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The results of a relativistic tight-binding energy-band model for Pt and Au, utilizing parameters derived from
Smith’s empirically adjusted combined interpolation scheme, are applied to calculate the one-electron contribution to
various x-ray and energy-loss spectra involving 4f and 2p core states in these materials. These results show that the
unoccupied holes in the Pt 54 bands have predominantly j = 5/2 character (k5,,) such that the (%s,,/h,,,) ratio
ranges from ~ 3.5 within 0.5 eV of E, to ~ 2.9 over the entire unoccupied conduction band. Taking into account
dipole transition probabilities, the former ratio leads to a predicted line-strength ratio 7, v,/ Iyg = 2.9 near threshold
for excitations involving the 4fj = 7/2 (N;) and j = 5/2 (N) core levels in Pt. This result is in good agreement
with the corresponding experimental ratios that are derived from electron energy-loss (2.5) and x-ray-absorption
(2.3) spectra. Comparable agreement is obtained between the calculated and observed (electron-energy-loss)
Iy /Iy, ratios in Au. The present results are applied to calculate the N¢—N,; x-ray emission spectra in both Pt
and Au and to interpret the L,—L ; absorption-edge data in Pt.

I. INTRODUCTION

Core-excitation spectra in the heavier metals
and their compounds provide a novel technique for
probing the total-angular-momentum character
j=1x% of either filled (x-ray emission) or empty
(x-ray absorption, electron energy loss) conduc-
tion-band states. This possibility was first pro-
posed by Mott! to explain an unusual feature in the
L absorption spectrum of Pt. Namely, it was ob-
served by Cauchois and Manescu® that the L, edge
in Pt contains a “white line” or sharp peak in the
absorption coefficient while the L, edge does not.
Mott noted that if the 5d holes in Pt were predom-
inantly states with j=32, then one would expect
transitions from the L, (j=3) but not from the
L,(j=3%) core states because of the atomic dipole
selection rule Aj=0, 1.

The first attempt to confirm Mott’s idea in-
volved a tight-binding calculation by Brown et al.?
which included only the Pt 5d energy-band states.
Though these authors obtained a quantitative ex-
planation of the observed difference in the L, and
L, absorption edges in Pt, their calculated ratio
of j=3toj=3holes hs; o/ hs; ;=14 was in apparent con-
flict with much smaller estimates of this ratio
which were derived from electron-energy-loss
and soft-x-ray-absorption measurements?* in-
volving the 4f (N;—N,) core states.

The purpose of the present investigation is to
show that a relativistic tight-binding band model
for Pt, involving 5d, 6s, and 6p orbitals, can
provide a consistent interpretation of core-level
transitions involving both the 2p (L,~L,) and 4f
(Ng=N.) core states. The present study utilizes
energy-band results that are derived from the
Slater—Koster linear-combination-of-atomic-
orbitals (LCAO) interpolation scheme.? The

LCAO parameters for these calculations are de-
termined by a fit to Smith’s® empirically adjusted
combined-interpolation-scheme band structure
for Pt. The effects of dipole transition probabili-
ties are included in these calculations by means
of a sum rule which relates the emission intensi-
ty or absorption coefficient to a sum of terms in-
volving angular momentum projected densities of
states N;,(E).”® The coefficient of each term in
this sum involves a numerical factor and a radial
dipole-moment integral. Estimates of the latter,
based on nonrelativistic Herman—Skillman®
atomic wave functions, show that the 54 contribu-
tion to the L,~L, absorption spectra dominates
that of the 6s states.

The results of the present calculations for Pt
demonstrate that, because of hybridization with
the broad 6s-6p bands, the calculated ratio hs/z/
hsy/, is reduced substantially from that estimated
previously in simplified LCAO model calculations
involving only the Pt 5d bands.** The present
hs; /s, 5 Tatio of ~3 is quite similar to that ob-
tained recently by Christensen’® using a relativis-
tic generalization of the linear-muffin-tin-orbital
method. In particular, the calculated ratio for
holes within 0.5 eV of Ep hy,,/h,,, ~3.5 yields a
predicted N, to Ny line-strength ratio I,\,7/IN6
~ 2.9, which agrees well with values derived
from electron-energy-loss (2.5) and x-ray-absorp-
tion (2.3) data.*!!

It is also shown that a reduced hs/z/hS,2 ratio of
~3 is consistent with the observed difference in
the L,—L, absorption edges in Pt.* Namely, if one
applies the same general procedure as adopted by
Brown et al.® to calculate the total absorption due
to the integrated difference between the L, and
L, edges, then excellent agreement is obtained
between the theoretical and experimentally de-
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rived estimates of the total absorption. It is con-
cluded that this general procedure is relatively
insensitive to the unoccupied conduction-band
hs;5/hs ), Tatio.

Analogous calculations have also been carried
out for Au. Though the 5d bands in Au are nom-
inally filled, hybridization effects with the over-
lapping 6s-6p bands shift about 0.4 54 holes above
Ep with hy,,/hy,,~2.4. This yields a predicted
line-strength ratio I, /Iy ~2.1 for 4f core excita-
tions in Au. This ratio is in good agreement with
the value that is extracted from electron-energy-
loss data.

The organization of this paper is as follows. In
Sec. II we describe the essential details of the
present relativistic LCAO energy-band model for
Pt and Au. In addition, we summarize the re-
sults of a general sum rule which relates inter-
band transition probabilities to projected densities
of states N, (E) in cases where either the initial
or final state is a relativistic core level. The
LCAO energy-band results of the present calcu-
lations are presented in Sec. III. Section IV in-
cludes a discussion of the N , emission, absorp-
tion, and electron energy-loss spectra of Pt and
Au as well as the L, ; absorption spectrum of Pt.
Section V summarizes the conclusions that are
obtained in this study.

II. COMPUTATIONAL DETAILS
A. LCAO band model

The present calculations apply the standard
Slater—Koster LCAO interpolation scheme® for
the fcc structure, with the energy parameters
E, 4(T) treated in their most general three-center
form. Only nearest-neighbor d-d interactions
were included in this treatment, and Smith’s
empirical values (E,, A, A,~A, in Table II of
Ref. 6) were utilized. The remaining s-s, s-p,
s-d, p-p, and p-d interaction parameters were
determined by means of a nonlinear least-squares
fit to Smith’s empirically adjusted combined-in-
terpolation-scheme band structure for Pt and Au. .
Interactions out to third neighbors were included
in this fit, which involved a total of 35 LCAO
parameters (including Smith’s eight d-band para-
meters).

The fitting procedure was carried out at a total
of 13 inequivalent points in the Brillouin zone and
yielded an rms error of 0.01 Ry for the six lowest
bands. Spin-orbit effects were included for the
5d states by means of an additional parameter
{54, for which the Herman—Skillman atomic esti-
mate® was used. Spin-orbit effects were neglected
for the 6p orbitals, since the corresponding band-
width is much greater than &g,.

Using vector coupling coefficients,!? it is
straightforward to transform the LCAO 5d orbi-
tals into states which are characterized by j=1
+3 and —jsm<j, If the LCAO wave function for
the vth band is written

lpvl:: ; Cl{gm(bljm(;)a (1)

then N%E =73, |C¥ |2 yields that fraction of the
charge density that is associated with the 7j sub-
band. The LCAO band model provides both the
band energies E; and the wave-function coeffi-

cients C¥% . These allow one to calculate the den-
sity of states N(E),
2
NE)= e [erow-x,), 2)
as well as a projected density of states
2 -
N,,(E):WZ dekN‘;‘;G(E—Eﬂ;). 3)

As shown in the following section, a knowledge of
N,,(E) is sufficient for a semiquantitative under-
standing of spectra involving core-level transi-
tions.

The Brillouin-zone integrations that are in-
volved in evaluating N(E) and N,(E) in Egs. (2)
and (3) have been carried out using the tetrahedral
method.'* For these calculations, the irreducible
4l8 of the Brillouin zone was subdivided into 500
tetrahedra. This provided sufficient accuracy and
energy resolution for the purposes of the present
investigation. Furthermore, the resulting N(E)
curves are in good qualitative agreement with
those of Smith et al.,'* which were derived from
his empirical combined-interpolation-scheme
band structure.®

B. Transition probabilities

It has been shown™? that the general expression
for the relativistic emission or absorption inten-
sity involving a core state with quantum numbers
n’l’j’ (7' =1+ %) can be simplified to the form

Lypg (@) (257 + 1) ;A?;"f‘(E)N,, (E) @)

for dipole transitions. In the case of emission,
the right-hand side of Eq. (4) contains an addition-
al factor (Zw)*=(E~E,,;)® which is omitted here
for convenience. The coefficients A7/#'(E) are
slowly varying functions of energy so that any
abrupt structure in I,,,.,.(w) arises solely from the
projected conduction-band density of states N,,(E).
These correspond to occupied states in the case of
emission spectra and unoccupied or hole states in
the case of absorption. The dipole selection rule
(Al=+1, Aj=0,+1) limits the sum over [ and j to
a maximum of three terms. This is shown ex-
plicitly in the general expression for A%}7'(E),?
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n 1 1
Ali’l(E)_ (( +1) 1!4151,3’01

where R7/¥(E) is the radial dipole-moment inte-
gral

R
R?}""(E)Ef V°Rypgs (V)R (v, E)r . (6)
(4

The energy dependence in A}/™(E) originates
from that contained in the radial conduction-band
wave functions R,,(7, E). Unlike the relativistic
augmented-plane-wave (APW) and Korringa-Kohn-
Rostoker (KKR) methods,'s the present Slater—
Koster LCAO scheme assumes energy-indepen-
dent conduction-band wave functions. Further-
more, the radial wave functions are undeter-
mined by this scheme.

In the present study, we have used approximate
values for the radial dipole integrals in Eq. (6).
We have estimated these using the appropriate
nonrelativistic Herman-Skillman atomic wave
functions. In evaluating these integrals, we have
renormalized the atomic functions to unity within
a Wigner—Seitz volume and set R in Eq. (6) equal
to the Wigner—Seitz radius Ry;.

In order to illustrate the individual terms that
occur in Eq. (4) for I,.;.,.(w), we summarize the
nonvanishing coefficients (2j’+1)A7}¥" in Table I
for core and conduction-band states with s, p, 4,
and f symmetry. Each row (column) of this table
corresponds to a core (valence) state with quan-
tum numbers n’l’j’ (Ij). As an example, we con-
sider the emission or absorption intensity I (w)
and Iy, (w) that result from 4f core electron ex-
citations with j’ = 3 (Ng) and j'= Z (N,), respective-
ly. Neglecting conduction-band states with g-type

TABLE L Values of (2§’ + 1A} 7/(R%;*'"")? for core
(columns) and conduction (rows) electron quantum num-
bers »'l’j’ and Ij, respectively.

@ +DALH s

(R"'-”"’)2 %J‘%J%‘J““J%J%J%
n's' j =% ¥ %
wp =% % £ &
=¥ % o £
wd =% i 0 % 35
i=% % 5 Y 3
nf' i =% 8 o
i'=% x %

1

TGTDET D) 04,0001955 ty 5, ,x»-i5;,;'-1>[R?'}""(E)]2 , (5)

I

symmetry, we find

Iy (@)% L RSN, () + BRESN, (),
Ly (@) = BRI /2N, (E). 0

If we consider the case of absorption and neglect
the energy dependence of the radial-dipole inte-
grals, then the integrated Ny and N, intensities
Iy, and I, can be expressed in terms of the j=
(hs,z) and j=3 (s, ) holes in the d band, where

hy= Ndj(E)dE. (8)
Ep
In particular, neglecting differences in the radial-
dipole integrals, the ratio of these integrated in-
tensities is given by

IN7/IN6:20h'5/2/(h5/2+ 21hy,) - 9

According to the results in Table I, the analog-
ous expression for the ratio of the integrated L,
and L, absorption intensities [involving 2p core
states with j’=3 (L,) and j’ =% (L,), respectively]
is

IL3/1L2=(6h'5/2+h3/2)/5h3/27 (10)

provided that one neglects transitions to unoccu-
pied s-type conduction-band states (as, for ex-
ample, Brown et al.® assume). These expres-
sions, Egs. (9) and (10), will be used in subse-
quent discussions.

One can derive similar relations for the case of

Pt

ENERGY (Ry)

FIG. 1. LCAO bands for Pt along symmetry lines in
the Brillouin zone.
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FIG. 2. LCAO bands for Au along symmetry lines in
the Brillouin zone.

the integrated x-ray emission intensities by tak-
ing N;;(E) in Eq. (4) to be the occupied conduction-
band states. In the case of d bands, Eq. (8) is re-
placed by

EF
m=£ Ny (B)dE, (11)

where E,, is the conduction-band minimum and
n;+h;=2j+1. The intensity ratios for emission,
assuming a statistical occupation of the initial
core-hole excited states (see Sec. IV for a discus-

sion of this point), can be found from Egs. (9) and
(10) by making the substitution 7z, —#;.

III. RESULTS

The present LCAO energy-band results!® for Pt
and Au are plotted along symmetry lines in the
Brillouin zone in Figs. 1 and 2, respectively.
These results involve the Herman-Skillman®
atomic 54 spin-orbit parameters {,,=0.046 Ry
(Pt) and £,,=0.053 Ry (Au). In each figure, the
Fermi energy E is indicated by the dashed hori-
zontal line.

The accuracy of the present LCAO fit to Smith’s
semiempirical combined-interpolation scheme re-
sults® is confirmed by a detailed comparison be-
‘tween the two sets of band profiles. Equally good
agreement is exhibited between these LCAO bands
and the results of first-principles relativistic-
augmented-plane-wave (RAPW) calculations for
Pt (Ref. 17) and Au.'®

The corresponding LCAO density-of-states
curves for Pt and Au are shown in Figs. 3 and 4,
respectively. In these figures, the solid curve
represents the total density of states N(E), while
the dashed and dotted curves correspond to the
projected 5d j= 5 [Ndslz(E)] and j=3 [NdS/z(E)]
components. In both cases, the total density-of-
states curves are in excellent agreement with
previously published results for Pt (Refs. 14 and
19) and Au.'®!%18 Equally good agreement is also
obtained between the projected N, (E)and N43/2(E)
components shown in Figs, 3 and 4 and the rela-

60

40;

201

N(E) (STATES / Ry ATOM)

Pt

0 ) 0.2

04 06 08
ENERGY (Ry)

FIG. 3. LCAO density of states N(E) (solid line) for Pt, including N, _(E) (dashed) and N, _ (E) (dotted) components.
45/2 43 /2
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FIG. 4. LCAO density of states N(E) (solid line) for Au, including Ny, /2(E) (dashed) and Ny, (E) (dotted) components.

tivistic linear-muffin-tin-orbital (LMTO) results
of Christensen.®

It is clear that the projected densities of states
N,,5 2( ) and N, t5)s (E) must be proportional to one
another in the ratlo < in the nonrelativistic limit
where the spin-orbit parameter {; - 0. Obviously,
the results shown in Figs. 3 and 4 correspond to
the opposite limit where the atomic d spin-orbit
splitting E, =5,/2 is comparable to the d-band
width w,. As discussed by Christensen,'® these
spin-orbit effects are predominant among the 5d-
series elements and play a diminished role for
elements in the 4d and 3d transition series.

For convenience, we have summarized in Table
II the integrals of the projected densities of states
N (E), namely, the s, p, and d (j=%,3) electron
densities n,, n,, Mag )0 and g, 9 respectively.
The corresponding hole densities i;; can be ob-
tained from the relationn;; +h,;=2j+1. Itis
found that in Pt, the ratio kg, ,/h,,,=2.9. This
agrees well with the corresponding ratio hs,z/hg/2
=3.3 which is obtained from the LMTO results of
Christensen. Similar agreement is obtained for
the values of the density of states at E;. Christen-
sen quotes the results N(E ) =23.2, Nds/z(EF)
=16.0, and N, (EF) 6.8 states/Ry atom, while
the correspondmg LCAO values are N(E, ) 24.5,

Ny, ,(Ef)=117.5, and N, (E )=6.1 states/Ry atom.

As noted earlier, these values for the s/ by
ratio in Pt are significantly smaller than previous
estimates®* which were obtained from simplified
tight-binding models involving only the Pt 54

TABLE II. Summary of LCAO results for Pt and Au.
The electron density » (electrons/umt cell) is decom-
posed into s, p, and d (j=%, %) components. The d (j
=%, 4) hole densities include those for the entire unoc-
cupied conduction band (h5 /2:h3/9) and an energy interval
A=0.5 eV above Ep (h5/2,h3/2) The integrated intensity
ratios Iy,/Iy, and I,/I., are evaluated using Egs. (9) and
(10), respectively.

Pt Au
E p(Ry) 0.642 ) 0.534
ns 0.765 0.890
np 0.580 0.511
nas )y 5.000 5.717
Mg,y 3.656 3.883
s/ 1.000 0.283
h3/a 0.344 0.118
hsyalhs/a 2.9 2.4
In,/Ing 2.4 2.1
I, /I, 3.7 3.1
s, 0.372 0.036
nEys 0.106 0.012
hs)a/hsys 3.5 3.0
1,\,7/1,,,6 2.9 2.6
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FIG. 5. LCAO density of states N(E) for a simplified calculation involving only the Pt 54 bands. Also shown are the
projected densities of states Ny, ,(E) (dashed) and Ny, pr (E) (dotted), respectively. The dashed vertical line is the

Fermi energy, assuming 0.3 holes/Pt atom.

bands. The density of states obtained in our pre-
vious LCAO 5d-band calculation for Pt (Ref. 4) is
shown in Fig. 5. The Fermi energy, assuming
0.3 holes/atom, is shown by the dashed vertical
line. The d-band parameters in this simplified
LCAO model are identical with those used in ob-
taining the full s, p, d LCAO model results of
Figs. 1 and 3. Yet the calculated k,,,/h,,, and
Nd5/2(EF)/Nd3/z(EF) ratios are about 7. It is evi-
dent that hybridization of the Pt 5d-band states
with the overlapping 6s-6p bands is responsible for
reducing this ratio by about a factor of 2.

IV. COMPARISON WITH EXPERIMENT
A. N, ; emission spectra of Pt and Au

The N, , emission spectra of Pt and Au are use-
ful examples for illustrating the effects of spin-
orbit coupling within the 54 bands on the calcula-
ted spectra. At least two groups have measured
the N , emission spectra of Pt (Refs. 20 and 21)
and Au.?”?2 In analyzing their data, Fomichev
et al.?® found that the relative intensities of the
N4(4f;,,) to N, (4f,,,) emission bands in Pt and Au
are about 1:3, which is significantly different
from the statistical ratio (6:8). As we shall show,
the effects of spin-orbit coupling within the Pt and
Au 5d bands are the source of this apparent dis-
crepancy.

For our analysis, we consider the photon-ener-
gy-integrated intensity /,,,.;, of emission of photons
from an excited hole state |n'l’j’). I, is given

by
Lyt =My Rg s s (12)

where 7z is the number of excited states and %" is
the rate constant for radiative decay.

If photons are detected using cw excitation of the
sample, then

Ay =k =n(R" +E") =0, (13)

where k¢ and £"" are the excitation and nonradia-
tive decay rates, respectively. The indices n’l’j’
are omitted from the right-hand side for brevity.
Thus,

Ny = RS/ (RT+ R . (14)
In the limit k"> k™,

I~k (15)
while for k7 << k™,

Loy mRRT/RT . (16)

Since most x-ray-emission spectra are excited
using electrons of energy whichislarge compared to
that of the emitted xrays, one may assume that the
probability of creating a low-lying hole state is
simply proportional to the statistical weight of
that state. Thus, we may take k°cc2j’ +1,
X-ray-photoemission-spectroscopy (XPS) mea-
surements?® indicate that the two components of
the 4f hole spin-orbit doublet have the same value
of k" in both Pt and Au. This is confirmed in the
calculations by McGuire,** who also finds that "
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<« k", According to Eq. (16),
Iy, /Iyg = 3k}, /RY,) - (1)

The numerator and denominator of Eq. (17) each
have the form of the integral over energy of Eq.

4), i.e

’,’.,'O‘ifEA (E)N,(E)dE . (18)

Furthermore, since the energy separation be-
tween the Ny and N, levels is small relative to
their mean binding energy, they may be presumed
to have very similar radial wave functions. In
that case, the radial-dipole integrals of Eqgs. (5)
and (6) cancel in forming the ratio in Eq. (17).
Using Eq. (9) and the substitution ; —#,;, Eq. (17)
reduces to :

Iy, /Ing=20n5 ./ (ns) 5+ 21n5,,) . (19)

Except in pathological cases where exchange and
screening effects in the final state are important,
we expect that the energy derivatives of Egs. (16)
and (18) will be valid as well.

Substituting values of n; from Table II, we find

Iy, /1yg=1.223 (PY),
Iy,/Iy,=1.310 (Au).

(20)

Thus, in the limit 2™ > k", the ratio of the inte-
grated N, and N, intensities is very similar to
that for the k7> k" limit, namely, 1.333. How-
ever, the results in both limits are in apparent
disagreement with the experimental findings of

Fomichev et al.,?® who estimate Iy /I, ~3.

We have calculated the N, and N, emission
spectra for Pt and Au using Eq. (7). More pre-
cisely, the unbroadened emission spectra I,‘;,(’s(w)
and I,’;.‘f,(w) contain a factor w® times the expres-
sions for Iy (w) and Iy, () in Eq. (7), where 7w is
the photon energy. In these calculations, we have
assumed that the factors [R}}#'(E)]® in Eq. (7) are
energy independent and equal in value. These
theoretical spectra were then broadened with a
Lorentzian function of full width A, where

-E)/(Ep-E,)P. (21)

The three contributions to the broadening include
the spectrometer resolution®™ A, =0.25 eV, the 4f
core-level width 4,=0.30 eV, and a simplified
form of energy-dependent final-state Auger
broadening®® with A,=2.0 eV.

The results of these calculations are given by
the dashed lines in Figs. 6 and 8 for Pt and Au,
respectively. Experimental XPS values for the
4f,,, and 4f;,, binding energies (from Table I of
Ref. 11) were used in these calculations. The
solid line is the sum of the N, and N, contribu-

A=A +A,+A[(ER

FOMICHEV etal. @ Pt
@

= 10

=]

o

['4

<

>

-

1]

&

@s

4

0 - ->>‘A”"‘, —
70 75
ENERGY (eV)

FIG. 6. Comparison of the calculated and observed
Ng,7 emission spectra of Pt.

tions. These are in excellent agreement with the
experimental spectra of Fomichev et al.,?® which
are shown as insets to the figures.

It is seen that the Ny spectral density in Pt con-
tains a strong peak which is coincident with the
strong peak of the N, spectrum. This resolves
the dilemma posed by Fomichev et ¢1.2° in regard
to the apparent anomolously strong N7/N6 intensi-
ty ratio.

In order to emphasize the importance of rela-
tivistic effects within the 5d bands on the general
features of the theoretical spectra, we have plot-
ted in Figs. T and 9 the corresponding N, , spectra
for Pt and Au in the “nonrelativistic” limit.
Namely, we have assumed that N,(E)=N, 5/2+Na,3/2,
Ny, =6N,/10, and N, =4N,/10. 1t is seen that,
in thlS limit, the N, andN spectra have the same
shape and are merely sh1fted in energy by the
4f,,, —4f5,, energy separation.

Pt

0

INTENSITY (ARB.UNITS)

70
ENERGY (eV)

FIG. 7. ‘Pseudononrelativistic’’ emission spectrum of
131(;) :i,summg N,= Nd5n+Nd3/2, N"s/ﬂ =0.6 N4 and Nds/z
as
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FIG. 8. Comparison of the calculated and observed
Ng, 7 emission spectra of Au.

B. N ; absorption and electron-energy-loss spectra of
Pt and Au

In the limit E,> 7Zw,, where E, is the energy of
a core-electron excitation edge and 7w, is the
plasmon energy, the photoabsorption spectra
(PAS) and the electron-energy-loss spectra
(EELS) are very similar, If the dielectric con-
stant € (w) =€, (w) + i€,(w), then when E,> w,, €,~
1 and €,<<¢€,. Under these conditions, the lead-
ing term in the absorption coefficient is

p(w)=(2w/c)Im[e (W) 2] ~ we, (w)/c . (22)

Similarly, the probability of observing an ener-
gy-loss event for an electron scattered from a
crystal is

I (0) = Im[~ ()]~ €, (w), : (23)
where the imaginary part of the dielectric con-

stant €,(w) is given by

20

Au

INTENSITY (ARB.UNITS)
S o

o

ENERGY (eV)

FIG. 9. “Pseudononrelativistic’’ emission spectrum of
Au.
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2n%e’l 2 -
mw ; 4{.(211)36(E"E =~ E, - Iw)fe,idk
(24)

and the interband oscillator strength f, ,; involv-
ing the core state §, with quantum numbers c=
n’l’j’ and energy E, is

foi = [2m(E = E )/3721| (b, | F| 020 ]2 (25)

Applying the methods summarized in Sec, IIB,
€,(w) can be written

€,(w) =

_27%e’nN

€, (w) — 0; (2" + l)A';}"f'(E)N”(E)<2m“’) ’

T3
(26)

where iw=E ~E_=E ~E,,; and N, is the density
of atoms/unit volume.

The PAS and EELS spectra are less complicated
than the emission spectra in the sense that the
initial states of the PAS and EELS spectroscop-
ies are (at least for low-temperature spectra)
the electronic ground state. On the other hand,
the final states in PAS and EELS are in general
a superposition of a number of configurations in
which the quantum numbers #, I, j all may vary.
This is of particular importance in those cases
where the discrete core-excitation edge is sep-
arated by a few hundreds of eV or less from the
next lower lying (lower binding energy) excitation
edge. In these cases the spectra consist of a
broad continuum excitation on which is super-
posed sharp structure due to the core-electron
excitation threshold.

It is convenient to consider first the EELS data
for the N, , edge in Au, since the line shape and
its interpretation are much simpler than that for
Pt and other transition metals. As shown in Fig.
10, the Au EELS data'! (represented by the open
circles) consist essentially of two step functions
separated by 3.7 eV and superimposed on a linear
background. The N, - N, binding energies E,
(diamonds) and the core-hole lifetimes I' are
known from XPS data.?® The solid and dashed
lines are fits to the data, assuming that the ex-
perimental profile is given by a superposition of
step functions convoluted with a Lorentzian whose
full width at half maximum (FWHM) is 2I". The
solid line was determined by adjusting the ratio
of the step heights R, so as to yield an optimum
fit to the data. This procedure yielded the value
R,,=2.3. The dashed line corresponds to the
value R, =%, which relates the relative step
heights to the degeneracy of the corresponding
core-hole state (i.e., 2j’+1).

The occurrence of this simple EELS line shape
in Au is perhaps not unexpected, in view of the

N, , (E) and N, , (E) curves shown in Fig. 4.

ds/2 a3/ 2
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FIG. 10. EELS data for the Au N; and N, edges (circles) whose XPS binding energies of 88.1 and 84.4 eV, respec-

tively, are marked by diamonds. The solid and dashed lines are theoretical fits which are described in the text.

There, it is found that Nds/z(E) and Nds/z(E) are
approximately constant for E>E. If we denote
these constant values by C;,, and C;,,, respect-
ively, then according to Egs. (7) and (9), the
step-height ratio

Ry, =1y /1y,=20/[1+21(C,,,/C; )]
=20/[1+21(hy, /Ry, ,)]. (27)

Thus, the observed value R, =2.3 yields an aver-
age hs,,/hy,, ratio of 2.7. According to the re-
sults of Table II, this is intermediate to the val-
ues of 2.4 and 3.0, which correspond to averages
over the entire conduction band and within 0.5 eV
of Ep, respectively.

In the case of Pt and other transition metals, it
has been proposed?® and demonstrated?®2” that the
PAS and EELS line shapes near threshold for the
core-excitation edges with lower binding ener-
gies are determined by interferences between the
excitation of core electrons into the empty d-band
states just above the Fermi level and the excita-
tion of d electrons into continuum states of p and
f symmetry. The resulting lines shapes have
been shown in favorable cases to be well des-
cribed as Fano resonances?®*? in which the con-
tinua and discrete final states are mixed by con-
figuration interaction. In spherical symmetry,
this implies that continua and discrete states can
mix only if they are characterized by the same

many-electron total angular momentum J. In cu-
bic or lower symmetry, one may expect that
small off-diagonal terms which connect discrete
and continua states of different J may exist, but
no evidence of this effect has been ascertained as
yet.

Of the transition metals, Ni, Pd, and Pt provide
the simplest core excitations. The ground states
have the approximate configuration nd®( + 1)s*,
where n is, respectively, 3, 4 or 5. The final
state in which a core electron of principal quan-
tum number »’ and angular momentum [’ is exci-
ted into the nd band is then n’l’*""*'nd*°(m + 1)s'. In
the solid the s (or p) conduction electron is not
spin polarized, so that we expect only the spin-
orbit doublet associated with the »’l’ hole multi-
plet. In this paper we discuss only the Ny , spec=
tra of Pt and Au, but similar behavior has been
seen in the 5p levels of Au and Pt, and in the 3p
level of Ni.!! Detailed analyses of all of these
cases have been reported.!?

In the case of the 4f edge in Pt, the ground
state is roughly 474 5s25p° 5d° 6s' 2D. The 4f ex-
cited state is therefore 45 55 5p° 5d*° 6s* 2F.
This state is split by the spin-orbit interaction
into the J=} and J = Z components. The 2D
ground state contains a superposition of J=3 and
J =% with a predominance, according to the re-
sults of Sec. III, of J=3. Thus, for example,
one may observe transitions from a J= 5gycompo-
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nent of 2D to a J = < component of °F by exciting a
4f electron to the 5d band. Similarly, one may
reach a different excited state with angular mo-
mentum 2F,,, at the same energy by exciting a 5d
electron into a continuum f state, well above the
vacuum level. This is a three-particle state con-
sisting of two holes in the 5d shell and an electron
in €f. Since Coulomb and exchange matrix ele-
ments connect the discrete and continuum final
states, these transitions will interfere with one
another.

According to the results in Figs. 3 and 5, the
empty 5d states in Pt comprise a narrow (~0.3 eV
full width at half maximum) spike of states just
above E,. Since this width is of the same order
as the broadening of the 4f levels due to Auger
recombination, it is reasonable to use a simple
Fano-type theory for the interference of a single
discrete excitation with a degenerate continu-
um.?®® If T, is the total coherent transition ma-
trix element for component j, then according to
Yafet3°

T, T 2
Tf(h’w)=M§<F—‘:+Ff (Z;fl) ) (28)

where I',=T, +T,, €= (iw—-Ey)/T,, q is an asym-
metry parameter, E, is the resonance energy,
2T, is the linewidth in the Lorentzian limit ¢ —+
©, and I'; and Iy are, respectively, the coher-
ent and Auger (incoherent) contributions to the
linewidth. In fitting these line shapes to the data,
we also include a contribution to I', of 0.15 eV to
account for the finite empty 5d-band width. M; is
the continuum matrix element. Expressions for
M;, q and T are given in Ref. 29.

Letting S; be the maximum minus the minimum
values of T%, i.e., the maximum excursion of the
line, then

2
S;= -A—/Ilft—n (g®+1).
In Fig. 11 we plot Eq. (28) with values of the
parameters appropriate to the Pt N, edge: E,
=T71.2 eV, I'=0.3 eV, ¢=0.8. As seen in the fig-
ure, the line profile has a zero near the reso-
nance energy E,. Such a zero is not observed ex-
perimentally due to other components (i.e., J
=3,3) of the continuum which are incoherent with
the N, edge. Since the linewidth is narrow rela-
tive to E,, it is also a good approximation to as-
sume that M, ¢, E,, and I" are all energy inde-
pendent. In Pt, the background or continuum
spectrum is observed to fluctuate in the vicinity
of Ny ;. This is mainly due to the presence,
some 8 eV below the N, , threshold, of the N,
resonance, which is probably incoherent with
Ng ., and to the 5d electron Compton scattering
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FIG. 11, Plot of the PAS or EELS line shape near the
Pt N, edge given by the simple Fano theory in Eq. (28).

which diminishes gradually with increasing ener-

gy.

In Figs. 12 and 13 we give, respectively, EELS
and PAS data for Pt, together with calculated
profiles as reported and discussed in Ref. 11.
The solid lines were obtained by fitting the peak
height ratio R, to the data. The dashed lines
were computed assuming R,, =2. The measured
ratio was R, =2.5 for the EELS data and R_,
= 2.3 for the PAS data. The main difference be-
tween the EELS and PAS spectra is that the res-
olution function for the EELS data is ~0.5 eV,
whereas it is about 0.03 eV for the PAS data.

R, was measured from the maximum excursions
of the N, and N, lines, which we believe to be
quite insensitive to the details of the background
structure.

It can be shown? that ¢ and I', have the same
values for both j, =1+ and j_=1 -3 spin-orbit
components by neglecting cubic crystal field
splitting of the 4f levels and assuming that the
radial parts of the j, and j. matrix elements are
equal. The equality of I", for the two levels is
well supported by XPS data® on Pt N, , emission,
which shows that the linewidths are the same to
better than 10% and the peak heights stand in ratio
4:3 within an accuracy of order 1%. It follows
that

Sv(z =M$[2r7(v2

2 .
S5/2 Ms/zrs/z

In general M; is not proportional to P;, the dis-
crete core-excitation matrix element, and I;
differs for different j. However, even for a real-
istic situation like the present where a number of
coherent continua contribute to M;, it is possi-
ble to show? that M2I;=P?%/nq® so that S;,,/S;,,
=PZ%,,/P%,,. Since it follows from sum rules®
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FIG. 12. EELS data for the Pt N; and N, edges (circles). The dashed and solid curves are fits using N,/ intensity
ratios of 1.33 and 2.5, respectively.

that the integrated area corresponding to the ad-
ditional oscillator strength for each component is
proportional to P, we have

Taking values for &; given in Table II we find
R, =Iy./Iy,=2.4 for the total integrated spec-
tral weights, and R, =2.9 for the weights near
Ep.

S7,2/SS/2=IN7/IN6=20h5,2/(h5,2+ 210;5,,) . To summarize, the contributions of the 5d band
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FIG. 13. Absorption data for the N; and N, excitation edges in Pt. The dashed and solid curves are fits using N;/N,
intensity ratios of 1.33 and 2.3, respectively.
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structure in Pt relative to the atomic limit are
rather subtle in EELS and PAS if one considers
only the line shapes: The width of the unoccupied
part of the 5d band is as narrow as predicted by
band theory, but the actual shape of the unoccu-
pied density of states cannot be accurately deter-
mined because of core-level lifetime and experi-
mental resolution broadening. The parameter
that is both sensitive to the band structure and
accurately determined by experiment is the rela-
tive intensity of the spin-orbit components R,.
For the N, , edge in Pt, R  must take a value be-
tween %and 'ZTO’ depending on whether the 5d-band
width is large or small relative to the 5d spin-or-
bit splitting. The value observed is R, =2.3 in
PAS and 2.5 in EELS, which is intermediate be-
tween the absolute limits for R, and is in excel-
lent agreement with our band-theory calculation.
Similar agreement is obtained for the Au N ,
edge.

C. L, ; absorption spectra of Pt

An important feature of the N, , absorption and
emission spectra of Pt and Au is the fact that the
N, - N, splitting is small (~5%) compared to the
mean binding energy. As a result, one expects
the radial wave functions for these spin-orbit
doublets to be quite similar and the correspond-
ing radial dipole-moment integrals in Eq. (6) to be
nearly equal for each component. These factors
then approximately cancel in the analysis of the
PAS and EELS data, where the ratio of N, and
N, components is determined.

The L, ; absorption spectra of Pt is less favor-
able in this respect, since the L, - L, splitting
has increased to 14% of the mean binding energy.
However, as noted earlier, the L, and L, absorp-
tion-edge data in Pt are rather unique and of con-
siderable theoretical interest in that the L, edge
exhibits a strong “white line,” whereas the L,
edge does not.*3

Brown et al.® (BPS) have applied a simplified
tight-binding model involving only the Pt 5d bands
to explain this phenomenon. One striking feature
of their calculation is that, assuming 0.3 holes/
atom in the Pt 5d bands, it predicts hy,,/h,,,~ 14.
While they find that this result is consistent with
their interpretation of the L, , absorption spectra,
it is clearly inconsistent with the results of the
analysis of the Pt N; , PAS and EELS that is pres-
ented in the preceding section. It is therefore of
some interest to determine the sensitivity of their
analysis to the calculated kg, ,/h,,, ratio.

BPS find that if they shift the L, absorption-
edge data until it is aligned with the L, edge and
then renormalize it by a factor of 2.22, the two

curves coincide at energies 40 eV beyond the
aligned >dges. The experimental result A,
which they calculate is the area between the L,
and L, absorption curves within 30-40 eV of the
edge. They argue that this procedure compen-
sates for multiple-electron excitations as well as
possible skewing of the absorption line caused by
Fano-type resonances.

Denoting the absorption coefficient u(E) near the
L, and L, edges by uLZ(E) and uLa(E), respective-
ly, then

Aexpt = f[“La(E) - 2-22“L2(E)]dE,

=1.11x10* em™eV. (29)

However, we have found that a graphical integra-
tion of this area in Fig. 5 of their paper indicates
that a more accurate value for A, is about 50%
larger than their quoted result, namely, A
~1.68x10* cm™eV.

Actually, BPS calculate only the total L, absorp-
tion

expt

21%e®IN, -
AL3= f”LS(E)dE=——;c_—g c,vihd)

(30)
where N, is the number of Pt atoms per unit vol-
ume and f, ,; is the average of the oscillator
strength [Eq. (25)] over the (2j*+1) core-level m;,
values. They then compare this with A, (1 +%,,,/
hsy,), where the factor (1+hy,,/hs,,)= (1+L) is an
approximate correction term for estimating the
weak “white line” weight at the L, edge.

Using the analysis™® summarized in the preced-
ing sections, it is straightforward to write gener-
al expressions for the one-electron contributions
to u(E) near the L, and L, absorption edges.
However, in the spirit of the BPS calculation, we
adopt a more qualitative approach in this discus-
sion. Following BPS, we neglect transitions to
6s-band final states, since both the density of
states and the radial dipole-moment matrix ele-
ment are about an order of magnitude smaller
than that for the 5d-band final states. If we also
neglect the differences between the Rds/z('r, E) and
Rdalz(y,E) radial functions and their slight energy
dependence over the width of the unfilled 5d band,
then the following expressions for the integrated
absorption coefficient near the L, and L, edges are
obtained:

_ 2m2e*fIN, 2mhw n
AL2= prz(E)dEz P 0 7 L2 (Rgh/z)z__%u,
2e®/IN, 2m (31)

A= fﬂ-Ls(E)dE L ;w“ (RiPsr2)?

mc 3

X (6Rg )5+ N 5)
15 :
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From Eq. (31) it is clear that A, =A; —2.224,
is sensitive not only to 54 conduction-band prop-
erties [the last factors in Eq. (31)], but also to
differences in (R2?3/2)% and (R%1/2)2, The latter
effect could be significant in Pt, since the L, and
L, core states differ in energy by ~1700 eV.

BPS neglect these differences and evaluate
R2%3/2 ysing nonrelativistic Herman—Skillman
atomic wave functions. They include relaxation
effects by using a Au-atom final state in this cal-
culation. Using the Wigner—Seitz radius for the
upper limit of integration in Eq. (6), then RZ
=3.103 X 10" cm. If we assume R%=R1/2
=R2%s/2 in Eq. (31), then we can apply the present
relativistic LCAO model for Pt to estimate A4,,,,.

For Pt, N,=0.112 % 10** atoms/cm?, and the
L, and L, binding energies are 13273 eV and
11564 eV, respectively. Evaluating Eq. (31) with
these values (plus %;,,=1.000 and h,,,=0.344
from Table II) yields the theoretical result A,,,,,
=1.57%10* em™ eV. This is in surprisingly good
agreement with the experimental result 4., ,
=1.68x10* cm™ eV. On the other hand, A,
=1.15%x10* cm™ eV when £;,,=0.28 and £,,,=0.02,
as determined in the BPS calculation.

In summary, we have noted that serious errors
can arise if unjustified assumptions are utilized
in evaluating Ay, =4, —2.224; using Eq. (31).
However, even in its most simplified form, A, ..
is relatively insensitive to the k,,/h;,, ratio. In
particular, we have found that increasing the
s, 5/hy,, ratio by 480% changes A,,,, by only 30%.

expt

V. SUMMARY AND CONCLUSIONS

We have shown that core-to-valence-electron
excitations in x-ray emission, absorption, and
electron energy-loss spectra provide useful
probes for determining the total angular-momen-
tum character j=1+3 of the conduction bands.

The principle of the method relies on the fact that
in favorable cases either the initial (as in Pt and
Au emission spectra) or final (as in Pt and Au
absorption spectra) states of a core-electron ex-
citation can be usefully characterized as eigen-
states of the total angular momentum j. Because
the selection rules for dipole transitions also de-
pend on the total angular momentum, the result-
ing spectral densities are simply linear superpo-
sitions of the j projections from the conduction-
band densities of states. Thus the spectral densi-
ties of the two spin-orbit components of an orbi-
tally degenerate core level will in general be dif-
ferent unless the conduction-band spin-orbit ener-
gy $(21+1)¢ is small compared to the total conduc-
tion-band width.

The N, , spectra of Pt and Au are particularly
favorable for illustrating these effects. Not only
is the spin-orbit energy of the 5d band compara-
ble to its width in these metals, but the 4f core-
hole lifetime is small relative to the 4f spin-or--
bit splitting, and the 4f splitting itself is small
relative to the 4f binding energy. These consid-
erations allow us to calculate the spectral densi-
ties of the individual Ny and N, excitations and
their relative intensities, which we find to be in
excellent agreement with recently published
spectra for both Pt and Au.

We also show that previous attempts to inter-
pret such spectra have been deficient, either be-
cause they did not employ a fully relativistic
treatment or because they omitted s-p-d hybridi-
zation in calculating the conduction-band density
of states.
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