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We describe a theory of core-level binding-energy shifts in metals (relative to the free

atom).

Precise definitions of the intuitive concepts of chemical, relaxation, and config-

uration shifts are given which permit their straightforward and unambiguous evaluation.
Parameter-free calculations for the 3d transition series agree well with experiment.
The simplicity of the theory should make it widely applicable.

The measurement of core-level energies by
x-ray photoemission is one of the most important
available probes of electronic structure. Such
binding energies are of interest because they re-
flect (via the electrostatic potential in the atomic
core region) the chemical environment of the
atom from which the core electron is removed.
We focus here on the shift of core-level binding
energies associated with the formation of a metal
from free atoms. We present a theory in which
all significant contributions to the shift are ac-
curately calculated and identified with intuitively
understandable concepts. The same problem has
been considered previously by Ley et dal.,' by Wat-
son, Perlman, and Herbst,? and, most recently,
by Shirley et al.® The total shift A is the differ-
ence of two binding energies,

A={E*n, - 1) = E*n,)}
—{ES(n,-1) - E5(n,)}, (1)

where E(n,) is the total energy of the system con-
sidered as a function of the number of electrons
in a particular core level. The superscripts A
and S indicate that the first bracketed quantity is
the core-level binding energy for the free atom
and the second bracketed quantity is that for the
solid. We decompose the total shift into contri-
butions due to configuration changes,? chemical
shifts,* and relaxation shifts!:2::

A =Ac0nfig +A them + Drelax+ (2)

We define A g, to be the change in the core-
level binding energy due only to changing the con-
figuration (the distribution of electrons among s,
», and d states) of the free atom (denoted by A)
into a configuration similar to that which the atom
will adopt in the solid® (denoted by A*):

Aconfig = {EA(nc -1) - EA(”C}
—{E¥ (0, - 1) —E* (n,)}. (3)

To evaluate the remaining two contributions,
A qem and A .y, We take the total energy to be

an analytic function of core occupation and ex-
press the contributing binding energies as Taylor
series:

E(nc _Gnc) - E(nc)

oE,  10%E,
=gty 5;16—2(51%) - (4)

with 6n,=+1. The convergence of such series
has been studied by Slater.® In the density-func-
tional formalism,” which we use to evaluate the
quantities required by the analysis, partial deriv-
atives of the total energy with respect to occupa-
tion are rigorously given by the orbital eigen-
energies; in particular, 8E/on,=€,. When this
fact is used in the Taylor-series representation
of the binding energy IEq. (4)], term-by-term sub-
traction of the series representing E°(n,~ 1)

- E®(n,) from that representing E4 (n, — 1)

- E*"(n,) leads to natural definitions of the chemi-
cal and relaxation shifts,

—_ S *
Achem= € = ecA (5)

and

Are:letx = _%(8 €cs/a”c - 86:.‘Aﬁ/anc) + oo, (6)

The chemical shift® is the displacement of the
core level by changes in the chemical environ-
ment before an electron is removed from the lev-
el. The remaining terms in the Taylor series
[Eq. (6)] describe the shift of the level caused by
removal of the electron and are therefore to be
identified with relaxation,®

While our expressions for A config and A gep, re-
quire for their evaluation only relatively straight-
forward free-atom and energy-band calculations,’
the evaluation of A .y, [Eq. (6)] is much more
complicated, because the quantity 9€,5/0n, re-
fers to an infinite solid in which the translational
symmetry required for band calculations is brok-
en by the presence of a localized core hole. It is
here that we make use of the excited-atom mod-
el,’?1% according to which the relaxation-induced
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displacement of the core level in the solid, ecs(nc
-0n,) ~€,5(n), can be approximated by that of a
core level in a free atom whose neutrality is
maintained by “exciting” the core charge 0n, in-
to a valence orbital, i.e.,

ecs (nc - Gnc) - €cs (nc)
= €cA*(nc - énc, nu“'énc)" €cA*(nc,nv); (7)

where n, is the occupation of the valence orbital.
The motivation for this approximation is that
metallic screening preserves local neutrality
and furthermore that the spatial distribution of
the metallic screening charge is accurately ap-
proximately by self-consistently adding an extra
electron to the valence shell.?’® When the ex-
cited-atom approximation [Eq. (7)] is used to
describe the n, dependence of ecs in our expres-
sion for the relaxation shift [Eq. (6)], we obtain!*

Arelax ® %(860‘4* /31’1,,). (8)

As in the analysis leading to Slater’s transition-
state technique,® Taylor-series terms of higher
(than lowest contributing) order can be included
by evaluating quantities at intermediate-level oc-
cupations. In the present case, terms of order
(6n,)® are accounted for by evaluating the deriva-
tive 0€,4"/on, appearing in Eq. (8) at an occupa-
tion consisting of two thirds of a core hole and
one third of a screening (extra valence) electron,
One- and two-thirds occupations arise because
we are combining second- and third-order terms,
whose relative weighting in Taylor series, such
as Eq. (4), is one-third [e.g., €' (n) + 5€” ()~ €'(n
+3)].

The numerical results corresponding to the
‘preceding analysis are compared with experi-
mental measurements in Fig. 1.'*> The configura-
tion shift A i, Was evaluated using Eq. (3),

A tem using Eq. (5), and A .y, using Eq. (8). All
the required atomic and energy-band calculations
were self-consistent and paramagnetic, and used
the local-density approximation” to exchange and
correlation effects. (The Fermi energy, and
thus all energies arising in the energy-band cal-
culations, were referenced to vacuum using meas-
ured work functions.'®) Figure 1 shows that the
principal variation of the total shift with atomic
number stems from configuration changes.? The
relaxation shift, while large, is slowly varying.
The breaks in the relaxation curve at Ca and Ni
reflect changes in the character (s vs d) of the
screening electron; the latter was deduced from
the solid configurations A* using the “equivalent-
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FIG. 1. Comparison of calculated and measured (see
Ref, 12) binding-energy shifts for 3d transition series
and decomposition of total calculated shift into contribu-
tions due to chemical, configuration, and relaxation ef-
fects.

core” concept': For the transition metals, e.g.,
the screening charge is d-like.'® Note that, since
the free-atom binding energy corresponding to
A* is added and subtracted, the total shift would
be completely independent of A*, were it not for
our use of the excited-atom approximation. In
Ni, for example, changing A* from 3d%:®4s!* to
3d®"4s'*3 changes the total shift less than 0.07
eV. A similar change (0.1¢”) in the character of
the screening electron changes A, ..« by just 0.3
eV. Our calculated chemical shifts indicate the
near cancellation of two larger effects, the down-
ward shift due to the surface dipole-layer poten-
tial and the upward shift due to the compression
of the valence charge into the smaller volume that
it occupies in the solid; both of these effects are
typically 2-5 eV in magnitude.

Our Taylor-series analysis provides an imme-
diate clarification of a confusion which exists in
the literature between the relaxation shift A ..y
and a quantity A, introduced in Ref. 2 and re-
ferred to as a screening energy. Hoogewijs,
Fiermans, and Vennik'® noted the distinction be-
tween A and A, .y, but did not elucidate its ori-
gin; Taylor-series analysis makes it clear that
Ag and A, .x are simply not the same type of
physical quantity. Since it is a total-energy dif-
ference, A = E* (n,-1,n,) —E* (n,—1,n,+1) is
fundamentally an energy level (Ay=—€,% +...),
whereas A .y is an enevgy-level shift (A cpx
=30€,4/on,+...). Numerically, A, and A,
differ both in their magnitude and in their depen-
dence on the spatial character of the screening
charge (3d vs 4s). The relaxation shift is gener-
ally smaller'” than A; and, unlike A, which is
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insensitive to the 3d vs 4s screening-charge dis-
tinction,? the relaxation shift A ., since it is
essentially half the electrostatic potential in the
core due to the screening charge,’'*® is larger
for the spatially more localized third-shell elec-
trons. (In the case of Ni, e.g., the relaxation
shift due to screening by a d electron is 7.3 eV,
whereas for screening by an s electron it would
be only 4.5 eV.)

The Taylor-series analysis can also be used to
represent A, ., in terms of total-energy differ-
ences, which can be obtained from measured
free-atom excitation spectra using the equivalent-
core approximation™ or calculated using any of a
variety of techniques (including Hartree-Fock,
e.g.). As the preceding paragraph indicates, how-
ever, A .x, since it is an energy-level shift,
must be represented by a difference of total-ener-
gy differences; we find for example that

Aelax ® %{11(2*‘ 1) 'IO(Z)}, 9)

where I,(Z) is the electron affinity of the atom in
question and 7,(Z +1) is the first ionization poten-
tial of the next atom in the periodic table. Anoth-
er estimate of A .1,,, which differs from Eq. (9)
only in terms of order (6r)3, is given by

Aoy ® 21L,(Z +1) = 1,(2)],

where I, is the second ionization potential. Con-
sideration of these third-order terms indicates
that a linear combination consisting of two-thirds
Eq. (9) and one-third Eq. (10) is more accurate
than either taken by itself.'® When this procedure
is applied to potassium using measured ioniza-
tion potentials, the result for A ., is 3.1 eV,?°
compared with the value of 3.3 eV shown in Fig.
1. [The application of Eqgs. (9) and (10) to transi-
tion metals is complicated by multiplet structure
and configuration changes. ]

Both the present work and our detailed study of
the excited-atom model in the context of atomic
chemisorption'® indicate that this very simple
model can be quite accurate. Our results moti-
vate, for example, the study of the analogous
“excited-molecule” model to estimate relaxation
shifts in the context of molecular chemisorption.

We gratefully acknowledge conversations with
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state involved (1s, 2s, 2p, etc.) we have replaced the
variation of ¢, in Eqgs. (5) and (8) with the variation of
the electrostatic potential at the nucleus. (This is ap-
propriate only for deep core levels.) We have com-
pared our results with measurements on 2s levels, be-
cause we feel that the atomic calculations employed in
Ref, 3 are less reliable for the 1s levels, andp levels
introduce the complication of multiplet structure. The
error bars in Fig. 1 reflect only the reported uncer-
tainty associated with the measurement of the core-
level binding energy in the solid; an estimate of the
additional uncertainty introduced by the use in Ref. 3
of theoretical free-atom binding energies can be ob-
tained from the errors in these binding energies for
the rare-gas atoms, for which measurements are avail-
able, For Ne and Ar, the errors are less than 1 eV;
for Kr, the error is large (8 eV). The only indication
we have that the errors remain small through the 3d
transition series is the empirical one offered by the
uniform level of agreement that we obtain.

3We use the same work functions used to define the
experimental data (see Ref, 12),
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number of non-d electrons in Ti and V.]
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gested in Ref. 10,

% The corresponding result for the quantity A, is 6.1
eV, If, as was done in Ref, 2, A is evaluated by the
Hartree-Fock method, the result is 5 eV, regardless
of whether the calculations are performed on Ca, or on
K with a core hole. The general tendency of the Har-
tree-Fock method to underestimate such total-energy
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Rotation of the plane of polarization of a linearly polarized x-ray beam by simple trans-
mission through a (110) silicon crystal has been observed. Both the amount of rotation
and the amount of absorption of x rays depend on the orientation of the crystal in the inci-
dent beam. Contemporary scattering-theory calculations are used to explain this effect,
including the x-ray analog to optical birefringence, for a suitable crystal sample,

In this Letter, we report the discovery of x-
ray polarization rotation for the case of simple
transmission. We have used linearly polarized
Cu Ka radiation incident perpendicular to the
(110) surface of Si. Avoiding Bragg or Laue con-
ditions, we demonstrate for the first time that
there is a rotation of the linearly polarized x-
ray beam and an absorption in the crystal sam-
ple which depend on the orientation of the Si

crystal.

Polarization phenomena such as optical activi-
ty and birefringence are not generally expected
to exist for x rays in simple transmission. For
the case of x-ray diffraction, however, theoreti-
cal results of Molidre' and Ashkin and Kuriyama?
indicate that the initial and final polarization
states may be different. Hojo, Ohtsuki, and
Yanagawa® have shown, however, that as long as
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