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X-ray absorption and emission K and L spectra for solid Ni were calculated using the band structure and
wave functions obtained from our augmented-plane-wave program. High spectral resolution and accuracy
were achieved by a careful treatment of the Ni potential, band structure, wave functions, dipole matrix
elements, k-space integrations and interpolations, and broadening due to core level widths; however, core-
hole many-electron effects on the final-state wave functions were not included. Measurements of nickel K
and L absorption-edge spectra were carried out using a two-crystal spectrometer, and the resulting spectra
were corrected for instrumental window effects. The experimental and theoretical absorption spectra show
excellent overall agreement with respect to positions and strengths of corresponding structures although, at
threshold, the experimental K edge is somewhat rounded and the experimental L edge enhanced, relative to
the corresponding theoretical spectra. For the case of the emission spectra, the calculated L spectrum is
considerably broader than would be indicated by most of the experimental x-ray valence-band results.

I. INTRODUCTION

Absorption and emission spectra provide a meth-
od for probing many aspects of the unoccupied and
occupied states, respectively, or materials: the
selection rules for x-ray processes allow an in-
vestigation of separate angular momentum com-
ponents of the total density of states. The experi-
mental x-ray spectra provide rich structure typi-
cally over a 20-30-eV range which yields informa-
tion for semiempirical adjustment of potentials
used in band calculations, as in the scheme of
Chen and Segall.! Comparison of theoretical band-
structure calculations with experiment provides an
additional method for testing the limits of validity
of one-electron calculations for both ground- and
excited-state properties of solids; such compari-
sons can be used to evaluate the contribution of
many-body effects to the spectra so as to facilitate
the testing of many-body theories.

While emission spectra have been the subject of
many calculations, there has not been a corres-
ponding effort in the calculation of absorption spec-
tra. The few systems that have been studied in-
clude Al by Szmulowicz and Segall,” Mg, Na, Li by
Gupta and Freeman,®and Ca,*Ni,* TiFe,® V,” NbC,’
TiNi,” and V,Si,” by Papaconstantopoulos and co-
workers. Whereas the nearly-free-electronabsorp-
tion spectra of Mg, Na, and Liwere calculated out to
afew eV above threshold in order to exhibit one-elec-
tron effects uponthe spectra, we are interested in
testing predictions of band calculations over a
larger energy range in a transition metal having
unfilled 3d states.

For Ni metal, there has been one previous cal-
culation of the x-ray absorption spectra.® Our cal-
culation represents an improvement over that of
Nagel et al. in the following ways: we identify

structure in the spectrum and have a higher spec-
tral resolution. We have included no adjustable
hot-electron broadening corrections in our calcula-
tion. Although such corrections are undoubtedly
important for the highly excited states above the
Fermi level, we obtain generally good experi-
mental-theoretical agreement using core-hole
broadening alone. Brillouin-zone sums are done
in our work using a very accurate Gilat and Rau-
benheimer (GR) method® whereas Nagel et al. use
a Monte Carlo technique with 2000 points in the
zone. Finally, and perhaps most important to the
accuracy, is the interpolation technique. We use a
universally applicable K+ P scheme instead of rely-
ing on a QUAD polynomial interpolation method.
Enumerating other details of the calculation, we
note that we used the result of our augmented-plane-
wave (APW) program for paramagnetic Ni. The
3d°+*4s°-° configuration was used as in the calcula-
tions by Stocks, Williams, and Faulkner.’ Energy
bands and wave functions were obtained at 89
K points in the Brillouin zone, in a 4-Ry
range above the conduction-band minimum,
and each state was decomposed into its angu-
lar components. Matrix elements of the mo-
mentum operator between all states in the
4-Ry range and between 1s, 2p and conduction
states were computed using the APW wave func-
tions. The bands and other relevant quantities
were interpolated to a 3123 GR mesh using the
k- P method and k-space integrations were done
using the GR method which is relatively noiseless
as compared to the Monte Carlo technique. The
absorption spectra are given in absolute units al-
lowing the testing of oscillator-strength computa-
tions by comparing the magnitude of the calculated
spectra with experiments. We finally compared the
theoretical calculations with K and L absorption-
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edge measurements performed on the same two-
crystal spectrometer with appropriate corrections
made for instrumental distortions.

In Sec. II, the results of the APW calculation for
bands, wave functions, partial charge densities,
and oscillator strengths are given. Section III con-
tains the discussion of K-space integration and in-
terpolation methods used in this calculation as well
as general comments about computations of the
density of states, Fermi energy, linear absorption
coefficient, emission spectra, and partial charge
densities. In Sec. IV the computed spectra are
presented and analyzed; structures in the spectra
are assigned to various symmetry levels. Spec-
trum broadening is discussed in Sec. V and experi-
mental methods are presented in Sec. VI. Core-
level broadened computed spectra are compared
with experiments in Sec. VII and are followed by
our conclusions.

II. BAND STRUCTURE

The band structure of Ni has been calculated by
several authors.®°"2* Except for the calculation
by Nagel et al. all others were done in the energy
range up to about the Fermi level. The ferromag-
netic Ni calculations of Connolly (APW),'® Callaway
and co-workers (GTO)'*"22 were done using the
“spin-polarized” method. The very extensive
treatment of Callaway and co-workers included
self-consistent iteration of the band structute,?* %
adjustment of the exchange coefficient a,**'% in-
clusion of the spin-orbit coupling®’ and calculations
of the Fermi surface cross sections,'®~?? density
of states,’®~?? charge and spin densities,?**** con-
tact charge densities,?? spin and charge density
form factors,?® 22 and the magneton number.'?~%2
Additionally, Williams, Janak and Maruzzi,*® and
Wang and Callaway?! have computed the optical
spectrum for the paramagnetic and ferromagnetic
Ni, respectively.

In our calculation we used the symmetrized ver-
sion of the APW method (SAPW) to solve the secu-
lar equation at 89 K points in the irreducible wedge
of the Brillouin zone in a 4-Ry range above the
muffin-tin zero. In constructing the secular equa-
tion, the ! summation, corresponding to the spher-
ical harmonics expansion of the wave function in-
side the muffin-tin radius in spherical harmonics,
was carried up to I max=10. The variational expan-
sion of the total wave function in terms of aug-
mented plane waves included reciprocal-lattice
wave vectors K;, up to |K,| =K+K; such that |K;|r,,
<17.42, where 7, is the muffin-tin radius. The
above limits determine the convergence of the
eigenvalues and, according to the rules developed
by Switendick, are supposed to produce d bands

converged to within 0.001 Ry.**

We used the Ni potential that was constructed by
Stocks, Williams, and Faulkner for their work on
NiCu alloys.® Stocks et al. constructed the poten-
tial from the atomic Ni charge densities that were
obtained from a slightly modified version of the
Herman and Skillman®® program (no Latter cutoff
plus logarithmic radial mesh) using a 3d° *4s°-°
atomic configuration for Ni. This configuration
was proposed for the theoretical study of paramag-
netic Ni for comparison with experiments per-
formed on ferromagnetic Ni. This atomic struc-
ture was designed to simulate the occupation of
electronic levels in the ferromagnetic phase of Ni.
As x-ray emission and absorption spectra are
rather insensitive to the small exchange splitting
of the conduction bands, the above configuration
represents a reasonable approximation to the real
system. The Ni crystal potential was then con-
structed by a superposition of the atomic charge
densities according to the prescription of Mat-
theiss.?®

Figure 1displays the energy versus wave-vector
plots for Ni, ina 4-Ry range, along important symme-
try directions. Our energy eigenvalues agree with
the corresponding eigenvalues of the KKR calcula-
tion of Stocks et al. to within 0.001 Ry. The ener-
gy-band plot, Fig. 1, exhibits the familiar narrow
d bands and the hybridization with s-p bands. The
Fermi level is at Ex=0.678 Ry, resulting in some
empty d bands such as the X, and W/ levels. Note
the existence of rather flat bands above Ey which
will figure in the subsequent analysis of structure
in the density of states and the K and L absorption
of Ni. Most important of these are A,(T',~X,)
whose character goes from f-like at I'j to d-like
at Xi, Z,[X,(s,d)=Wi(p,d)], @,[W,(p,aq)

- L(s,d)], and Q,[W,(p,d)—~ L,(d)]. Another fea-
ture of the bands relevant to the analysis of the
frequency spectra is the occurrence of minima and
maxima of bands along symmetry lines. These
arise primarily as a consequence of the interaction
of bands belonging to the same irreducible repre-
sentation of the point group of the wave vectors on
the symmetry axes, and due to hybridization. An
inspection of Fig. 1 reveals that several such mini-
ma and maxima occur along the symmetry lines of
fcc Ni. Additionally, we have identified several
band extrema on symmetry planes of the Brillouin
zone.

It is interesting to note that the energy bands of
Ni above the 3d region exhibit qualitative features
characteristic of s,p bands (here 4s, 4p) of the
nearly-free-electron metals like A1(3s%3p!). And
apart from some modifications due to level reor-
derings, different band gaps, the Fermi-level po-
sition, and band widths, the band structure of nick-
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FIG. 1. Paramagnetic
Ni band structure in 4-Ry
X3 range along symmetry dir-
ections (¢« =6.6321 a.u.,
V.=-1.1329 Rv, E =0.678
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extended energy range.

The normalized wave functions of Ni for all 89
K points and for all the bands were solved by a
back substitution into the secular equation. The [
character of each eigenstate was obtained by cal-
culating the Ith component of the eigenstate’s nor-
malization g, for the part of the wave function in-
side the muffin-tin radius

lzzqt+Qoul’ (1)
1

are very similar in the

where @, is the portion of the wave function’s
“charge” contained in the interstitial part of the
unit cell.

The ¢, values give directly the degree of local-
ization of each wave function inside the muffin-tin
region, and @, the charge which is contained in
the plane-wave part of the total wave function in
the interstitial region. The @, values should be
compared with the fraction of the unit cell’s vol-
ume outside the muffin-tin region, which is 0.26
for the fcc unit cell in the touching muffin-tin
sphere configuration.

Results of our calculation reveal that the d
states I'z, Ty, X3, Xp X5 Ly, Ly, Wi Wy,
w,, Wi, K,, K;, K,, and K, have their “d charge”
(i.e., the portion of the normalization contained in
the 1 =2 component of the wave function) very well
localized inside the muffin-tin sphere (around 90%).
Therefore, the atomic description of the 3d bands
is well justified. Higher-energy states have their
charge contained in the interstitial region more in
proportion to the fraction of the total volume in
that part of the unit cell. This validates the near-
ly-free-electron treatment of these bands and
pcints to the utility of using an orthogonalized-

plane-wave (OPW) description of the bands of 3d
metals when combined with a tight-binding treat-
ment of the 3d bands.

It is clear that the high-energy states acquire
progressively larger components of high [/ charac-
ter. In this calculation the wave functions were
calculated by retaining terms up to Imax=10 in or-
der to reflect this fact. Keeping such large [ val-
ues is crucial to the accuracy of the subsequent
evaluation of the x-ray spectra and for an evalua-
tion of interband matrix elements of the momen-
tum operator (MEM) that are needed for the k+p
interpolation.

The MEM’s between all the bands at 89 K points
in the fcc irreducible wedge were calculated by a
straightforward application of the momentum oper-
ator to the wave functions. We did not use any op-
erator identities for MEM evaluation because they
do not permit one to obtain, in a straightforward
manner, the energy gradients. In addition, some
identities such as the VV(¥) method (P,,(K)=(1/
LEm|VV @) En) /[ En(K) - E,(K)]}), suffer from
convergence problems for closely spaced bands.”

The K(1s) and L(2p) core-level wave functions
were obtained from the solution of the radial
Schroédinger equation using the Ni crystal potential.
(Spin-orbit splitting was not included for the 2p
states.) The program used to obtain the conduc¢
tion-band radial wave functions was used here as

well. The core wave functions were assumed to be
of the form
\I’nz".(?) =Rn,(’l’) Y;"(;) » (2)

where the R’s are the normalized radial wave func-
tions and the Y’s are the appropriate spherical
harmonics. The R’s calculated with our program
were very well localized inside 7,, and were in
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TABLE I. Core to conduction band [MEM|? at symmetry points in Ni (in Ry).
K L K L K L
Iy 0.0000 1.3148x 1070 L, 0.0 2.8249 K, 2.0085x10°2  3.4729
Iy 0.0000 4.9152 Ly 0.0 4.8343 K, 4.1135x10%  3.7541
Iy,  0.0000 5.4281 L, 4.8527x107' 0.0 Ky  9.1955x107%  4.1207
ry 0.0000 0.0000 Ly 0.0 5.7622 K, 5.5712x10°  5.3915
Iy;  4.5337x10°1  0.0000 L; 0.0 3.1628 K, 0.0 5.7293
T4 0.0000 2.6138 L}  4.0568x10°% 0.0 Ky 4.3618x107!  1.8007
ry 0.0000 1.3712x10% L}  7.5748x107! 0.0 K, 3.2664x10°'  2.0075
Ty 9.2924x 1070 0.0000 Ly 0.0 2.4401 Ky 2.4442x107°  1.9839
Iy,  0.0000 2.5302 Ly 0.0 1.3097 K, 5.7080x107"  4.7345x 107!
Ky 2.9112x107%  1.6552
X, 0.0 3.1312 W5 4.0259x10°2  3.4776 K, 3.0667x107'  8.8956 x 107!
X, 0.0 3.9677 W;  5.9857 X107  3.9918 K, 0.0 7.9113 x 1071
X, 0.0 5.6737 Wy 0.0 5.0534 K; 1.1487x107'  3.3695x 107!
Xs 0.0 5.8548 wi 0.0 5.8574 K, 4.6278 x107'  1.3210
X4 5.5643 x10°! 0.0 W;  4.5019x10°"  1.6651 K;  8.7252x107%  7.5357 x107!
X, 0.0 2.9682 wy  2.2576x10°1 2.7185
% 6.0025 10" 0.0 w; 0.0 7.1889 x 10°!
X, 0.0 3.2140 Wy 9.2015x1077  1.1433
X, 0.0 8.4173 x101 Wi  7.333¢4 x107'  2.1474 x 107!
X3 0.0 0.0 Wy 0.0 1.3690

very good agreement with the corresponding R’s
caiculated for Ni by Herman and Skillman.?®* The
form chosen for the core-level wave functions as-
sumes the levels to be dispersionless, i.e., E(K)
= const.

The MEM’s which are proportional to “oscillator
strengths,” for core to conduction-band transitions
were calculated for all the bands at 89 K points. In
Table I the | MEM]? for these interband transitions
are listed; for the 2p levels the sum of the | MEM]|?
for all three m=-1,0,1 sublevels is given.

It is clear that the entries in Table I give just
another measure of the magnitude of the various [
components of the conduction-band wave functions.
The K and L columns are proportional to the tran-
sition probabilities for core to conduction-band
excitations. An examination of the table reveals
that the transition probabilities are much stronger
for the L spectra than for the K. Additionally,
the MEM’s for the 3d bands appear to be nearly
constant irrespective of their Brillouin-zone (BZ)
symmetry, again pointing to their atomic charac-
ter. The MEM’s are quite strongly wave-vector
and energy dependent ruling out a common constant
MEM approximation.

II. K-SPACE INTEGRATION AND INTERPOLATION

The K+ D scheme was used to interpolate the en-
ergy bands, the MEM’s, and the ¢,(K)’s from the
89-point mesh of the APW calculation to a grid of
3128 points in the irreducible wedge (i.e., 32 cube
subdivision of the A axis). The k-P scheme has
an advantage over other methods of interpolation

in that it is generally applicable to all metals, re-
gardless of the energy range covered. In contrast
to polynomial schemes, the K-P method is capable
of producing a faithful representation of band
crossings, thus eliminating a source of spurious
structures in frequency spectra. The E-f) secular
determinants were solved with a very accurate
Jacobi diagonalization procedure, using all the
bands available at the original APW grid. The Ja-
cobi eigenvalue-eigenvector method, unlike many
other schemes, produces N orthonormal eigen-
functions at an N-fold degenerate root. Specific
details of the k- P interpolation are given in Ref. 2.

The following k-space integrals were evaluated
for paramagnetic nickel using the GR scheme.

(i) Density of states [electrons/(atom Ry)] for en-

ergy w,
D(w)=% Z fdské(w -E(&,n))

_ 29 AS,
"y & & rpa, @
[
where the volume integral on the right-hand side
has been replaced by a surface integral in the dis-
crete sum over small cubes centered at K,, and
AS, is an element of a constant w energy surface
in a cube, Q is the unit-cell volume, and #n is a
band index.
(ii) Integrated density of states (electrons/atom)

N(w)=fow D(w’)dw’=(2—21%§f

' a’k, 4
E(K,n)sw ( )

which was performed with a variant of the GR
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scheme for volume elements (relevant formulas
are given in Ref. 2).

(iii) Angular momentum decomposed partial-
charge densities

Q(w)= Z/dﬂk a,(&, n)8(w - E&,n)), (5)

where q,(K,#) is the Ith component of the total
charge contained in ¥(k,n)—the wave function for
band 7 at wave vector K, so that

TE)EE ) =1= D& n)+Q K n).
1

(iv) Linear absorption coefficient for the K and
L x-ray absorption in the dipole approximation for
cubic materials

We 5 (w

(o) = 252l@) )
nc
8

" Bncwm

2 [ @B @) - E&,m) +E))
(6)

where n~1 is the real part of the complex index
of refraction N=n+ik, k is the extinction coeffi-
cient, €, is the imaginary part of the dielectric
constant, c is the speed of _}ight, j denotes the ap-
propriate core level, and | P;,(K)|? is the core to
band m |MEM]|2 In the above, atomic units are
used.

The GR scheme is very suitable for the evalua-
tion of the above integrals. In this method the ir-
reducible wedge is filled with a large number of
cubes, although fewer than for the Monte Carlo
method. Once energies and their gradients at the
cube centers are known, the GR procedure, by

ENERGY ABOVE V (Ry:
o102 03 04 05 06 07 ¢ 0B 10 2 14 16 '8
T T T T 1T T T T T

20

making a linear energy expansion, approximates
constant energy surfaces by planes. The k-space
integration is then reduced to the surface integra-
tion by virtue of the 6 function in 3, 5, and 6, with
area elements AS, given analytically. Placing the
cube centers EO at an offset mesh avoids singular
points in the integrals where the energy gradients
vanish for reasons of symmetry. Since a rather
small number of cubes is required for a good con-
vergence of the k sums, the use of the accurate but
time-consuming K- D interpolation becomes econo-
mically feasible.

IV. PRESENTATION OF UNBROADENED SPECTRA

The density of states for Ni is shown in Fig. 2.
The curve was calculated on a 0.005-Ry mesh and,
thus, has a high spectral resolution. The arrows
on the graph point to the locations of structure in
the curve and are labeled by the irreducible repre-
sentation of the symmetry point which is the source
of the structure. For structures caused by band
extrema at a point on a symmetry line, the location
of the point on the line is given in parentheses in
units of 27/8a, i.e., x,y,z, and similarly for
points on symmetry planes. Horizontal arrows
over the spectrum indicate the energy ranges
spanned by symmetry lines which by virtue of
being flat lead to a large magnitude of the density
in the corresponding energy range. Also, note the
similarity between the Cu density of states com-
puted by Janak, Williams, and Moruzzi®® and that
for Ni, Fig. 2.

The analysis of structure in Fig. 2 is important
for several reasons. First, it summarizes experi-
mentally observable properties not immediately
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TABLE II. List of energy levels which contribute to the structure in the density of states.

The list contains the band’s irreducible representation, indices, energy, ! character, and
Qoyt- For bands on symmetry lines and planes, the location of the singular point is given in
parentheses in units of 27/8a. Energies are given with respect to the Fermi level in eV.

Level Band(s) Energy (eV) qs a q, Qout

) 1 -9.037 0.7009 0.0 0.0 0.2990
X4 1 —4.618 0.0555 0.0 0.8012 0.1429
Ly 1 —4.525 0.1760 0.0 0.7090 0.1142
Ky 1 -3.854 0.0221 0.0271 0.8227 0.1235
X3 2 -3.813 0.0 0.0 0.9372 0.0619
W 1 -3.700 0.0 0.0543 0.8121 0.1292
K, 2 -3.393 0.0083 0.0592 0.8499 0.0809
W 2,3 —~2.682 0.0 0.0799 0.8447 0.0703
25(0,3,3) 2 ~2.630 0.0 0.0291 0.9155 0.0486
N(2,2,2) 2 -2.376 0.0076 0.0506 0.8750 0.0594
TLUX(+)(2,2,5) 3 -2.129 0.0276 0.0432 0.8689 0.0532
Lj 2,3 -2.070 0.0 0.0 0.9682 0.0278

%5 2,3,4 -1.973 0.0 0.0 0.9761 0.0198
z4(0,2,2) 3 -1.775 0.0003 0.0079 0.9622 0.0241
Kj3 3 -1.718 0.0 0.1214 0.8007 0.0712
A4(0,0,4) 3 -1.581 0.0447 0.0351 0.8626 0.0489
2,(0,4,4) 4 -1.395 0.0 0.0047 0.9658 0.0234
Wy 4 -1.010 0.0163 0.0 0.9537 0.0218
Tyo 5,6 -0.930 0.0 0.0 0.9904 0.0071
K, 4 -0.773 0.0 0.0728 0.9722 0.0156
Lj 4 —0.582 0.0 0.6326 0.0 0.3544
K, 5 -0.210 0.0 0.0 0.9927 0.0039
X, 3 -0.202 0.0 0.0 0.9960 0.0032
Lg 5,6 -0.157 0.0 0.0 0.9949 0.0037
X5 4,5 0.051 0.0 0.0 0.9970 0.0020
w1 5 0.059 0.0 0.0 0.9970 0.0020
X; 6 2.449 0.0 0.6982 0.0 0.2734
K; 6 5.856 0.0 0.5213 0.2590 0.2042
Ly 7 6.044 0.4412 0.0 0.4384 0.1185
K, 7 7.265 0.0612 0.3819 0.2905 0.2391
W3 6,7 7.847 0.0 0.5216 0.2456 0.2099
Xy 7 9.276 0.3446 0.0 0.4379 0.2150
Wy 8 9.704 0.0 0.2537 0.4203 0.3090
K 8 10.073 0.4716 0.0027 0.2883 0.1937
Wy 9 11.389 0.6807 0.0 0.0834 0.1390

fr, 8,9 14.710 0.0 0.6173 0.0 0.2245
X3 10 19.889 0.0 0.0 0.7117 0.2739
Ky 10 21.511 0.1683 0.0262 0.3698 0.2974
L 8 21.769 0.0 0.0362 0.0 0.4940
X, 11 23.150 0.4991 0.0 0.1554 0.2778
Ty 7 23.845 0.0 0.0 0.0 0.4112
Q,(3,4,5) 10 24.101 0.0 0.4468 0.0117 0.2480
L3 9,10 24.678 0.0 0.6392 0.0 0.1347
23(0, 1,1) 9 26.114 0.0 0.2793 0.0310 0.3163
Ly5 8,9,10 27.173 0.0 0.3631 0.0 0.3020
Ly 11,12 27.191 0.0 0.0 0.6464 0.2907
24(0, 2,2) 11 28.967 0.0 0.0558 0.2951 0.3487
TLUX(+)(1,1,3) 11 29.452 0.0931 0.6136 0.1479 0.1457
TKL(-)(1,3,3) 11 29.597 0.0 0.2321 0.3877 0.2172

55 11,12,13 30.293 0.0 0.0 0.7376 0.1972
W 10,11 30.355 0.0 0.0689 0.3230 0.2751
Z4(0,1,1) 11 30.388 0.0111 0.0461 0.3417 0.3626
z4(0,2,2) 13 31.667 0.0 0.7559 0.1113 0.0740
Wy 12 32.175 0.0 0.5282 0.0622 0.2655
Ty 14 32.687 0.0785 0.0 0.0 0.6683
TKWX (+)(0, 3, 6) 12 33.291 0.1397 0.0245 0.3877 0.2581
44(0,0,2) 14 33.696 0.0598 0.6314 0.1445 0.0974
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TABLE II. (Continued)

Level Bands(s) Energy (eV) qs a, aq Qout
Ly 13 34.083 0.2583 0.0 0.3608 0.2497
44(0,0,1) 15 36.665 0.0422 0.2707 0.2849 0.2144
Wy 13 37.418 0.2389 0.0 0.3753 0.2382
24(0,2,2) 14 37.459 0.1179 0.1250 0.5191 0.1701
Q,(2,4,6) 12 37.481 0.0 0.0305 0.2709 0.2910

obtainable from the energy plots, and it identifies
the energy levels in the BZ responsible for maxi-
ma and minima in the spectra. In addition, the
position of structures monitors changes in elec-
tronic properties in response to modifications in-
troduced by alloying, stresses, etc.

The information contained in Fig. 2 is summar-
ized in Table II where band indices, energy, @ ,u,
and l-charge decomposition for all the levels are
given. Figures 3-5 give the decomposition of the
total charge into s, p, and d contributions, re-
spectively. These curves are labeled in the same
way as the density-of-states curve, Fig. 2, except
that, of course, the labels pertain to states having
the appropriate [ character. By referring to the
energy-band plot, Fig. 1, and to Table II, it is
straightforward to locate the bands with zero grad-
ients and, therefore, the structure in the curves.
Of course, additional energy-band plots, not shown
here, and the computer printout were used to lo-
cate band extremas on symmetry planes.

The computed K and L x-ray spectra of Ni are
shown in Figs. 6 and 7, respectively, following the
notations of Fig. 2. Aside from one weak struc-
ture, the K emission is rather simple, consisting
of one large peak. The magnitude of K emission

ENERGY ABOVE V¢ (Ry)

is due largely to the s-p,d hybridization, e.g.,
note the second A, band which turns over at (2n/
8a) (0,0,4) and the second A, band which has a
minimum along A at (27/8a) (2,2,2). On the other
hand, the K absorption spectrum exhibits a num-
ber of pronounced maxima at X}, X%; @,(3,4,5) and
L4; TKL(-)(1,3,3) and TLUX(+)(1,1,3); Wi;
A,(0,0,2); and Z,(0,2,2); from Table II these lev-
els can be seen to be strongly p-like. An interest-
ing plateau at about 7 eV is caused by a large num-
ber of p states in that energy region. Additional-
ly, some of the minima in the K spectrum occur
at energies of strongly s,d-like levels L (s, d),
X.(d), K,s,d), and L,(d).

From Figs. 3 and 5 it is apparent that the L
spectrum is dominated by the d components of the
conduction states. The X;and W/ d levels are
above Ep and account for the large magnitude of
the L absorption at the threshold. The L emission
spectrum exhibits a large number of narrow peaks
caused by correspondingly narrow d bands of Ni.
When the core-level broadening is taken into ac-
count only the two largest peaks will be seen.
There is a sharp onset of transitions from the L
shell at L, and the two structures at 10 eV are
due to X;,, W}, K, and an extremely flat Z, band.
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This last feature was not reported by Papaconstan-
topoulos et al.® At higher energies there are peaks
at K, in the energy region of a flat Aj d band;
T'KL(-)(1,3,3); TKWX(+)(0,3,6), A,(0,0,2), and
L,;; andat W .

V. SPECTRUM BROADENING

The calculated spectra should be broadened to
account for the finite width of the inner-state core
level. Several values have been reported for both
K and L; shell widths in nickel; unfortunately,
both numbers appear uncertain to at least +0.1 eV.
The resulting uncertainty in the broadening is not
particularly serious for the K absorption spectrum
or for the K and L emission curves; the experi-
mental and theoretical structures present are suf-
ficiently broad so that uncertainties in the core-
hole width will not much influence the trend of our
comparisons between theory and experiment.
However, for the L, absorption edge the high-
spike characteristic of the unfilled 3d states near
the Fermi edge is so sharp that almost the entire
width of the theoretical curve will be due to the
inner-state core-level broadening.

Earlier measurements of the core-level widths
include those of Beeman and Bearden, who have
fit their nickel K absorption edge to the arctangent
shape derived by Richtmeyer, Barnes, and Ram-
berg, and deduced a K-shell broadening of 1.9
+ 0.5 eV.? Bonnelle lists values of K- and L-shell
widths obtained by various means and infers, in
addition to the results of Beeman and Bearden, a
value of 1.35 eV for the K shell width of nickel;
0.7, 0.97, and 0.97 eV for the L; width; and 1.7
and 1.49 eV for the L, width.*® Recent precision
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measurements of the core line by x-ray photoelectron
spectroscopy (XPS) reveal asymmetric 2P,,, and
2P, core levels.?® When fit to the theory of
Donaich and Sunjic, the Lorentzian portion
of the curve fit has full widths of 1.6 and 0.94
eV, respectively, for the 2P, ,, and 2P,,,
lines. Finally, Suonninen and Valkonnen have done
precise measurements on nickel emission lines in
pure Ni and Ni-Al alloys and find a full width at
half-maximum of the nickel Ka, line of 2.46 eV,
which gives a measure of the sum of the K and Ly
level widths.3* The core-hole broadening we use
for the nickel K edge is 1.8 eV. As mentioned
above, the exact choice of the K-width value is not
particularly crucial. For the L ; level width we
chose a value of 0.8 eV. This value was chosen to
be somewhat to the small side of the average of
the various experimental values, for reasons given
below. For the L level width, Bonnelle’s table
indicates a value ~1.0 eV greater than the L,
width; thus we use a L width of 1.8 eV. The final
L, theoretical curve is formed by weighting the
appropriately broadened L ; and L spectra by the
statistical ratio of two to one and summing, as-
suming a splitting of 17.26 eV as taken from Bear-
den and Burr.>®

The exchange splitting in ferromagnetic Ni, esti-
mated to be about 0.35 eV,** is small in compari-
son with the K and L core-level widths. There-
fore, the core-level broadened theoretical spectra
for paramagnetic Ni should not differ appreciably
from those obtained using a ferromagnetic calcula-
tion. This insensitivity of x-ray experiments in-
volving deep core levels has been demonstrated by
the appearance potential spectroscopy (APS) of Ni
by Wandelt et al.*®* They observe that the thres-
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hold behavior for ionization of the L,;; shell of Ni
by electron impact remains constant with tempera-
ture even beyond the Curie point.

VI. EXPERIMENTAL METHODS

The L, absorption edge used in our compari-
sons between theory and experiment is newly mea-
sured. Though the K edge has been reported pre-
viously,* for completeness experimental details
are briefly included for it as well as the L absorp-
tion spectra. For the K edge, silicon monochro-
mater crystals were used whose first-order rock-
ing curve width is equivalent to a resolution of
0.78 eV at the nickel K edge. A tungsten target
x-ray tube was used in conjunction with a beryl-
lium exit window and a sealed-off proportional
counter. For the L edge, rubidium acid phthalate
(RAP) crystals were used whose first-order rock-
ing curve width was approximately 450 arc secs.
This rocking curve width is equivalent to a resolu-
tion of 1.4 eV at the nickel L edge. For L edges,
we found it advantageous to use a pure copper tar-
get on the demountable x-ray tube. A flow propor-
tional counter outfitted with an aluminized poly-
propelene window was used for x-ray detection,
and polypropelene was used as well for the exit
window of the x-ray tube. Both L and K edges
were measured using a vacuum two-crystal spec-
trometer described previously.’” For the K-edge
results shown, a 4-um nickel foil was used for
which thickness effects were estimated to be
small.®® For the L edges, varying thicknesses of
nickel were evaporated at pressures of ~107° Torr
onto stretched polypropelene films which were in
contact with a water-cooled copper block. Deposits
of nickel film evaporated under the same vacuum
conditions-as the samples were checked by x-ray
diffraction and found to be characteristic of pure
nickel. The following additional test of the sam-
ples was carried out. Nickel films of the order
0.1-u thick were evaporated onto sheets of ~2-p
aluminum. The substrate sheets were then cut into
strips and many strips sandwiched together to
make an effective thickness of about 4 1 of nickel.
The aluminum in the resulting sandwich was suf-
ficiently transparent so that K edges of the evap-
orated nickel could be measured and compared
with K edges from rolled or electroplated foils.
We found that as long as we evaporated our nickel
from tungsten boats which were protected with an
Al,O, coating, K edges from rolled and evaporated
films were the same

Possible effects of the polypropelene substrate
were considered. Tomboulian and Pell reported
that a zapon backing had a pronounced effect on the
aluminum L, , edge.*® However, a more recent

measurement by Haensel, Sonntag, Kunz, and
Sasaki*® using zapon-backed aluminum agrees fair-
ly well with the measurements of Gahwiller and
Brown®! using unbacked foils. In addition, we have
measured nickel L, edges on backings of carbon
as well as polypropelene and found no significant
difference in the shape of the nickel edges for the
two cases. From all of the above evidence it ap-
pears likely that the polypropelene substrates have
negligible effects on the spectra.

In recording sharp spectra such as the nickel L
edge, particular attention must be paid to the
“thickness effect.” Experimentally, it is found
that the shape of an absorption edge near the ab-
sorption discontinuity is dependent on absorber
thickness. The effect was discovered by Parratt,
Hempstead, and Jossen.** These authors deduced
that the long tails of the instrumental window will
pass low-energy photons in any measurement taken
ostensibly of high-energy x rays. The high-energy
x rays are absorbed much more strongly than
the x rays of energies less than that of an
absorption discontinuity; thus, the relative er-
ror introduced into measurements of x-ray en-
ergies above an absorption threshold will wor-
sen for thicker foils. Porteus developed a
method by which one could deconvolute instru-
mental errors assuming the instrumental window
function is known.*®* However, in practice, thick-
ness effects may not readily be removed by decon-
volution, partially because of uncertainties in the
knowledge of the tails of the window function.*®* For
a simple model of the thickness effect in K edges
of nickel, the shape of the normalized experiment-
al absorption edge does approach the true spectrum
in the limit of zero-thickness foils, although even
in the thin-foil limit there is a small relative er-
ror in the low-absorption portion of the edge.*®

Although the shape of the experimental spectrum
approaches most nearly the “true” absorption edge
for vanishingly thin foils, the relative stafistical
accuracy of the data will deteriorate, as discussed
by Nordfors.** Thus, for the L, ,; edges of nickel
one has competing requirements of optimum thick-
ness, depending on whether one wishes to accur-
ately determine the correct peak-to-valley ratio
R=(A - X)/(C - X) in Fig. 8, or one wishes to
measure gentle fine structure such as peak C in
Fig. 8. R is most accurately determined using the
thinnest foils possible, whereas a weak peak such
as C does not constitute much of an absorption
contrast relative to neighboring portions of the
spectra and will not be much affected by sample
thickness. Statistical errors are more of an ob-
stacle to observations of peak C than are thickness
effects; consequently, measurements on peak C
were carried out using thicker samples. We chose
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FIG. 8. Experimental L p;; ; edge results without
deconvolution. The top curve is the averaged thick-foil
spectrum for peaks A, B, and C. The bottom curve is
a combination of thick- and thin-foil results constructed
as described in the text.

the following procedure. First, nickel L edges
were measured for several thicknesses of foils and
a plot made of the quantity A - X vs C- X. For
foils so thin that thickness effects are absent, such
a plot will approach a straight line passing through
the origin. Such a plot was made for many foils of
differing thicknesses, and the resulting curve in-
dicated that thickness effects are almost but not
quite removed for the thinnest foils used. The ab-
sorption edges of several such thin foils were mea-
sured and their average spectrum used to deter-
mine the general shape of the L, , edge such as
the R ratio and the ratio of L ; to L peak
heights. The results of the thick-foil measure-
ments are shown in Fig. 8 and show, in addition to
peak B, the weak structure at C undetected in pre-
vious measurements of Bonnelle.*® In order to ob-
tain the most accurate experimental curve, a com-
bination of thick- and thin-foil results was made.
A spectrum was drawn representing an average of
thin-foil results except that a flat line was drawn
through the region corresponding to peak C. The
thick-foil measurement of peak C was then suitably
scaled down and joined to the thin-foil curve. The
final thick-thin foil combined spectrum is shown in
Fig. 8. Finally, in order to correct for the central
portion of the instrumental window, the data of
Fig. 8 was deconvoluted with a Lorentzian approxi-
mation to the rocking curve, using the method of
Schnopper.*®

It is of interest to compare the resulting L
edges with previous experimental results. Bon-
nelle shows several sets of nickel curves. In one
set of spectra, only the L, edge is measured for
several thicknesses, and a pronounced thickness
effect is apparent, in agreement with present re-
sults. The thinnest foil measured has an R value
of about 4.4. However, taking into account all ex-
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perimental considerations, including insuring lin-
ear detection for the photographic registration
method used, Bonnelle obtains a curve which she
feels approaches closest to the correct spectrum
which as an R value of about 4.0, in approximate
agreement with our average R value. In the spec-
trum obtained by Bonnelle showing both L,; and L;
peaks, the R value appears to be about 3.6. Thus,
Bonnelle’s curve showing both L,;; and L, peaks
probably corresponds to a foil somewhat thicker
than optimum. The latter spectrum was used
by Nagel and Papaconstantopoulos to compare

to their theoretical calculations.® As indicated
here, the experimental curve used for this com-
parison had an R value which was too small. As
thickness effects are removed, the ratio of L, to
L, peak heights will increase markedly. Thus, in
Bonnelle’s combined L, . spectrum, for which the
R value indicates a somewhat thick foil, the L
peak height is about 0.6 the L ;; height, whereas
our results show the ratio of L; to L heights to
be greater than two to one. Upon deconvolution,
the ratio of L, to L, heights increases still fur-
ther.

In regard to peak C, it is of interest to consider
some old results on the nickel L., , edge obtained
by Van den Berg, in which a nickel L, . edge was
obtained whose L height was greater than the L,
height, indicating a very large thickness effect.*®**’
For thick samples, peak C should show up quite
clearly and indeed Van den Berg does obtain two
peaks between the L, and L, maxima correspond-
ing roughly to our peaks B and C. Finally, Liefeld
has obtained a nickel L absorption curve from a
self-absorption correction to an L valence emis-
sion spectrum.*® This self-absorption correction
has the appearance of a thickness-effect—distorted-
absorption edge containing both peaks B and C.

In summing up, it appears that our nickel L ,
edge contains some features in common with all
previous results, but it is the first to combine all
the spectral features into one curve for which cor-
rections are made for effects of the instrumental
window.

VII. COMPARISON BETWEEN THEORY AND EXPERIMENT

We consider first the K absorption edge. The
theoretical curve is displayed adjacent to the de-
convoluted experimental spectrum in Fig. 9. The
vertical scales for the two curves are plotted in
terms of actually calculated theoretical values and
measured experimental absorption coefficients so
that there are no adjustments of the heights of
either curves. Because the Fermi energy of the
experimental curve is not known absolutely, the
first inflection points of the theoretical and experi-
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FIG. 9. Comparison between experimental and
theoretical K edges. From top {o bottom are the nickel
K edge corrected for instrumental distortion and the
broadened theoretical K edge. The dashed lines are
experimental points taken on an older spectrometer.

mental curves are approximately lined up. There
is no other adjustable parametrization or tilting.
We discuss the theoretical-experimental compari-
son in three main regions separately. Above about
25 eV, the average height of the theoretical curve
drops relative to that of the experimental spec-
trum. At least part of this discrepancy is due to
the fact that band structure at energies higher than
40 eV or so, which of necessity is not included in
the calculation, contributes to regions below 40 eV
of the experimental curve as the result of the hot-
electron broadening. From about 6 to 25 eV, the
comparison between theory and experiment is ex-
cellent. The gentle shoulder positioned at peak B
agrees almost exactly with experiment, in con-
trast to the results of previous calculations. Peaks
C and D are sharper in the theoretical curve,
which is to be expected because of the effects of
hot-electron broadening. Turning now to the region
from threshold to about 6 eV, we see that although
the calculation agrees qualitatively with the experi-
ment, there is a definite rounding of the experi-
mental curve relative to the calculation. We con-
sider possible broadening mechanisms to account
for the discrepancy. Hot-electron broadening must
approach zero at the Fermi level and cannot ac-
count for the difference.® Flynn has estimated
phonon-broadening widths for core-level excita-
tions in many materials.** The estimated phonon-
broadening width for nickel is far too small to ac-
count for the difference between experimental and
theoretical curves near threshold. We conclude,
then, that a careful one-electron band calculation,
neglecting effects of the core hole on the crystal,
yields excellent agreement with the observed nick-
el K edge except near threshold where the experi-
mental spectrum is without doubt somewhat

rounded relative to the one-electron crystal calcu-
lation.

We consider next the L, , absorption spectrum,
Fig. 10. For the experimental curves the thick-
ness of the samples are not accurately known, so
the experimental and theoretical curves are nor-
malized on the vertical scale such that the cen-
troid of the experimental and theoretical peaks C
coincide. Again, general agreement between theo-
ry and experiment is good. Within experimental
error, our L, . peak separation agrees with the
value obtained from Bearden and Burr.*®* Peak C
lines up well between experiment and theory. Re-
garding the main absorption peak at A, it is un-
fortunate, as discussed above, that the width of
the inner-state core level is not better known. The
broadening chosen, however, of 0.8 eV is on the
narrow side of the majority of the experimental re-
sults for the 2P,,, core width. Thus, the resulting
theoretical curve is probably slightly underbroad-
ened. Despite this fact, the main edge at A in the
L spectrum is the only structure, for both K or L
absorption spectra, where the experimental spec-
trum is sharper than the theoretical curve. Final-
ly, we note that the experimental spectrum does
not show the large dip preceding peak B. It is
probable that the discrepancies between experi-
ment and theory in the vicinity of peak B would be
lessened if one assumed a core level having a
skewed shape similar to that measured by XPS.**

There is a discrepancy between theory and ex-
periment near threshold. In this regard we men-
tion the Mahan-Nozieres—DeDominicis (MND)
theory, as reviewed by Mahan.*® The theory has
so far only been applied to light metals where it
predicts an enhanced peaking of L edges and a
rounding of K edges at threshold. In addition,
there is controversy over the MND theory, it being
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FIG. 10. Comparison between experimental and
theoretical Ly, ;; edges. From top to bottom are the
nickel L edge corrected for instrumental distortion and
the broadened theoretical L edge.
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supported by the results of Citrin et al.,*" and dis-
puted by Dow, Watson, and Fabian who contend
that the MND theory really predicts K edges are
enhanced rather than rounded in the case of simple
metals.®® Without entering into the controversy,
we find that at threshold, the experimental K edge
of nickel is without doubt rounded relative to the
results of a one-electron crystal calculation.
There is somewhat less certainty in the case of the
L edge because of the sensitivity of the theoretical
results to the width and shape of the 2P;,, core-
hole level; however, we find that in contrast to the
case of the K edge, the experimental L edge of
nickel is almost certainly enhanced relative to the
theoretical curve.

We consider next the comparison between the
present calculations for emission spectra and the
experimental results existing in the literature.
For the L emission spectra there exists consider-
able discrepancy between the various experimental
results. Bonnelle, using a bent crystal and 2500-V
excitation at a pressure of 10~° Torr found a con-
siderable portion of the emission curve above the
Fermi level.*® Chopra and Liefeld showed that
there was a self-absorption distortion in the spec-
trum unless one went to low-excitation voltages.*®*%
They found that a structure they attributed to high-
energy satellites persisted unless they lowered
their excitation voltage to a value less than that
necessary to excite the L core level. Hanzely
and Liefeld corrected for self-absorption and sat-
ellite emission in a similar manner but still found
significant area under the emission curve persist-
ing above the Fermi level, which they associated
with a possible bound-ejected-electron (BEE)
state.*'* Hanzely’s work, as well as that of
Chopraand Liefeld, was done atpressures of 107°
Torr using a two-crystal spectrometer with mea-
sured resolutions of 0.65 eV. Holliday repeated
the work of Liefeld and Chopra, using a blazed-
grating spectrometer and a special tube designed
to minimize self-absorption.*® Holliday obtained a
broad emission spectrum which showed no eviden-
ces of self-absorption or satellite reduction with
changes inexcitationvoltage. He suggested that the
self-absorption results of Chopra and Liefeld
might be due to sample contamination. With re-
spect to this point, we feel that Chopra and Liefeld
were certainly making a genuine self-absorption
correction since the resulting self-absorption
curve contains all of the essential structure of the
nickel L absorption edge. Willens and Brasen
measured the L emission spectrum using a bent
potassium acid phthalate (KAP) crystal.”” Their
spectrum has almost half the emission bard above
the position of the absorption-edge white line. In
the main thrust of their work, Willens and Brasen

obtained modulated nickel spectra using an alter-
nating mechanical strain, to record the piezo soft
x-ray spectrum. The results depended upon
amount of previous cold working of the sample,
and whether or not it was annealed. The authors
find modulation structures at about 5.5 eV above the
main peak and a low-energy structure about 5 to 6
eV below the Fermi level. They suggest that the
high-energy structure is associated with an asym-
metric inner-state core level, rather than satellite
structure, and that the low-energy peak is truly a
band-structure feature. Finally, Dev and Brink-
man’s L spectrum, measured with a plane mica
crystal, has a full width of only 1.6 eV after cor-
rections were made for instrumental broadening
and the inner-level width.®® These authors contend
that the emission spectrum has a width very much
less than the conduction band, and that emission
spectra, as opposed to absorption spectra, are
characteristic of localized states of the metal ion.
The absorption edges, which are obtained by
measurements on a bulk sample and are free of the
complexities of possible satellite emissions, furn-
ish a better vehicle for comparison to band-struc-
ture theories than do the emission curves. The
variation between experimental emission spectra
is so great that it is difficult to make a meaningful
comparison between theory and experiment. The
spectrum of Hanzely and Liefeld is shown in com-
parison with theory in Fig. 11. Most of the emis-
sion spectra taken do seem to be narrower than the
calculated spectrum. We note that the valence-
band electron spectroscopy for chemical analysis
(ESCA) spectrum for nickel is found to be narrow-
er than expected, as well.*® Of all the emission
spectra, the one which agrees best with our calcu-
lated L ; spectrum is the M,;; (3P;,,) emission
band measured by Cuthill et al.%° (Fig. 11). This
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FIG. 11. Experimental and theoretical I emission
spectra. The Fermi levels are lines up at zero on the
horizontal scale.
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spectrum is presented on the same graph only be-
cause it shows a double hump similar to that in the
calculated L, curve. Finally, we consider the
calculated K emission spectrum. The most recent
K valence-band emission-spectrum measurement
of which we are aware is that of Nemoshkalenko

et al.,’* where agreement between experiment and
theory is poor, and there is clearly a need for fur-
ther experimental work on the K valence-band
spectrum of nickel.

VIHI. CONCLUSIONS

The present study compares with experiment a
detailed one-electron calculation of x-ray spectra,
with the inclusion of the transition probabilities.
The comparison is difficult in the case of emission

spectra because of complicating effects in the in-
terpretation of the experimental results, although
most of the experimental x-ray valence-band spec-
tra are much narrower than our calculated L spec-
trum. For absorption spectra, theoretical and ex-
perimental results are generally in excellent
agreement.
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