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Masao Nakab
Department of Precision Engineering, Tokai University, 1117 Kitakaname, Hiratsuka, Kanagawa 259-1292, Japan
(Received 27 January 2004; revised manuscript received 6 April 2004; published 28 Juie 2004

We investigate the half metallicity and localized spin magnetic moments for individual nanoclusters of
zinc-blende transition-metal pnictides and chalcogenideéT=V, Cr, and Mn;X=N, P, As, Sh, S, Se, and JTe
using first-principles molecular-orbital calculations. These nanoclusters, as well as the bulk, show half-metallic
ferromagnetic behavior for a wide range of bond lengths; otherwise, an antiferromagnetic arrangement is
stabilized. The total magnetic moment of an isolated half-metallic nanocliigigr turns out to be(Zy
-8)k+(4-AZ)(k—¢) in units of ug, whereZ, is the total number of valence electrons per formula uxit= 1
for pnictides, andAZ=2 for chalcogenides. Thié dependence results from anion dangling hybrids on the
cluster surface. Induced antiparallel magnetic moments at anion sites are interpreted in terms of a bond-orbital
model; the hybridization effect between catidrstates and aniop states creates holes in the majority-spin
states of the bond orbitals. When the nanocluster is embedded in a lattice-matched compound semiconductor
with a common anion, the total moment approact#s—8)kug. Half metallicity is maintained at the bound-
ary sites of the nanocluster without any sign of interface states, suggesting the Ohmic nature of the contact.
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[. INTRODUCTION NiAs phase is a metallic ferromagnet or an antiferromagnet
For future spin electronics apintronics!~* where it is but show no_gaﬁ?'31v32'37'38Recent molecular-beam-epitaxy
not only the electron charge but the electron spin that carrie MBE) techniques, however, enable us to grow the ZB phase
information, it is essential to inject spins from highly spin- f CrAs (Refs. 24 and 39 MnAs (Ref. 40, and CrStRef.

' 41) in the form of thin films, nanodots, and mutilayers such

polarized ferromagnets into nonmagnetic semiconductors. IQS CrAs/GaAgRef. 39 and CrSh/GaAsRef. 42. A funda-
contrast to the giant magnetoresistaf@&MR) in metallic mental question érises whether such na.nost.ruct(jrmﬁ-

magnetic multilayers;® semiconductor-based transport of vidual nanostructures and/or nanostructured mategrials

fers various advantages over metals such as a long S'[’B}esent half-metallic behaviors as well as the bulk materials

1 I 7 I i i - - . .
“‘:flg':i];e d "’;]rg?e ?necrescltsigin:‘rosrglgiISt%Zerrr?;ﬁ:igc fsaghics:glr? duc0" conversely what is the essential difference between the
p | 9 nanostructures and the bulk materials.

tors (DMS's) to 1ll-V (;amd II-VI semiconductors has already purpose of this paper is to investigate theoretically
been demonstratee? whereas the spin injection from me- 0" ejacironic structures for tetrahedrally coordinated nano-
tallic ferromagnets has only recently been reallzedsby_ INro¢|usters of transition-metal pnictides and chalcogenitis
ducing tunnel barriers including Schottky contaEFé, thin - (T=v, Cr, and Mn:X=N, P, As, Sb, S, Se, and Jlby means
metal oxides;> and AIAs*® In the most promising Mn-  of first-principles molecular-orbital methods. In Sec. II, we
doped GaAs, however, the Curie temperafliggs as low as  focus on the half metallicity of a CrAs nanocluster and its
110 K due to the limited solubility of Mn in GaAs. Cr-As bonding nature. The computational results are inter-

Half metals(HM’s) have received considerable interest in preted in terms of the bond-orbital mod@&OM), a simpli-
recent years because of the complete polarization ofied model based on a linear-combination-of-atomic-orbitals
carriers!® In these materials, one spin channel is metallic(LCAO) method, proposed by Harris6f** In Sec. Ill, we
while the other is insulating. After de Groet all? initially reformulate the BOM theory, taking into account the hybrid-
predicted the half-metallic behavior @f1,-type Heusler al- ization effect between transition-metiistates and the bond
loys, NiMnSb and PtMnShb, such a behavior was found inorbitals. We call it “ghost-bond-orbital model.” Applying the
various perovskite structur®®! and rutile-structured BOM picture to an individual nanocluster, we demonstrate
Cr0,.21-23 Although these oxides were proved practically that the total spin magnetic moment is an exact integer when
100% spin polarized®?! besides their lowT¢, the stoichi- the nanocluster shows half metallicity. In Sec. 1V, the integer
ometry of oxides is difficult to control and defects limit co- magnetic moments and the stability of ferromagnetic states
herent carrier transport. are confirmed numerically in the series BK nanoclusters

A new class of prospective HM’s is zinc-blendgB)  for various bond lengths. Then, in Sec. V, we discuss the
transition-metal pnictides and chalcogenides, which are contrend in the bond properties such as polarity and hole density
patible with ordinary Ill-V and II-VI semiconductors. Since with bond length to justify the validity of BOM. In Sec. VI,
the initial prediction and subsequent synthesis of ZB C¥As, we treat the CrAs nanocluster embedded in a lattice-matched
several band-structure calculations have appe®&é8As  GaAs matrix. Section VII contains concluding remarks.
these compounds can be viewed as the 100% doping limit of
DMS'’s, they are generally metastable in the ZB structure. In
the bulk, they crystallize in either the hexagonal NiAs or the Our approach is based on the D method®*¢ that
orthorhombic MnP structure as the ground state. The stabletilizes discrete-variationalDV) integral and local-density

Il. HALF METALLICITY

0163-1829/2004/621)/21442910)/$22.50 69214429-1 ©2004 The American Physical Society



MASAO NAKAO PHYSICAL REVIEW B 69, 214429(2004)

T T T T T T T [ T T T T T T
-1 ABS

Pt CrBAsM Cluster
Central CrAs 2 Site

X anion

@ 7 cation

DOS (states/eV-spin)
majority spin
=3

minority spin

sh

T1:X1s Cluster T1sM30X44 Cluster
(@ ()

FIG. 1. Cluster models employed in the D3 calculation.(a)
T13X16 Cluster of zinc-blende transition-metal pnictides and chalco-
genides withT=V, Cr, and Mn andX=N, P, As, Sb, S, Se, and Te.
(b) T13M3Xy4 cluster: TheT 13X cluster is embedded in avX
matrix.
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approximation (Xa) with @=0.7° The Hamiltonian and Energy (V)
overlap matrices of a variational expansion of eigenfunctions
are calculated in a numerical atomic orbital basis by a nu- FIG. 2. Spin-resolved total and partial densities of states
merical integration procedure with a weighted sum over a seiDOS's) for a CrzAsg cluster averaged ag) central CrAg sites
of sample points. In our calculations, 500 sample points pegnd (b) surrounding CpAs;, sites using the GaAs bond length
atom are used. The basis functions are obtained from numefficaas=0.245 nm. The energy levels are broadened by Gaussians
cal solutions of cations and anions in the crystal field of thevith @ half width of 0.1 eV.
given cluster model. Such a basis provides a compact and
efficient set of expansion functions which can be systematit,, state. Since th@ states of the four neighboring nonme-
cally refined during the self-consistent process as needethllic atoms have the santg, symmetry, thet,, states hy-
Unlike the band-structure calculations including the LCAO bridize strongly with thep states. As indicated in Fig.(&),
method, the periodicity of crystal lattices is not essential forthe symmetry-induceg-d hybridization forms a lowermp
this approach. As shown in Fig(d), the cluster model em- -t,, bonding statgBS) with As 4p character and a higher
ployed in this study is considered to be the smallest theorett,y antibonding stat¢ABS) with Cr 3d character. In con-
ical nanoparticle displaying the sarmigsymmetry as the ZB  trast, the hybridization between tieg states and the states
bulk crystal. TheT;3X;¢ cluster consists of a centrdlX, is weak(but not zero in a finite clustgdue to symmetry, so
“core” and its nearest-neighbdr ,X;, “shell.” Positions of  that theey state is nonbonding in nature.
the atoms remain the same as in the bulk crystal. The According to the BOM description, bond orbitals are
T13M30Xa4 Cluster in Fig. 1b) represents th&@ 35X, cluster  formed for all the inner bonds in an individual cluster, but
embedded in a lattice-match@diX compound semiconduc- thosesp® hybrid orbitals directed out of the cluster surface
tor with.a common nonmetalliX constituent. remain unbonded. There exist two typesdahgling hybrids
Figure 2 presents the spin-resolved total and partial demen the surface of the @§As;¢ cluster; generally, the dangling
sities of stategDOS'’s) for a Cr3As cluster, which are av- hybrids associated with nonmetallic atoms will have lower
eraged separately at the central core gifég. 2@)] and the  energies than those associated with transition-metal atoms. In
surrounding shell sitegFig. 2b)] using the GaAs bond fact, the As dangling hybrid stat¢pHS, labeled by As DHS
length of 0.245 nm. The ZB CrAs is the most extensivelyin Fig. 2(b)] are fully occupied, whereas the Cr ones that not
studied member of th€X compounds and its predicted equi- appear within the minority-spin gap are empty.
librium lattice constant is compatible with those of GaAs and The overlap population diagram given in Fig. 3 helps us
AlAs for heteroepitaxy® Self-consistent calculations are car- understand the nature of bonding in CrAs. As seen in Fig.
ried out in terms ofT4-symmetric molecular orbitals. Al- 3(a), the bonding inside the G§As;¢ Cluster is typically co-
though the nanocluster is analogous to a molecule havingalent. Thus, it is quite natural to pick fowp® hybrids in-
discrete energy levels with bonding and antibonding orbitalsstead of atomic orbitals in making the BOM approximation.
it is convenient to convert a set of energy levels into a conComparing their peak positions with the orbital-resolved par-
tinuous DOS curve by the Gaussian broadening. Clearly, th8al density of statesPDOS calculated at the central Cr and
CrAs nanocluster shows a half-metallic electronic structureAs sites in Fig. 8), we notice that the combination of Cr
the majority-spin channel is metallic while the minority-spin 3d, 4p and As 4 states is responsible for the bonding in both

channel is insulating. majority- and minority-spin states. Evidently, electrons
In the tetrahedral environment, the transition-metial also participate in the Cr-As covalent bonding.
states are split into a doubly degeneraggdtate and a triply On the other hand, we also notice that the antibonding

degenerateth, state; theg, state is lower in energy than the states formed by the coupling of the @rstates and the
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[ , e the d orbitals of transition metals. The first step in the for-
z @ | Central Cr-As Bond ] mation of bond orbitals is the construction sp® hybrid
g | 5 Cr, AS, ] orbitals,|a) on the anion an¢t) on the cation. Of course, the
205+ | . transition metal is the cation and the group-V or group-VI
g \ ] element is the anion. The hybrid energy on the anion is given
,C_; / \ ‘ Bonding states by
§ 0 /\-—\_/‘L_\v e\ < 1
g . N\ -
£ | _ = (alH|a) =~ (& + 3€)), (1)
5 [ | Antibonding states 4
T e ’ ] where € and €, are s- and p-state energies of the anion,
L®) L —Cr3d respectively. Setting aside thibstates for the moment, we
o ! \/\ A'\ """"" Crdp ] also define the corresponding energyon the cation. The
B o[k 4 polar energyis half the energy change in transferring an
>0 T Y] electron from anion to cation,
8 b Central Cr Site
5 | Le
; -5k L P V3=§(€ —EA) (2)
2 —— ——————t
a 3 Central As Site | . . .
L \]\/\ A Since such hybrids are not eigenstates, there are nonzero
or ’\/\/\/\/f" i matrix elements of the Hamiltonian between the hybrids. The
5[ i ] covalent energythe matrix element between two hybrids

: : —_— extending into the same bond, is written
S5 4 3 2 a1 0 1 2 3 4 5

Frewy €9 Vo= - (dHla). (3)

FIG. 3. (a) Overlap population diagram for the central Cr-As although these two hybrids are not orthogonal to each other,
b%”g&'_)” a Cffsr}]G_C'USter “5'39 F;E) Ga’?slzond _:e”%dbms the overlap(c|a) can be absorbed in a readjustment of the
=0. nm, which is compared wi partial density of states A4 AT .

T covalent and polar energiés?’ We now transform pairs of
(PDOS calculated at the central Cr and. As sites in Fig. 2.' Thepybrid orbitals in each bond into bonding and antibonding
energy levels are broadened by Gaussians with a half width Ostates By minimizing the bond energy of a linear combina-
0.1eV. . ; . o .
€ tion of two hybrids within each bond, we obtain a bond

. . , orbital
As sp® hybrids are present below the Fermi enelgy Since

both bonding and antibonding states due to the weak cou-
pling with the e, states are occupied, the nonbondigg
states, indeed, do not have any effect on the bonding prop- ) . .
erties. AtE, the bonding states of the Cr and &g* hybrids ~ Where the polarityx, is defined as

are more dominant than thet,; antibonding states. It is a = Vgl (V2 + VL2, (5)
consequence of the electron transfer from thespShybrids P 2 78

to the Cr 3l states that @ electron well localized at the Cr The bond energythe expectation value of the Hamiltonian
site leaves one bond orbital made up of t& hybrids  with respect to this bond orbital, is given by

empty. This electron transfer will explain the origin of in- R 1

duced magnetic moments at As sites. (b[H|b) = 5(6A+ €©) - (V3 + V312, (6)

1 1/2 1 1/2
|b>:|:§(l+a'p):| a>+|:5(1_ap):| |C>, (4)

Ill. GHOST-BOND-ORBITAL MODEL Th_e bond orbital can accqmmodate two electromse per
spin), so each bonds contribute k4 electrons to the anion
In usual band-structure calculations, the charge to be asnd 1w, electrons to the cation.
sociated with an atom is an ill-defined quantity because there One possible way to take account of e hybridization
is arbitrariness in associating each contribution of the chargeffect is the incorporation of thig, state into the linear com-
density to a particular atom or a particular bond. Howeverpination to make up the bond orbital. We might imagine
the choice becomes quite natural within the framework of themaking the corresponding unitary transformation on the
LCAO model. In particular, the excess number of electronsstates, obtaining bonding and antibonding combinations of
placed on the anion from each bond is callgalarity in  the t,y state and the surrounding bond orbitals. This proce-
BOM. dure is quite similar to the construction of the original bond
orbital. Let us call these bonding states including the
component aghost bond orbital{GBO’s). The hybridiza-
tion effect depends strongly on the energy separation be-
For ZB half metals, we may expect the formation of atween thet,, state and the bond energy in E(f). For
strongsp® bond just like the ordinary 11l-V and II-VI com- minority-spin electrons, we can practically neglect the effect
pound semiconductof8.We shall modify BOM to include at least for electron counting, because the two states are

A. Polarity and hole density
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ments andAZ=2 for group-VI elements In half-metallic
states, the minority gap & leaves the minority GBO’s
fully occupied and all higher minority-spin states empty, giv-
ing a total minority occupation of 4. This electron counting
yields an integer total magnetic moment ;- 8)ug,
where Z,; is the total number of valence electrons per for-
mula unit3* As for the majority-spin electrons, the introduc-
tion of holes into the bond orbitals must be considered.
We write anion and cation magnetic moments

=,

m°= mscp+ de =(Ziot= 8~ nﬁp'

Once electrons transfer from the surrounding bond orbitals to
the d state, the holes left behind will produce a negative
magnetic moment opposite to the total moment. In the con-
text of BOM, the natural choice is to associate a fraction
(1+ap)/2 of the n, holes per bond with the anion and a

viewed in the[100] direction. The open circles represent transition- - _ . . . _
metal atomgcationg with t,, andeg orbitals; the neighboring black fraction (1 ap)lz. with the cation. Theirsp andd compo
nents are then given by

circles are anions. The black and open dots within the ovals repre

(8a)

(8b)

FIG. 4. Schematic ghost-bond-orbital model fggX;¢ clusters

t elect d holes in the bond orbital tively.
sent electrons an oles In the bona orpitals, respectively. nﬁp: _ 2nh(1 + a’p)zu'B: (9a)
separated by a wide energy gap due to the exchange splitting. c__ B
As for majority-spin electrons, the modification is most sim- Mgy == 2(1 = ap) g, (9b)
ply calculated by returning to one bond orbital and calculat-
ing the charge that is transferred to the transition-mdtal Mg = (Zioy = 8 + 4nh) . (9¢c)

states. We now regard thiestates simply as localized “elec-

tron reservoirs” and GBO’s as bond orbitals containing
holes. Instead of evaluating the Hamiltonian matrix ele-
ments, we will fit the polarity to reproduce the self-consistent

To fit the values ofy, andny, with DV-Xa calculations, com-
bining Egs.(7) and(9a), we obtain

magnetic moments calculated with the D& method. ap= 1(AZ +Z A -mYug), (10
The schematic ghost-bond-orbital model for thgX;g 4

clusters viewed in th¢10Q] direction is illustrated in Fig. 4. ;4

The open circles represent transition-metal atgoetiong

with t,, and ey orbitals; then the neighboring black circles -m -om 11

are nonmetallic atomsaniong. The black and open dots Ny 201+ ap) g (4+AZ+Z P pug—m (11

within the ovals represent electrons and holes in the bond
orbitals, respectively. On the surface of the cluster, the anion
dangling hybrids are fully occupied, while the cation ones
are empty. The presence of holes in the majority-spin states . )
of the anion dangling hybrids is also possible, but do not In nanoclusters, a local net charge associated with each
affect the total magnetic moments. The majority-spin elec2tom depends on its local environment for lack of periodic-

state of the cation. For the central bond, connecting between the ceriti)

cation site and the first-nearest-neighbor anion site, the local
polarity is given by

C. BOM analysis for nanoclusters

B. Spin magnetic moments

1 *
We shall, for the moment, confine ourselves to the elec- ayt= Z(AZ_ Zo" + MG/ ug = Zig+ 8) (12

tron counting for estimating localized magnetic moments.
The electron transfer from the anion hybrids to thetates  jystead of Eq(10). The local hole density in Eq11) be-
introduces holes into the bond orbitals, thus modifying thezgmes
polarity «,, of the bond. Each anion in a tetrahedral structure
contains a net chargén units of —e) of

ZA=-ZC=4a,-2ny(1 +ap) - AZ,

M6 ~ (Ziot— 8)es

0,1_
ny = 13
h 2(1 + ag'l) MB ( )

)

whereny, is the hole density of the bond orbital add is the
difference in valence from 4i.e., AZ=1 for group-V ele-

Similarly, for the next bond between the first- and the
second-nearest-neighbor sites, we obtain
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TABLE I. Total spin magnetic moment of thE 3X;¢ (X is @ group-V elementcluster inug calculated using the bond lengths of several
ZB llI-V semiconductors. Integer magnetic mome(itg, 30, and 48indicate that the cluster is half metallic. A negative value corresponds
to an antiferromagnetic spin arrangement. For each compound, the equilibrium bond length predicted for the bulk system is given in
parentheses, and the moments are underlined for the bond lengths within 4% of equilibrium.

d(nm) Ainn dcap dcans dinp dinas dgasb dinsb
Compound 0.216 0.236 0.245 0.253 0.262 0.264 0.280
VN (0.1822 17 17 -13.01 -13 -13 -12.99 17
VP (0.2282 0.68 17 17 17 -13.24 -13.22 17
VAs (0.2342 17 17 17 17.02 17.13 17.12 17
VSb (0.2592 17 17 17.01 18.65 21.97 22.21 22.58
CrN (0.1792 30 30 30 30 30 30 30
CrP(0.232P 30 30 30 30 30 30 30
CrAs (0.246P 30 30 30 30 30 30 30
CrSh(0.266° 30 30.39 31.53 32.42 31.64 31.41 30
MnN (0.1762 -33 -33 -33 -33 -33 -33 43
MnP (0.2172 -33 -33 43 43 43 43 43
MnAs (0.248° -33 39 43 43 43 43 43
MnSb (0.268" -33 43 43 43 43 43 43

aReference 34.
bReference 36.

Mot TiXe) = [(Zior— 8)k + (4 = AZ) (K= €)Jug.  (20)

Note that the integer total magnetic moment depends not
only on the number of transition-metal atorkdut also on
+2nm (L1 + aS'l)]}, (14)  that of nonmetallic atomé. This is not surprising because an
anion dangling hybridfully occupied removes(4-AZ)/4
and electrons from the majoritd states, exhibiting no magnetic
i 01 0.1 moment; conversely, a cation dangling hyb¢ampty) con-
ni2= — Ay - 2ny (1 +ap )'“B_ (15) tributes(4—AZ)/4 electrons to the majoritgl states. On the
6(l+aé’2),u5 average, the total magnetic moment per formula umit,
+mC=(Z—8) ug, predicted for the bulk is valid only when
k=¢.

1 1o aa. o 1
ay?= Z{AZ + :—3(421A +2Z°) - 5[4nﬁ\/,u3

On the surface of th&;3X;4 cluster, since a couple of dan-
gling hybrids are fully occupied at the anion sitege Fig.
4), we have

1 * IV. TOTAL MAGNETIC MOMENT
atl= S(Az-2 +Z— mG ug) (16)

To estimate the orbital occupations of thgX;g clusters
and numerically, we perform the Milliken population
analysis!®4?which is a convenient way to separate different
3_ - rTY§ contributions to the total charge density. Now, we start DV
T+ a’2),3)MB‘ -Xa calculations under the initial condition that only the cen-
tral transition-metal atom is a high-spispin-up state and
The total spin magnetic moment of the clustdiy iS  the others are nonmagnetic states. Prior to the self-consistent
evaluated simply by summing up all the local moment§;  calculations, it is unpredictable in which state the result con-

ny (17)

mf, mg andng. Here verges, ferromagnetic, antiferromagnetic, or nonmagnetic.
1 1 Using the bond lengths of several ZB IlI-V semiconduc-
mS = Zo— 8 - 2(4 -AZ) + 5nﬁ’z(l + aé'z) +n2%1+ aff), tors, we list the calculated total spin magnetic moments for

the T,3X;6 Clusters with a group-V element a&in Table I.
(18) Obviously, integer magnetic moments7, 30, and 48indi-
) ) - _cate that the cluster is half metallic. A negative value corre-
Using the charge neutrality condition of the cluster, we f'”dsponds to an antiferromagnetic spin arrangement where the
_ _a) _ surrounding twelvel atoms have spin-down states as op-
Mioi T1s¥ee) = [13(Zi01 = 8) = 3(4 A2 Jus. (19 posed to the spin-up state at the central site. This arrange-
The generalization of this expression for an arbitrary clustement is, of course, unfavorable in the bulk crystal in light of
T X, leads to periodicity. Table Il contains the total spin magnetic mo-

214429-5



MASAO NAKAO PHYSICAL REVIEW B 69, 214429(2004)

TABLE Il. Total spin magnetic moment of thE 3X;¢ (X is a group-VI elementcluster inug calculated using the bond lengths of several
ZB 1I-VI semiconductors. Integer magnetic mome(88, 46, and 5Pindicate that the cluster is half metallic. A negative value corresponds
to an antiferromagnetic spin arrangement. For each compound, the equilibrium bond length predicted for the bulk system is given in
parentheses, and the moments are underlined for the bond lengths within 4% of equilibrium.

d(nm) dzns dznse deds dcase dznTe dedte
Compound 0.234 0.245 0.252 0.262 0.263 0.281
VS (0.227%2 -30.60 -27.03 33 33 33 -26.92
VSe (0.2412 33 33 33 33 33 33
VTe (0.272° 33 33 33 33 33 33
CrsS(0.2182 -36.09 46 46 46 46 46
Crse(0.253° 46 46 46 46 46 46
CrTe (0.273b -36.34 46 46 46 _46 46
MnS (0.212 2 -49 59 59 -49 -49 -49
MnSe(0.2452 59 59 —_49 -49 -49 -49
MnTe (0.2647 —49 59 59 59 59 —49

3Reference 34.
bReference 38.

ments for theT 35X, clusters with a group-VI element &  moment of Gug at the central core sites. Therefore, the dis-

calculated using the bond lengths of several ZB II-VI semi-crepancy may be understood from the antiferromagnetic

conductors. Similarly, integer magnetic momeii®3, 46, half-metallic behavior.

and 59 demonstrate their half metallicity. As a function of bond length, the transition between fer-
Several important aspects can be pointed out from TablesomagnetiqFM) and antiferromagneti@AFM) configuration

| and Il. The total magnetic moments given in E49) are  takes place in several systems. This FM-AFM transition is

valid for all theTX compounds investigated here. Nonintegerclosely related to the above-mentioned AFM half-metallic or

magnetic moments larger than the value of B®) suggest semiconducting behavior. Since the eigenvalue-sum in gen-

that the Fermi energy is below the gap in the minority-spineral lowers the total energy when electronic states are re-

channel, passing through the anion DHS'’s. More specificallymoved from the vicinity of the Fermi energy, the half-

the electron transfer from these minority DHS’s to the ma-

jority d states generates extra magnetic moments at the ca T T

ion sites of the cluster surface. This situation can be seen ir ‘_ @ Mn, P, Cluster

VAs, VSh, and CrSh. We can apply this criterion to a wide E; = ’ Central MnP  Site
variety of nanoclusters regardless of the size and shape of th> £ /
cluster being considered. 3 0 \gf LN
It is interesting to note that the antiferromagnetic clusters$ \
also exhibit integer magnetic moments especially in Mn—§ é \
&

based compounds. The self-consistent result for the;®jg
cluster converges in an antiferromagnetic state when the
bond length is smaller than the GaAs value. As typically
shown in Fig. 5, the spin-down channel has an energy gap a
Er throughout the cluster; accordingly, the Mpg cluster =
behaves like an “antiferromagnetic half metal.” Here, we .2
choose the initial spin state of the central Mn atom such thatg
the spin direction of the surrounding Mn atoms becomes upg
for comparison with the ferromagnetic arrangement. Thus,g
the majority spin is down at the central core sSifER). Xa)] A
but up at the surrounding shell sitgsig. 5b)]. Since the i
central moment reverses direction compared with the ferro- e L
magnetic arrangement, the absolute value of the total mag
netic moment must be reduced byZg,—8)ug from the
value of Eq.(19). This rule seems valid for the Mn chalco-  FiG. 5. Spin-resolved total and partial densities of states
genides and VN, but not for the Mn pnictides, resulting in a(DOS's) for an antiferromagnetic MaP; ¢ cluster averaged &&)
further reduction of 2. In Fig. 5a), the majority gap aEx  central MnR sites andb) surrounding Ma,P;, sites using the GaP
leaves the majorityl states and GBO's fully occupied, giv- bond lengthdg,s=0.236 nm. The central Mn atom is a spin-down
ing a total majority occupation of 9 and then a minority state; the surrounding Mn atoms are spin-up states. The energy
occupation of 3. This electron counting yields an effectivelevels are broadened by Gaussians with a half width of 0.1 eV.

-5k

Mn ; 3P 15 Cluster

Boundary Mn P Site

spin up

, @m/ﬁ\ A AL

spin down

Energy (eV)
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FIG. 6. Local polaritya, of the centralT-X bonds in half- FIG. 7. Local hole densityy, of the centralT-X bonds in half-

metallic T13X;6 clusters plotted against the bond lengtlused for  metallic T;3X;¢ clusters plotted against the bond lengtlused for

the calculation. For each compound, the position of the equilibriunthe calculation. For each compound, the position of the equilibrium
bond length predicted for the bulk system is indicated by an arrowbond length predicted for the bulk system is indicated by an arrow.
Severala, values of ZB I1I-V and II-VI semiconductors calculated

for the same cluster are also plotted. As a measure of the-d hybridization effect, the local

hole density of the central-X bond in the half-metallic
metallic or semiconducting DOS'’s stabilize the AFM T13X16 cluster is p|0tted against the bond |ength in F|g 7.
arrangement. In particular, FM-AFM-FM double transitions According to the ghost-bond-orbital model, the presence of
are observed in VN and VP; the AFM phase with a momentholes in the majority-spin bond orbitals means the generation
of —~13ug appears between the FM phase withug7In con-  of the induced magnetic moment at an anion site opposite to
trast, VS, MnS, and MnTe show AFM-FM-AFM transitions; the transition-metal moment. To evaluate the electron trans-
in VS, the FM phase with 33; is present between the AFM  fer in terms of GBO's, we will need the matrix element be-
phase with —2g, and also in MnS and MnTe, the FM phase tween a bond orbital andta, state, W,, and half the energy
with 59ug is between the AFM phase with —4@. Itis likely  change in transferring an electron from a bond orbital tg a
that the peak positions of DOS's aroufid in the metallic  state,W;. In the majority-spin channel, lowest-order pertur-
channel is the critical factor to determine in which configu-pation theory predicts thatVd/W3 electrons transfer from
ration the result converges, FM or AFM. It should be notedfour surrounding bond orbitals to the transition-metg)
that the double transitions are often accompanied by noninstate?4 The increase in the bond length, and the consequent
teger AFM magnetic moments derived frofall-metallic  decrease in the covalent enerlyy, reduces the absolute
DOS’s. Metallic behavior indeed makes the AFM phase UNvalue of the second term of E¢H), thus pu|||ng up the bond
stable. energy toward the fixed,, state. As a result, the absolute
value ofW; as well asW, is decreased with increasing bond
V. POLARITY AND HOLE DENSITY length. Since the bond energy is relatively close to the
) _ ~ state for the group-V anions, the hole density rapidly in-
Although we cannot predict equilibrium bond lengths in creases with the bond length. As for the group-VI anions,
terms of GBO's, we can directly discuss the variation ofpowever, the hole density appears insensitive to the bond
properties for any of thdX compounds under pressure. In |ength. These values range from 0 to 0.3 in Fig. 7. It is
Fig. 6, the local polaritya, of the centralT-X bond in the  eyident that the ghost-bond-orbital model unambiguously de-
half-metallicT, 35X, cluster is plotted against the bond length fines the local polarity and the local hole density, providing a

used for the calculation. Severa), values of ZB 1ll-V and  reasonable basis to understand the origin of the induced mag-
[1-VI semiconductors calculated for the same cluster are als@etic moment.

plotted. Note that whemy,=0.25 for the 11I-V semiconduc-

tors and wheny,=0.5 for the II-VI semiconductors, the net
charges of constituent atoms are neutral. As the polarity ap-
proaches 1, the magnitude of the net charge approaches the
chemical valence. When the bond length is increased in Fig. For spintronic-device applications, half-metallic nano-
6, increasing polarity suggests that tihieX bond becomes clusters embedded in compound semiconductors are attract-
more ionic. This trend arises from the decrease in the covang interest. It is unclear whether the half-metallic behavior
lent energy with increasing bond length. remains unaltered in the semiconductor matrix or not. The

VI. NANOCLUSTER IN A MATRIX
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o properties of heterointerfaces are of crucial importance in

T

_ s : Cr 08,4, Cluster 1 connection with the spin injection.

g2 1 | Central CrAs, Site Figure 8 shows the spin-resolved total and partial DOS's

> § I | for a C_r13Ga3_oAs44 cluster averaged sep_arately at central

% ol CrAs, sites[Fig. 8@)], boundary CyAs;, sites[Fig. 8b)],

g ¢ ! and GgAs;, sites[Fig. 8c¢)]. The majority-spin channel is

8 :E ! metallic in the vicinity of the CrAs-GaAs boundary sites,

-l ! though a small amount of Aspdstates appears within the
ERN \ minority gap in Fig. 8b). That is, half metallicity is main-

L : : ; ; P S RN R tained at the CrAs-GaAs interface without any sign of inter-

= [® | o Ga s, Cluser ] face states. Comparing with Fig. 2, we find that the surface
s | Bo;;daiy C;42As sie ] states such as As DHS'’s are indeed absent in the GaAs ma-
g i zrn trix. Lattice matching prevents the appearance of dangling
Kl i hybrids. This strongly suggests that the contact between the

CrAs ferromagnet and the GaAs semiconductor is Ohmic
i and effective in injecting spins. The main source of interfa-
| cial scattering is believed to arise from the formation of a
| native Schottky barrier.
’ . . o . . . N Figure 9 depicts the contour plot of spin-density distribu-
L LS tion for the Cr3GapAs,, cluster in the(110) plane contain-
|
|
|

DOS (states/eV-spin)

minority spin

£ Cr,,Ga,As,, Cluster 1 ing a Cr-As zigzag chain in the middle of Ga-As chains. The

N Boundary Gads, Site difference between majority- and minority-spin densities is

E‘ ] added up for all the occupied states belew The black and
P white truncated regions of the Cr-As chain in Fig. 9 corre-

spond to localized magnetic moments at Cr sites and induced
negative moments at As sites, respectively. They are directed
] opposite to each other. In the upper and lower Ga-As chains,
] we see that the Cr-induced moments are distributed over Ga
T R S S sites as well as As sites. In fact, the induced moment varies
in magnitude and direction from parallel to antiparallel with
respect to the Cr moments depending on the site and even on
FIG. 8. Spin-resolved total and partial densities of statesthe bond.
(DOS’s) for a CrsGaggAs,, cluster averaged an) central CrAg The total moment of the GyAs;¢ cluster in GaAs is esti-
sites,(b) boundary Cp,As;, sites, andc) GaAS;, sites using the mated to be 39.1&g, consistent with the bulk CrAs moment
GaAs bond lengthig,as=0.245 nm. The energy levels are broad- of 3ug per formula uni£*#! Since the orbital occupations of
ened by Gaussians with a half width of 0.1 eV. the Cr4GagAs,, cluster are determined by the DX cal-

0 9,
2006

DOS (states/eV-spin)
=)

minority spin

Energy (eV)

(a) (b)

FIG. 9. (a) Contour plot andb) gray-scale image of spin-density distribution for thg LiasgAs,, Cluster in the(110) plane containing
a Cr-As zigzag chain in the middle of Ga-As chains. The difference between majority- and minority-spin densities is added up for all the
occupied states belot:. The black and white truncated regions correspond to localized magnetic moments at Cr sites and induced negative
moments at As sites, respectively.
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culations self-consistently, the total number of electrons in  The Miilliken population analysis for these half-metallic
the Cr4As;¢ partial cluster is not necessarily an integer. Thenanoclusters demonstrates that the total spin magnetic mo-
slight error from 3%z appears to depend on the size of thements are exact integer values depending on the numbers of
whole cluster used for the calculation. We can expect thédoth cations and anions. The crucial difference between the
total magnetic moment of &, X, cluster approache&Z; nanoclusters and the bulk is due to the existence of dangling
-8)kug in a lattice-matched/1X matrix, provided the size of sp® hybrids on the cluster surface. This does not severely
the cluster model is large enough. Even when the host matrilestroy the half metallicity but modifies the total magnetic
consists of a different kind of anioione of the same moments. The anion dangling hybrid removes-AZ)/4
group-V or group-VI elemenjsthe difference of the polarity electrons from thel states, whereas the cation one contrib-
will modify the induced moments but never affect the totalutes the same number of electrons to thstates.
moment as long as the half metallicity remains unaltered. When the nanocluster is embedded in a lattice-matched
compound semiconductor with a common anion, the total
VIl. CONCLUSION magnetic moment approaches the bulk value predicted by
several band calculations. The half-metallic behavior sub-
The nanoclusters of ZB transition-metal pnictides andstantially remains unaltered in the semiconductor matrix.
chalcogenides tend to show half-metallic behaviors with in-There is no sign of interface states that form a native
creasing bond length as well as the bulk; otherwise, the arSchottky barrier, suggesting the Ohmic nature of the contact
tiferromagnetic configuration characteristic of the nanoclusbetween the nanoclusters and the compound semiconductors.
ter is stabilized. The bonding inside the nanocluster is We have seen that the half-metallic nanoclusters show
typically covalent, indicating the formation of strorgp®  “digital magnetic moments.” The magnetic properties de-
bonds. It is convenient to employ BOM for the interpretationpend strongly on the number and kind of constituent atoms.
of the half-metallic electronic structures. Tped hybridiza-  Besides providing new research challenges to understand the
tion effect causes the electron transfer from the bond orbitalmagnetic behavior, the results have enormous potential for
to thed states. As a result, the holes left behind produce the&pintronic-device applications, allowing the design of prop-

induced magnetic moments at anion sites. erties by control of nanostructures and heterostructures.
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