PHYSICAL REVIEW B

VOLUME 49, NUMBER 20
Correlation effects in x-ray spectra of Ni and Ni in Ni;Mo
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An estimation of factors which can cause significant many-body effects in x-ray spectra of a given ma-
terial is very important for understanding the physics behind these effects. In the present study this
problem has been approached using the example of the x-ray emission spectra of elemental Ni and Ni in
Ni;Mo. The spectra were calculated within the one-electron model on the basis of partial density of
states obtained by various methods, namely the tight-binding method, the linear-muffin-tin-orbital
method, and the method of local spherical waves. The coherent-potential-approximation method suit-
able for random materials was additionally considered for Ni;Mo. In the case of elemental Ni, the one-
electron model fails and all applied methods result in an emission spectrum about 1.2 eV broader than
the experimental spectrum. This discrepancy is not dependent on the method of calculation. For
Ni;Mo, all the considered methods provide the correct basic shape of the L, spectrum, and calculated
spectra differ only in details of the intensity distribution. The addition of a second element (Mo) leads to
the increase of the Ni-Ni distance that results in reduction of the many-body effects. The observed
broadening of the Ni spectra from Ni;Mo as compared with the spectrum of elemental Ni is due to the
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decrease of the correlation effects.

I. INTRODUCTION

X-ray emission spectroscopy (XES) is the oldest
method used for studying the electronic structure of met-
als and alloys.! A particular advantage of XES is that, in
the case of alloys and compounds, this technique projects
the local density of states (LDOS) at the site of an emit-
ting atom. Furthermore, the XES method is especially
suitable for studying the electronic structure of bulk ma-
terials because of the deep penetration of the x-ray signal
in contrast with photoelectron spectroscopy. The disad-
vantage of XES is that the emission takes place in the
presence of a hole in the inner shell; in the final state the
hole in the outer shell is left. The convolution of the nat-
ural width of the inner shell with the density of states
(DOS) smooths the fine structure. In many cases the
presence of a hole does not practically influence addition-
ally the distribution of valence DOS.

Generally, the one-electron model successfully de-
scribes the x-ray emission spectra for many materials.
However, in some particular cases, when many-body
effects take on an important role, this model fails. A
well-known example is the case of the emission spectra of
nickel.>* This was also observed and widely discussed in
literature for Ni photoelectron spectra.* The photoelec-
tron emission happens in the absence of an inner-shell
hole. Therefore the presence of the inner-shell hole is not
combined with this effect. In both spectra the final state
has a hole in the valence band. It indicates that interac-
tions between this hole and a valence electron is responsi-
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ble for narrowing the recorded Ni spectra. The question
arises as to what can change the importance of many-
body interactions in a given material. In the present
study the x-ray emission spectra of Ni from Ni;Mo were
analyzed to address this question.

The binary Ni-Mo system belongs to the class of alloys
with a limited solid solubility.> Up to 25% of Ni atoms
can be substituted with Mo atoms in the fcc lattice of
nickel. For higher Mo content, a phase transition takes
place or a phase mixture appears. In the Mo concentra-
tion range from 20 to 70 at. % an amorphous phase can
be easily formed.® Furthermore, the Mo/Ni multilayered
samples exhibit very promising properties.” NiMo has
also been formed by mechanical alloying.?® At the limit of
solid solubility Ni;Mo can be crystallized by special heat
treatment in the random face-centered-cubic (fcc) struc-
ture or in a long-range-ordered orthorhombic structure
(ort.). The melting point of the Ni-Mo system is close to
1700 K (1588 K for Ni;Mo). This resulted in wide appli-
cation of Ni-Mo alloys in the production and protection
of industrial tools. The alloys discussed are thus a very
stimulating model material for studying the atomic pro-
cesses, and very interesting from the point of view of
commercial applications.

The description of crystal structure in alloys is com-
plex, and depends on the degree of ordering. The statisti-
cal ordering, which is visible in x-ray diffraction experi-
ments, can differ from the local ordering.>!° To calcu-
late the electronic structure, one should assume the mod-
el of structure and occupancy in atomic positions.
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Nowadays a number of methods is available for comput-
ing the electronic structure. The methods applied in this
paper differ in the form of the Hamiltonian used and the
accuracy of the computation. We chose fluorescence
spectroscopy as a method with sufficient reliability to
check the calculations.

XES is a unique method enabling the testing of the
partial density of states for each component separately,
and can provide information about the full valence-band
width. In this paper we address the problem of the occu-
pied states. A discussion of the structure of unoccupied
valence states together with relevant experimental results
[x-ray-absorption spectroscopy (XAS) and bremsstrah-
lung isochromat spectroscopy (BIS)] has already been
presented elsewhere.!! The correlation effects appear
unimportant for K absorption, and isochromat spectra
for elemental Ni and for the Ni;Mo alloy.

The experimental details of measurements of the
fluorescence Ni spectra are given in Sec. II. Several
theoretical methods used to calculate the local partial
DOS and total DOS for elemental Ni and Ni in the alloy
considered are briefly presented in Sec. III. The DOS ob-
tained by different methods were the basis for calcula-
tions of the Ni x-ray L, emission spectra within the one-
electron model. A comparison of the calculated and
measured spectra for elemental Ni and Ni in NizMo al-
loys is reported in Sec. IV. This comparison enables us to
identify the influence of correlation effects on the shape
of Ni-emission spectra. We discuss also the importance
of the two-vacancy satellite and self-absorption. Finally,
in Sec. V a short summary is presented.

II. EXPERIMENT

The polycrystalline Ni;Mo samples were prepared
from high purity Goodfellow metals by repeated arc
melting of a weighed amount of materials in a helium at-
mosphere. An x-ray microprobe was used to check the
chemical composition at several different regions of the
samples. The samples were found to be homogeneous.
The ingots were cut into 0.5-1.0-mm thick slices. The
crystal structure of the Ni;Mo samples were formed by
special thermal treatment. The fcc random structure was
created by annealing for one week in a vacuum of 10~°
Pa at a temperature of 1273 K, and then quenching to
room temperature. To establish the orthorhombic long-
range-ordered structure, the samples were annealed for
four days at a temperature of 1013 K.

The structures were determined by x-ray diffraction.
No traces of foreign phases were detected in the random
samples. The fcc lattice parameter was estimated to be
equal to 3.630(4) A. The parameters of the orthorhombic
structure of the ordered sample were found to be equal to
a=5.066(6) A, b=4.227(3) A, and c=4.457(4) A.
Within the limits of error, these values correspond to
data presented in the literature.5 Small traces of tetrago-
nal phases were detected in this sample. The long-range-
order coefficient was estimated to be better than 0.88.

A single-crystal fluorescence spectrometer equipped
with a RAP (C{gH,O,R) crystal was used to measure the
Ni L, emission spectra. The energy resolution of the
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recorded spectra was equal to 0.5 eV. The radiation
source used to excite the L, spectra was a copper anode
x-ray tube operating at 8 kV and 195 mA.> A gas flow
proportional counter was used as a detector. The spectra
were recorded at 0.1-eV steps. The time chosen for mea-
surement was identical at each step, and provided at least
2000 counts at maximum, after linear subtraction of the
background. The statistical error of counts was slightly
larger than the size of the point marked in the figures.
The spectra for each sample were recorded repeatedly at
least three times, and were found to be well reproducible.
A linear background was subtracted from each spectrum.
No further data corrections were performed.

III. ELECTRON BAND-STRUCTURE
CALCULATIONS

A. Tight-binding approximation

The tight-binding d-band model was used to calculate
the d-DOS for Ni. This model was adopted to calculate
the d-LDOS and total density of states (TDOS) for alloys
under the assumption of the L 1, and orthorhombic types
of unit cells.'>!* Annealing the random Ni;Mo alloy at a
temperature below 740 °C results in the appearance of an
orthorhombic close-packed structure (ort.) which belongs
to the space group Pmmn (D3;).>'* The unit cell con-
tains eight atoms in the following Wyckoff positions:

Mo 2a (0,0,z,) with z,=1+z ,

Ni 26 (0,1/2,z,) with z,=1—z, ,
Ni 2f (x,0,z,) with z,=0.0157 and x =1 .

These data were the relevant input parameters for tight-
binding d-band calculations. The values of parameters
ddo, ddm, and ddd (Ref. 12) were calculated using the
Pettifor formula.!> The Wigner-Seitz sphere radius and
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FIG. 1. The d-LDOS and TDOS calculated by making use of

the tight-binding d-band model for L1, and orthorhombic
structures of the Ni;Mo alloy.
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the effective mass were taken from Andersen and Jep-
sen.!'® The TDOS and LDOS were calculated using the
tetrahedron method.!” Values of the atomic potentials
were determined self-consistently to satisfy the charge-
neutrality condition at each atomic site. The charge-
neutrality condition for the Mo-Ni system was confirmed
experimentally by the x-ray emission study® and the x-ray
photoelectron study.'® As a result of the charge neutrali-
ty, the high-energy part of the DOS (antibonding orbitals)
is due mainly to the Mo d bands, and the low-energy part
(bonding orbitals) is due to the Ni d bonds (Fig. 1).

B. Localized spherical-wave method

The electron band-structure calculations for Ni and for
the Ni;Mo alloy, assuming L 1, and orthorhombic struc-
tures, were also performed using the localized spherical-
wave (LSW) method. !’

The scalar-relativistic Hamiltonian (spin-orbit interac-
tion not included) with exchange and correlation effects
treated within the local- (spin-) density approximation us-
ing the (spin-polarized) Hedin-Lundqvist parametrization
was assumed in this method. Self-consistent calculations
were performed, including all core electrons and a
minimal basis set of augmented spherical waves (SW’s),
for the valence electrons containing 5s-, 5p-, and 4d-like
functions for Mo, and 4s-, 4p-, and 3d-like functions for
Ni. The calculated DOS was used for the computation of
x-ray emission spectra in which the hole lifetime smooths
the details of the DOS distribution. Therefore the self-
consistent iteration was carried out with only 65 k points
uniformly distributed in an irreducible part of the Bril-
louin zone (IBZ) which is equivalent to 343 points in the
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FIG. 2. The LDOS and TDOS calculated by making use of
the LSW method for L1, and orthorhombic structures of the
Ni;Mo alloy.
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whole BZ. In Fig. 2 we show the local partial DOS of the
L1, and orthorhombic structures for the Ni;Mo alloy.

C. Linear-muffin-tin-orbital method

The linear-muffin-tin-orbital (LMTO) method® was
used to calculate the electronic band structure for ele-
mental Ni and for the Ni;Mo alloy under the assumption
of an L1, type of order, and taking into account valence
electrons of all symmetries. The exchange and correla-
tion interactions were treated within the local-density ap-
proximation using the Barth-Hedin parametrization.
Relativistic effects, except for spin-orbit coupling, were
included in these calculations. We treated the outermost
s, p, d, and f electrons as the valence states, while the
charge density of the remaining electrons was kept fixed
(the frozen-core approximation). In the self-consistent
procedure, the diagonalization of the LMTO Hamiltoni-
an was performed only at 35 k points in an irreducible
part of the Brillouin zone. The loss of accuracy in this
computation does not appear to affect the agreement be-
tween calculated and measured spectra, as discussed in
Sec. IV (Fig. 6). The s +d-LDOS of Ni and TDOS for
the L 1, structure calculated by the tetrahedron method'’
are shown in Fig. 3(a).

All calculations provided a similar shape for DOS dis-
tribution, except for the lack of the s states in the TB
model, and some changes in the intensity of some details
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FIG. 3. (a) The LDOS and TDOS calculated by the LMTO
method for the L1, structure of the Ni;Mo alloy. (b) The
LDOS and TDOS for random Ni;Mo alloys calculated by mak-
ing use of the CPA approximation for parameters Wy =4.72.
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of the DOS structure which are too fine to be probed by
XES.

D. Coherent-potential approximation

Considering the random fcc structure of the Ni;Mo al-
loy, we assumed two limiting cases: (i) the L1, type of
unit cell, and (ii) no preference for the Mo- or Ni-atom
positions in the fcc unit cell. To calculate the d-LDOS
and total TDOS in the second case, the coherent-
potential approximation (CPA) (Ref. 21) was applied to
the tight-binding model, in which the transfer integral as
well as the atomic levels depends on the atomic species
occupying the sites of the lattice.?

Velicky, Kirkpatrick, and Ehrenreich?® have proved
that the CPA is the best possible approximation within
the so-called single-site approximation. The main concept
of this approximation is based on defining a certain
effective ordered system with corresponding effective po-
tential functions which can be located at each site in the
alloy and used to solve the Schrodinger equation. The
best choice for the unknown effective coherent potential
is then obtained by satisfying certain constraints. This
model was used in calculations of the Ni;Mo random-
alloy electronic structure. The dimensionless parameter
wp describing the transfer integrals between atomic sites
[proportional to ddo (Mo-Mo)/ ddo(Ni-Ni)] (Ref. 23)
was chosen to be equal to 4.72.%* The separation between
atomic levels was determined to satisfy the charge neu-
trality condition at each atomic site. In order to deter-
mine the Fermi energy, we assumed that the number of d
electrons of Ni and Mo atoms is equal to 9.08 and 5.07
per atom, respectively.?*

The results of the calculations are presented in Fig.
3(b). Comparing the DOS for disordered and ordered al-
loys, one can note the broadening of the band and
smoothing of many details. The pronounced antibonding
Mo d states located in ordered structure between O and 2
eV (up to three states per atom per eV) in disordered al-
loys are flatter (0.7 state per atoms per eV) and extend up
to 5 eV. In the Ni bonding states, the maximum near the
Fermi level disappears, and all states are shifted in the
direction of zero energy. The disorder reduces the locali-
zation of the states.

IV. RESULTS AND DISCUSSION

The measured emission spectra of Ni in a Ni-Mo alloy
are broader than for elemental Ni.? This effect is in
disagreement with the theory of alloys.?*”%’ The in-
crease of Ni-Ni distances is expected to result in a
stronger localization of the d-like states of Ni atoms, thus
leading to the narrowing of the valence band. The
broadening of the Ni spectra from alloys compared with
elemental Ni spectra have also been observed earlier in
Ni-Fe alloys.?® Our considerations may help in under-
standing the above effect.

The results of Ni DOS calculations were the basis for
the estimation of the shape of L, Ni spectra. According
to the dipole selection rule, the assumption is made that
the transition of the d- and s-like symmetry valence elec-
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trons to the hole at the 2p; , level creates the basic L, ,
emission line. The spectra were calculated within the
one-electron model. The lifetime width of the hole in the
2p;,, core level and the final-state lifetime was approxi-
mated by the Lorentzian function with the energy-
dependent full width at half maximum (FWHM) equal to
0.8 + 0.1 X E (eV).?° The instrumental function was es-
timated to be the Gaussian function with the FWHM
equal to 0.5 eV.

These two phenomena broaden the LDOS distribution
during the creation of x-ray valence emission spectra.
The LDOS distribution was thus convoluted with the
above-mentioned broadening functions. Additionally,
the intensity distribution at the high-energy side of the
experimental L, spectra can be influenced by the self-
absorption®® and the satellite.’! The intensity in the sa-
tellite line is derived from the multiple vacancy states, set
up by radiationless Auger transitions from L, and L, ini-
tial states. The only way to avoid this satellite is to keep
the energy of primary radiation below the energy of exci-
tation of the 2p,,, (L,) level, which was not possible in
our experimental arrangement. Nevertheless, in many
cases, the satellite is sufficiently suppressed by self-
absorption, and these two effects appeared to balance in
our case. The self-absorption process depends on the
geometry of spectra excitation. This geometry was opti-
mized during the experiment to provide the largest inten-
sity of the recorded spectra, and later was kept the same
for all samples. Only the low-energy edge of the experi-
mental spectra is completely free from additional effects.
The calculated spectra were not corrected for these two
effects.

The elemental Ni DOS and experimental and calculat-
ed Ni L, spectra are presented in Fig. 4 for all methods
of calculation. The intensities of the calculated and ex-
perimental spectra were normalized at the maximum.
Spectra were matched to have the best agreement, and
the position of zero energy in the experimental spectrum
was selected at the same point as for the calculated spec-
tra. The exact estimation of the Fermi-level position in
experimental x-ray emission spectra is not a trivial task. *?
Usually x-ray-absorption spectra are helpful in estimating
this position.33 In our case, we concentrated on the
overall shape of spectra for which the precise position of
the Fermi level is not so important. Our results are simi-
lar to these presented, e.g., by Szmulowicz and Pease.**
The spectra calculated for elemental Ni are about 1.2 eV
broader than the width of the experimental spectrum,
and this difference does not depend on the method of cal-
culation used and similar discrepancies were observed in
Ni photoelectron spectra.* Correlation effects are respon-
sible for this discrepancy. These effects were accounted
for by Kleinman,” and experimentally estimated by
Starnberg and Nilsson.?® This problem is documented in
the literature, and therefore we concentrated on the ques-
tion of the degree to which correlation effects influenced
the Ni spectra from the alloy.

Comparisons of the experimental L, spectrum for the
random Ni;Mo alloy, with spectra calculated on the basis
of the CPA d-LDOS, are presented in Fig. 5(a). The cal-
culated spectrum (full line) is about 0.5 eV broader at the
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FIG. 4. The LDOS of Ni (left-hand panel); the experimental
L, spectrum of elemental Ni (dotted line); and results of the Ni
spectrum calculation (solid line) on the basis of d-LDOS from
(a) the TB method and Ni d +s-LDOS from (b) LMTO and (c)
LSW methods (right-hand panel).

top than the experimental spectrum (dotted line). In the
experimental spectrum we do not observe such a large
delocalization of the states caused by disorder as appears
in the CPA calculation. The presence of short-range or-
der in the random Ni;Mo alloy may be the explanation
for the observed difference between calculated and exper-
imental spectra.

To use methods applicable to ordered systems, an as-
sumption of the L 1, structure was made. The L, spectra
calculated on the basis of the d-LDOS, resulting from the
tight-binding d-band model, and on the basis of the
d +5-LDOS resulting from LMTO and LSW methods,
are compared with the experimental spectrum of random
alloy in Figs. 5(b), 5(c), and 5(d), respectively. The spec-
tral calculated on the basis of the d-LDOS in the TB
model show the correct width, but the low-energy side is
not described properly. The lack of the s-LDOS in these
calculations is the reason for this discrepancy. The best
agreement was obtained when the spectrum was calculat-
ed on the basis of the d +s-LDOS, resulting from the
LMTO and LSW methods under an assumption of L1,
ordering in the so-called random alloy. The increase in
accuracy of calculations from 35 k points in LMTO to 64
k points in an irreducible part of the Brillouin zone in
LSW does not influence the overall agreement of calculat-
ed and experimental spectra. The natural width of the
core level smooths the details in the LDOS structure.
However, the width of the calculated spectrum at the top
is still somewhat smaller than the width of the experi-
mental spectrum. This can be correlated with the devia-
tion from assumed order in the occupancy of atomic posi-
tions in the random alloy, which was not taken into ac-
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count by the LMTO and LSW methods. The above ob-
servation indicates that even in the so-called random al-
loys some local order in positions of neighboring atoms
exists. The general structure of the valence band is
influenced mostly by the first-neighbor atoms. All models
of DOS calculations provide the correct basic shape of
the L, spectrum. Computed spectra differ only in details
of the intensity distribution. The correlation effects are
not important in the case of the Ni spectra recorded for
the alloy. The addition of a second element (Mo) leads to
an increase of the distance between Ni atoms (2.49 A in
elemental Ni, and 2.567 A in the Ni;Mo alloy), which re-
sults in the reduction of many-body effects. The observed
broadening of the Ni spectra from alloys, as compared
with the spectrum of elemental Ni, is due to the reduc-
tion of the correlation effects.

The agreement of the high-energy side of calculated
and measured spectra is also satisfactory. Good agree-
ment of the high-energy side of spectra indicate that the
geometry chosen for the excitation was correct, and that
the self-absorption sufficiently suppressed the satellite in-
tensity.

We now consider the influence of the unit-cell symme-
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FIG. 5. The LDOS of Ni (left-hand panel); the experimental
Ni L, spectrum for random Ni;Mo alloys (dotted line); and re-
sults of L, spectra calculations (solid line) on the basis of the Ni
d-LDOS from (a) CPA and (b) tight-binding (TB) methods and
the Ni d +s-LDOS from (c) LMTO and (d) LSW methods
(right-hand panel).
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FIG. 6. (a) The results of LSW calculations of the d +s-
LDOS for L1, (solid line) and orthorhombic structures (solid-
crossed line) of Ni;Mo alloys (upper panel); the Ni L, spectra
calculated on the basis of these DOS (in the middle), and the ex-
perimental Ni L, spectra for random (dotted line) and ordered
(solid-crossed line) orthorhombic Ni;Mo alloys (lower panel).
(b) The results of TB calculations of the d-LDOS for L1, (solid
line) and orthorhombic structures (solid-crossed line) of Ni;Mo
alloys (upper panel); the Ni L, spectra calculated on the basis of
these DOS (in the middle), and the experimental Ni L, spectra
for random (dotted line) and ordered (solid-crossed line) ortho-
rhombic Ni;Mo alloys (lower panel).

try and thus the number and distances of Ni nearest-
neighbor atoms on the magnitude of the correlation
effects. The ordering of the Ni;Mo alloy results in the
formation of an orthorhombic structure with eight atoms
in the unit cell (12 atoms in the fcc unit cell). The d-
LDOS of Ni for the ordered alloy was calculated by the
TB d-band model, and the s +d-LDOS by the LSW
method. The Ni L, spectra were calculated in a manner
similar to that above. Both methods lead to spectra
which are in agreement with the experiment (cf. Fig. 6).
Comparing the fine structure of calculated and experi-
mental spectra for L1, and orthorhombic crystal struc-
tures, one notices that the peak is broader and the inten-
sity at the Fermi level is sharper for the orthorhombic
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structure than for the L1, structure. This indicates that
the change in the number and distances of atoms in the
unit cell around the emitting Ni atom leads to a redistri-
bution of valence d-like electrons near the Fermi level.
However, the rearrangement of atoms around an emitting
Ni atom does not change the significance of correlation
effects in the Ni-emission spectrum.

V. SUMMARY

We have presented studies of the LDOS for elemental
Ni and Ni in random and ordered Ni;Mo, using several
methods of calculation, and a comparison of the results
with experimental L -emission spectra of Ni. The ob-
served broadening of Ni spectra from alloys, as compared
with the spectrum of elemental Ni, is due to the reduc-
tion of correlation effects. The addition of a second ele-
ment (Mo) leads to increased Ni-Ni distances, which re-
sults in the reduction of the magnitude of many-body
effects. The CPA method was used to calculate the
LDOS for random alloys under the assumption of statisti-
cal occupancy of the sites by Ni and Mo atoms in the fcc
unit cell. The spectrum resulting from these calculations
is too broad at the top, and the intensity at the low-
energy side of the spectrum is underestimated. This indi-
cates the presence of some short-range order in the alloy.

The TB, LMTO, and LSW methods were used to cal-
culate the LDOS in the alloy, under the assumption of an
L1, structure. The TB d-band model provides a spec-
trum with the proper width, but the intensity at the low-
energy side is underestimated. This is a consequence of
the lack of a delocalized s-LDOS in this model, and indi-
cates the importance of the s states in the creation of L,
Ni spectra. The best agreement of the spectra was found
for the LMTO and LSW methods.

The change in atomic order and distances in the unit
cell around the emitting atom leads to a redistribution of
the valence d-like electrons near the Fermi level. This is
predicted correctly by the theoretical models, and is also
observed in the L, Ni-emission spectra. The change in
the atomic order and distances in the unit cell around the
emitting atom does not influence the significance of the
correlation effects on L , Ni-emission spectra.
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