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Electronic structure of NizAl and NiAl ; alloys: X-ray-absorption fine-structure analysis
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X-ray-absorption fine structur@XAFS) above the NK edge in NjAl and NiAl; alloys has been measured
and theoretical full multiple-scattering analysis of these data have been done. The theoretical XAFS are found
to be in agreement with experimental data. The XAFS gANand NiAl; alloys are rather different. Since the
dipole transition matrix element is not a very sharp function of the energy the experimental XAFS reflects the
averaged in space partial i unoccupied states in the conduction bands of thgANand NiAl; alloys,
showing changes in the electronic structure going frorpANio NiAl ; alloy. Theoretical partial density of
states curves calculated along the axis parallel toctiector differ from the partial density of states curves
calculated in theab plane for both alloys[S0163-182@07)01724-4

INTRODUCTION applied the multiple-scattering approach analysis in real
space in order to study the fine structure of unoccupied elec-
The NiAl and NiAl; compounds and in general nickel- tronic Ni p states in the conduction band of these alloys. Our
based superalloys, due to their unique high-temperaturtask is to study the difference between the electronic struc-
physical and mechanical properties, have been of much irtures of NgAl and NiAl; using full multiple-scattering analy-
terest in recent years because of their potential applicationsis of XAFS. The full multiple-scattering analysis has been
in advanced material technologyCurrently, this class of applied to interpret a large number of XAFS in various ma-
intermetallic alloys is being examined for use in diesel en+erials (see for a review Refs. 11 and )1But no multiple-
gine turbocharger rotors, high-temperature die and moldsscattering calculations in real space have been applied to the
hydroturbines, and cutting tools. The unique properties oftudy of unoccupied states in Al and NiAl,.
NisAl and NiAl; compounds are due, in part, to the nature of
their atomic/crystal and electronic structures. While crystal
structure of these compounds is well understood, the elec-
tronic structure of N§JAI and NiAl; has been studied both The x-ray-absorption experiments were performed on
experimentally and theoretically, but mostly in the occupiedbeamline X-11A of the National Synchrotron Light Source at
part of the electronic states. Electronic heat capacity of NiAlBrookhaven National Laboratory with the electron storage
alloys analysis has been used for the study of the density aing operating at an electron energy of 2.528 GeV and a
states at the Fermi lev@lOn the basis of the “compressed stored current in the range of 110—-300 rAData were
atoms” approach partial occupation numbers of electronicollected with a variable exit double-crystal monochromator
states have been calculated for NiAlgNi, and NiAl;.2 The  using two flat Sj111) crystals. Harmonics were rejected by
electronic structure of NiAl alloys has been investigated bydetuning the parallelism of the crystals. The x-ray intensities
using x-ray photoelectron spectrosco¥PS) spectra of va-  were monitored using ionization chambers filled with nitro-
lence band§, XPS of core(Ni 2p) levels and NiLzVV  gen gas for the incident beam and a mixture of artid?6
Auger spectrd.Al L, 3 x-ray emission bands have been mea-and nitrogen(85%) gases for the transmitted beam.
sured in a series of NiAl alloySA band-structure calcula- To minimize the effect of particle size on XAFS
tion allowed determination of the density of states as a funcamplitudes:* powdered samples were prepared by grinding
tion of energy and multielectron approximation has beenand sieving through a 2@m-size nylon screen. The fine
used for the study of hybridization of Al and Nid bands’  powder was then deposited on Kapton tape and few layers
Recently, occupied states in JA and NiAl; alloys have were stacked to give a relatively uniform thickness with an
been studied using AKL, 3V and Ni LMM Auger lines, x-ray-absorption edge jump\ux, of 1.44 for NpAl and
high-resolution XPS valence-band spectra, and theoretic@.90 for NiAl;. The room-temperature XAFS spectra were
discrete variationX« cluster calculatiot® But the lack of measured in the transmission mode. Audh-thick Ni Foil
information on the unoccupied Np states in NJAI and  (99.95% purity purchased from GoodfellowCambridge
NiAl; is a severe limitation due to the importance of theScience Park, UKwith a A ux of 1.07 was used as a refer-
unoccupied states at the bottom of the conduction band ience for energy calibration. The x-ray-absorption edge jump
order to account for the physical properties of these alloys.for each sample was kept below 1.5 in order to minimize the
In this paper, we have measured the Kliedge x-ray- thickness effect® The pre-edge background absorption was
absorption fine structuréXAFS) of NisAl and NiAl; and  determined from a quadratic fit to the data from about 300 to

EXPERIMENT AND METHOD OF CALCULATION
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TABLE I. Structure of the four-shell cluster around the central ~ TABLE IIl. The muffin-tin radii Ryt of the atoms included and

atom of Ni for NkAI (total number of atoms is 55 the muffin-tin constant¥,, of the potential used in the calculation.
Shell number Atom type Coordination number Radi&3 NizAl NiAl 5

1 Al 4 2.5212 Atom Rur (A) V, (eV) Ryt (A) V, (eV)

! Ni 8 2.5212 Ni 1.2478 —20.75 1.2291 —19.33

2 Ni 6 3.5655 ' ' ' '

3 Ni 16 43668 Al 1.0987 —20.70 1.1876 —19.26

3 Al 8 4.3668

4 Ni 12 5.0424 the muffin-tin approximation according to the Mattheiss pre-

scription with exchange parameter equal to 1.0 while con-
structing the crystal potential. Atomic-charge densities were
30 eV below the edge energy and then extrapolating over thebtained with the help of the self-consistent Dirac-Slater
entire energy range of the spectrum. An energy-independembethod.
step normalization was applied by dividing by the value of It is well known now that XAFS above th& edge of
the post-edge atomic absorption at 100 eV above the edgslid matter is generated by multiple scattering of the excited
energy. The energy resolution in the measured interval iphotoelectron within a clustdi.e., a group of atoms around
about 1.0 eV. an absorbing oneof a large size consisting of a few shells of
The algorithm of the full multiple-scattering method we atoms'® Within the dipole approximation, the x-ray-
used in this study has been described eaffialle treated  absorption coefficient(E) for theK edge is proportional to
the NiAI alloy as having ordered GAu crystal structure both partial density of unoccupied ldisymmetry states and
with a lattice constant equal to 3.5655'AThe NiAl; alloy  squared dipole transition-matrix element, i.e.,
has a lower symmetry structutéThe clusters of neighbor _
atoms around the central Ni atom were divided into shells as a(E)~|m(E)|>Ny'(E), Y
reported in Table | for the MAI alloy and in Table Il for the
NiAl; alloy. Phase shifts were calculated in the crysta
muffin-tin (MT) potential with touching MT spheres. The
muffin-tin radii and the muffin-tin constants that we have

Ihere NE”(E) is the partial density of unoccupied Ni
p-symmetry states, and

obtained according to our procedure of the muffin-tin poten- f dr @,(r,E)A(r)¥(r)
tial construction® are reported in Table Ill. We have used m,(E)= )
L 72
f dr ®(r,E)?
TABLE Il. Structure of the four-shell cluster around the central

atom of Ni for NiAl; (total number of atoms is 42 is the normalized dipole transition matrix element, where
®,(r,E) is the solution of the radial Schdinger equation at

Shell Atom Coordination A energyE for the muffin-tin potentiall =1 for theK edge,
number type number RadiugA) A(r) is the electron-photon interaction operatdfy(r) is
1 Al 2 2.4218 the Ni coreK-level wave function. In our calculation, we
1 Al 2 2.4452 have included phase shifts with orbital momentum up to 4
1 Al 1 2.4484 despite the fact that even for=3 there is almost no change
1 Al 1 2.4609 in the spectra in comparison with= 2.
1 Al 2 2.5210
1 Al 1 2.7173 RESULTS AND DISCUSSION
2 Ni 2 3.8011 In Fig. 1 we present a comparison of the experimental
2 Al. 2 3.8830 x-ray-absorption spectra above the Wiedge for NAl and
2 Ni 2 4.1044 NiAl 5 alloys. As one can see the spectra differ significantly.
2 Al 2 4.1466 To perform theoretical analysis of these changes, we used the
3 Al 2 4.2451 full multiple-scattering approach described above. The first
3 Al 1 4.2976 step in the multiple-scattering analysis of XAFS data is to
3 Ni 2 4.4205 determine the size of a representative cluster of neighbor
3 Al 2 4.4607 atoms around the absorbing Ni atom that will reproduce fully
3 Al 2 4.4625 all of the fine structure of unoccupied electronic states in the
4 Al 2 4.6669 conduction band of the alloy. As shown in Figs. 2 and 3, the
4 Ni 4 4.6721 analysis of the dependence of the main structures in XAFS
4 Al 2 4.7054 spectra on cluster size shows that the convergence with clus-
4 Al 1 4.7668 ter size is reached for a cluster with four sheHsldition of
4 Ni 2 4.8112 the next shell has not resulted in variation of the speéctra
4 Al 2 4.8376 This is not exactly true for NAI, where the addition of the
4 Al 2 4.8658 fourth shell leads to further splitting of the fine-structure de-

tails. But these new fine details disappear when one takes
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FIG. 1. Experimental x-ray-absorption spectra above th&Ni E%ERGY (e%:

edge of N{AlI and NiAl;.
FIG. 3. X-ray-absorption coefficient for NK edge of NiAk

into account all broadening factors that affect real expericalculated within clusters of different size. Each spectrum is shifted
mental spectra and tend to smear the fine details in the speglong they axis by a constant value in relation to the previous one.
tra (will be discussed later in the téxtTherefore, XAFS The zero of the energy scale is chosen at the average interstitial
calculations to be compared with experimental data werdotential(i.e., muffin-tin zero Vo of the Ni atom. All spectra were
performed by using this cluster size. obtained within the full multiple-scattering formalism.

Another factor (beyond phase shifts and cluster local
structure that determines the XAFS in the multiple- dipole transition-matrix elemerim, (E)|? as a function of
scattering formalism is the transition-matrix elemégi. energy for both the ground-state potentighrelaxed and
(2)] that influences the relative intensity of XAFS features.the potentia| inc|uding the core-hole effe(¢e|axed corre-
In the previous section, we have shown thatkhedge x-ray  sponding to the x-ray-absorption process for both alloys. As
absorption in the dipole approximation is proportional to theone can see in the energy interval close to the absorption
partial density of unoccupied Ni states in the conduction threshold the squared dipole transition-matrix element shows
band of the aIon. So, if the coefficient of proportionality an energy dependenwrong enough in the energy interval
(namely, the dipole matrix elemefiEqg. (2)]) is not a very  from the main edge up to about 40 e&hd cannot be treated
sharp function of energy, as it is in the present case in thas a constant. However, the difference in the squared dipole
energy interval above 40 eV, one can to a first approximatiofransition-matrix element between the relaxed and the unre-
study the details of the partial density of states, averaged itaxed cases is not very significant in this case. In addition,
real space, by analyzing the fine structure of the x-ray-
absorption spectra. In Figs. 4 and 5 we present the squared
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FIG. 2. X-ray-absorption coefficient for NK edge of NjAl FIG. 4. Energy-dependent squared dipole transition-matrix ele-

calculated within clusters of different size. Each spectrum is shiftednents, corresponding to the dipole Ns-3¢p electronic transition
along they axis by a constant value in relation to the previous one.in NiAl; for the ground-state potential of the central at@mre-
The zero of the energy scale is chosen at the average interstitildxed and taking into account the core-hole effect in the 1
potential(i.e., muffin-tin zerg V, of the Ni atom. All spectra were approximation (relaxed (unrelaxed, dashed line; relaxed, solid
obtained within the full multiple-scattering formalism. line).
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FIG. 6. Comparison of experimental and theoreticalkNedge

FIG. 5. Energy-dependent squared dipole transition-matrix eleXAFS of NizAl. Theoretical spectrum is calculated taking into ac-
ments, corresponding to the dipole N§-1: ep electronic transition  count all of the broadening factors and Fermi distribuiisee text
in NisAl for the ground-state potential of the central at¢omre-
laxed and taking into account the core-hole effect in the 1 edges the core hole effect is significdht?
approximation (relaxed (unrelaxed, dashed line; relaxed, solid  Our theoretical approach lets us calculate the curves of
line). the partial Nip density of states in the direction parallel to

the ¢ crystallographic vector and parallel to tladd plane.
there is not a large difference between the matrix elements dfhe results of such calculations are presented in Figs. 8 and
NizAl and NiAls. 9. As one can see, these partial density of states curves are

In order to perform the direct comparison with experi- different along these two directions for both alloys.
mental data one must take into account two factors: the fill-
ing of occupied states following the Fermi distribution and CONCLUSIONS
the broadening of experimental spectra according to three
factors: the core-hole lifetime, the finite mean-free path of We have applied a joint approach: experimental x-ray-
the photoelectron, and the experimental resolution. We havabsorption fine-structure measurements and their theoretical
used for theK core-hole bandwidth the value of 1.44 &Y, analysis on the basis of full multiple-scattering theory to
for the mean-free path of the photoelectron we have takeftudy the peculiarities of the electronic structure ofAli
the energy-dependent function obtained in Ref. 19, and fofnd NiAl alloys. The theoretical XAFS above the Kliedge
the experimental energy resolution we used the value of 1.0f NizAl and NiAl; alloys calculated in the one-electron full
eV. We treated all of these factors as contributing to the
imaginary part of the self-energy term that we use.

In Figs. 6 and 7 we present a comparison of experimental
and theoretical NiK-edge XAFS of NJAI and NiAl;, re- T
spectively. The theoretical spectra were calculated taking
into account all of the broadening factdee aboveand the
Fermi distribution. As one can see the agreement of theoret-
ical results with experimental data is good enough for both
alloys. Strictly speaking one must compare experimental
data with theoretical calculation in relaxed potentiaé.,
taking into account the presence of the core hdléis pro-
cess was treated in the+ 1 approximationt? As one can see
from Figs. 6 and 7, theoretical XAFS calculated in both the
ground-state(unrelaxed and theZ+1 (fully relaxed ap-
proximation, for the case of the Ni-edge absorption spec-
tra, do not differ significantly(especially after taking into
account all of the broadening factpmsnd both of the theo-
retical spectra are close to the experimental ones. Some small o1 T T 1 ' T T 1T '

0.5 —

EXPERIMENT

0.4 —

4 SHELLS (unrelaxed)

0.3 —

4 SHELLS (relaxed)

ABSORPTION (arb. units)

0.2

changes in relative intensity arise from the difference in the 0 20 P 89 80 100
. L : : NERGY (eV)
dipole transition-matrix elements calculated in the unrelaxed
and the fully relaxed potentialésee Figs. 4 and)5 This FIG. 7. Comparison of experimental and theoreticalkNedge

situation is more or less general: for tHeedges the contri-  XAFS of NiAl,. Theoretical spectrum is calculated taking into ac-
bution of the core hole is rather sm&8llwhile for theL,5  count all of the broadening factors and Fermi distributisee text
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FIG. 8. The curves of Nip unoccupied projected density of
states in the direction parallel to thab plane (dotted ling and
parallel to thec axis (solid line) in NizAl.

FIG. 9. The curves of Nip unoccupied projected density of
states in the direction parallel to theb plane (dotted ling and
parallel to thec axis (solid line) in NiAl 5.
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