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A table of core-level binding energies is presented that explicitly takes into account the shifts in electronic
binding energies between free atoms and the standard state, usually the metallic state. New values of core-level
binding energies for Sc, Ti, V, Cr, Mn, Fe, Co, and Ni were measured by x-ray photoemission under ultrahigh-
vacuum conditions. These were combined with other photoemission, optical, and x-ray data to compile
binding-energy values for the first thirty elements both as free atoms and in their standard states.

Comparisons are made with theoretical values.

I. INTRODUCTION

The recent discovery'™® that core-level elec-
tronic binding energies are systematically sever-
al eV lower in conducting solids than in free atoms
necessitates a new tabulation of atomic energy
levels. Previous tabulations*® were drawn up
without regard to whether the data were taken on
free atoms or solids, and serious discrepancies
are found when these tabulations are compared
with theoretical binding energies.

The most common type of systematic error is
caused by combining optical data for valence or-
bitals in atoms with x-ray data for core levels in
metals, then comparing the results with core-
level binding energies measured directly by photo-
electron spectroscopy on metals or with theoreti-
cal binding energies for free atoms. Solid-state
effects'™” render the photoelectron values sys-
tematically lower than the calculated atomic bind-
ing energies, while the values derived from x-ray
and optical data are not rigorously comparable to
binding energies in either atoms or metals.

In this paper we report new core-level binding
energies for several of the light elements (Z <30),
particularly the 3d transition series. The data
were obtained by high-resolution x-ray photoelec-
tron spectroscopy on clean samples prepared in
ultrahigh vacuum; P=<5 X107 torr. They are
combined with other available information to de-
rive two sets of binding energies, one for free
atoms and one for each element in its standard
state. These empirical energies are compared
in turn with calculated free-atom values and with
standard- state energies estimated by approximate
theoretical methods.?

Section II deals with the empirical standard-
state binding energies. In Sec. III we discuss the
empirical electronic binding energies of free
atoms. Directly measured values are available
for only a few elements. To obtain estimates of

15

atomic binding energies for the other elements,
we have combined optical and x-ray data.
Theoretical binding energies are treated in Sec.
IV. For free atoms, theoretical values are taken
from the literature. These values are modified
to provide estimates of electron binding energies
of elements in their standard states. Finally,
theory and experiment are compared in Sec. V.

II. STANDARD-STATE BINDING ENERGIES

It is convenient for our purposes to classify the
first 30 elements into four groups:

a. Group 1. Monatomic gases (He,Ne, Ar):
Only one set of binding energies is needed for
these elements, because the standard states and
free-atom states are identical. The compilation
by Lotz® and the work of Siegbahn et al.® served
as the main sources for these binding energies.

b. Group 2. Diatomic gases (H,,N,,O,, F,,CL):
Binding energies for the molecules are available,
except for the core levels of Cl,. However, except
for H,, the molecular orbitals are not readily
identifiable with atomic orbitals on a 1:1 basis,
and are omitted from Table I. They are, of
course, discussed elsewhere in the literature.

¢. Group 3. Conductors (Li,C,Na,Mg,Al, and
Sc through Zn): These 15 elements have been
studied in our laboratory by high-resolution x-ray
photoemission using monochromatized Al Ko, ,
radiation, under ultrahigh-vacuum conditions. A
fresh surface of each element was prepared im-
mediately prior to study, in most cases by in situ
vapor deposition. Spectra of C,° Li and Na,'° Mg
and Al,™ and Zn and Cu,? have been reported pre-
viously. Our binding energies for the other eight
elements are new values.

Several conventions should be noted. The bind-
ing energies of core levels in conductors are mea-
sured relative to the Fermi energy EL. To com-
pare with atomic or molecular binding energies,
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they must be augmented by the work function ¢ of
each element, yielding vacuum-referenced binding
energies

EV=Ef+¢. 1)

We have listed EY rather than E% in Table I to
facilitate comparison with atomic values. In
making the work-function correction we have used
the values of ¢ given in Table IL.*> We have not
included any error in ¢ in the stated errors. Thus
to recover the directly measured Ef values, Eq.
(1) can be used directly, with the quoted error
transferred to EL.

Some of the core-level peaks in the 3d series
are distorted by multiplet splitting and/or many-
body effects. In principle it might be desirable to
quote a mean value for the binding energies of
these peaks. In practice this is seldom feasible,
however, and we have instead quoted the position
of the highest point on the peak as the binding en-
ergy. This approach provides a good fiducial point
for future workers, although the actual value
quoted is affected slightly by the resolution of the
apparatus.

Our measurements were made with Al Ko, ,

x rays (1486.6 eV). Levels with E ;= 1100 eV were
not readily accessible and were not measured di-
rectly. Rather, their E , values were established
with the aid of known x-ray energies.’® In a num-
ber of cases, x-ray energies were checked against
differences in binding energy from photoemission
data, and good agreement was found.

d. Group 4. The remaining elements:

Be, B, Si, P,S,K,Ca. For these elements the ex-
perimental situation is less satisfactory. These
elements, except for Si, have not been studied in
high-vacuum conditions. The elements B and P
have not, to our knowledge, been studied in their
standard states by photoelectron spectroscopy in
a way that would yield accurate binding energies,
but rather in compounds.>!* Si has been studied
by several groups under ultra high-vacuum condi-
tions; however, the charging problem in semi-
conductors and insulators introduces ambiguity

in the reference level because the position of the
true Fermi level within the bandgap is not well
defined. Sulfur was studied as the elemental solid
but only Ef values are directly available. For
these four elements, we have simply taken the
tabulated values of Siegbahn et al., in which a
4-eV work-function correction was applied.

We did not attempt to study Be, B, K, or Ca
for technical reasons. In all cases, however,
values of E ; could be obtained mainly from x-ray
energies.*!® For the K core we obtained E 5(2s)

— E 5(2p) from a photoemission spectrum of KCL.

Assuming this energy difference to be maintained
in the metal, we were able to establish E 4(2s) for
the metal. Another subtlety in these cores was the
matter of whether quoted x-ray energies referred
to peak values®* or band edges'®: this was also
taken into account.

III. EMPIRICAL FREE-ATOM BINDING ENERGIES

With very few exceptions, experimental values
of free-atom binding energies are available only
for valence shells. The conventional approach in
compiling tables of atomic binding energies is to
couple optical energy-level data'® with x-ray en-
ergies.* We have essentially followed this pro-
cedure, but have employed certain approaches that
should be specified.

First, we have attempted to estimate the binding
energy of each valence electron orbital, going from
the N-electron ground-state to the mean energy of
the (N - 1)-electron excited-state configuration
formed by removing an electron from the active
orbital. Each ionic state in the configuration was
weighted by the square of the coefficient of frac-
tional parentage of that particular (N - 1)-electron
LS eigenstate in the N-electron ground state. This
procedure should lead to a binding energy which is,
at least to first order, the weighted average over
all ionic multiplets which would be observed in a
photoelectron spectrum.

There is also a subtler problem which has not
been considered previously. This is the matter of
solid-state effects, which can shift the character-
istic x-ray energies between atoms and metals. It
is now well established'"® that electronic binding
energies are lower in metals than in atoms. The
largest contributions to the difference appear to
arise through screening of the vacant orbital via
extra-atomic relaxation of the metal’s valence
electrons, increase in the repulsive potential ex-
perienced by core electrons in metals, and (in
transition metals) changes in electron configura-
tions. These effects combine to reduce EY below
E4 for all core levels. In Sec. IV we shall make a
semiempirical correction for this shift. Note,
however, that the three effects also are expected
to operate diffeventially to reduce the inner core-
level E ; values more than those of the outer levels,
because the inner levels are more effectively
screened. Thus the free-atom x-ray energies
should be systematically larger than those of the
corresponding transitions in the metallic state.
While it would be desirable to correct the experi-
mental x-ray energies, which have been measured
only in metals, upward to account for these effects,
there is no satisfactory theoretical basis on which
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TABLE I. Core-level electronic binding energies of the light elements (eV).?
Eg(ls) Ep(2s)
Element A B [¢ D A B c D
H 13.60° 16.0°¢ 13.609 16.4¢
’He 24.59 % 24.598
3Li 64.84°% 57.2(1)P 64.871 60.51 5.39f 3.49 5.37k 3.31
‘Be 119.3 115.6 123.33™ 117.6 9.32f 7(1) 9.161 o
5B 194(1) 191 199.95™ 193 14.05¢ P 12.54™ o
bc p 289.37 296.59 289.17T 19.391 p 17.81™ o
N p 409.93(10)t  410.7™ 411.2¢ 25.417% p 23.86™ o
e} p 543.1(2) ¢ 545.0™ 542.2V 32,311 p 31.54™ o
B p 696.71(5) ¥ 696.16% 695.8Y 40.19°f p 40.02™ o
ONe 870.37(9) ¢ eee 870.4 22 48.47% e 49.31™
Eﬂ(is) EB(ZS)
A B c D A B c D
liNa 1079.03)Y  1074.0(1)® 10790 1075 70.84(10) 65.7(1) B 71,9 68.5
Mg 1310.9(10)% 1306.7(1)7 13139 13109 94.0(5) 92.25(10) ¢ 971 94
RN 1567.0(8) 1562.4(5) 15701 1566 125.6(8) 122.2(2)3 1273 1239
Ug; 1846 1843 ee 1850 B o 156 153 €@ 1610 o
15p 2154 2153 €€ 2154 o 194 193¢ 198 o
16g 2477 2476 24820 o 235 %t 233 ¢ 2380 o
Rlel 2830 2827 @ 2834 % o 278t 274 @ 281 b0 o
Bpy 3205.9(5) *® v 3209 ove 326.3% cee 3270 ces
B 3614.3(2) 3610.7(2) 36188 3615 384.3(7) 380.9(3) 386 bPoMn 383
2cq 4042.8(20)  4041.7(4) 40520 4045 442.5(20) 441(1) 450 443
Age 4494(1) 4493.0(2) 4505 b 4497 503.2(10) 501.5(3) 511 503
2 4972.2(10)  4970.1(2) 4983 4974 569(1) 565.7(3) 5740 565
By 5475(2) 5469.96(10) 5483 ™ 5474 638(2) 631.5(4) 641bP 632
Uer 5996(2) 5995.31(15)  6005™ 5994 703(2) 702.3(3) 7070 697
%5Mn 6549.9(15)  6542.33(15)  6560™ 6549 781.6(15) 773.5(16) 7850 774
%Fe 7124(1) 7115.94(20)  7135% 7123 857(2) 853(2) 863 852
¥co 7725(1) 7716.4(4) 77340 7721 940(1) 931.6(2) 943 b 931
28N 8348(1) 8337.57(14) 8359 ™ 8346 1024(2) 1015.55(50) 1028 1016
Bcu 8987.6(3) 8985.2(3) 9001 o 8997 1105.7(5) 1103.3(7) 1107 1103
30zn 9667.4(1) 9665.15(16) e (9664) ™™ 1203(1) 1200.46(25) cee (1200) ™m
E}g(3s) Eg(3p)
A B c D A B o] D
liNa 5.14 3.51 4.95% 4.0!
Mg 7.65% p 6.61 4 o
Bal 11.331 p 10.1% o 5.99 ¢ P 5.4 o
Ugsi 15.171 p 14.1%® o 8.18f p 7.0 o
15p 20.17% p 18.5"%° o 11.02f p 9.0™® o
lég 21.30¢ P 22,8 o 11.891 p 10.6"° o
ol 25.31¢ P 27.9 M o 13.75% p 12,7 o
187y 29,247 e 33.3» 15.81 B0t cee 14,7
g 40.8(5) 37.1(3) 45,41 43 24.661 20.6(1) 23.9 % 21
2ca 48.3(5) 47.3(6) 58 52 30.1(2) 28.0(2) 36 30
AUge 56.4(10) 54.64(10) 671 62 33.6(10) 31.84(10) 3900 34
24 65(1) 62.66(20) 75 69 40(1) 36.9(2) 45 39
By 77(1) 70.65(15) 83 e 76 47(1) 41.54(15) 5100 44
Uer 79(1) 79.7(3) 8ghb 81 49(1) 47.6(3) 530 46
25Mn 94.6(9) 86.5(3) 101 ™ 93 59.4(9) 51.4(2) 6310 55
%pe 104(1) 96.06(20) 110%° 101 66(1) 57.54(20) 70%® 61
co 115(1) 106.41(10) 120 111 73(1) 64.37(10) 760 67
28N 125(2) 116.12(20) 129 % 120 82(1) 71.77(14) 83bb 74
Bcu 128.8(5) 127.15(10) 132bb 129 83(3) 81.93(10) 85.5 %™ 82.5
79.77(10) 82.9™ 79.9
307n 145.0(1) 144.18(15) e (142)mm 96(3) 95.61(15) (93)mm

93.00(15)
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TABLE 1 (Continued)

Eg(2p)
A B c D
8.30f p 7.93™ o
11.26* p 11.23° 0
14.55% P 14.52° o
16.53¢ P 16.40° o
18.67% p 18.39° o
21.66° 21.25°
b
21.56 Ep(2by/3) Eg(2p3/)

A B c D A B c D
38.38¢ 32.9(1)" 36.7% 33 38.02°f 32.6(1)R 36.5 33
55.0(5) 53.2(1) ! 567 53 54.8(5) 52.9(1)? 561 53
80.7(8) 77.3(2)? 81! 77 80.3(8) 76.9 814 77

107 104 ¢ 96 o 106 103 95 o
141 140°¢ 140%° o 140 139 ¢ 138 o
171 169 173%° o 170 168 °¢ 172> o
210 206 °¢ 210 o 208 204 208 ™ o
250,670 cee 250 cee 248.62(8) ¢ e 2480 ces
303.2(4) 299.6(3) 303" 300 300.5(4) 296.9(3) 300™ 297
354,7(20) 353.6(5) 3610 354 351.1(20) 350.0(5) 3579 350
408.4(10) 407.08(10) 415% 407 403.9(10) 402.15(10) 410 402
468(1) 465.3(2) 474" 465 462(1) 459.2(2) 467™ 458
532(2) 525.37(8) 534 9 525 524(2) 517.71(8) 5250 516
591(2) 589.85(23) 594 b° 584 582(2) 580.54(17) 584 574
662.8(10) 654.7(3) 666 ° 655 651.7(10) 643.54(15) 653 ™ 642
733(1) 725.15(20) 736 725 720(1) 712.05(20) 7220 711
810(2) 801.2(4) 810" 798 795(2) 786.0(4) 794 PP 782
887(1) 876.67(10) 888 P 876 870(1) 859.42(8) 869%™ 857
960.3(4) 957.3(2) 960 956 940.3(4) 937.5(2) 939 935
1052.1(3) 1049.39(15) cee (1049) mm 1029.0(3) 1026.26(15) cee (1026) mm
Ep(4s) E p(3d)
A B c D A B c D
4.341 3 4.0% ees
6.111 5.4%
6.65% 5.5 8.01! 4.3(1) 7.0%
7.05% 5.8 9.941 5.1(1) 8.3
7.33¢ 6.1 12(4) ¥ 5.0(1) 9.5
6.761 e 5.8 % oo 8.66% 6.5(1) 5.5% oo
7.921 cee 6.6 <o 14.30¢ 5.2(1) 10.7 %
8.34¢ cee 7.0% cee 14.7(5) % 5.3(1) 11,7 cee
6.671% 7.5% 15.8(10) ¥ 5.4(1) 12,79
8.991 oo 7.5% cee 17" 5.8(1) 13.5% cee
7.721 6.6™ 10.64 1 7.5(1) 7.3%
9.391 17.30% 14.48(10)

2The column headings mean: (A) free-atom experimental, (B) standard-state experimental, (C) free-atom theoreti-
cal, and (D) standard-state theoretical binding energies.

PFrom Ref. 6.

©This is the vertical ionization potential. The adiabatic value is 15.45 eV. See D. H. Turner, Molecular Photoelectron
Spectroscopy (Wiley-Interscience, New York, 1970).

dExact solution available.

¢See Ref. 28.

fSee Ref. 16. When appropriate, the listed values are energies from the actual ground state to a weighted mean of
ionic terms (see Sec. III).

€From Ref. 20.
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BFrom Ref. 10. In those elements possessing 2p electrons, the splitting is from optical data.

iSee Ref. 29.

iSee Ref. 11. In those elements possessing 2p electrons, the splitting is from optical data.

kSee Refs. 20 and 21.

1 Using experimental bandwidths and work functions calculated by N. D. Lang and W. Kohn, Phys. Rev. B 3, 1215
(1971). B

MReference 18.

"Reference 21.

°Unavailable.

PNo data are available from which a reliable experimental value can be obtained, because of hybridization in the
valence shell.

9Beck and Nicolaides? have explicitly included correlation energy differences and compute a binding energy of 296.3
eV to the ‘P ionic state. They have not considered the ?P state. For the sake of consistency, we have listed an average
for the *P and ®P from Wilson’s ASCF calculations.!®

TFrom Ref. 27.

SFrom Ref, 22,

ta. Johannsson, J. Hedman, A. Berndtsson, M. Klasson, and R. Nilsson, J. Elec. Spectr. and Related Phenomena 2,
295 (1973); see also Ref. 8. B

“From Ref. 30.

VFrom Ref. 31.
¥T. X. Carroll, R. W. Shaw, Jr., T. D. Thomas, C. Kindle, and N. Bartlett, J. Am. Chem. Soc. 96, 1989 (1974).

*Beck and Nicolaides find 698.0 eV to the P ionic state. We have listed an average over multiple—t—s— from the results

of Wilson.!8
Y This value is determined from an Auger spectrum of the free atom. H. Hillig, B. Cleff, W. Mehlhorn, and

W. Schmitz, Z. Phys. 268, 225 (1974).

ZThis value is determined from an Auger spectrum of the free atom. See B. Breuckmann and V. Schmidt, Z. Phys.
2_68_, 235 (1974).

22Reference 23, in this case, the ASCF value is 868.6 eV. The relativistic correction is +0.8 eV, the correlation
difference is +1.1 eV, and a further correction of —0.1 eV has been applied for the Lamb shift.

" From Refs. 5 and 19; the theoretical binding energies come from a relativistic Hartree-Fock-Slater calculation
which includes relaxation. In some cases the relaxation energy was found by interpolating between computed values.

¢ Beck and Nicolaides? compute a transition energy of 1079.3 to the 3S multiplet; for the sake of consistency, we
have listed an average over all multiplets; see footnote bb.

dE, Clementi and C. Roetti, Atomic Data and Nuclear Data Tables 14, 177 (1974). The value comes from a ASCF
calculation. -

®®Not measured in standard state. Probable error ~+2 eV.

# Obtained from energy differences.

8 Beck and Nicolaides?® compute a binding energy of 3612.2 eV to the %S term; see footnote bb.

W Beck and Nicolaides? compute an energy of 385.9 eV to the 3s component; see footnote bb.

i From Ref. 23.

3 No experimental optical data exist for this case. The binding energy was extrapolated from the values for Sc and Ti.

Kk Not all the terms which are necessary to find the free-atom binding energy from optical data are available. Our ap-
proach was to use the known experimental terms to find E g from standard multiplet theory® using Mann’s two-electron
integrals.’$

1 No experimental optical data exist for this case. The binding energy was obtained by comparing Mann’s 3d orbital
energy’® with the experimental binding energy in Mn, Fe, and Co. This gave an empirical correction which was then
applied to Ni.

MMErom free-atom experimental values minus the E§ term.

to do so. We shall therefore neglect this correc- core-level binding energies. In two elements, S
tion, noting that the empirical core-level binding and Cl, x-ray transitions have been assigned that
energies of free atoms may therefore be some- connect the M,(3s) levels to core levels,"® making
what low, because they were obtained by combining contact with optical data. In the remaining ele-
optical data on the valence orbitals of free atoms ments, Si and P, the “L,, ,,;M” transitions were
with x-ray data on metals. interpreted as 2p-3s in character. The 1s ener-
There are seven remaining nonmetallic elements. gies were then obtained from Ka, , x-ray ener-
In three of these elements—C, N, and O—the va- gies, and the 2s free-atom values were obtained
lence shell is so thoroughly hybridized in the com- from 2s-2p differences.®
pounds for which data are available as to render Derived empirical free-atom binding energies

impossible the extraction of meaningful atomic are listed in Table I in the columns labeled A.
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TABLE II. Work functions ¢ for the metallic elements,
in eV. Where blank the correction is either not appli-
cable or very small.

Element o] Element 0]
Li 2.42 Ti 4,3"
Be 3.92 v 4,3%
C 4.62 Cr 4.5
Na 2.32 Mn 4,1°
Mg 3.7% Fe 4.5
Al 4,22 Co 5.0°
K 2.32 Ni 5,2P
Ca 3.22 Cu 4,7°
Sc 3.5P Zn 4,32

2From Ref. 12(b).
bFrom Ref. 12(a).

IV. THEORETICAL BINDING ENERGIES

Free-atom theoretical binding energies are
available in the literature. The values listed in
column C of Table I were obtained for the most
part by the “ASCF” (self-consistent-field) method
introduced by Bagus.!” For the light elements
(Z<10), Wilson® has given theoretical binding en-
ergies for transitions to a number of ionic final
states. We have listed in Table I the weighted-
average energies, summed over those final states
that would be reached by photoemission. In the
heavier elements (Z >10) Siegbahn et al.!® and
Gelius!® have calculated binding energies using an
optimized relativistic Hartree- Fock-Slater model.

These ASCF calculations include relaxation con-
tributions to the binding energy, but do not account
for any differences in correlation energy between
the two states involved in the transition. In the
first and second rows of the periodic table, the-
oretical binding energies for the outermost elec-
tron which include the correlation-energy correc-
tion are available from the work of Frankowski
and Pekeris,?®° Weiss,?! and Moser and Nesbet.??
Beck and Nicolaides?® have determined total ener-
gies for 1s hole states in C, F, Na, K, and Cs,
while the neon 1s hole state has been treated care-
fully by several groups.?-2°

Standard- state binding energies have been cal-
culated by rigorous methods in only a few cases.
These are documented in the footnotes of Table I.
In many other cases the formation of bonds in sol-
ids or molecular orbitals in molecules precluded
discussion of atomic orbital binding energies in
the standard state.

For the case of core levels in metals, solid-
state shifts in E 5 can be large. The success of
extra-atomic relaxation energy estimates®? has

led us to make estimates of core-level binding en-
ergies by correcting theoretical free-atom binding
energies for solid- state effects using a model de-
scribed earlier.? Specifically, we have used the
relation

E g(solid, theo) = E g(atom, theo) - E¢
= E 4(atom, theo) - 5 F°(i, s). (2)

Here F°(i, s) is a Coulomb integral between core
level ¢ and the screening orbital s. Numerical
values of F°(i,s) were given by Mann.?® We note
that our earlier discussion of solid-state shifts
emphasized extra-atomic relaxation, neglecting
other effects that may in some cases be of equal
importance.” Clearly some estimate of the solid-
state shift is needed. We note that the earlier es-
timates based on 3 F°({, s) were about 50% high.
We have therefore reduced the coefficient to 3,
and we regard this correction as a semiempirical
quantity which is meant as an estimate of the en-
tire solid-state shift rather than being associated
with extra-atomic relaxation alone.

Calculated standard-state binding energies are
listed in column labeled D in Table I.

V. DISCUSSION

Table I represents the first attempt to compile
experimental atomic binding energies in free
atoms and the standard state, while taking cogni-
zance of the crucial differences between the two.
It is also the first attempt to compare with theory
with this difference in mind. Viewed in this light
the result must be regarded as a substantial
success.

For an empirical point of view, most core-
level binding energies in the first 30 elements are
now known to within errors of 0.1 eV up to 2 eV
for both free atoms and the standard states. For
the 1s, 2s, and 2p levels of transition-metal at-
oms, x-ray energy shifts from metals to atoms
may increase this error to ~4 eV. Because pre-
vious binding-energy compilations did not take into
account the difference between E g values for free
atoms and the standard state, they were in some
cases in doubt by amounts up to the difference
between the two, i.e., by up to 18 eV, in either
E g(atom) or E p(metal).

By using ultrahigh-vacuum techniques we have
removed uncertainties in previous binding-energy
values of metals based on the use of oxidized sam-
ples. It should be noted, however, that our exper-
imental E g values for core levels of metals are in
most cases remarkably close to the values given
by Siegbahn et al.® in their Appendix 2. OQur data
therefore strongly support the accuracy of their
early work.
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Before turning to a more detailed discussion of
metals, we comment briefly on those elements
that are nonmetallic in their standard states.
Hydrogen and helium are well understood. Of the
other rare gases, the argon E ; values are quite
well approximated by theory, while the neon 1s-
level results show how well a core-level binding
energy can be calculated when correlation is taken
into account.?*?* In carbon (graphite), the 1s-
level E ; has been calculated by a “relaxation po-
tential” theory?” that has given good results for
molecules. There is excellent agreement with ex-
periment. Although semiempirical in nature, this
is the nearest thing we have to a theoretical value
of a core-level binding energy in a solid.

Among the diatomic molecules N,, O,, F,, and
Cl,, theoretical core-level binding energies are
available except for Cl(1s). Agreement with ex-
periment is very good. We have not tabulated
valence-shell atomic binding energies for these
molecules because the atomic levels are highly
hybridized. For the same reason the atomic 1s
binding energies of C, N, O, and F could not be
estimated from x-ray data. In the nonmetals Si,
S, and P, the standard-state core-level binding
energies are not completely well-defined because
of lack of a suitable reference level. We followed
Siegbahn ef al.® in adding 4 eV—a typical work
function—to the Fermi-level referenced binding
energy.

Seventeen of the first 30 elements are metals.
Among these there are consistent differences be-
tween atomic and metallic core-level binding en-
ergies, with the latter always smaller as expected
due to extra-atomic relaxation and other solid-
state effects. Furthermore, there is in general
very good agreement between the “experimental”
and theoretical atomic binding energies. The first
case is the Li(1s) level, for which the binding en-
ergy is 64.8 eV in the gas phase and 57.2 eV in the
metal. The respective theoretical values are
64.9 and 60.5. In other cases the absolute values
of E z may be reproduced very well by theory
[e.g., for the Na 1s case, E4=1079.1(9) eV, EY
=1074.0(1) eV, compared with theoretical values
of 1079 and 1075 eV, respectively], or they may
not (e.g., 4-eV error in the K 1s case). Differ-
ences between E} and E4 are always present,
however; they have the expected sign and their
magnitudes tend to follow quite closely the values
predicted by the 3 F° estimate described above.

To facilitate a systematic comparison, we have
made a difference plot of 2s binding energies for
the fourth-row elements K-Zn (Fig. 1). The ex-
perimental 2s binding energy in the metal is taken
as a reference. The “theoretical” 2s binding en-
ergies in the metal (open circles) lie within 2 eV
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FIG. 1. Relative 2s electron binding energies for ele-
ments Z=19 (K) through Z=30 (Zn). The experimental
(vacuum-referenced) binding energies in the metal
(column B in Table I) are taken as reference and set at
zero. Theoretical binding energies in free atoms (filled
circles) and in the metals (opén circles) are labeled C
and D, respectively, as in Table II. Curve A gives the
“experimental” free-atom binding energies derived
from optical and x-ray data.

in all elements except chromium. Chromium is
expected to deviate because it has the same ground-
state configuration in the free atom and the metal.”
The theoretical and experimental free-atom binding
energies lie higher in all cases. This difference

is attributable to extra-atomic relaxation, initial-
state screening, and configuration changes®” in

the metal. An increase of the difference E4— EY,
across the 3d transition series is clearly present,
and is attributed to increasingly effective d-elec-
tron screening in the initial and final states.®7

The dramatic decrease in this quantity at the filling
of the d shell (between Ni and Cu) supports the in-
terpretation that d-electron screening is responsi-
ble for the difference, but the relative contribu-
tions of the three factors dictating the amount of
the screening are not accurately known.

It is also important to note in Fig. 1 that the
free-atom experimental values are all lower than
the free-atom theoretical binding energies. This
result is presumably due to the fact that the ex-
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FIG. 2. Plots of the differences Ef(theo) — EJ(theo)
(closed circles) and Efj(expt) — Ef(expt) (open circles)
for the 1s (top) and 2p;,, (bottom) levels of elements
19 (K) through 30 (Zn).

perimental values were obtained by merging free-
atom optical data with solid-state x-ray data. As

discussed in Sec. III, this will cause the empirical
binding energies to be somewhat low.

A clearer idea of the solid-state shift can be ob-
tained by plotting the quantities E4(theo) — E%(theo)
and E‘4(expt) - E%(expt) as in Fig. 2. For brevity,
only the 1s and 2p,,, cores have been plotted; the
others are similar. Again the effects mentioned
above are clearly present. This phenomenon—the
increase in d-wave screening across the 3d series,
then the sharp drop at the d-shell closure—has
been discussed before,?” but the binding-energy
values used in the present work are more accurate
and reliable. )

In conclusion, the results presented in Table I
provide very strong evidence that atomic binding
energies are sufficiently well-known experimen-
tally and understood theoretically to necessitate
that a clear distinction be made between the atomic
state and the metallic state in future discussions of
binding energy. When this distinction is made, the
size of the solid-state shift and its sensitivity to
electronic structure hold forth promise of its val-
ue in elucidation of various electronic structure
problems in metals.

*Work done under the auspices of the U.S. Energy Re-
search and Development Administration.

fPresent address: Max Planck Institute fur Festkor-
perforschung, Stuttgart, W. Germany.
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