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First-principles electronic structure calculations based on the full-potential linear-muffin-tin-orbital
method have been employed to study the contrasting effects of boron and hydrogen on the electronic
structure of the L1, ordered intermetallic Ni;Al. The total energy, the site- and /-projected densities of
states, and the impurity-induced charge-density characteristics are calculated for various impurity
configurations, to investigate the effects of local environment on the electronic structure. Total-energy
calculations show that both boron and hydrogen impurities prefer to occupy octahedral interstitial sites
that are entirely coordinated by six nickel atoms. Our results suggest that the underlying mechanism of
the boron-induced strengthening in Ni;Al is the Ni-d and B-p hybridization between the nearest-
neighbor nickel and boron sites. This results in an enhancement of the intraplanar metallic bonding be-
tween the nickel atoms, an enhancement of interstitial bonding charge, and reduction of the bonding-
charge directionality around the Ni atoms on the (001) NiAl planes. In contrast, hydrogen is found to
enhance the bonding-charge directionality near some Ni atoms and to reduce the interstitial charge, sug-
gesting that it promotes poor local cohesion. When both boron and hydrogen are present in Ni;Al, the
dominant changes in the electronic structure are induced by boron and the charge distribution resembles
that of Niz;Al+B. These results are broadly consistent with the notion of boron as a cohesion enhancer
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and hydrogen as an embrittler.

I. INTRODUCTION

The past two decades have witnessed dramatic growth
in both experimental and theoretical activity in interme-
tallic compounds and ordered alloys, because of their po-
tential use in a wide variety of technological applica-
tions.! Among the intermetallic compounds, the L1,-
type ordered nickel aluminide Ni;Al exhibits unique
mechanical properties that make it attractive for
structural applications at elevated temperatures. Of cen-
tral interest are its high melting temperature, low density,
resistance to oxidation,? and the increase of yield stress it
displays with increasing temperature,’ in contrast to con-
ventional compounds or disordered alloys. However, as
with many other intermetallics, an inherent drawback to
using Ni;Al as a structural material is the tendency of
polycrystalline ordered stoichiometric alloys to undergo
brittle intergranular fracture,* even though single crys-
tals of Ni;Al are highly ductile.

Microalloying studies have shown? that doping with
certain impurities, which strongly segregate toward grain
boundaries, can significantly improve the ductility of
polycrystalline Ni;Al.> At room temperature, the addi-
tion of only 0.05 wt % (=0.25 at. %) of boron increases
the elongation of polycrystalline NijAl from a few per-
cent to values of 45-50 %.° This effect, however, is only
observed in specimens that contain excess Ni. Because
boron is known to segregate preferentially toward grain
boundaries, one explanation for its dramatic effect on
ductility is that it promotes better cohesion across the
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rain boundar lane.®!! More recent experiments
g Yy p

have shown that boron also improves the ductility of sin-
gle Ni;Al crystals, '? suggesting that a bulk effect should
be considered in addition to the grain boundary
strengthening effect of boron when explaining the im-
provement in ductility of polycrystalline Ni;Al due to B
additions.

While the intrinsic factors, such as poor grain bound-
ary cohesion, are important, in many cases dominant, in
limiting ductility, recent work by George, Liu, and Pope
has shown'? that extrinsic factors, in particular the humi-
dity, can be a major cause of low ductility in some sys-
tems. Their results demonstrate that the poor ductility
commonly observed in air tests involves the dissociation
of H,0 to generate atomic hydrogen, which diffuses into
the region of the crack tip and promotes brittle crack
propagation. George, Liu, and Pope!® have suggested
that the principal role of boron in ductlizing Ni3;Al is to
suppress the environmental embrittlement.

The purpose of the work reported here is to understand
the electronic mechanism underlying the contrasting
effects of the boron-induced strengthening and the
hydrogen-induced embrittlement in NizAl. To this end,
we have carried out full-potential linear-muffin-tin-orbital
(FLMTO) total-energy calculations to investigate the
effects of boron, hydrogen, and boron-hydrogen impuri-
ties on the electronic structure of Ni;Al, and to study the
changes and trends of bonding associated with these im-
purities. Our underlying assumption is that changes in
the electronic structure produced when either or both of
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these solutes is introduced into interstitial sites in the per-
fect lattice will be qualitatively similar to the changes in-
duced when they occupy similar, but more open sites at
grain boundaries. Although there have been some limit-
ed theoretical studies of boron in Ni;Al* the calcula-
tions reported here are, to our knowledge, the first of hy-
drogen and hydrogen-boron together in Ni;Al

In Sec. II, we briefly describe the FLMTO method and
discuss the supercell geometry used in the impurity calcu-
lations. In Sec. III A, we describe the numerical results
of the pure Ni;Al system and compare them with previ-
ous calculations. These results will be used as a reference
for comparison with the changes in the electronic struc-
ture induced by the boron and/or hydrogen impurities in
the following sections. The results of the changes in the
electronic structure induced by boron, hydrogen, and bo-
ron and hydrogen together in Ni;Al are presented in
Secs. III B, IIIC, and III D, respectively. In order to
study the effect of the local environment of the impurity
on the electronic structure, we have performed ab initio
supercell calculations with impurities at two different oc-
tahedral sites: (a) an octahedral Ni-rich site (a site having
six Ni nearest neighbors), and (b) an octahedral Ni-
deficient site (a site having four Ni and two Al nearest
neighbors). Results will be presented for the total ener-
gies, the site- and /-projected densities of states, and the
impurity-induced charge densities for various impurity
configurations. Finally, in Sec. IV a brief summary and
statement of conclusions are presented.

II. COMPUTATIONAL METHOD

Our method of solving the electronic structure problem
is based on the full-potential linear-muffin-tin-orbital
(FLMTO) method, which includes the mnonspherical
terms within the muffin-tin spheres. These calculations
differ from the more common LMTO calculations based
on the atomic sphere approximation (ASA),!’ in that
there is a true interstitial region and the LMTO bases
have, in general, a nonzero kinetic energy in the intersti-
tial which is treated as a variational parameter.

The FLMTO method has been described in detail else-
where.!® For the exchange and correlation potential, a
form due to Ceperley and Alder,!” as parametrized by
Perdew and Zunger, '® is used. The electrostatic potential
is found using the method of Weinert.!® The input and
output potentlals are then mixed using Broyden’s mixing
scheme,?® which we found to give quick convergence to
self-consistency. Spherical harmonic expansions for the
muffin-tin potential and the charge density were carried
out through / =12. A reciprocal-lattice vector cutoff of
6.0 is used. The representative points in the Brillouin
zone are chosen according to the special points scheme A
Thirty special points were used in the irreducible % por-
tion of the Brillouin zone. The total and l-prOJected den-
sities of states were calculated on a tetrahedral mesh,??
using 120 points in the irreducible portion of the Bril-
louin zone.

The supercell employed in our calculations, shown in
Fig. 1, consists of six atomic layers in the [001] direction
and two layers in both the [100] and [001] directions.
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FIG. 1. Supercell geometry used in the calculation. The
filled, empty, and gray shaded circles represent Ni, Al, and X
atoms, respectively (X stands for the boron or hydrogen impuri-
ty). The two types of octahedral sites for the impurity are
denoted by X (7) and X (8), respectively.

Inequivalent atoms in the cell are denoted by numerical
labels (enclosed in parentheses), depending on their
point-group symmetry. For example, Al atoms at (0,0,0)
and (0,0,1) have a D4, and a C,, point-group symmetry,
and are referred to as Al(1) and Al(2) atoms, respectively.
Based on x-ray-diffraction intensity ratios, Masahashi,
Takasugi, and Izumi?} conclude that boron occupies oc-
tahedral interstices in the Ni3Al structure. Therefore, in
order to study the effect of the local environment of the
impurity on the electronic structure, the impurity (la-
beled by X) was placed at two different octahedral inter-
stitial sites:> (1) at the center of the octahedral cell
[X(7)], where the impurity has four Ni(5) and two Ni(4)
nearest neighbors, and (2) at the center of the cube edge
[X (8)], where the impurity has four Ni(5) and two Al(2)
nearest neighbors. We will refer to the X(7) and X (8)
sites as Ni-rich and Ni-deficient octahedral sites (O sites),
respectively. Thus we model the absorbed impurity in a
supercell geometry with the periodicity of AINi-Ni-
AINi-NiX-AINi-Ni layers stacking along the [001] direc-
tion. Such an arrangement corresponds to an impurity
concentration of 8.3 at. % when one of the octahedral
sites is occupied. In all calculations, atomic relaxation
was ignored and the lattice constant was kept frozen at
the value of 3.568 A for pure Ni;Al 225 Muffin-tin radii
of 1.07 A were chosen to be equal for both Ni and Al
atoms. The muffin-tin radii for the boron and hydrogen
impurity were chosen also to be equal at 0.71 A.
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III. NUMERICAL RESULTS AND DISCUSSION

A. Electronic structure of Ni3Al

Though the total charge density can reveal the distri-
bution of the interstitial and core charge, interesting de-
tails of microscopic charge transfer and the formation of
a directional bond due to Ni-d/Al-p hybridization can be
described better by plotting the bonding-charge density
Ap(r). The bonding charge density is defined as the
difference between the total charge density in the solid
and the superpositions of neutral atomic charge densities
placed at atomic sites, i.e.,

Ap(r)=pga(r)— I polr—r1,) . (1)

Therefore, the bonding-charge density represents the net
charge redistribution as atoms are brought together to
form the crystal.

The bonding-charge density on the (110) plane is plot-
ted in Fig. 2 in units of 1073 e/(a.u.)®. Here solid and
dotted curves represent contours of increased (accumula-
tion) and decreased (depletion) electronic charge densi-
ties. We find that the depletion of electron density at the
aluminum sites is accompanied by significant anisotropic
buildup of the directional d-bonding charge at the nickel
sites. The bonding charge accumulation at the Ni site is

[0,0,1]

FIG. 2. The charge-density difference between Ni;Al and the
superposition of neutral Ni and Al atomic charge densities on
the (110) planes. The solid (dotted) contours denote contours of
increased (decreased) density as atoms are brought together to
form the Ni;Al crystal. Contours start from +8.0X107*
e/(a.u.)® and increase successively by a factor of root 2.
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along the nearest-neighbor (NN) Ni-Al and next-nearest-
neighbor (NNN) Ni-Ni directions. The bonding direc-
tionality is caused mainly by the polarization of p elec-
trons at the Al sites as a result of the p-d hybridization
effect. One can also see a significant buildup of the inter-
stitial bonding charge at the octahedral sites (sites be-
tween NNN Ni atoms and NNN Al atoms) between the
(001) Ni-Al planes. These results are in qualitative agree-
ment with those of recent warped-muffin-tin LMTO elec-
tronic structure calculations.?® However, it is the non-
spherical corrections to the spherical potential, absent in
our warped LMTO calculations, that yield the direc-
tionality of the d-bonding charge at the Ni sites. Thus
the bonding mechanism in Ni;Al involves the combina-
tion of charge transfer and strong Al-p/Ni-d hybridiza-
tion effects. This is one of the most remarkable features
of intermetallics.

The bonding-charge density on the (001) and (002)
planes is shown in Figs. 3 and 4, respectively. The (001)
plane contains both Al and Ni atoms, while the (002)
plane contains solely Ni atoms. The bonding charge on
the (001) plane is mainly due to the Al/p-Ni/d hybridiza-
tion, and that on the (002) plane is due to Ni/d-Ni/d hy-
bridization. It can be seen that the bonding between the
NN Al and Ni atoms on the (001) plane is mostly ionic in
nature; charge is transferred from Al to Ni, which is in
accord with the Pauling electronegativity difference. On
the (002) plane, the d-d hybridization between the NN Ni
atoms results in a charge difference which shows a dd =«
bonding character. The presence of interstitial charge at
the octahedral sites on these planes enhances the bonding
between the NNN Ni atoms. The total charge in the
aluminum and nickel muffin-tin spheres is 0.988 and
8.464 electrons, respectively. Because there are 10
(3d%4s?) and 3 (35%,3p!) valence electrons for the Ni
and Al neutral atoms, each Al and Ni atom loses 2.012
and 1.536 electrons to the interstitial region. The partial
s, p, and d muffin-tin charges are 0.261, 0.244, and 7.952

. W Al

[0,1,0]

Al

[1,0,0]

FIG. 3. Bonding charge density of Ni;Al on the (001) plane.
Solid (dotted) contours denote contours of increased (decreased)
charge density. Contours start from +8.0X 10™* e/(a.u.)’, and
increase successively by a factor of root 2.
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FIG. 4. Bonding charge density of Ni;Al on the (002) plane.
Solid (dotted) contours represent contours of increased (de-
creased) charge density. Contours starts from +1.0X1073
e/(a.u.)® and increase successively by a factor of root 2.

electrons for the Ni atom and 0.412, 0.462, and 0.104
electrons for the Al atom.

In Fig. 5 we show the total density of states (DOS) and
the partial density of states for the Ni d-derived and Al
p-derived bands for the pure system (solid curves). The
density of states agrees well with the existing calcula-
tions.?” Besides the strong Ni d-d bonding, it can clearly
be seen that a characteristic feature of the density of
states in Ni3Al is the hybridization between Ni d and Al
p states. As shown in Fig. 5, a sharp bonding peak and
antibonding peak is located near —0.25 and 0.1 Ry, re-
spectively. Another feature of the electronic structure
for NizAl in the L1, structure is a valley located at about
0.05 Ry above the Fermi energy, which separates the p-d
bonding and antibonding states. The calculated density
of states at the Fermi energy, N (Ef), is 81.60 states/(Ry
cell). This is in good agreement with the value of 82.81
states/(Ry cell) obtained by Nautiyal and Auluck,?’ is be-
tween the values of 75.2 states/(Ry cell) obtained by Min,
Freeman, and Jansen?® and 85.6 obtained by Wosicki and
Jezierski,”® and is higher than the value of 70.5
states/(Ry cell) obtained by Hackenbracht and Kubler.*
However, though all the theoretical calculations agree
reasonably well with each other, they differ substantially
from the experimental value of 174.6 states/(Ry cell) ob-
tained by Buis, Franse, and Brommer,3!' and of 150
states/(Ry cell) obtained by Dood and Chatel. *?

B. Effect of boron in Ni;Al

In this section we consider the electronic mechanism
underlying the enhanced ductility induced by boron addi-
tions to Ni;Al. In order to study the effect of the local
environment of the impurity on the electronic structure,
we consider two different types of octahedral sites X (7)
and X (8) in Fig. 1. To compare the energetics of the
different impurity configurations we have calculated the
impurity formation energy
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AE; = E o (NLALX) — E,o (NiZAD—E o (X) . (2)

Here E(Ni;ALX) is the total energy of the supercell
with the impurity X placed at a certain octahedral site,
E, . (Ni;Al is the total energy of the supercell without the
impurity, and E, (X) is the total energy of an isolated
impurity atom. We find that the impurity formation en-
ergies for a boron impurity placed at the Ni-rich [X(7)]
and Ni-deficient [X(8)] octahedral sites in Ni;Al are
—4.4 eV/(unit cell) and —0.08 eV/(unit cell), respective-
ly. Thus boron prefers to occupy octahedral sites which
are surrounded by nearest-neighbor Ni sites. (These cal-
culations were done at the experimental lattice constant,
a=3.568 A.)

It is instructive to compare the total valence charge in
each inequivalent muffin-tin (MT) sphere and in the inter-
stitial for the supercell in which the boron impurity occu-
pies the Ni-rich octahedral site and for the pure NijAl
system. Values of the integrated MT and interstitial
charge for each inequivalent MT sphere for the two sys-
tems are summarized in Table I. Also listed in this table
are values of the difference of MT charge, Ag, between
the Ni;AlB,,; and Ni;Al systems, namely the charge

1

5 | H(7)

5 1 B(7) -

N(E)

N
o
T

-0.2 0 0.2 0.4
E (Ry)

FIG. 5. The site- and I-projected DOS’s of Ni;Al (solid
curves), Ni;AlB,,; (dotted curves), and Ni;AlH,,; (dashed
curves) in units of states/Ry-unit cell. For boron the B-p-
derived band is plotted, and for hydrogen the H-s-derived band.

0
-0.8 -0.6 -0.4
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TABLE 1. Total integrated muffin-tin and interstitial charges
for Ni;AlB, ; (B in the Ni-rich O site) and for pure Ni;Al. N;
denotes the number of atoms of each muffin-tin type in the su-
percell. The last column (except for the last two rows) is the
difference of MT charge in the preceding two columns, i.e.,
Aq =¢(Ni;AlB, ;) —q(Ni;Al). The Ag in the last two rows
is the change in the total MT and interstitial charge,
namely AqMT =qMT(Ni3AlB1/3)—qMT(NigAI) _QMT(B]/J) and
AGin =qint(Ni3AIB; /3) — int (Ni3AD — [ @vatence (B1/3) —gmr (B 3) ],
where gaience(B1,3) 18 the total valence charge of a boron atom
and g1 (B /3) is the MT charge of boron in the supercell.

Name Type N,‘ q(Ni3A1B1/3) q(NigA]) Aq
Al 1 1 0.969 0.988 —0.019
Al 2 2 0.951 0.988 —0.037
Ni 3 1 8.451 8.464 —0.013
Ni 4 2 8.611 8.464 0.147
Ni 5 2 8.780 8.464 0.316
Ni 6 4 8.444 8.464 —0.020
B 7 1 1.293
MT total 81.17 79.14 0.737
interstitial total 20.83 19.86 —0.737

transfer for each MT sphere due to the presence of boron.
We find that the presence of boron induces a charge accu-
mulation in the nearest-neighbor nickel sites [Ni(4) and
Ni(5)], and induces a charge depletion in the Al(1) and
Al(2) sites and the more distant Ni(3) and Ni(6) sites.
Though the charge transfer does not offer detailed infor-
mation on the spatial distribution and directionality of
bonding charge, it does show which atomic sites gain or
lose additional bonding charge. It is also instructive to
compare the total MT charge accumulation (depletion),
Agypr =3 i AgmrN;, where Aqyyr is the charge accumula-
tion (depletion) in the MT sphere of type i, and N; is the
number of atoms of type i in the supercell. For each

type, values of Agi,r and N, are also listed in Table I. .

The total charge depleted from the MT spheres is 0.186
electrons, which is too small to account for the charge of
0.926 electrons accumulated in the MT spheres. Thus
most of the charge accumulated in the MT spheres is due
to charge transfer from the interstitial.

To understand the effect of absorbed boron on the
bonding properties of Ni;Al, we next consider the redis-
tribution of charge induced by the impurity atom when
placed at the Ni-rich octahedral site [X (7)]. This can be
best described by the difference of bonding charge density
between Ni;AlB, ,; and Ni;Al, namely

APind(1) = Bpgoig( NisALY) — Apggig(Niz Al
=Psotia NIZALY) = poi1ig(Ni3 Al = potom(X) . (3)

We will refer to Ap;,4(r) as the impurity-induced charge
density. The impurity-induced charge density on the
(110) and (002) planes is shown in Figs. 6 and 7, respec-
tively. One can see that the enhancement of bonding
charge around the Ni(4) site in Fig. 6 is quite asymmetric
relative to the (001) plane through the atom. This is ex-
pected because the presence of boron breaks such a mir-
ror symmetry. Though boron induces a decrease of the
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FIG. 6. Boron-induced charge density of Ni;AlB,,; on the
(110) plane. Boron occupies the Ni-rich octahedral site [X (7)].
Solid (dotted) contours denote positive (negative) induced
charge density. Contours start from +4.0X107* e/(a.u.)’ and
increase successively by a factor of root 2.

FIG. 7. Boron-induced charge density of Ni;AIB;,; on the
(002) plane. Boron occupies the Ni-rich octahedral interstitial
site [X (7)]. Solid (dotted) contours represent positive (negative)
induced charge density. Contours start from +8.0X 1074
e/(a.u.)’ and increase successively by a factor of root 2.
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total MT valence charge in the Ni(3) site (Table I), the
redistribution of the bonding charge about the Ni(3) site
is significant. A comparison of Figs. 2 and 6 shows that
boron induces a charge accumulation about Ni(3) in a
direction where there is a depletion of the bonding charge
PsotiadNizAl) in the pure Niz;Al system. Thus the
bonding-charge directionality, Ap.;q(Ni;ALX), of Ni(3) is
reduced due to the presence of a small percentage of bo-
ron. More importantly, boron causes a significant build-
up of interstitial charge near the (001) planes containing
solely Ni atoms [Ni(6) atoms], which in turn enhances
both the intraplanar bonding between the NN Ni(6)
atoms and the interplanar bonding between the NNN
Al(1) and Al(2) atoms and the NNN Ni(3) and Ni(4)
atoms. Note that boron also induces an additional
charge depletion from all Al atoms. The boron-induced
charge density on the (002) plane is shown in Fig. 7. Bo-
ron induces a substantial enhancement of interstitial
bonding charge between the NN Ni(5) sites, thus increas-
ing the intraplanar Ni—Ni bonding within the (002)
planes. Finally, an interesting point to note is that elec-
tronic charge is depleted from the interstitial regions near
the NiB plane in the [001] direction. This suggests a
weaker local cohesion near these planes. This may be due
to the fact that the local concentration of boron is high
enough in our calculations (8.3 at. %) so as to weaken the
local cohesion. This is consistent with the experimental
results that Ni;Al single crystals show a reduced ductility
when doped with more than 0.8 at. % boron. 1?

The [- and site-projected DOS of Ni;AlB, ,; (dotted
lines) are also shown in Fig. 5, and they can be compared
with those of Ni;Al (solid lines). One can see that the
effect of boron on the electronic structure is local, in that
the boron affects primarily only its nearest-neighbor nick-
el and aluminum atoms [Ni(4), Ni(5), and Al(2)]. The
density of states show that there is strong hybridization
between the B-p and primarily Ni(4)- and Ni(5)-d states.
The downward shift (of about 0.06 Ry) in the Ni(4) and
Ni(5) d-projected density of states is consistent with the
calculated MT charge transfer of these atoms. The large
broadening of the Ni(5)-d and Ni(4)-d DOS’s is due to the
Ni-d and B-p hybridizations. Compared to the DOS of
Ni;Al, the Fermi energy is shifted up in the valley which
separates the bonding and antibonding energy regions.

C. Effect of H in Ni;Al

In this section, we consider the electronic mechanism
underlying the hydrogen-induced embrittlement in
Ni;Al. We model the absorbed hydrogen in the supercell
geometry of Fig. 1. The hydrogen formation energy is
found to be —3.85 eV/(unit cell) and —2.60 eV/(unit
cell) for placing the hydrogen impurity at the X (7) (Ni-
rich) and X (8) (Ni-deficient) octahedral sites, respective-
ly, indicating that hydrogen also prefers to occupy Ni-
rich octahedral sites. The difference in energy for H in
the two different octahedral sites is mainly due to H-Al
interaction, which is only present in one case. We found
that the H-Al interaction leads to some charge transfer to
Al, which results in lowered band energy but increased
electrostatic energy. The net result is the increased total
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energy for H in the Ni-deficient octahedral site.

In Table II we list values for the integrated valence MT
and interstitial charge for the Ni;AlH, ,; supercell where
the hydrogen occupies the Ni-rich octahedral site, and
for the pure Ni;Al system. The additional charge
transfer induced by H is significant only for the Ni(4) and
Ni(5) atoms at the apexes of the octahedron. As in the
case of boron, the hydrogen-induced charge depletion
from the Al, Ni(3), and Ni(6) sites is too small to account
for the charge accumulation within the Ni(4) and Ni(5)
MT spheres. Thus most of the charge accumulated
within the Ni(4) and Ni(5) MT spheres arises from charge
transfer from the interstitial.

Figures 8 and 9 show the impurity-induced charge on
the (110) and (002) planes for Ni;AlH, ;. To compare
with the boron-induced charge redistribution in Figs. 6
and 7, we use the same contour levels for both NiAlH, /3
and Ni;AlB, ;. It is clear that hydrogen induces a much
weaker charge redistribution than boron. More impor-
tantly, the enhancement of interstitial bonding charge,
found near the pure Ni(6) plane in the [001] direction for
the case of boron, is completely missing in the case of hy-
drogen. Thus hydrogen does not provide the intraplanar
and interplanar bonding enhancements found in the
boron-doped system. Furthermore, hydrogen affects the
more distant nickel atoms [Ni(3)] quite differently.
Significantly, hydrogen induces a buildup of charge along
the [001] direction, and a charge depletion within the
(001) planes containing equal numbers of Ni(3) and Al
atoms. This charge redistribution results in an enhance-
ment of the bonding-charge directionality of Ni(3), which
could be interpreted as the signature of a brittle system.
Also note that hydrogen causes a larger redistribution of
charge on the Ni(3) than on the AIl(2) sites, a rather
surprising result in view of the larger distance of the
Ni(3) atoms from the hydrogen impurity. Hydrogen

TABLE II. Total integrated muffin-tin and interstitial charge
for Ni;AlH, ; (H in the Ni-rich O site) and for pure Ni;Al. N;
denotes the number of atoms of each muffin-tin type in the su-
percell. The last column (except for the last two rows) is the
difference of MT charge in the preceding two columns, i.e.,
Ag =¢q(Ni;AlH, ;) —g(Ni;Al). The Ag in the last two rows
denotes the change in the total MT and interstitial charge,
namely Agmr =gmr(Ni;AIH, /3) — gur (Ni;AD) —gpr(Hy 3)
and AGint = qint(Ni3AIH | /3) = @it (Ni3AD — [ vatence H1/3)
—gmr(Hi 3)], where g jence(H; 3) is the total valence charge of
a hydrogen atom, and gy (H, ;) is the MT charge of hydrogen
in the supercell.

Name Type N; g(Ni;AlH,,;) g(NizAl Ag

Al 1 1 0.985 0.988 —0.003
Al 2 2 0.984 0.988 —0.004
Ni 3 1 8.462 8.464 —0.002
Ni 4 2 8.516 8.464 0.052
Ni 5 2 8.570 8.464 0.106
Ni 6 4 8.461 8.464 —0.003
H 7 1 0.817

MT total 80.25 79.14 0.293
interstitial total 19.75 19.86 —0.293
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FIG. 8. Hydrogen-induced charge density of Ni;AlH,,; on
the (110) plane. Hydrogen occupies the Ni-rich octahedral in-
terstitial site [X(7)]. Solid (dotted) contours represent positive
(negative) induced charge density. Contours start from
+4.0X107* e/(a.u.)® and increase successively by a factor of
root 2.

FIG. 9. Hydrogen-induced charge density of Niz;AlH,,; on
the (002) plane. Hydrogen occupies the Ni-rich octahedral in-
terstitial site [X (7)]. Solid (dotted) contours represent positive
(negative) induced charge density. Contours start from
+8.0X 107 * e/(a.u.)® and increase successively by a factor of
root 2.
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causes a charge redistribution within the (002) plane (Fig.
9) similar to that induced by boron, which, however, is
quantitatively weaker. Overall, while we cannot con-
clude directly that such a charge redistribution implies
brittleness, a comparison of Figs. 6, 7, 8, and 9 does sug-
gest that hydrogen decreases local crystal cohesion. This
is certainly consistent with its role as an embrittling
agent.

In order to gain insight at the microscopic level into
the effect of H-s/Ni-d hybridization, in Fig. 5 we inspect
the /- and site-projected DOS’s for Ni;AlH, ,; (dashed
lines), and compare them with those of Ni;Al (solid lines)
and Ni;AlB, ,; (dotted curves). It is clearly seen in Fig. 5
that the hybridization induced by hydrogen is much
weaker than that induced by boron, because there is very
little overlap between H-s and Ni-d and H-s and Al-p
states over the whole energy spectrum. The changes in
the DOS induced by H are very small for all atoms except
for the nearest-neighbor Ni(5) atoms which are on the
(001) NiH plane. Note that there is a small downward
shift in the Ni(5)-d band by about 0.02 Ry, which is con-
sistent with the charge transfer to the Ni(5) sites listed in
Table II.

D. Effect of B and H in Ni;Al

In this section we consider the effect of both boron and
hydrogen impurities on the electronic structure of Ni;Al
We have considered two impurity configurations: (1) bo-
ron and hydrogen occupying the X (7) (Ni-rich) and X (8)
(Ni-deficient) sites in the supercell in Fig. 1, respectively;
and (2) boron and hydrogen occupying the X (8) and
X (7) sites, respectively. The impurity formation energies
for these two configurations are —6.33 and —3.55 eV,
respectively, indicating that even in the presence of hy-
drogen impurities boron prefers to occupy the X (7) octa-
hedral Ni-rich sites, which maximize the B-p and Ni-d
hybridizations. In the rest of this section, we will consid-
er only the first impurity configuration, which has the
lower formation energy, and compare this system with
those discussed in Secs. IIT A-III C.

The calculated MT and interstitial charge for
Ni;AlB, 3H, ;; and Ni;Al are summarized in Table IIL
It is instructive to compare the values of the induced
charge transfer with those found for the Ni;AIB, ; sys-
tem shown in Table I. One can see that the presence of
hydrogen yields a weaker depletion of electron charge on
the Al(2) sites, and a stronger charge accumulation on the
Ni(5) sites. Note that both these two types of sites are
nearest neighbors to the hydrogen impurity. There is
very little change in the charge of the other, more distant,
MT spheres, indicating that the effect of hydrogen is lo-
cal.

To further explore the bonding character, we show the
impurity-induced charge density on the (110) and (002)
planes in Figs. 10 and 11, respectively. The changes in-
duced by H are quite localized near the hydrogen atom.
Comparison with Fig. 6 confirms that the local charge
depletion around the Al(2) atoms is weaker for the
Ni;AlB, ,;H, ,; system. Furthermore, as for Ni;AlB, 3,
the enhancement of interstitial charge near the pure Ni(6)
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TABLE III. Total integrated muffin-tin and interstitial
charges for Ni;AlB, ;H, /; (B in the Ni-rich O site) and for the
pure Ni;Al. N; denotes the number of atoms of each muffin-tin
type in the supercell. The last column is the difference of MT
charges in the preceding two columns, ie., Ag
=g(Ni;AlB, 3H, ;) —¢(Ni3;Al). The Aq in the last two rows is
the change in the total MT and interstitial charge,
ie., Agmr =gmr(Ni;AIB; 3H) /3) = gmr(Ni3AD — g1 (B, 3)
—gqmr(H;3) and Agin =gint(Ni3AIB; ;3H, /3) — g4 (Ni3Al)
—[9vatence(B1/3) —gmt(B1/3)]~ [Guatence H1/3) =gt (Hy 3)].
Here, GuaenceB1,3) and Guaence(H;,3) are the total valence
charges of a boron and a hydrogen atom, and qy1(B;,;) and
gmt(H, /3) are the MT charges of boron and hydrogen in the su-
percell.

Name Type N; g(Ni;AlB, 3H,,;) g(Ni;Al) Ag

Al 1 1 0.967 0.988 —0.021
Al 2 2 0.991 0.988 —0.003
Ni 3 1 8.451 8.464 —0.013
Ni 4 2 8.610 8.464 0.146
Ni 5 2 8.875 8.464 0.411
Ni 6 4 8.439 8464 —0.025
B 7 1 1.294

H 8 1 0.852

MT total 82.27 79.14 0.984
interstitial total 20.73 19.86 —0.984

FIG. 10. Impurity-induced charge density of Ni;AlB, ;H, /3
on the (110) plane. The boron and hydrogen impurities occupy
the X (7) and X (8) sites in Fig. 1, respectively. Solid (dotted)
contours represent positive (negative) induced charge density.
Contours start from +4.0X10™* e/(a.u.)® and increase succes-
sively by a factor of root 2.
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FIG. 11. Impurity-induced charge density of Ni;AlB, ;H, /3
on the (002) plane. The boron and hydrogen impurities occupy
the X (7) and X (8) sites in Fig. 1, respectively. Solid (dotted)
contours represent positive (negative) induced charge density.
Contours start from +8.0X107* e/(a.u.)® and increase succes-
sively by a factor of root 2.
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FIG. 12. Comparison of the site- and I-projected DOS’s of
Ni;AlB, ;H, /3 (solid curves) with those of pure Ni;Al (dotted
curves). For boron, the s (dotted curves) and p- (solid) derived
bands are shown. For hydrogen the H-s-derived bands are
shown.
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plane and the reduction of the bonding-charge direc-
tionality around the Ni(3) atoms remain the most dom-
inant features of the bonding behavior of the system. Ad-
ditional changes in bonding-charge density induced by H
are quantitative rather than qualitative when compared
with those for Ni;AlB, ,;, and we conclude that bonding
in Ni;AlIB, ,;H, /3 is similar to Ni;AlB, /3.

The site- and I-projected DOS’s for Ni;AlB, ;H, 3
(solid lines) are shown in Fig. 12, and compared with
those of Ni;Al (dotted lines). Comparison with the corre-
sponding DOS for the Ni;AlB, ,; system in Fig. 5 shows
that there is a downward shift of the Ni(5)-d band,
confirming the extra charge transfer to the Ni(5) atoms in
Table III. Both the Ni(5)-d- and Al(2)-p-derived bands
exhibit additional peaks at —0.73 Ry below the Fermi
energy, resulting from the hybridization between the
Ni(5)-d and H(8)-s and Al(2)-p and H(8)-s states, respec-
tively. Overall, our calculations show that the changes in
the electronic structure and bonding induced by hydro-
gen in Ni;Al are small relative to those induced by boron.

IV. CONCLUSION

We have studied the effect of boron and hydrogen im-
purities on the bonding charge in NijAl employing first-
principles electronic structure calculations based on the
FLMTO method. We have calculated the energetics and
site- and /-projected densities of states, and the impurity-
induced charge density for various impurity
configurations, to study the effect of the local environ-
ment of the impurity on the electronic structure. We find
that changes in the electronic structure induced by boron
result from the hybridization of the d states of the
nearest-neighbor Ni atoms with adjacent B-p states.
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Thus boron prefers to occupy Ni-rich octahedral inter-
stices [X (7)]. Boron is found to enhance greatly the in-
traplanar metallic bonding between the Ni atoms, to
enhance the interplanar bonding between the NiAl layers
in the [001] direction, and to reduce the bonding-charge
directionality near the Ni(3) atoms. Thus we conclude
that in such an environment boron acts to increase the
cohesion of the crystal. In contrast, hydrogen is found to
enhance the bonding-charge directionality near the Ni(3)
atoms, and provides virtually no interstitial charge
enhancement. This suggests that hydrogen does not pro-
mote local cohesion. When both boron and hydrogen are
present in the system, the dominant changes in the elec-
tronic structure (DOS, induced charge densities) are in-
duced by boron, and hydrogen seems to have very little
effect. Overall, we find that our calculations are in quali-
tative accord with the known behavior of boron and hy-
drogen in Ni;Al, and they suggest that the origin of the
remarkable effects of these solutes may lie primarily in
the fundamental changes they induce in the electronic
structure of this material.
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