 16.1719 44?218
overlap betweers andd states is rather small in these clus- spin down 0.2 0.11 0.32 0.23
ters as the occupancy ok4and 3 states remains close to total 113 4.80 111 451
their free atom values of 1 and &) The magnetic moments N . 2s 2p
arise from the spin polarization of bothand d electrons, e 8'281 ;'ig
although the contribution of @ electrons is more than five t(f’ta| 178 438

times larger than that from thes4lectrons.
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TABLE IV. Valence electronic configuration with spin polarization for,Cr

and CgN clusters. 3754 07 29 11903 49 =
1.8 80
cr, CrN 173 LT3 45 oS 5
N . Haow= 3 g Moo= 9 g Meorar= 13 g
Position Spin 4s 3d 4s 3d (a) ®) ©
Crl spin up 0.30 1.19 0.74 4.29
spin down 0.79 3.71 0.15 0.39
total 1.09 4.90 0.89 4.68
Cr2 spin up 0.79 3.71 0.74 4.29
spin down 0.30 1.19 0.15 0.39
total 1.09 4.90 0.89 4.68
Cr3 spin up 0.79 3.71 0.58 0.47 .
spin down 030 119 069 437 ) (Td)
totgl 1.09 4.90 1.26 4.83 Hioa=9 g, Ae =0 eV Miow=19 pis, A€ =0.49 eV
Cr4 spin up 0.30 1.19 0.74 4.29 (d)
spin down 0.79 371 0.15 0.39 ©
total 1.09 4.90 0.89 4.68
N 2s 2p
spin up 0.92 1.86
spin down 0.91 2.39
total 1.83 4.25

Two other isomer$Figs. 8g) and &h)] were identified, but

(Ca)

() ((eh)]

their energies were in excess of 0.5 eV above the ground =3 u, Ac=0eV =3 iy, Ac =0.48 eV Miowi=3 J1g, Ae =0.85 eV
State structure.

In Table VI we compare the binding enerdye of the N
atom in CgN clusters, calculated with respect to dissociationgg g geometries of the ground state and low-lying isomers gR@n
into Cr, and N, with that of the binding energy per ato,
of the Cy, cluster. We define these energies as

AE=—[E(Cr,N)—E(Cry) —E(N)],
Ep,=—[E(Cr,)—nE(Cn]/n.

We note thatAE is substantially larger thaB, . Thus clus-

tering of Cr around N is energetically favorable. ; i = 1]
We now discuss the effect of N doping on the magneticSPInS; there is no frustration in (N clusters. The presence

properties of Gy clusters. Once again, we have assumed £f N breaks the symmetry and the Cr atoms are no longer

TABLE V. Valence electronic configuration with spin polarization fors Cr

and CgN clusters.

(0 (2) (h)

<5) clusters. Interatomic distan¢d), total magnetic momentug), ion-
ization potential IReV), and relative energieAs (eV) with respect to the
ground state of each cluster are also given. The dark atom corresponds to N.

collinear spin configuration. Unlike the case of pure Cr clus-
ters where frustration was removed by having noncollinear

equivalent. In Table VI we list the total magnetic moment of
Cr,N clusters and compare these with those of .Grecall
that Cy, is antiferromagnetic with a total magnetic moment
of Oug. However, the coupling between the magnetic mo-
ments at the Cr site in GN is ferromagnetic. The magnetic

CrsN Lo . .
° moment at each of the Cr site is 49 and it couples anti-
Position Spin 4s 3d 4s 3d ferromagnetically with that of N which carries a small mag-
crl Spin up 027 0.79 0.63 403 hetic mgment—namely, OB . The total magnetic moment
spin down 0.80 4.07 0.21 0.77  of CrN is Qug—a substantial enhancement over that in.Cr
total 1.08 4.86 0.84 481  We see a similar trend in gX. Here all Cr sites are ferro-
Cr2 spin up 0.65 4.18 0.63 403 magnetically coupled and in turn each Cr moment is antifer-
spin down 0.64 0.51 0.21 0.77 : : -
total 129 4.69 0.84 481 romagnetically coupled to that of N, which carries a small
cr3 spin up 0.27 0.75 0.58 417 ~ moment of O.g. The total magnetic moment of g is
spin down 0.80 4.11 0.25 055  13ug while that of Cg is only 6ug. In CyN, the three Cr
total 1.07 4.85 0.84 4.72 atoms bonding with the N atom are again coupled ferromag-
Cr4 spin (‘;P 0.65 4.18 0.52 0.54  netically while the fourth Cr atom having no bond with N
f(f’t';'l own ff; f':; 10'1629 2'8218 couples antiferromagnetically with the other three Cr atoms.
cr5 Spin up 047 3.73 0.47 056 Th_us it is because of caqcellatlon betwegn up and down
spin down 0.71 1.10 0.79 420  spins that the total magnetic moment of,Bris 9ug. Note
total 1.18 4.84 1.26 476  that the antiferromagnetic coupling in Lresults in zero
N _ 2s 2p magnetic moment for the bare cluster. In;8y while the
zg:z ggwn 8'2(1) égg three Cr atoms bonded to N again couple ferromagnetically,
total 182 417 the other two Cr atoms are antiferromagnetically coupled.

The cancellation between up and down spins is, therefore,
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TABLE VI. Binding energy per atomgy) of Cr,, clusters, energy gainE cluster also does not exhibit a dimer growth patté8).The
in addirg a N atom to a Gycluster, and the total magnetic moments of Cr structures of Gy clusters are substantially modified when
and CpN (n=<5). The energies and magnetic moments are given in eV anddo ed with a nitro ¢ The N at binds to th c
s, respectively. ped nitrogen atom. The N atom binds to three Cr
atoms in keeping with its trivalent charactéf) The doping
cr, Cr,N of nitrogen also drastically modifies the magnetic properties

of Cr, clusters. The nearest-neighbor Cr atoms are coupled

N B (V) troal o) AE Y praal o) antiferromagnetically to the N atom and hence ferromagneti-
! — 6 515 3 cally with each other. Thus all Cr atoms in8F and CgN

g g:g; 2 Z:gg 193 are ferromagnetically coupled while without N the coupling
4 1.34 0 6.76 9 is antiferromagnetic. This results in giant magnetic moments
5 1.50 2 7.21 3 of small CpN clusters. For example, the magnetic moments

of Cr,N and CgN are, respectively, 8g and 13z while in

Cr, and Cg they are Qug and 6ug. As the Cr content in-
creases, the Cr atoms not forming nearest neighbors to N no
longer are forced to couple ferromagnetically with other Cr
atoms. Thus, in larger @N clusters, the total magnetic mo-
ments are not strongly influenced by (8) The binding of N

and Cr is substantially larger than that between the Cr atoms.
Thus clustering of Cr around N is energetically favorable.

> . Fhis observation may have relevance to studies of Cr-doped
nearest neighbor to N are coupled ferro_magnetlca([]}y. GaN, which has been found to be ferromagnetic. In this sys-
Consequently, GN has the largest magnetic moment of all tem, it is possible that Cr atoms could cluster around N.
the clusters studied. This result is different.from those of theSinc;e such clusters carry giant magnetic moments, it is pos-
Mn,N cluster where much larger magnetic moments WelSible that Curie temperatures could be enhanced since it is

found® N proportional to the square of the moment. We hope that our
O_ur result may have_ some significance for th(_e undery rediction of N-induced ferromagnetism in very small Cr

standmg of ferromagnetlsm n Qr-doped GaN. S!nce th lusters will encourage experimentalists to probe the mag-

bonding of Cr to N is strong, it is expected that n GaN netic structure of GIN clusters through Stern—Gerlach

crystals the doped Cr atoms may cluster around N. Since thgnd/or photodetachment spectroscopy.

concentration of Cr in GaN is smalkypically less than
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These results point to some common featufés.N is
bonded to only three Cr atom&) The coupling of N to the
nearest-neighbor Cr is antiferromagnetic. Hence all Cr atom
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