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ABSTRACT KEYWORDS
The structural, electronic and magnetic properties of the diluted magnetic Ab-initio calculation;
semiconductors (DMSs) Ca,,.TM .0 (TM = Fe, Co and Ni) were FP-L/APW+lo;
investigated in the rock salt (B1) phase using the full potential linearized Diluted magnetic
augmented plan wave plus orbital (FP-L/APW+lo) method based on spin- semiconductors;
polarized density functional theory (SDFT). The lattice constants, bulk Magnetic moment.

modulii, spin-polarized band structures and total and local densities of
states have been computed. We calculated the spin-exchange splitting

energies AE¢and AEVproduced by Fe, Co and Ni-3d states and the
results indicate that the effective potential for the minority spin is more

attractive than that of the majority spin. Thes-d exchange constant N, o

(conduction band) and p-d exchange constant N, 3 (valence band) were

calculated. The magnetic moment value per Fe, Co and Ni impurity atomis
found to be 3.59, 2.59 and 1.59 uB. The hybridization between Ca-p and
TM-3d reducesthelocal magnetic moment of TM and produces small local
magnetic moment on the non magnetic Caand O sites. The Fe, Co and Ni-
3d half-filled electrons have been treated as valence electrons and due to
their hybridization, theternary alloysCa,,.TM ,.O (TM = Fe, Co and Ni)
have well defined spin-up and spin-down band structures.
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INTRODUCTION

The diluted magnetic semiconductors (DM Ss)
have beeninvestigated dueto their possibility of hav-
ing magnetic properties. Thell-VIalloys represent
oneof thisfamily, wherethell cationsarerandomly
and partially occupied by theferromagnetic transition
metalsionsTM (TM = Fe, Coand Ni). The presence
of localized magneticionsin these semiconductors
leadsto an exchangeinteraction between carriersand
themagnetic TM*2, resultinginextremdy large Zeeman
splittingsof dectroniclevels. TheHalf-metallicferro-
magnetic (HMF) compoundswere considered asfun-
damenta materiasin spintronic devicesand magnetic
recording™™, and have an important interest for their
useasoptical limitersand non linear absorber in pas-
sivelaser modulation’?®, Then-typell-VI DM Sswere
the object of vast experiment studiesdueto their elec-
trical spininjectionwith high efficiency!®. Thedevel-
opment of new spintronicsdevices, likespinvalves,
spin light emitting diodes, magnetic sensors, logic de-
vicesand ultra-fast optical switchesrequiresthefind-
ing of semiconductorswith improved ferromagnetic
properties. The orientation of research on DM Sswas
managed towards (II-Mn)VI systemd>¢. Thevdence
band structure enables usto predict and understand
the magnetic and transport properties using thefirst
principlecaculations.

Inthiswork, we givedetailed information onthe
structural, band structures, total and partia density of
states TDOS and PDOS and magnetic properties of
Cq,,.TM_,.0O (TM = Fe, Co and Ni) semiconduc-
tors, with TM-3d treated as valence states using the
full potentia linearized augmented plan waveplusor-
bital (FP-L/APW+I0) method based on spin polar-
ized density functional theory (SDFT). Thereareno
experiment and theoretical data available for
CaI).75Fe0.25C)’ CaD.75COO.250 and Ca().75NiO.25O I n Bl
structure.

Thispaper isdividedinto three parts. In Section 2,
we briefly describe the computationa techniques used
inthiswork. Themost relevant resultsobtained for the
structural, electronic and magnetic properties of
Ca,,,TM_..O (TM = Fe, Co and Ni) are presented
and discussed in Section 3. Finally, in Section 4 we
summarizethemain conclusons.

Woateriolsy Science  mmm——

COMPUTATIONAL METHOD

Theca culaionsreported inthiswork are performed
with adevel opedfull potentid linearized augmented plan
wave plusorbital (FP-L/APW+l0) method based on
spin polarized density functional theory (SDFT), as
embodied inthe Wien2K code”. The electronic ex-
change-correlation energy isdescribed by the general -
ized gradient approximation (GGA) as parameterized
by Perdew Burke and Ernzerhof (PBE)®®. Thestruc-
tural parameterswere determined using the Broyden—
Fletcher—Goldfarb—Shanno (BFGS) minimization
technique, which providesafast way of finding the
lowest energy structure’®. The spin-polarized cal cu-
lations are carried out with both spin-up and spin-
down densities. In order to simul ate the ordered rock
salt (B1) structures of Cg . TM .0 (TM = Fe, Co
and Ni), we considered asupercell model based on
eight atoms. The choice of the particular muffin-tin
(MT) radii for the various atomsin the compounds
showssmall differencesthat do not affect our results.
We computethelattice constant and bulk modulus by
fitting the spin-polarized total energy versusunit cell
volume according to the Murnaghan’s equation of
state!*?. The adopted muffin-tinradii were2.09 a.u.
(Ca), 2.21 a.u. (Fe) and 1.96 a.u. (O) for
Ca,.Fe, ,.0;1.97au.(Ca),2.09au.(Co)and 1.85
au. (O) for Cq,,.Co,,.0 and 1.99 au (Ca), 2.11
a.u. (Ni) and 1.87 a.u. (O) for Cq,_.Ni _,.O. Within
the muffin-tin spheres, we make the expansion up to
| .= 10to get thetotal energy eigen value conver-
gence. Onthebasisof convergencetests, we are con-
fident that 125 k points and basis functions up to
R,_K...=8(K__ istheplanewavecut-off) ensure
an accurate and well-converged result in theirreduc-
iblewedge of the Brillouin zone. TM-3d e ectronsare
treated as valence states. The doped compositions
aretotally optimized with respect to both the atomic
positionsand thelattice constants.

RESULTSAND DISCUSSIONS

Sructural properties

We have obtained the structural parameters of
Ca, .TM .0 (TM =Fe, Coand Ni) by minimization
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of thetotd energy asafunction of thecdl volumeinthe
rock-salt (B1) phasefor theAFM states. Theequilib-
rium lattice constant a, and bulk modulus B for
Caq,,TM_..O (TM = Fe, Co and Ni) are listed in
TABLE 1. Theseresultshave been obtained by fitting
thecd culated totd energiesasafunction of thevolume
to the Birch Murnaghan2 sequation of state'® asshown
in Figure 1. It can be seen that Ca, .Ni ,.O hasthe
smaller energy, andthisexplainsthat it |smorestable

= Fyl] Peper

than Ca, ,;Co, ;0 and Ca, ,;Fe, ;O respectively.
Thereareno experiment dataand theoretical calcula-
tion that have appeared in the literature for
Ca, . TM_,.O(TM =Fe, Coand Ni). Wehave calcu-
lated d so thelattice constant and bulk modulusfor CaO
parent, which are consi stent with the experiment data
computed by P. Pichiet et al.[*Y and other theoretical
result using pseudo-potential plane-waves (PP-PW)
approach obtained by B. Ghebouli et al.[*2.

0GR gy Fe O |-M7206|

-7230.69

-7472.07

|

[E]

)

=

=1

S
T

-7472.08

-7230.71 ¢

Energy (Ry)

-7472.09 |

Ca, Co, O Ca, Ni, O

-7726.80 |\
772681 | |
772682 |1

j e \ ;"’
\ / \

..\\7 P \\

\\ -
772684 L

1 1
600 640 680 720

Volume (a,uj)

1 1
640 680 720 760

Volume (ﬂ,uj)

1
640 680 720

Volume (a,uj)

Figurel: Thecalculated spin-polarized total ener gy ver susunit cell volumefor ferromagneticCa . Fe ,.O,Ca .Co , O
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TABLE 1 : The calculated structural parameters of
Ca, Fe,,.0,Ca .Co 0, Ca, Ni . OandCaO at equilib-

0.25

rium.
L attice constant Bulk modulus
FP-PW Expt. Others FP-PW Expt. Others
Cag75F€p250 4.6677 121.6
Cay75C0g2s0 4.6707 119
Cag75Nig50 4.6868 116.1

Ccao 4.8383 4. 811[11] 4.8224" 1079 90.6"Y g6

Electronicband structure

We usethe equilibrium | attice constantsto com-
puted spin-polarized band structure of Ca__.Fe,,.O,
Ca, .Co,,.0and Ca,_.Ni .0 for spin-up (majority
spins) and spin-down (minority spins) configurations
aongthehigh symmetry directionsinthefirst Brillouin
zoneasareshown in Figures 2-4. For these materials,
themgj ority spins show the semiconductor naturewith
R-T" indirect band gap, whilethe minority spinsexhibit

themetallic one. Inthe mgority spinschannel around

the Fermi level, thereisan energy gapsof about 1.57,
1.8 and 1.89 eV for Cg,_.Fe, .0, Caq,.Co, .0and

Ca, .Ni, O respectively. Thehaf-metalicgap G,

was cal cul ated asthe difference between theminimum
energy point of the conduction band and the maximum
energy point of the valence band near the Fermi level

for both spin-up and spin-down and wetakethesmaller
of thetwo values. Thecalculated valuesof G,,,, for
CaD.75 0. 25O CaD 75C00 25O and Ca0.75N I 0.25O are
0.72,0.51and 0.42 eV respectively. Thebandsinthe
range A6.65 to A5.05 eV for Ca, _.Fe, .0, A5.45t0
A2.06 eV for Cq,,.Co, .0 and A5.02 to A2.96 eV
for Ca, .Ni, .0 and those near the Fermi level appear
duetotheFe, Coand Ni-3d orbitals. After substitution
into a cation site, the degenerate Fe, Co and Ni-3d
states split into the triply degenerate p—d bonding g
statesand doubly degenerate non-bonding e, states. The
triply degeneratet, y and doubly degenerateeg Satesare

separated dueto the strong p—d exchange interaction
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between TM-3d (TM = Fe, Co and Ni) and Ca-p or-
bitas Wediscussonly thespin-up band structureswhich
havelargenumber of € ectrons. Theconduction band of
the spin-up dectronsistotaly dominated by Ca-p state,
whilefor the spin-down case, conduction band crosses
the Fermi leve leadingtotheHM ferromagnetism.
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Figure 2 : Electronic band structure of ferromagnetic
Ca, Fe, 0 for (a) spin-up and (b) spin-down.
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Figure 3 : Electronic band structure of ferromagnetic
Ca,,.Co,,.O for (a) spin-up and (b) spin-down.
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Figure 4 : Electronic band structure of ferromagnetic
Ca, Ni,..O for (a) spin-up and (b) spin-down.
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Figure5: Spin-dependent total and partial density of states
for Ca,_.Fe, .0 projected on threeatoms.
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Total and partial density of states

The local density of states (LDOS) plots for
CaD.75FeO.ZSO’ C%JSCOO.ZSO and CaD.75NiO.250 as It
displayedin Figures5-7 showsthat thevaencebandis
constituted to three zones. Thelower part of theva
lence band located between —6.3 to -4.98 eV, -5.25
to -3.48 eV and -5 to -3.03 eV for Cg . Fe, .0,
Ca,.Co,,.Oand Ca, _.Ni .Oisoccupied by Fe, Co
and Ni-3d statesin both the spin cases. The zone ex-
tended between -4.98t0-2.06 eV, -3.481t0-1.16 eV
and-3.03t0-0.7 eV, wherethed ectronic density con-
tributionismainly duetothe TM (TM = Fe, Co, Ni)
mixed with O atoms. It is seen that the upper part of
thevalenceband has TM-3d character that isdifferent
for maority-spin and minority-spin around the Fermi
level. Theresults of DOS show that these compounds
exhibit HM behavior, which issemiconducting for the
majority-spin and metallic for the minority-spin. The
ferromagnetismisinduced dueto the exchange-split-
ting of O-2p and TM-3d hybridized bands. For dl the
doped systems under study, the spin-up d bands are
occupiedindl TM (TM =Fe, Co, Ni), whereasinthe
spin-down, theNi-3d Satesareonly occupied. Thistrend
isgeneraly observed in most of the magnetic semicon-
ductorg®34, On the other hand for thespin down case,
theupper part of thevaenceband ismainly occupied by
theTM-3d (TM =Fe, Co, Ni) statesand they areafew
electron voltsbelow the Fermi level, while abovethe
Fermi level, thebottom of the conduction bandisalso
dominated by TM-3d states. We have a so cal cul ated
the spin-exchange-splitting energy A (d), whichisde-
fined asthe separation between the corresponding ma-
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jority-spinand minority-spin pesks. TheA (d) vauesare
2.58,1.56and0.61eV for Cg .Fe ,.0,Cq,.Co, .0

and Cg,_.Ni , Orespectively.
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Figure6: Spin-dependent total and partial density of states

for Ca,_.Co,,.O projected on threeatoms.
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Figure7: Spin-dependent total and partial density of states

for Ca,.Ni , O projected on threeatoms.
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M agnetic properties
(a) Magnetic moment

Thestudy of thehdf-metdlicity robustnesswith re-
gpect to thevariation of |attice constant under pressure
isinteresting for spintronic deviceapplications. Figure
8 showsthetotal magnetic moment of Cg .. TM .0
(TM =Fe, Coand Ni) per TM atom as afunction of
thelattice constant. We can observethat thetotal mag-
netic moment for dl TM casesremainsinteger with the
compression of thelattice constant with respect to the
equilibriumvauesuntil they arecompressedtothecritica

= Fyl] Peper

values of 4.33 A for Ca,_.Fe .0 and 457 A for
Caq,,.Co,,,OandCq .Ni , O Thenhalf- -metdlicity of
Cao75 025O C%SCOOZSO and Ca, Ni ,.Oismain-
tained up to thereduction of thelatti ceconstant by 7.2
%, 2.1 % and 2.4 %, respectively. Sothehdf-metdlicity
of Cg,.Fe,,.0 ismost robust anong al TM cases.

Thecdculated resultsfor total andlocal magnetic mo-
ments for DMSs Ca .Fe, .0, Cq,,.Co, .0 and
Ca, .Ni O usngthemuffin-tim spheresaswell asin
theinterstitial sitesarelisted in TABLE 2. It can be
seen that thetotal magnetic momentsaremainly from
the TM (Fe, Coand Ni) atomswith avery little contri-
butionsof Caand O atoms. The magnetic moments of
TM and O are parallel to each other, which mean that
the magnetic moment of O comesfromthe spindelo-
cdization of TM. Thesign of themagnetic moment on
Caisoppositeto that on TM, which meansthat the
vaence-band carriershaving manly Ca-p character in-
teract antiferromagnetically with TM spin. The occu-
pied TM-3d states require the production of perma-
nent local magnetic moment inthese materialsand it
decreasesin going from Feto Co and Ni. Thelarge
magnetic moment and the robustness of the half-
metallicity with respect to | attice compression make
these systems promising candidatesin spintronic de-
vicesfor spininjection.

4 r o n—o0—o -0 =
} 3 Cao, -y ea,zso
.E 3+ - e )
g Ca,,Co,,0
E 2 5 e ,7?77 =
£ > \ a Ca, N ’0,250
g 7 /
= A

o7
0 Lt . . .
40 42 44 46 48

Lattice constant (A)
Figure8: Thetotal magnetic moment asa function of the
latti ceconstant for ferromagneticCa . Fe, , 0,Ca .Co 0O
and Ca_Ni,

(b) Exchangecoupl ing
Thedgnificant parameterswhicharecomputed from
themagnetic propertiesof DM Ssarethes-d exchange

constant N o and the p-d exchange constant N f3,
where N, denotes the concentration of cation. N o
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describesthe exchangeinteraction between the con-
ductionélectroncariersandthe TM spin, whereasN 8
isdueto the exchangeinteraction between the holes
and the TM-3d states. From the conduction and va-
lence band edges, the exchange constants can be cal-
C
culated asgivenin Ref 15 No® = x(S) and Nop = E.
x(S)

where pgc and Agv aretherespective band edge
splitting of the conduction band minimaat I point and
vaence band maximaat theM point, x isthe concen-

tration of TM and (S) isone-haf of the magnetization

per TM aom. Thecaculaed valuesof pgc, Agv, N
and N of ferromagnetic Ca, . Fe, ,.0, Cg, .Co, .0
and Ca, ,Ni O arelisted in TABLE 3. Thereisno
experiment and theoretical datafor these parameters
wereavailableto compare them with our results. We
findthat N o.ismuch smaller than N f for all materials,
thisindicatesthat theinteraction betweenthecation s
and the TM-3d states a the conduction band minimum
ismuch wesker than the p—d interaction at the valence
band maximum and thisresult provestheferromagnetic
behavior of thesedloys.

TABLE 2: Thecalculated total magnetic moment M * ()
and local magnetic moment m (p,) of several sites for
CaOJSFeO.ZSO’ CaO.?SCOO.ZSO and Ca0.75N|0.250'

Cap75Fe0.250 Cay75C0p250 Cag7sNig2s0

M 4.0025 3.0023 1.9999
m" - - 1.5946
m®° - 2.5927

m"® 3.59 - -
m°©? -0.0065 -0.0033 -0.0030
m° 0.1295 0.1376 0.1359
m™ 0.047 0.0085 0.0072

TABLE 3: Thecalculated conduction and valenceband-edge
spin-splittings E¢ and AE' and exchange constants for
CaO.75FeO.25O’ CaOJSCOO.ZSO and CaOJSNI O

025"

AEC  AEY  Noa Ny

Cag75Fey 250 -4.624 0.081 -6.165 0.108

Ca75C02s0  -5513 -0579 -6.300 -0.661

Cao75N|0250 -6.451 -0.758 -6.451 -0.758
CONCLUSION

Thispaper reportsasystematic study of structural,

spin-polarized dectronic and magnetic propertiesof the
ferromagneticCg, . TM ,,O(TM =Fe, CoandNi) in
the rock salt (B1) phase. The energy band structure
and density of statesclearly exhibit the HM ferromag-
netswith theferromagnetic sateismorefavorablethan
theantiferromagnetic one. Theferromagnetismisin-
duced by the exchange-splitting of O-2pand TM-3d
hybridized bands. The examination of theloca densi-
ties of states allowed us to determine the exchange
splittings parameters produced by TM-3d (TM =Fe,
Co and Ni) states and to conclude that the effective
potential for theminority spinismoreattractivethan
that for the mgjority spin. The coupling between TM-
t2g state and Ca-t2p state with each other is strong.
Thetotal magnetic moment arisssmainly fromtheFe,
Coand Ni atomwith asmall contributionfromthe Ca
and O sitesand it was reduced by the p—d hybridiza-
tion. Thehdf-metallicity of Cg ,.TM .0 (TM =Fe,
Co and Ni) isfound to be robust with respect to the
| atti ce constant compression and was maintained up to
7.2%, 2.1 % and 2.4 % respectively.
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