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The energetics and structural relaxations of constitutional defects in CoAl and CoTi are investigated using
first-principles electronic structure calculations. In order to estimate the stability of the constitutional defects,
the compositional dependence curves of the formation energy are obtained from the calculations employing
supercells of various sizes. The difference in the bonding character induces the difference in the energetics and
structural relaxations of the defects between CoAl and CoTi: A covalent bonding character is more pronounced
in CoAl than in CoTi and CoTi has a larger ionic bonding character than CoAl. The Co vacancy is energetically
more favorable than the Al antisite in Al-rich CoAl, whereas the opposite trend is observed in Ti-rich CoTi. The
Ti-d orbital at the antisite and the excess electrons play an important role for the stability of the Ti antisite
atom. The relaxation around the constitutional defects in CoAl and CoTi cannot be explained by only the
atomic size difference. The change in the bonding charge density as a result of the charge redistribution around
the defects plays a key role in the structural relaxation. This situation originates from the mixture of the ionic
and covalent bonding character in intermetallic compounds. The ionic bonding character leads to the effective
charge around the defects and the covalent bonding is affected by the charge redistribution screening the
effective charge. The ionic bonding character in CoTi brings about the outward relaxations of the neighboring
atoms around the Co antisite atom and the Ti vacancy in CoTi.
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[. INTRODUCTION the electronic structure at the transition-metal sites is most
important in determining the energetics of defectsrriden
The transition-meta(TM) aluminides and titanides have et al. studied the change in the bonding property by the for-
attracted considerable attention due to their physical and ménation of the defects for FeAl, CoAl, and NiAIThey re-
chanical properties. These intermetallic compounds exist in Rorted that for the case of B2 aluminides the defect energet-
wide range of concentration around the stoichiometry. In oriCS cannot be traced back to the properties of the
der to compensate the deviation from the stoichiometry, con] M-d—Al-sp bonds and are determined by the net effect of
stitutional defects are introduced. Experimental and theoret@ny competing energetic contributions of comparable size.
ical studies have been performed for the constitutionaPn the other hand, although the electronic structure of B2

defects because several properties, such as mechanical dffgnides has been studied by several autfiorSitte atten-

magnetic properties, show compositional dependence origf—Ion has been given to defeCtS In B2 titanides.
From experimental point of view, one of the most power-

nating from the structural defects. ) S ) . .
. . . : ... ful tools for the investigation of lattice defects is positron
The effective formation energies of vacancies and antisite

toms on both sublati have been calculated b m annihilation spectroscopy. The combination of experimental
atoms on both sublatlices have been caiculated by a co ﬂ)ositron lifetimes and its theoretical calculations allows us to
nation of ab initio electron theory and statistical mechanics

. 1 5 characterize vacancy-type defects. For the accurate charac-
for NiAl and FeAl by Fuet al.,” FeAl by Mayeret al,” COAl ari7ation, it is important to take the structural relaxation

by Besteret al.,’ and NiAl by Meyer et a_I.4 They mainly  around vacancies into account in the positron lifetime calcu-
discussed the dominant thermal excitations by comparisopytion, because the positron lifetime is inversely proportional
with experimental results, whereas the electronic structure g the electron density where the positron is annihilated. The
these defects was not focused. The electronic structures Q‘fward relaxation around a vacancy trapping a positron de-
the vacancies and antisite atoms for FeAl, CoAl, and NiAlcreases the positron lifetime, and the outward relaxation has
have been calculated using the tight-binding linear muffin-tinthe opposite effec? However, there are few theoretical
orbital method for discussing the magnetic moment aroundvorks that refer to the structural relaxation in intermetallic
the defects in detafl.Earlier theoretical calculations for de- compounds. It may be unreliable to speculate the structural
fects in CoAl and CoGa reveal that the electronic structure ofelaxation by the atomic size difference because the size ef-
the Co antisite atom in CoAl is strongly influenced by thefect is not always responsible for the energetics of defects.
nearest-neighbor Co atoms and differs from that of the Co In this paper, we consider monovacancies and antisite at-
atom in bulk CoAl® Origin of defects was discussed for oms as constitutional defects in CoAl and CoTi. We have
PdAI, FeAl, and NiAl systems using the density-of-statesperformed first-principles electronic structure calculations in
profile of the bulk systems obtained by first-principles order to investigate the energetics and structural relaxation of
calculations.. It was shown that the size effect is inadequatethe defects. While the atomic radii of Al and Ti are compa-
in explaining the defect structure in these intermetallics, andable, the bonding character of the Co-Al bonds in CoAl and
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TABLE |. The supercell size and chemical composition including a constitutional defect.

Defect Supercell N Number of atoms Compositiofat. % Ti/Al)
(Al/Ti) Vacancy 22X%X2 16 Co 8,(TilAl) 7 46.67
3X3X3 54 Co 27,Ti/Al) 26 49.06
4X4X4 128 Co 64(Ti/Al) 63 49.61
Co vacancy X2X2 16 Co 7,(Ti/Al) 8 53.33
3X3X3 54 Co 26,(Ti/Al) 27 50.94
4AX4X4 128 Co 63(Ti/Al) 64 50.39
(Al/Ti) antisite 2X2X2 16 Co 7,(TilAl) 9 56.25
3X3%X3 54 Co 26,(Ti/Al) 28 51.85
4X4X4 128 Co 63(Ti/Al) 65 50.78
Co antisite X2X2 16 Co 9,(Ti/Al) 7 43.75
3X3X3 54 Co 28,(Ti/Al) 26 48.15
4X4X4 128 Co 65(Ti/Al) 63 49.22

the Co-Ti bonds in CoTi will be different. Comparing alu- of the formation energies. The total numbers of the lattice
minides and titanides, therefore, can provide clues to undesite, N, in the 2x2Xx2, 3X3X 3, and 4x4X4 supercells
standing the role of the electronic structure and the atomiare 16, 54, and 128, respectively. For the defect calculations,
size difference for not only the defect energetics but also theelaxations of the atomic positions were allowed and the vol-
structural relaxation around defects. The paper is organizedme of the supercell was fixed.The chemical composition
as follows. The calculation method is described in Sec. Iland supercell size are listed in Table I.
The formation energies of CoAl and CoTi including the con-  Table Il shows thé&-mesh size dependence of the forma-
stitutional defects and the structural relaxations are presenteibn energy and the lattice relaxation for tNe=54 supercell
in Sec. lll. We discuss the electronic structure of the monomodel for the Co vacancy in CoTi. AX4X4 k mesh is
vacancy and the antisite atoms using the density of states asgfficient to guarantee the formation energy of 0.01 eV per
charge-density maps in Sec. IV. The conclusions of this workatom, whereas a»%6x 6 k mesh is required for the lattice
are summarized in Sec. V. relaxation. The calculations of thd=16 and 54 supercell
models were, therefore, done using & &x 6 k mesh. For
the N=128 supercell models, thexd4 X 4 k mesh was em-
ployed because of the limitation of the computer resources. It
In order to obtain the electronic structures for the constiis noted that the 44 k mesh for theN=128 supercell
tutional defects, we employed a first-principles plane-wavenodels guarantees sufficient convergence for the formation
pseudopotential codeasp (Vienna ab initio simulation €nergy but the lattice relaxations are not well converged. We
package~1® with generalized gradient approximation pro- discuss the relaxed structures around the defects using the
posed by Perdew and Waﬁb results of theN=54 supercell models with the>66X6 k
First, we calculated the equilibrium lattice constant usingmesh. The structural relaxation was performed until forces
the kinetic-energy cutoff of 350 eV and ax486x 16k mesh ~ on all atoms become less than 0.01 eV/A, which also con-
in the Monkhorst-Pack scheme with the unit cell includingVerges the total energy within 1 meV.
two atoms. The Ti-p electrons were treated as valence elec- The ordered stoichiometric CoAl and CoTi are nonmag-
trons. We obtained the equilibrium lattice constant ofnetic, but there can be a magnetic moment in those of non-
2.855 A for CoAl and 2.982 A for CoTi, which reproduces Stoichiometric one$?'° Stefanou et al. performed first-
the experimental values within 1%. We estimate the stabilityerinciples calculations for point defects in CoAl and CoGa
of the constitutional defects by the formation energies ofand found that the Co antisite atom is magn&fic.order to
CoAl and CoTi including the constitutional defects. The for- estimate the influence of spin polarization on the formation
mation energies were calculated by subtracting the total erenergy and the lattice relaxation, spin-polarized calculations
ergy of constituent elemental solids from the total energy of . ]
the compounds. One of the difficulties for the comparison of ABLE II. The formation energies of the\=54 supercell
the stability of the constitutional defects is that supercellmc_’del fo_r the Co vacancy in CoTi and the lattice relaxations of the
models having the same chemical composition cannot bge'ghbor'ng Ti atoms around the Co vacancy.
constructed. In the case of thex3 X 3 models for CoAl, the

Il. CALCULATION DETAILS

Al composition of the Al vacancy model is 49.06 at.% k mesh Formation energieV/aton Relaxation()
whereas that of the Co antisite model is 48.15 at. %. In ordepx2x 2 —7.765 —-2.374
to compare the formation energies with various chemicahx4x4 —7.776 —1.874
compositions, the formation energies of supercell models iBx6x 6 —7.774 —1.978
various sizes (X2X2, 3X3X3, and 4X4X4) were cal- 8x8x8 —7.774 ~1.978

culated and we obtained the composition dependence curves
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L T T T T T TABLE IIl. The lattice relaxations of the first and second
€ t @ Buk nearest-neighbor atoms around a constitutional defect in CoAl and
® Vacancy ) . — .
% A Antisite 0.2 CoTi calculated with théN=54 supercell, given as a percentage of
S 041 ) the nearest-neighb@NN) bond length in bulk CoAl and CoTi.
[} —
3 g Defect Relaxation(%)
2 (SU First NN Second NN
w )
S 5 CoTi
I < Co vacancy —-1.978 1.752
% Ti vacancy 7.241 —6.300
L Spin polarized 1.916 —4.056
Co antisite 6.347 —8.156
Composition (at%Al) Splp po!a.rlzed 3.824 —5.743
Ti antisite 1.756 1.873
FIG. 1. The formation energy of CoAl including a constitutional CoAl
defect as a function of Al composition. Open marks represent the Co vacancy —3.215 1.308
results by the spin-polarized calculations. Al vacancy ~0.719 ~1.710
_ ) ] Co antisite —0.197 —1.485
were also performed for the supercells including the Al/Ti Al antisite 3.777 —1.837

vacancy as well as the Co antisite atom because the Co-Cg
interaction around the Al/Ti vacancy could be enhanced by o ) o

the charge redistribution or structural relaxation. The spin&nd antisite atoms in CoAl calculated by a combinatioatof
polarized calculations using th=128 supercell models initio electron theory and statistical mecharidsor CoTi,

were omitted due to the limitation of the computer resourcesthe stability of the Co antisite atoms in the Co-rich side
agrees with the positron annihilation measurement, indicat-

ing that antisite atoms are responsible for the deviation from
lll. ENERGETICS AND STRUCTURAL RELAXATIONS the stoichiometry in the Co-rich sid& For the Co-rich side
FOR CONSTITUTIONAL DEFECTS in CoTi, the positron annihilation measurement suggests that
Figures 1 and 2 show the formation energies as a functiofonstitutional vacancies are introduced at 50.5 at. % Ti that is
of the Al composition in CoAl and the Ti composition in close to the compos_ltlonal limit in thg '_I'|-r|ch side of th_e B2
CoTi, respectively. Additional calculation with thé= 32 su- structure. However, it seems to be_ d_|ff|cu[t to further discuss
percell was performed only for the Co antisite atom in CoAlthe constitutional defects in the Ti-rich side because of the
in order to examine the composition dependence of spin pdl@rrow compositional range in the Ti-rich side.
larizations. In CoTi, the antisite defect is more stable than the N Co-rich CoTi, the formation energies obtained from the
vacancy in all the regions. On the other hand, in the Al-richsPin-polarized calculations are lower than from the non-spin-
CoAl, the Co vacancy is slightly more stable than the Al polarized calculations. The energy differences between non-
antisite defect. The minimum of the formation energy for theSPin- and spin-polarized calculations are not too large to
Co antisite in CoTi is shifted from the stoichiometry toward change the priority of the Co antisite atoms in the Co-rich
the Co-rich side by about 1 at.%. These results for CoAFide, but the formation energy at 48.15 at. % Ti including the

correspond to the effective formation energies of vacancie§0 antisite becomes lower than that at stoichiometric com-
position as a result of the spin-polarized calculation. On the

results by the spin-polarized calculations.

44 46

48
Composition (at%Ti)

50

52

other hand, only the Co antisite atom becomes more stable in

1 g I 1 1 1 )
T ®  Bulk Co-rich CoAl. This is because the Al vacancy in CoAl does
S [ : Vaganey not show a significant spin split. In addition, the dependence
kS Anfisite 0.2 f the spin polarization on the supercell size appears for the
S oot 0 Spin p _ p € app _
C) 3 Co antisite atoms in CoAl: The energy gain decreases lin-
e S early with the supercell size and tiNe=54 supercell calcu-
E ‘S“ lation does not yield a clear spin split. The origin of the
'-'é 2 dependence will be discussed later.
S Y The structural relaxations around the constitutional de-
g fects calculated using thé=54 supercell are listed in Table
S Ill. The larger structural relaxation around a defect at the
- 04F 4 L ; ] q i " Al/Ti site is expected than that at the Co site because the

atomic radius of Ti and Al is about 15% larger than that of
Co. This speculation is almost applicable for the case of
CoAl except that the relaxation around the Co vacancy is

FIG. 2. The formation energy of CoTi including a constitutional larger than that around the Al vacancy. The similar tendency
defect as a function of Ti composition. Open marks represent thevas reported for the case of NiAlOn the other hand, the

relaxation around the Ti vacancy and Co antisite in CoTi
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shows large outward displacement in spite of the inward rej-3p electrons. The analysis for the bonding mechanism
laxation expected from the atomic size difference. The spinusing electron-density plots was performed for TM alu-
polarized calculations for Ti vacancy and Co antisite in CoTiminides by Fu and Yod’ by Zou and Fif® and by
reduce the magnitude of the relaxations, but there still reSundararajaret al?® and for TM titanides by Eibleet al®
mains the outward displacement. In ionic compounds such apheir results indicate that the formation of the directional
MgO and ZnO, large outward relaxations around a vacancyonding is more pronounced in FeAl or in FeTi and the ionic
could be induced by the Coulomb repulsion between atomponding character induced by the charge transfer from Al/Ti
surrounding the vacan&y:??However, the origin of outward o the TM atoms increases with the atomic number of the TM
relaxation around defects in intermetallic compounds has najtoms. The change in the bonding character in going from Fe
been reported. We will discuss this in detail below. to Ni is a common feature for TM aluminides and TM ti-
tanides. However, the difference in the chemical bonding be-
tween TM aluminides and TM titanides is still unclear.

In the bonding charge density plot for CoAl, an increase
in the electron density of the,; component of the Cal

The site-projected partial density of state9OS for the  band, which contributes to the directional Co-Al bonding, is
bulk systems of CoAl and CoTi are shown in Fig. 3. Theseobserved accompanying a depletion of electron density of
curves are shifted so as to set the Fermi level at zero. Eledhe e; component. The valence electron-density plot for
tronic structure calculations were reported for a series off0Al shows the anisotropic charge distribution around the
transition-metal (TM) aluminide$®~2° (FeAl, CoAl, and Co atoms, which also indicates the formation of the Co-Al
NiAl) or a series of TM titanideg=eTi, CoTi, and NiTj.>"**  bonding. On the other hand, while a depletion of the electron
It was found that the features of the DOS within both serieglensity is also observed around the Co atoms in CoTi, a
are rather similar and a rigid band shift is roughly applicablesignificant increase of the electron density in the direction of
for the change in the electronic structure across the serie$e Co-Ti bonding does not appear. Consequently, a covalent
We will focus on the difference between the CoAl and CoTibonding character is more pronounced in CoAl than in CoTi
since little attention has been given to this point. The featuregnd the opposite trend is observed with respect to an ionic
of these DOS curves in this paper agree well with the abovebonding character. The difference in the bonding character
mentioned previous works. The overall shape of the DOSAso appears in the second nearest bonding. While the elec-
curve of the Co atom is similar for CoAl and CoTi except for tron density of the Co-Co bonds is larger than that of the
the peak intensities. A deep minimum, separating bondindi-Ti bonds in CoTi, the electron densities of the Co-Co and
and antibonding states, around the Fermi level appears iAl-Al bonds in CoAl are comparable, which originates from
CoAl and CoTi, while the position of the deep minimum for the large extent of the Adp orbitals.
CoAl is about 0.4 eV higher in energy than that for CoTi.
The Fermi level in CoTi is located at the upper band com-
posed of the antibonding states. This indicates that the anti-
bonding contribution in CoTi is larger than that in CoAl in  Judging from the bond length in pure metal phases, larger
which the Fermi level falls near the minimum. inward relaxations around the Al and Ti vacancy are ex-

For a further understanding of the chemical bonding, thepected than that around the Co vacancy. However, in CoAl,
valence electron density and the bonding charge densityhe relaxation of the nearest-neighbor atoms around the Al
which is the difference between the self-consistent electronacancy is smaller than that around the Co vacancy. More-
density and the superposition of atomic electron densities, oaver, in CoTi, the direction of the relaxation of the nearest-
the (110 plane are presented in Fig. 4. While the -3 neighbor atoms around the Ti vacancy is not inward but out-
electrons are treated as valence electrons in present calculgard. In ionic compounds such as MgO and ZnO, the
tions, the valence electron-density plots do not include theutward relaxation around the vacancy is induced by the

IV. ELECTRONIC STRUCTURES
A. Bulk CoAl and CoTi

B. Monovacancies
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FIG. 4. The valence electron densitypper panelsand the bonding charge densitpwer panels on the (110 plane in CoAl(left
panel$ and CoTi(right panel$. The central position in each panel corresponds to the Co site. The interval of contour lines corresponds to
0.0067 and 0.004 electronsi An the valence electron-density plots and the bonding charge-density plots, respectively.

Coulomb repulsion between the nearest-neighbor atoms. Telectrons around the vacancy. As a result, the excess of elec-
the best of our knowledge, the origin of the outward relax-trons is redistributed around the Co vacancy and strengthens
ation as seen in CoTi has not been well discussed in intethe Co-Ti bonds. The charge redistribution around a vacancy
metallic compounds. In order to elucidate the origin of theoccurs in pure metal systefiidecause the bonds broken by
outward relaxation around the Ti vacancy, the chemicathe formation of a vacancy supply the excess of electrons.
bondings are examined for the results calculated withouThe difference between intermetallic compounds and pure
structural relaxations. Figures 5 and 6 show contour plots fometals is the effective charge induced by the formation of the
the valence electron density around the vacancy in1hé)  vacancy. The charge redistribution around the Co vacancy in
plane in CoAl and CaoTi, respectively. Contour plots for the CoTi arises from not only the breaking of the bonds but also
difference in the electron density with and without a vacancythe screening for the effective positive charge of the vacancy
are also presented in the lower panels to observe the changige surrounded by the positively charged Ti atoms. The
in the electron density induced by the vacancy more clearlycharge redistribution in CoTi is, therefore, more pronounced
The electron density of the Co-Ti bonds around the Cahan that in pure metals. In order to screen the effective
vacancy increases by the formation of the Co vacancy. Bepositive charge, the decrease in the electron density of the
cause the charge transfer occurs from the Ti to Co atoms i€@o-Ti bonds outside the neighboring Co atoms occurs in
CoTi, the formation of Co vacancy induces the excess ofddition to the increase in the electron density of the Co-Ti
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-\

FIG. 5. The valence electron densitypper panelsand the difference in electron densitpwer panelsfor the Al vacancy(left panel$
and the Co vacancfright panel$ on the(110) plane in CoAl. The interval of contour lines corresponds to 0.0067 and 0.0005 electfons/A
in the valence electron-density plots and the difference in electron-density plots, respectively.

bonds around the Co vacancy. A similar tendency can bghe Ti atom that is located in the counterside of the Ti va-
seen around the Co vacancy in CoAl, whereas the increase gancy. This is due to the charge redistribution for the screen-
the electron density is not as large as in CoTi because theg on the effective negative charge of the vacancy site. The
charge transfer from Al to Co in CoAl is smaller than that Ti vacancy site surrounded by the negatively charged Co
from Ti to Co in CoTi. However, the Al-Al bonds as well as atoms has a negative charge. In order to screen the effective
the Co-Al bonds around the Co vacancy gain the electromegative charge of the vacancy site, the charge redistribution
density. The compensation for the deviation from the stoichi-occurs from the inside to the outside of the region sur-
ometry by the Co vacancy in the Al-rich CoAl is, therefore, rounded by the neighboring Co atoms and the bonding
energetically more favorable than that in CoTi as seen in Figcharge of the Co-Ti bonds outside the neighboring Co atoms
1. increases. As a result, this charge redistribution strengthens
On the other hand, the formation of the Ti vacancy leadghese Co-Ti bonds site and leads to the outward relaxation of
to the depletion of electrons around the Ti vacancy. As seethe Co atoms around the Ti vacancy. The charge redistribu-
in Fig. 6, the electron density of the bonds between Co andion around the Al vacancy in CoAl is not large enough to
Ti around the Ti vacancy decreases in contrast to the case ofduce the outward relaxation of the Co atoms because the
the Co vacancy, while the significant increase in the electrommount of charge transfer in CoAl is smaller than that in
density is observed between the neighboring Co atoms andoTi, as pointed out above. However, the inward relaxation
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FIG. 6. The valence electron densitypper panelsand the difference in electron densitpwer panelsfor the Ti vacancy(left panel$
and the Co vacanciright panel$ on the(110 plane in CoTi. The interval of contour lines corresponds to 0.0067 and 0.0005 elecftons/A
in the valence electron-density plots and the difference in electron-density plots, respectively.

around the Al vacancy is reduced and becomes smaller thahows the PDOS of for the neighboring Co atoms around the
that around the Co vacancy against the atomic size differencé vacancy in CoTi. The DOS curve of the Co atom in the
owing to the charge redistribution. non-spin-polarized case is very similar to that in bulk CoTi,
The formation of a vacancy in MgO also induces thewhereas the spin-polarized calculation yields a magnetic mo-
charge redistributio® The charge redistribution is observed ment. Figure 8 shows contour plots for the valence electron
in the atoms surrounding the vacancy in order to screen thdensity for the Ti vacancy in CoTi and the difference in the
effective charge. However, the bonding charge is not inducedlectron density between the spin-polarized and non-spin-
by the formation of vacancies in MgO because there is virpolarized calculations without lattice relaxations. The spin
tually no covalent bonding between the Mg and the O atompolarization of the neighboring Co atoms around the Ti va-
In ionic compounds such as MgO, the Coulomb repulsiorcancy leads to the filling of the majority Co band, which
between atoms surrounding the vacancy is responsible fanduces a charge redistribution on the neighboring Co atoms
the relaxation around the vacancy. On the other hand, itoward the Ti vacancy. As a result, the increase in the bond-
intermetallic compounds, the ionic bonding character in-ing electrons around the Ti vacancy strengthens the Co-Co
duces the charge redistribution around the vacancy and tHsonding and lowers the formation energy. Although the in-
covalent bonding character leads to the change in bondingrease of the Co-Ti bonds outside the Ti vacancy, which
charge density as a result of the charge redistribution. induces the outward relaxation, still remains as seen in the
As seen in Table Il, the spin polarization decreases th&alence electron-density plot, the outward relaxation around
outward relaxations around the Ti vacancy in CoTi. Figure 7the Ti vacancy is constrained by the Co-Co bonding.
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FIG. 7. The site-projected PDOS for the Ti vacancy in CoTi
obtained by(a) non-spin-polarized an¢b) spin-polarized calcula-
tions.

As discussed above, the local charge induced by the va-
cancy strongly affects the lattice relaxations. This indicates
that the positron, which have a positive charge, trapped at a
vacancy could affect the lattice relaxations around the va-
cancy. Positron lifetime measurement allows us to identify
the kind of the vacancy trapping a positron because a posi-
tron lifetime is inversely proportional to the electron density
in which a positron annihilates. The vacancy trapping a pos-
itron, therefore, could yield the positron lifetime reflecting
the lattice relaxation induced by the trapped positron. In the
case of the Ti vacancy in CoTi, the comparison with the
measured and theoretical positron lifetimes in the Co-rich
CoTi suggests that the inward relaxation occurs around the Ti
vacancy in CoT?® which is opposite to the result of this
work. However, the positron trapped at the Ti vacancy could
reduce the negative effective charge, which induces the out-
ward relaxation, of the Ti vacancy. The possibility of the
inward relaxation caused by the positron trapped at the Ti _ ) _
vacancy can be considered. In order to calculate the positron FIG- 8. The valence electron density) and the difference in
lifetime of vacancies more precisely, the lattice relaxation€'ectron densityb) between spin-polarized and non-spin-polarized
induced not only by the charge redistribution but also by the-alculations for the Ti vacancy on th@10 plane in CoTi. The

. - interval of contour lines corresponds to 0.0067 and
trapped positron should be taken into account. 0.005 electrons/& in the valence electron-density plots and the

difference in electron-density plots, respectively.

C. Antisite atoms culations are very similar to each other. The DOS of the Co

The formation of the Co antisite atom gives rise to theantisite atom in CoAl is clearly split into a bonding state and
Co-Co bonding, which can cause a local moment. As seen ian antibonding state because of the strong interaction with
Fig. 1, the spin polarization of the Co antisite atom in CoAlthe neighboring Co atoms. The Fermi level lies slightly
depends on the supercell size: the concentration of the Cabove the highest peak in the antibonding region. The DOS
antisite atom. In order to further examine the dependence, wef the neighboring Co atoms in CoAl is similar to that in
also performed the calculation using a supercell containingpulk CoAl. However, a difference can be seen in the anti-
32 atoms with translation vectors (@,2a), (2a,0,2a), and  bonding band around the Fermi level. The width of the anti-
(2a,2a,0). Figure 9 shows the site-projected PDOS of thebonding band decreases linearly with the number of constitu-
Co antisite atom in CoAl calculated using the supercells conent atoms of the supercell. This is because the interaction
taining 16, 32, and 54 atoms. The DOS curves for non-spinbetween the Co antisite atoms diminishes with increasing
polarized and spin-polarized calculations are presented in lefiupercell size. Since the Fermi level lines in the narrow high-
panels and right panels, respectively. These curves arest peak, the slight change in the shape of the antibonding
shifted so as to set the Fermi level at zero. The generdband appreciably affects the DOS at the Fermi level. The
shapes of the three DOS curves for non-spin-polarized caBOS at the Fermi level for thel=16 and 32 supercell cal-
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[ (e) N=32 1 FIG. 10. The site-projected PDOS for the Co antisite atom and
[ 3 ] its first nearest-neighbor Co atom in CoT#&) and (b) PDOS of
non-spin-polarized calculation using tiN=16 and 54 supercell,
Wsaammnn KY respectively(c) and(d) PDOS of spin-polarized calculation using
the N=16 and 54 supercell, respectively. The majority spin is
shown as positive and the minority spin as negative.
+ -5
[ (f) N=54 1 located at a deep minimum separating the two bands. The
[ i ] DOS of the Co antisite atoms for spin-polarized calculations
shown in Figs. &d)—9(f) reflects the difference of the DOS at
10 the Fermi level in non-spin-polarized calculations: A mag-
) netic moment is induced on the Co antisite atom of the
=16 and 32 supercell calculations, whereas the Co antisite
I || 5 atom of theN=54 supercell calculation has virtually no
5 0 magnetic moment. In order to examine the exchange and
Energy (eV) correlation potentials, we calculated tNe=54 supercell in-

FIG. 9. The site-projected PDOS for the Co antisite atom and itsCIUd.Ing a Co antisite atom Wl.thm the chal-denSIty approxi-
. ) . mation instead of the generalized-gradient approximation. In
first nearest-neighbor Co atom in CoA#b), (b), and(c) PDOS of dditi th lculati f thal=54 ! lecti
non-spin-polarized calculation using the=16, 32, and 54 super- 6}1 'I'OU’ elca cuiation o d th — 2% SUpErcell negiec Ingl
cell, respectively(d), (e), and (f) PDOS of spin-polarized calcula- 1€ lattice relaxation around the Co antisite atom was also
tion using theN=16, 32, and 54 supercell, respectively. The ma-P€rformed. However, there is no significant magnetic mo-
jority spin is shown as positive and the minority spin as negative. Ment on the Co antisite atom in ti=54 supercell under

any conditions employed here. Although there are previous
culations is much higher than that in bulk CoAl, which in- first-principles calculations for the magnetic moment at the
duces a local moment of the Co antisite atom. On the othe€o antisite in CoAF® larger supercell calculations tha
hand, the DOS around the Fermi level for te-54 super- =32 have not been reported. Our magnetic moment of
cell calculation is split into two bands and the Fermi level is1.65 ug on the Co antisite calculated using tNe= 32 super-
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[\

FIG. 11. The valence electron densftypper panelsand the difference in electron densitgwer panelsfor the Co antisitdleft panel$
and the Al antisitéright panel$ on the(110) plane in CoAl. The interval of contour lines corresponds to 0.0067 and 0.0005 electfons/A
the valence electron-density plots and the difference in electron-density plots, respectively.

cell is in good agreement with 1.53; by the recent first- percell size, the antibonding band around the Fermi level for
principles calculation with the same size supert@ur re-  the case of CoTi moves downward and is split into two
sults suggest that the composition of the Co antisite atombands. This is due to the decrease of the Co-Co interaction as
affects the occurrence of a magnetic moment of the Co antia result of the outward relaxation around the Co antisite atom
site atoms. There also exist experimental investigations sugn CoTi as listed in Table IIl. In order to elucidate the origin
gesting that a single Co antisite atom carries no mortfetit.  of the structural relaxation around the antisite atoms, the va-
Figure 10 shows the site-projected PDOS of the Co antilence electron-density plot for the unrelaxed system and the
site atom in CoTi calculated using the supercells containinglifference in electron density between the antisite and the
16 and 54 atoms. The DOS curves for non-spin-polarizedulk system in CoAl and CoTi are presented in Figs. 11 and
and spin-polarized calculations are presented in left panel$2, respectively. As discussed in the preceding section, ex-
and right panels, respectively. In the case of the Co antisit&acting the Ti atom from CoTi brings about the depletion of
atom in CoTi, there is no sharp peak in the bonding band oélectrons and negatively charged region around the Ti site.
Co antisite in CaoTi. This reflects the difference in chemical This situation also induces the outward relaxation around the
bonding in bulk system: a covalent bonding character iSCo antisite atoms in the same manner as the relaxation
more pronounced in CoAl than in CoTi. Although there is noaround the Ti vacancy in CoTi. In the case of the Co antisite,
appreciable change in the DOS of the Co antisite in CoAl forwhile the existence of the Co atoms at the Ti site reduces
non-spin-polarized calculations with the increase in the suthese situations, the trends for the charge redistribution
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FIG. 12. The valence electron densitypper panelsand the difference in electron densitgwer panelsfor the Co antisitdleft panel$
and the Ti antisitéright panel on the(110) plane in CoTi. The interval of contour lines corresponds to 0.0067 and 0.0005 elecftams/A
the valence electron-density plots and the difference in electron-density plots, respectively.

around the Co antisite atom in CoTi are the same for thammajority band accompanies the occupation of the antibond-
around the Ti vacancy in CoTi as seen in Fig. 6: the increas@g states. This trend can be seen more clearly for the Co
of the electron density between the neighboring Co atomantisite atom in CoAl. The spin splits of the neighboring Co
and the Ti atoms located in the counterside of the Ti vacancyatoms around both the Co antisite atom and the Ti vacancy in
Therefore, the charge redistribution for screening the effec€oTi are almost of the same value of about 0.5 eV, whereas
tive charge around the Co antisite causes the outward relathose around the Co antisite atom in CoAl decrease with the
ation of the neighboring Co atoms. increase of the supercell size: the spin split of 0.44 eV for the
In contrast to the case of CoAl, the Co antisite atom inN=16 supercell calculation becomes smaller and takes the
CoTi calculated with theN=54 supercell shows a spin po- value of 0.11 eV for thaN=232 supercell calculation. The
larization. Focusing on energetics, the spin polarizations foenergy gain by the spin polarization also decreases linearly
both the antisite and the vacancy in the Co-rich side lowewith the spin split on the neighboring Co atoms.
the formation energy. As seen in Fig. 2, the energy gains by In the Co-rich side, the Co antisite atom is energetically
the spin-polarized calculations for the Co antisite and the Tmore favorable than the Co vacancy in both CoAl and CoTi
vacancy in CoTi are comparable. This indicates that the enbecause of the formation of the Co-Co bonds around the Co
ergy gain mainly arises from the local moments on the neighantisite atom. However, in the Al/Ti-rich side, the situation is
boring Co atoms around the Ti/Al vacancy or the Co antisitemore complicated. Regarding the Al/Ti antisite, the Al anti-
atom. The local moment on the antisite atom hardly contribsite in CoAl is energetically more costly than the Ti antisite
utes to the energy gain because the downward shift of thian CoTi as seen in Figs. 1 and 2. Figure 13 shows the bond-
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FIG. 13. The bonding charge-density plots on ¢th&0) plane for(a) Co antisite in CoAl,(b) Al antisite in CoAl,(c) Co antisite in CoTi,
and(d) Ti antisite in CoTi. The interval of contour lines corresponds to 0.004 electréns/A

ing charge-density maps for the antisite atoms. While theneighboring Ti atoms. In addition, the introduction of the
electron-density distribution around the Ti atom in bulk CoTi Al/Ti antisite supplies the excess electrons around the anti-
is isotropic as seen in Fig. 4, that around the Ti antisite atonsite atom owing to the charge transfer from the Al/Ti to Co
shows an increase in the electron density oftthecompo-  atoms. In the case of the Al antisite atom in FeAl, the excess
nent of the Tid band, indicating the formation of the bonds electrons stabilize the Fe-Al bonds by occupying the unfilled
between the Ti antisite and the neighboring Ti atoms. Théonding state$® The bonding states of both the Co-Al and
situation is similar to not the Ti atom but the Co atom in Co-Ti bonds are filled and the charge redistribution to the
CoTi. This is because the Ti antisite atom is surrounded byCo-Al and Co-Ti bonds has a small contribution to the sta-
the positively charged Ti atoms and the environment aroundility. However, the excess electrons around the Ti antisite
the Ti antisite atom is similar to the Co atoms. The formationatom contribute to the stability of the bonds whose bonding
of the Ti-Ti bonds is also observed in the PDOS. Figure l4states are not filled: the bonds between the neighboring Ti
shows the PDOS of the Al antisite atom in CoAl and the Tiatoms and between the Ti antisite atom and the next-nearest-
antisite atom in CoTi calculated using tiNe=32 supercell, neighbor Co atoms alon@01]. On the other hand, there is
respectively. The DOS of the Ti antisite in CoTi has a largeno buildup of electron density between the Al antisite and the
peak, which mainly arises from thig, component of the neighboring Al atoms in CoAl, which indicates that the in-
Ti-d band, just below the Fermi level and the unoccupiederatomic distance around the Al antisite atom is not large
band just above the Fermi level diminished. This indicatesenough for the Al-Al bonds to be formed. Moreover, the
the formation of the bonds between the Ti antisite and theexcess electrons around the Al antisite atom in CoAl are not
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1 T cancy. The Ti antisite atom is preferred in the Ti-rich CoTi
[ @) ASA ] because of not only the formation of the Ti-Ti bonds but also
. 1stNN Al 1 the increase in the electron density of the Ti-Co bonds and
[ ] Co-Co bonds around the Ti antisite atoms. Thed Torbital
plays an important role in the formation of the Ti-Ti bonds.
The Tid orbital at the antisite shows the anisotropic charac-
ter and thet,4 component contributes to the Ti-Ti bonding.
On the other hand, the interatomic distance around the Al
antisite atom in CoAl is not large enough for the Al-Al bonds
to form.
5| ] The lattice relaxations around the defects are pronounced
I 1 in CoTi. The large outward relaxations around the Ti vacancy
or Co antisite arise from the increase in the electron density
of the Co-Ti bonds outside the defect region. This charge
redistribution occurs to screen the effective negative charge
Energy (eV) induced by the Ti vacancy or Co antisite, which originates
from the ionic bonding. The mixture of the covalent bonding
and ionic bonding leads to the lattice relaxation against the
atomic size difference. The atomic size difference is more

' . . responsible for the lattice relaxations in CoAl because the
so pronounced as that around the Ti antisite atom in CoTi

. - . ) ; charge transfer from Al to Co in CoAl is smaller than that
The introduction of the Al antisite atom in CoAl is, thereforg, from Ti to Co in CoTi.

energetically more costly than that of the Ti antisite atom in The Co-Co bonds around the defects could give rise to the
CoTi. local moment. The spin polarization of the neighboring Co
atoms around the Co vacancy or Co antisite contributes to

V. CONCLUSION the lower of the formation energy. The Co antisite in CoTi
shows the spin polarization irrespective of the supercell size,

In this paper, we have performed first-principles elec- . o SO0
tronic structure calculations for the constitutional defects inwhereas the spin polarization of the Co antisite in CoAl de-

CoAl and CoTi in order to investigate the energetics anopendS on th? superce!l SIz€. .
structural relaxations. The difference in the bonding charac: Systematic calculations across the periodic table are help-

ter induces the difference in the energetics and structuraﬂ“ for further understanding of the defects in intermetallic

relaxations for the defects between CoAl and CoTi: a Covapompounds. Some systematic calculations are currently in

lent bonding character is more pronounced in CoAl than inProgress and will be reported in future.
CoTi and CoTi has a larger ionic bonding character than
CoAl. With respect to the energetics of the defects, the dif-
ference between CoAl and CoTi can be seen in the Al/Ti-rich  This work was supported by a Grant-in-Aid for Scientific
side. The Co vacancy in CoAl is energetically favorable be-Research from the Ministry of Education, Culture, Sports,
cause of the charge redistribution to the Al-Al bonds as wellScience and Technology of Japan. This work was partly car-
as Co-Al bonds around the Co vacancy. The charge redistriied out at the Strategic Research Base “Handai Frontier
bution by the formation of the Co vacancy in CoTi mainly Research Center” supported by the Japanese Government’s
occurs to the Co-Ti bonds around the Co vacancy in order t&pecial Coordination Fund for Promoting Science and Tech-
screen the effective positive charge induced by the Co vanology.

DOS (states/eV atom)

FIG. 14. The site-projected PDOS for the Al antisite in Cdal
and for the Ti antisite in CoTi.
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