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Systematic first-principles study of impurity hybridization in NiAl
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We have performed a systematic first-principles computational study of the effects of impurity(htoors,
carbon, nitrogen, oxygen, silicon, phosporus, and sufarthe orbital hybridization and bonding properties in
the intermetallic alloy NiAl using a full-potential linear muffin-tin orbital method. The matrix elements in
momentum space were used to calculate real-space properties: onsite parameters, partial densities of states, and
local charges. In impurity atoms that are empirically known to be embritNeaind O we found that the &
orbital is bound to the impurity and therefore does not participate in the covalent bonding. In contrast, the
corresponding & orbital is found to be delocalized in the cohesion enhan¢@rand Q. Each of these
impurity atoms is found to acquire a net negative local charge in NiAl irrespective of whether they sit in the
Ni or Al site. The embrittler therefore reduces the total number of electrons available for covalent bonding by
removing some of the electrons from the neighboring Ni or Al atoms and localizing them at the impurity site.
We show that these correlations also hold for silicon, phosporus, and sulfur.
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I. INTRODUCTION The strengthening effect of boron additives has also been
observed when they are present as impurity atoms in bulk.
The development of better nickel-based superalloys hashe improvement in strength obtains even with a small con-
paced the construction of larger, more powerful, and moreentration of boron dopants: 30 weight ppm of boron can
fuel efficient aircraft and industrial gas turbinesAlumi- give rise to a 30% increase in yield strenftim addition to
num is the most important alloying element in nickel, for boron, carbon, which is the element next to boron in the
both strength and oxidation resistarice: Pure NiAl, which  periodic table, is also a potent strengthener in NiAl.
crystallizes in the B2 structure, has low density, high melting In contrast to boron and carbon, oxygen and nitrogen are
temperature of 1638 °Gmelting temperature for the fcc known to be harmful to the cohesion in NiAl. Indeed oxida-
nickel is 1455°C), and good electrical and thermaltion is among the most common degradation mechanisms in
conductivity*® Its practical application, however, is limited many metals and alloy’s:° In NiAl, oxygen will selectively
by poor toughness and damage tolerance at roomttack the least noble constituent, which is aluminum, and
temperaturg and brittle grain-boundary fracture at ambient form the stable oxide product AD;.*! The rate of formation
and elevated temperatut@he strength and other properties of NiO is negligible compared to that of AD;.*%! This
of NiAl can be modified by adding various impurity atoms. strongly preferential bonding has also been shown to occur
Typical modern nickel-base superalloys contain eight ofin some recent first-principles calculatidf$®and it may be
more different elements, each with specific functions withamong the key microscopic ingredients for the formation of
respect to strength, alloy stabilityy, and environmentalvarious mesoscopic structurés.g., pores, cracks, and blis-
resistancé.Certain elements have been found to be deleteriters created during an oxygen attack on an intermetallic
ous to the properties of NiAl, among them are nitrogen, oxy-alloy? In the extreme, oxygen can cause the pesting degra-
gen, silicon, phosphorus, and sultifhe presence of these dation phenomenon which happens when some polycrystal-
elements must be controlled during the melting processed¢ine samples are heated in air within a certain range of inter-
On the other hand, some other elements are desirable bmediate to high temperaturés This process, which is
cause they improve the cohesive properties of NiAl. Chro-essentially a spontaneous disintegration of the polycrystal-
mium impurities are important for improving its hot corro- line alloy to powder, can take place in a matter of several
sion resistance, while boron, carbon, and zirconium providéours**°
improved resistance of grain boundaries to fracture at el- There have been several first-principles calculations in the
evated temperaturé$. Stoloff has given an extensive list of literature on the effects of impurities on the cohesion in
atomic additives and their effects on the properties of nickelnickel aluminides and related alloys. Senal. have studied
base superalloys. the effects of boron and hydrogen onsHi using a full-
Boron is the main grain-boundary strengthener in NiAl. potential linear muffin-tin orbitalFPLMTO) method!® They
The beneficial effect of boron additives was first observed byemphasized the increase of the interstitial bonding charge as
Aoki and Izumi in 1979. Boron has a strong tendency to the origin of the beneficial effect of boron. Wt al. calcu-
segregate to grain boundaries and it can improve the tensilated the effects of boron and phosphorus on the grain-
ductility of a polycrystal by an order of magnitufielhis  boundary cohesion of iron using a full-potential linear aug-
increase in tensile ductility is accompanied by a change imented plane-wavé~PLAPW) method'’ They showed that
the fracture mode from brittle intergranular to ductile a combination method of the thermodynamic theory of Rice
transgranuldrwhich clearly shows the effectiveness of bo- and Wand®® and first-principles total-energy calculations
ron in improving the intergranular cohesion in a polycrystal.can be used to determine the grain-boundary embrittlement
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potency of a given impurity. Using the same combinationcharge density and the resulting total energy, by working in

method they have also studied the effects of hydrogen ancthomentum space. The program computes the matrix ele-

carbon impurities in iron and hydrogen, boron, and phosments of the Hamiltoniarkl , 5(k), and the overlapS,(k),

porus in nickef°~?? Vacancies and antistructure defects in matrices from which the energy band&) are obtained by

transition-metal aluminides have been studied by several difdiagonalization. From these matrix elements in momentum

ferent group$3-2° space, we have calculated the matrix elements in real space
Previous first-principles studies on the effects of impurityby direct Fourier transform:

atoms in nickel aluminides have generally focused on, and

drawn their conclusions from, the calculated total energy and _ -

electronic charge densities. Insights into the bonding and hy- Hap(k)= 2 XK Ry Hap(Ry)- @

bridization in the system, however, can usually be obtained . . I .

more clearly by working with localized basis functions and 'N® Onsite parameters are simply the Hamiltonian matrix

using the simpler tight-binding representatf§n?® Recently ~ €léments, in real space, between identical orbitdlls,(R

we have shown that accurate tight-binding parameters can ge?)- This is computed by using an additional code built on

obtained directly from the FPLMTO meth&dIn this article (0P of our FPLMTO program. The distribution of onsite pa-

we have used this method to perform a systematic study J@Meters is an important i],[‘?%ggdie”t_ in, e.g., Anderson’s
impurities on NiAl. The motivation for carrying out a sys- theory of diagonal localizatiort.”"In this theory, the distri-

tematic study is the widely different effects that can bebgtiqn ofonsite parameters, characterized by the width c_)f the
caused by “nearby” atoms in the periodic table. It is notqlstr|but|onW, competes Wlth.the. strength of_the hybridiza-
obvious, e.g., why, along thep2row, boron and carbon are tion between the orblta_ls, which in the impurity case can be
good cohesion enhancers in NiAl while the next elementstaker.‘ o be .the bandwidth of the parent syanEIe;tron
nitrogen and oxygen, are embrittlers. The present study hd9¢alization is more favorable for large valueswfB.

been carried out in an effort to find the answer to this ques- To optam'a measure of thg hybr|d|za't|on strength bet.W.ee”
tion. In the next section, we will give a brief description of the orbitals in the system, without having to deal explicitly

the FPLMTO method that we use. The rest of the articleVith the multiplicity of hopping and overlap parameters, one
presents the results of our calculations. can instead examine the density of sta(®OS and its

atomic-site and angular-momentum projectiétg? Spin
projection is unnecessary since NiAl is paramagnetic and we
Il. FPLMTO METHOD do not use spin polarization in our calculations. In this article
the total DOS and its projections have been computed using
. ey the standard tetrahedron method with 35 points in the irre-
mentation of the LMTO methot™*2In FPLMTO, no as- g cipje wedge of the cubic Brillouin zone. The total DOS is

sumption is made about the form of the wave funCtions,, 0 jated by summing the contributions from all bands and
charge density, or potential. The muffin-tin potential is useda” tetrahedr43

only to construct the LMTO basis functions, but the final

wave functions, and other quantities derived from them, are

not limited to such forn?® Relativistic Dirac equations are p(E)= 2, n(ke;E), 2
used for the core states, while the valence states are treated nke

semirelativistically without spin-orbit coupling. For the wheren is the band index whilek, is the index for the
exchange-correlation potential, we use the parametrizatiotetrahedra. The siténdexi) and angular-momentutiindex
of Vosko, Wilk, and Nusaif? Within the muffin-tin spheres, 1) projection of the DOS is obtained by multiplying each
lattice harmonics with angular momentuhs8 are used. contribution with its decomposition weight,; (k) which is
NiAl is a good paramagnetic metéit has no measurable obtained from the wavefunctions:

magnetic ordering down to temperatures of a few
Kelvin®*39, therefore we do not use spin polarization in our
calculation.

Impurity is incorporated in our FPLMTO calculations by
using a 16-atom supercéflNiAl crystallizes in B2 structure Standard DOS decomposition in the FPLMTO method
which is a bcc-based structure with one atdii or Al) differentiates between the muffin-t{iMT) and the interstitial
occupying the center of the cultg3,3) and the othefAl or components of the electron distributihFurther site and
Ni) at the corner of the cub@,0,0. The cubic supercell is angular-momentum decomposition, i.e., the calculation of
constructed from 2 NiAl unit cells and the impurity atom is  the weightsw,;;(k.), is then performeanly on the part of
placed at the center of the supercell. Each atom is assignedilae LMTO wavefunctioninside the MT spheres. The inter-
minimal basis set consisting of $d) orbitals. Since we stitial part is not considered to belong to any particular site
want to work with localized orbitals, the interstitial param- and therefore is not subjected to further decomposition. It
eter for each orbital has been uniformly set«at—0.2 a.u.  should be noted that this differentiation between MT and
This gives well-localized FPLMTO basis functions with an interstitial charge is an artificial one since it depends on the
envelope that decays roughly as exp{r).?° size of the MT sphere which, in common practice, is set

The standard FPLMTO method self-consistently calcu+ather arbitrarily by the user of the FPLMTO code. Further-
lates the basis functions, along with the correspondingnore, the interpretation of such a decomposition is difficult

We use the Wills-Price all-electron full-potential imple-

pi.<E>=r§ Wil (Ke) - Gn(ke s E). @)
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since, e.g., the integrated spectral weight for a particulathe interstitial continuation of each FPLMTO basis function
atom (v;) is, in general, less than the total number of valencehas been incorporated properly:
electrons assigned to in():

Im - Lm s
oM =2, f PO (E)dE=n;. (@ o{™®=2 f ~_pP(E)dE=n;. 5)

Note that the summation over the angular momenta extends

up tol,, which is a free parameter in an FPLMTO calcula- This decomposition method is more appropriate to use in our

tion (this parameter is set to 8 in this workn general, this ~case since we exclusively use localized FPLMTO basis func-

parameter is different fronfusually much greater thahe  tions (specified by negativex parameter It should be

highest angular momentuin, that one uses in defining the Pointed out that the hdin transformation to orthogonal

FPLMTO basis functionsl(,,=2 for spd basis that we use Systém is used solely to obtain the decomposition weight

here. Inside each MT, tails from the basis functions centered¥nii(Kc) for the local DOS; elsewhere in this article we work

at other MTs give rise to higher angular-momentum harmondirectly with nororthogonal TB systems. The onsite param-

ics when expanded relative to the center of the MT spheregters displayed in Figs. 1 and 2, e.g., are matrix elements of

The parametelr, is the cutoff value used in this expansich. the Hamiltonian operator in the original nonorthogonal
Instead of using this MT decomposition, in this article we FPLMTO basis; they are not, and should not be confused

have chosen to use an orthogonal decomposition which is thé&ith, the matrix elements in a lvedin orthogonal basis

one used in tight-binding systems. The FPLMTO nonor-Which are nowhe_re presented or analyzed in this article.

thogonal matrix elementsH ,5(k) and S,4(k), are first I_:rpm the prOJected.DO_S, the total number of_electrons

transformed into an orthogonal system by wdin residing on eaqh atomic site can be ob_talned by integrating

transformatiorf* Since this is a symmetry transformation the corresponding DOS up to the Fermi energy:

which does not mix components of different angular

moment&™4® the weights for the-projected DOS can be .

obtained readily from the resulting laalin eigenvectors. De- _Em Er EVdE

tails on this scheme have been presented in an earlier 9= __pil )dE.

paper® In this decomposition, the angular momentum ex-

pansion extends only tb,, and the total atomic weight is

equal to the number of the assigned valence electrons sindgere E¢ is the self-consistent Fermi energy calculated for

each superceliwith impurity atom) and not the Fermi en-

(6)

25 —— ergy of the pure NiAl system. In the next section, we present
Impuriy at Al site e —— the results of our calculations for the onsite parameters, pro-
- jected DOS, and the local charges.
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FIG. 1. Onsite parameters for orbitals in 16-atom supercells of FIG. 2. Onsite parameters for orbitals in 16-atom supercells of
NiAl with one impurity atom substituting for Al. The leftmost col- NiAl with one impurity atom substituting for Ni. The leftmost col-
umn gives the onsite parameters for pure NiAl. The lines with dotsumn gives the onsite parameters for pure NiAl. The lines with dots
are the onsite parameters for the, 2p, and 3 orbitals at the are the onsite parameters for the, 2p, and 3 orbitals at the
impurity atom. The horizontal line @&-=1.0475 Ry is the Fermi impurity atom. The horizontal line &g=1.0475 Ry is the Fermi
level of the pure NiAl. The Fermi energy for the supercell is 1.0105,level of the pure NiAl. The Fermi energy for the supercell is 1.0283,
1.0085, 0.9943, and 0.9927 Ry for B, C, N, and O, respectively. 1.0185, 1.0051, and 1.0014 Ry for B, C, N, and O, respectively.
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Ill. COMPUTATIONAL RESULTS 35 T T T T .
3d
A. Boron, carbon, nitrogen, and oxygen =.==.:=.=='=
Figure 1 displays the calculated onsite parameters in pure ®

NiAl and in 16-atom supercells of NiAl with one impurity Impurity at Ni site
atom substituting for Al. We have used themputedequi- 251
librium lattice constant for NiAl(5.3451 a.u. which is E
within 2% of the experimental valu€5.4450 a.uy. The sB2r oo
XAl;Nig supercell(here X stands for the impurity atojris g T
constructed from 2NiAl unit cells'® with the impurity atom 15 |
placed at(0,0,0; Al atoms at(3,0,0, (3,3,0), (3,3,3), and Nidp — — ——
other equivalent positions obtained by permuting xhe,z
coordinates; and Ni atoms &t 3,#3,+3) (in units of super- L e ——
cell lattice constant Note that the positions of the Ni atoms Ar3p —iI:—
are all symmetry-equivalent in this supercell. Al atoms, on 05 " ap
the other hand, occupy three inequivalent sites. This gives o T
rise to a small splitting of the Al onsite parameters as can be ol e
seen in Fig. 1; the corresponding splitting of the Ni param- -
eters in theXNi;Alg supercell can be seen in Fig. 2. Atomic P
relaxation has been shown to produce only a small change in -0.5 NAlB C N O
energy® and therefore has been ignored in this work. The
small value of the computed relaxation enelr@yind the FIG. 3. Site-projected 2 density of states at the impurity atom

small size of the onsite-parameter splittings in Figs. 1 and Zf,or the case where it is substituting an Al atom. Notice the strong
provide the justification for our neglect of atomic relaxation resonance at the bottom of the band in the case of carbon. The delta
in the present work. It is unlikely that relaxation will make functions shown in the spectra for N and O are actually very narrow

large quantitative change in, or rearrange the qualitativ ands(in our superce_*ll calculationwith bandwidth of 0.0226 and
strgctu?e of, the onsite-parameter maps in Figs. 1 and 2 o '00.1 98 Ry, respectlv_ely. T.he ”“mbefs next to the arrows are the
which we will base much of our discussion in this paper. partial weights of the impurity £ state in the band, whil&, de-
- . - . notes the center of the band. The Fermi level of NiAl isEat

The u.t|I|ty_ of plotting the onsite parame_ters SySter‘nat"=1.0475 Ry. Each spectrum has been given a separate vertical shift
cally, as in Fig. 1, comes from the fact that it shows clearly; clarity.
how well the Z and 2 parameters of boron match those of
the correspondings8and 3 orbitals of aluminum, and how neighbors of the impurity atom are Ni atoms. The main fea-
rapidly this compatibility deteriorates as we go from boron toture of the DOS for B-8 is a broad band which is cleaved by
oxygen. To our knowledge this almost-perfect compatibilityits interaction with the neighboringd3orbitals of Ni*84°
has never been pointed out previously in the literature. Thehis is markedly different from the DOS for Csan which
onsite parameters for thed3tates of the impurity atoms are the dominating feature is the strong resonant peak at the
all much higher than the Al-® parameters. Although results bottom of the spectrum. As we move on to N-and O-,
from the local density approximatioft. DA) for the excited the onsite parameters for these orbitals are deep enough to
states are known in general to be less accurate than the cdocalize the electrons in a bound state. This results in a trans-
responding results for the occupied states, we believe thifer of the spectral weight from the continuum to the bound
visible difference is an important feature in explaining thestate. In our supercell calculation, the bound state is not
efficacy of boron as a cohesion enhancer in NiAl. The muchmanifested as a true delta function but it rather appears as a
higher B-3 parameters would allow the delocalized B-2 very narrow bandwith bandwidth of 23 and 2 mRy for N2
and B-2p states to create wider bands centered at their corand O-Z, respectively, for the case where the impurity is
responding onsite parameters which, as we pointed out prgdaced at an Al sitewhich is separated by a gap from the
viously, match closely to those of Als3and Al-3p. The  main spectrum and is displayed as a vertical arrow in Fig. 3.
overall cohesion is therefore improved by increasing theThis narrow band still contains small hybridization compo-
bond order(the difference in occupancy between bondingnents from other orbital&his, of course, is just an artifact of
and antibonding statg8’ a supercell calculationwhich, as expected, diminish as we

The bottom of the pure-NiAl bands lies just above thego from N to O. The total weight of the impuritysXstate in
zero energy in Fig. 1. It can therefore be seen clearly that théhe narrow band is displayed next to its arrow in Fig. 3 while
C-2s onsite parameter sits just above this bottom while thosehe rest of the weight still remains spread out thinly in the
of N-2s and O-Z orbitals lie below the main manifold of continuum.
pure NiAl. As in standard scattering thedfythis situation A very similar map of onsite parameters is obtained in the
opens the possibility for the existence of resonance or bounditernative case where the impurity atom is substituting for a
states. In Fig. 3 we show thesdrojected DOS at the impu- Ni atom, as shown in Fig. 2. The main difference from Fig. 1
rity atoms. The total weight under each curve is equal to s the fact that the impurity-® levels are pushed to much
(due to spin sumto within 2% accuracy. For this case, higher values in this cagey about 0.7—0.8 Ry This feature
where the impurity atom is occupying an Al site, the nearests mainly due to the smaller size of Ni, compared to Al,
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FIG. 4. Site-projected 2 density of states at the impurity atom X
for the case where it is substituting a Ni atom. Notice the strong 15

resonance at the bottom of the band in the case of carbon. The delta X=B ¢ N 0

functions shown in the spectra for N and O are actually very narrow G, 5. |ocal chargein units of the electron chargkg|) in-
bands(in our supercell calculationwith bandwidth of 0.0225 Ry  gyced on each atom in the supercell for the case where an impurity
and 0.001 58 Ry, respectl\(ely. The numbgrs next to the arrows argom (X=B, C, N, and Q is substitutionally placed at an Al site
the partial weights of the impurity 2state in the band, _whl_IEb (top panel and a Ni site(bottom panel Aluminum charges are
denotes the center of the band. The Fermi level of NiAl i€€at  marked by filled circlege), Ni by filled triangles, while the impurity
=1.0475 Ry. Each spectrum has been given a separate vertical shifyarges are shown as filled squares. In pure NiAl, Al has a charge of
for clarity. +0.2 while, from charge neutrality, Ni has the opposite charge of
—0.2.
which increases the kinetic energy of the orbitake use a

MT radigs of 2.30 a.u. for Al and 1.85 a.u..for)NiCom- In all cases, Ni is found to be more electronegative than Al
bined with the bond-order argument described prewousl)gthe Pauling electronegativity of Ni and Al is 1.91 and 1.61,

this also provides a heuristic explanation on why an oxyge lespectiveld®). In pure NiAl, Al has a charge of0.2 (in

impurity would prefer to occupy a nickel site over an alumi- units of electron chargee|) while, from charge neutrality, Ni

num site, a result which was recently obtained from a fuII-h h ite ch 0.2 Thei ities f th
fledged FPLMTO calculatiof® The calculated impurity-& as the opposite charge ef0.2. The impurities from the

DOS for the case of impurity at Ni site is shown in Fig. 4. "W that_ we have studied in this work have Pauling elec-
The general progression from B to O is the same as in Fig. §_roneg<';1_t|V|tyoof 2.04,2.55,3.04, and 3.44 for B, C, N, and O,
a broad band for B¢ strong resonance for Cs2 and respectwelﬁ It can be seen that this electronegatl\{lty trepd
bound state with an increasing binding energy for dlabhd 1S followed r.ather well in Fig. 5. In the case of an impurity
0-2s. Since the impurity atom is surrounded by Al nearestatom at Al site(top panel in Fig. 5 N and O are sufficiently
neighbors in this case, instead of Ni atoms, we do not see gectronegative to change the sign of the induced charge on
strong a band cleavage around the energy of the dNeB their Ni nearest neighbors, relative to the sign of the corre-
bitals as seen in Fig. 3. Below the Fermi energy, the similarsponding charge when B or C is present. Thus a portion of
ity of the results obtained for impurity at Al and Ni sites the valence electrons localized at the N or O bound state
shows that these features, e.g., the compatibility of the onsiteomes from their nearest-neighbor Ni atoms. In the alterna-
parameters for B and Al in NiAl environment, are largely tive case where the impurity is occupying the Ni site, a jump
independent of the atomic arrangement in the crystal. This i the induced charge on the Ni atoms is clearly seen in the
not surprising since an onsite parameter is sensitive only thottom panel of Fig. 5. Although in this case they are no
the average potential at its atomic site. This suggests that olinger the nearest neighbors of the impurigince they are
results in this article, which have been obtained for NiAl hostseparated from it by the Al atomsthe formation of the
using 16-atom supercells, may have some relevance also fpund state in N and O still has a substantial effect on the Ni
other nickel-aluminide alloys with different concentrations of atoms. Two reasons may be given to explain this strong in-
Impurity atoms. , _teraction between the impurity and the Ni atoms. First, the Al
Figure 5 shows the charges induced on each atom in thgaarest neighbors are already positively charged, therefore
supercell which have been calculated by substracting the Qg e|atively harder for the impurity atom to attract their elec-
tal pumber of electrons on the sit®, in Eq. (6), from the trons. Second, the DOS of NiAl is dominated by strong Ni-
assigned number of valence electrans 3d peaks which are situated just below the Fermi enétgy.
These peaks are sufficiently wide to suggest that the dNi-3
Qi=ni—q;. (7) electrons in this alloy are well delocalized. Their proximity

it
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FIG. 6. Onsite parameters for orbitals in 16-atom supercells of o099y , ED="0084Ry .
NiAl with one impurity atom(Si, P, or S substituting for Al(on the 5[
left side of the vertical midling and with the impurity substituting Eb = -0.224 Ry
Lo . . . 1.345 S at Ni
for Ni (right side. The leftmost column gives the onsite parameters 0 T A e
for pure NiAl. The lines with dots are the onsite parameters for the - 0 1 2 3
3s, 3p, and 3 orbitals at the impurity atom. The horizontal line at Energy (Ry)

Er=1.0475 Ry is the Fermi level of the pure NiAl. In the case

where the impurity is occupying an Al site, the Fermi energy for the  FIG. 7. Site-projected 8 density of states at the impurity site

supercell is 1.0440, 1.0465, and 1.0426 for Si, P, and S, respe¢Si, P, or S. A bound state is formed for the cases of phosporus

tively. For the case where it is occupying a Ni site, the Fermi eneratom at Ni site and sulfur atom at Al or Ni site. The delta functions

gies are 1.0765 RySi), 1.0795 Ry(P), and 1.0750 RyS). shown in the spectra are actually very narrow bafidur super-
cell calculation with a bandwidth of 47 mRyP at Nj, 26 mRy(S

to the Fermi energy then strongly expose them to changes f Al): and 16 MRY(S at Nj. The numbers next to the arrows are

the potential as that caused by the formation of a bound staff® Partial weights of the impurity S3state in the corresponding
b y narrow band, whileE,, denotes the center of the band. The Fermi

n a near tom. o .
on a nearby ato level of NiAl is atE=1.0475 Ry. Each spectrum has been given a
separate vertical shift for clarity.
B. Silicon, phosphorus, and sulfur

The elements from theBrow of the periodic table, Si, P, splitting between them and thed3evel increases with the
and S, have been known to be strong embrittlers in NilAl.  atomic number as we go from boron to oxygen in Figs. 1 and
is therefore interesting to examine whether the correlatior?.
that we have obtained in the previous subsection between the Figure 7 shows the resulting projected DOS for the
matching of the onsite parameters and the macroscopiowest-lying valence (8) state of Si, P, and S at the impurity
embrittling/strengthening potency of the impurity persistssite. As in Fig. 3, when the impurity is placed at the Al site,
also for these elements. Figure 6 displays the calculated oiits DOS features a peak close to the Fermi energy due to its
site parameters for orbitals in 16-atom supercells of NiAlstrong hybridization with the @ states of its neighboring Ni
containing one impurity ator(Si, P, or § which substitutes atoms. Except for the case of Si at Al site, where the reso-
for an Al (shown on the left side of the vertical midline in nance at the bottom of the spectrum is relatively weak, the
Fig. 6) or a Ni atom(shown on the right side of the midline DOS curves in Fig. 7 are all dominated either by a very
A major difference from the corresponding plots of onsitestrong resonancé at Al; Si at Nj or a bound state that is
parameters in Figs. 1 and 2 is the decreasing trend of theompletely separated from the main spectr(8nat Al; P at
impurity-3d levels as we go to higher atomic numk&om Ni; and S at NJ. Silicon, phosporus, and sulfur are known to
Sito 9. This is due to the fact that the basis orbitals that webe embrittlers in NiA! These results therefore support the
use in this case (8 3p, and 3) all have the same principal correlation that we have obtained in the previous section that
guantum number. The difference in their levels thereforeelates the localization of the valence electrons at the impu-
originates mainly from the difference in the effective cen-rity site with the macroscopic embrittling character of the
trifugal potential[the |(I+1)r ~2 term in the radial Schko  impurity atom when it is present in NiAl.
dinger equatiohy which is independent of the atomic  Although the weak resonance in the case of Si at Al site
number!®2|n contrast, the basis orbitals that we use for theseems to defy this correlatiamote that, for reason of pre-
2p elements in Figs. 1 and 2 §22p, and 3) come from  sentation clarity, the projected-DOS curves that we show in
two different principal quantum number shells. In this casefFigs. 3, 4, and 7 have been obtained by convoluting the
in addition to the centrifugal potential, the splitting among FPLMTO DOS with a Gaussian smearing function of width
the onsite levels is also determined by the Coulomb potentisdbout 10 mRY, it should also be noted that itsl3state level
of the nucleus which increases with the atomic number. Thug Fig. 6 is much lower than the corresponding @vel for,
the 2p level decreases in concert with the Rvel while the  e.g., boron or carbon in Fig. 1. As has been pointed out in the
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previous subsection, this much-lowed Bvel exerts an “on-  and their orbital hybridization. We found that the onsite pa-
site pressure” on its lower-lying andp states against form- rameters of boron, which is the prime cohesion enhancer in
ing a wider banddue to its orthogonality with these states NiAl, are highly compatible with those of the NiAl host be-
This results in narrower bands under the Fermi level andiow the Fermi energy. In addition, its higher-lying atomic
consequently, in reduced bond order and weaker metallievels are located higher than the corresponding levels for
character of bonding around the impurity site. This may ex-a|. This allows the 2 and 2p states of boron to hybridize
plain why silicon is an embrittler in NiAl while carbon, mgre strongly with the orbitals at the neighboring atoms,
which has a similar set of onsite para_lmete_rs below the F_ern_}'brm wider valence bands centered below the Fermi energy,
energy as can be seen by comparing Figs. 1 and 6, is ignq increase the bond order. These two properties, the com-
contrast a cohesion enhancer. patibility of the onsite parameters and the relative location of
the higher-lying states of the impurity atom, have been found
IV. SUMMARY useful in understanding the electronic structure of the impu-

) ) ) rities and their effects on the cohesion in NiAl.
In this article we have performed a systematic study of

impurity hybridization in the refractory alloy NiAl. Impurity

atoms from the p rovy(B_, C, N, and Q and the row (Si, ACKNOWLEDGMENTS
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