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X-ray photoelectron spectroscopy (XPS) is used to measure splittings of metal-atom elec-
tron binding energies in both inorganic solids and gases. These splittings are due to the
various possible multiplet states formed by coupling a hole in a metal-atom subshell to an
unfilled valence subshell. Splittings are observed in various solids containing 3d-series atoms.
In particular, the 3s binding energy is split into a doublet with as much as 7.0-eV separation
between the two components. The instrumental resolution is ~1.0eV. 3s splittings are ex-
hibited by inorganic compounds containing Mn and Fe, as well as by Fe metal, Co metal, and
Ni metal. Theoretical predictions are in good agreement with experiment, provided that the
effects of covalency in chemical bonding are taken into account. For Fe metal, the 3s split-
ting is identical both above and below the Curie point. The 3p binding energies of these solids
also appear to show multiplet effects, but the interpretation of these results is less straight-
forward. The 2p binding energies in MnF, are broadened by at least 1.3 eV, and this is shown

to be consistent with multiplet splitting.

XPS results for gaseous monatomic Eu also indicate

the presence of multiplet splittings. The two components in the 4d photoelectron spectrum
are found to have an intensity ratio in disagreement with observed ratios for neighboring atoms
with filled valence subshells. Also, the width of the 4f photoelectron peak above the instru-
mental contribution can be explained in terms of multiplet effects.

I. INTRODUCTION

In any atomic system with unpaired valence
electrons, the exchange interaction affects spin-up
and spin-down core electrons unequally. Since
exchange acts only between electrons with the
same spin, ! core electrons with spins parallel to
those of the unpaired valence electrons will experi-
ence a valence-electron exchange potential, where-
as core electrons with spins antiparallel will not.
As the exchange interaction tends to reduce the
average Coulombic repulsion between two elec-
trons, ! the spin-parallel core electrons will be
favored energetically. Exchange interactions
within or between closed shells balance exactly,
as the numbers of electrons with each spin are
equal. This interaction between core and unpaired
valence electrons is responsible for core-polariza-
tion contributions to magnetic hyperfine structure.?
Because of the nonequivalent exchange interactions
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felt by core electrons with different spins, the
spin-up and spin-down wave functions are slightly
displaced spatially from one another.? In atomic
iron, for example, the 3sa and 3sB wave functions
are predicted to have average radii of 0.433 and
0.435 f&, respectively.® Here we have used « to
denote a spin parallel to the unpaired 3d electrons.
This relatively slight difference of ~0.5% in av-
erage radius creates a large net spin density at
the nucleus. This spin density results in a large
magnetic field in the Hamiltonian describing the
hyperfine interactions between nucleus and elec-
trons.? Numerous studies of the systematics of
this hyperfine field have been made, *'°

In addition to slight spatial polarizations caused
by unpaired valence electrons, the binding energies
of core electrons should be affected. Spin-unre-
stricted Hartree-Fock calculations predict differ-
ences in the spin-up and spin-down core-electron
energy eigenvalues of transition-metal ions, 2’3
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Such differences are ~12 eV for the 3sa and 3sB
electrons in atomic iron,® for example. It has
been pointed out that these differences ought to be
reflected as splittings in the measured binding
energies of these electrons.® By means of x-ray
photoelectron spectroscopy (XPS), which has a
resolution of ~1 eV, an attempt was made to de-
tect such splittings in core-level photoelectron
peaks from iron and cobalt metal.® However, no
pronounced effects were observed.® Recently,
splittings of ~ 1 eV have been found in paramag-
netic molecules’ and larger effects have been ob-
served in solids containing Mn and Fe.® In partic-
ular, Fadley, Shirley, Freeman, Bagus, and
Mallow® observed ~6-eV splittings in the 3s binding
energies for the transition-metal ions Mn?* 3d°
and Fe®* 3d° in certain solids. These splittings
are considerably reduced from free-ionpredictions,
and a major source of this reduction appears to be
covalent-bonding effects.® The 3p binding energies
in these solids also give evidence for splittings,
but from both a theoretical and experimental point
of view, the interpretation of this data is less
straightforward. ®

In this paper, we review the results obtained
previously for Mn and Fe,® and also present data
for 3s electrons in Co metal and Ni metal which
indicate similar effects. Photoelectron spectra
for the Mn 2p electrons in MnF, are shown to ex-
hibit similar, but smaller, splittings than Mn 3s,
as expected from free-ion theoretical calculations.
We also discuss photoelectron spectra obtained
from gaseous Eu which show certain anomalies
probably connected to such splittings. The ex-
perimental procedure is discussed in Sec. II. Ex-
perimental and theoretical results are presented
and discussed in Sec. III. Our conclusions appear
in Sec. IV,

II. EXPERIMENTAL PROCEDURE

The experimental procedure has been described
elsewhere. ®° Samples were bombarded with x rays
of ~1-keV energy (primarily with the unresolved
Mg Ko, , doublet, which has an energy of 1.2536
keV ). The ejected electrons were analyzed for
kinetic energy in a magnetic spectrometer. The
kinetic-energy distributions obtained in this way
contain photoelectron peaks corresponding to ex-
citation from all the core and valence electronic
levels in the sample whose binding energies are
less than the excitation energy iZv. The pertinent
energy conservation equation is

hw=E"-E!+e+ work function
and charging corrections, (1)

where E" is the total energy of the final state of
the system with a hole in some subshell, E ! is the
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total energy of the initial state of the system, and

€ is the kinetic energy of the electron ejected from
that subshell. Work function and charging correc-
tion will accelerate or decelerate all electrons
equally, and so can be disregarded in the measure-
ment of splittings within a single sample.®1® The
quantity E* -~ E ! is by definition the binding energy
of an electron in the subshell, relative to the final
hole state corresponding to E*. If the ejection of
an electron from a subshell can result in several
final states of the system (i.e., several E"values),
a corresponding number of photoelectron peaks

will be observed. Thus, the energy splittings of
these final states are in principle directly mea-
surable. The instrumental contribution to linewidth
for these experiments was ~1.0-eV full width at
half-maximum intensity (FWHM). This width
arises primarily from the natural width of the ex-
citing radiation.

Measurements were made on several inorganic
solids containing Mn and Fe, as these atoms pos-
sess a large number of unpaired d electrons
(neutral atom electron configurations: Mn®
- 3d°4s?, Fe®-3d%4s?%). Compounds were studied
at room temperatures and a pressure of ~10~°
Torr. These samples were usually prepared by
dusting the powdered crystal onto an adhesive
backing to form a contiguous coating.® In a few
cases, samples were prepared by painting an ethyl-
alcohol slurry of the powder directly on a metal
backing.® Pure 3d-series metals were also stud-
ied, and these samples were heated in a hydrogen
atmosphere (~10~2 Torr) to free them of surface
oxidation, 6911

The choice of solid samples to be studied was
restricted by two factors: (a) The sample must be
in a vacuum if photoelectrons are to be analyzed
for kinetic energy without appreciable inelastic
scattering. (b) The vacuum in our spectrometer
was rather poor, with pressures in the 10 =%-Torr
range. These factors precluded the study of well-
defined hydrated salts, since these salts will either
lose water of hydration at room temperature or
condense material from the residual gas in the
system if cooled to very low temperatures. Also,
transition metals which react to any degree with
oxygen had to be reduced in an atmosphere of hy-
drogen.®®!! For room-temperature studies, an-
hydrous salts of metals with strongly electroneg-
ative anions represented the most useful samples.
In certain cases, metal oxides were stable enough
to be studied under the conditions of our experi-
ments. Both iron and manganese have at least
three oxides. From the point of view of observing
multiplet splittings, the most desirable oxide of
manganese is MnC, which contains Mn?* ions in a
3d %8S electronic state. However, MnO is slightly
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unstable to oxidation by residual O, gas via the
reactions

3MnO+ 30, ~MngO, ,  2MnO + 30, - Mn,O,
The other oxides of Mn and Fe are often nonstoi-
chiometric and therefore do not consititute partic-
ularly well-defined systems. The metal halides
present another possibility, but among these, only
the fluorides have sufficient stability to be used
with confidence. For example, the equilibrium
constant for the reaction

MnC12+ Oz - MnOZ + Clz
is ~10°, while that for the reaction
Man + Qz - MnOZ + Fz

is ~10~%, MnF, and, to a lesser extent, FeF;,
‘thus represent good systems for the study of mul-
tiplet splittings. We have also studied the com-
pounds MnO, MnO,, K,Fe (CN);, and Na,Fe (CN);,
for which no major chemical instability problems
were noted. Minor effects of surface reaction are
discussed below.

The monatomic gases '? Eu and Yb were also
studied.® Eu possesses a half-filled 4f shell (elec-
tron configuration Eu’-4f76s%) and might be ex-
pected to show splittings, whereas Yb has a filled
4f shell (Yb%-4f'%6s2), and should not show these
effects. A special oven was constructed for these
experiments.® In this oven, solid metal was heated
to a temperature at which the metal vapor pressure
was ~10~2 Torr (~600 °C for Eu and ~540 °C for
Yb). At these conditions, reasonable photoelectron
counting rates were obtained from the gas phase.®
No significant Doppler broadening of photoelectron
peaks should result at these temperatures.

The only form of data analysis applied to photo-
electron spectra was a least-squares fit of empir-
ically selected analytical peak shapes.® This pro-
cedure permitted accurate determinations of peak
positions, widths, relative shapes, and intensities,
and also of the importance of inelastic scattering
effects. The selection of peak shapes has been
described elsewhere.® The most useful shapes
are Lorentzian or Gaussian with smoothly connected
constant tails of adjustable height on the low-kinetic-
energy side. These tails represent reasonably
well the effects of inelastic scattering on electrons
escaping from the sample.® It was also possible
in this fitting procedure to allow automatically for
the effects of the weak Koy and Ka, satellite x rays
separated by ~10 eV from the main Ka,,, compo-
nent in the Mg x-ray spectrum.® Photoelectron
peaks due to these satellites are indicated as
“ag,,” in Fig. 1, for example.
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FIG. 1. Photoelectron spectra from MnF,, MnO, and
MnO; in the kinetic-energy region corresponding to
ejection of Mn 3s and 3p electrons by Mg Ko x rays.

III. RESULTS AND DISCUSSION

A. Solids Containing 3d-Series Atoms

Figure 1 shows photoelectron spectra obtained
from MnF,;, MnO, and MnO, in the region corre-
sponding to ejection from the Mn 3s and Mn 3p
core levels. Figure 2 shows spectra in a similar
region from the iron-containing solids: FeF,, Fe
metal, K,Fe (CN);, and Na,Fe (CN),. The strong
peaks in these spectra are labeled with the arbi-
trary notation 3s (1), 3s(2),... and 3p(1), 3p(2),...,
unless they can be assigned to some obvious cause
other than ejection from 3s or 3plevels by Mg Ka, ,
x rays. In the latter category are the peaks due to
the a; and @, satellite x rays and the Na 2s peak
in Na,Fe (CN);. The relative shifts in kinetic en-
ergy of the 3p (1) peaks in either Figs. 1 or 2 do
not have special significance, as absolute energy
measurements were not made with high precision.
Therefore, some of these shifts could be due to
such effects as charging of the sample. Within a
given spectrum, however, relative peak locations
can be determined quite accurately.

We concentrate first on the 3s regions of Figs.

1 and 2. Table I summarizes our experimental
results as obtained by least-squares fits of Lor-
entzian-based peak shapes® to the data, and also
gives the approximate free-ion electron config-
urations for the transition-metal ions in these
solids. Also noted in Fig. 2 and Table I are those
cases for which known properties and/or the ob-
servation of broadening of certain photoelectron
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FIG. 2. Photoelectron spectra from FeF;, Fe metal,
K Fe(CN)g, and NayFe(CN)g in the kinetic-energy region
corresponding to ejection of Fe 3s and 3p electrons by
Mg Ko x rays.

peaks seem to indicate slight chemical alteration
of the sample. As the photoelectrons in the full-
energy inelastic peaks such as those labeled in
Figs. 1 and 2 come from only a thin (~10~%-cm)
surface layer of a solid sample, a relatively small
amount of surface reaction can alter photoelectron
spectra appreciably. ¢*'1® For example, MnO,
samples prepared from an ethyl-alcohol slurry
exhibit an enhanced 3s (2) peak relative to samples
prepared by dusting powder directly on an adhe-
sive backing. The separation of the 3s (1) and

3s (2) peaks is the same for both cases, however.
This change iu relative intensity may be due to
slight surface reduction in the alcohol, as noted
in Table I. Spectra for MnF,, on the other hand,
exhibited no significant changes dependent upon
sample-preparation technique, and this is con-
sistent with the higher chemical stability of this
compound,
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In the 3s region, the 3d° compounds exhibit two
peaks, denoted 3s (1) and 3s(2). MnO, shows a
somewhat weaker 3s (2)peak at smaller separation.
K, Fe (CN)sand Na,Fe(CN), show essentially no
3s(2) peak. Iron metal exhibits a distinct shoulder
which persists with no appreciable change from
810 °C (40 °C above the Curie point) to 565 °C, as
shown in Fig. 3. (This shoulder was not observed
in earlier work® because of poor statistics.) These
results are fully consistent with the peaks 3s (1)
and 3s (2) representing two final states of the Mn
or Fe ion split primarily by the exchange inter-
action. That is, for those cases with the maximum
number of unpaired 3d electrons (the high-spin
3d°°S states in MnF,, MnO, and FeF,), a widely
separated 3s (1)-3s (2) doublet is observed. For
cases in which the number of unpaired 3d electrons
is smaller (MnO, and Fe) or the transition-metal
ion exists in a diamagnetic ground state [K,Fe(CN),
and Na,Fe(CN)], the separation of the two com-
ponents is reduced and also the intensity of the
3s (2) peak relative to 3s (1) is decreased. Also
consistent with this interpretation is an analogous
spectrum from Cu metal (4 electron configuration
3d1'%) which shows a narrow single 3s peak as
observed in the ferrocyanides (see Fig. 3 and
Table I).

We note at this point several other possible
sources of the extra peak 3s (2), all of which can
be ruled out: (a) Auger electron peaks can be
distinguished by a constant kinetic energy regard-
less of exciting x-ray energy. Mg and Al x rays
were used for this purpose. (b) A surface con-
taminant or incompletely hidden portion of the
sample holder could give rise to unexpected photo-
electron peaks, but these should be present on all
samples at the same kinetic energy and probably
with varying intensity relative to Mn or Fe peaks.
The 3s (2) peak does not behave in this way. (c)

If surface chemical reaction produces two differ-
ent types of metal atoms, shifts of the 3s binding
energiesdue to changes invalence-electronscreen-
ing could give rise to two photoelectron peaks. °
However, in this case, both 3s and 3p peaks should
show the same structure!® and this is not observed.
(We note a small effect of this kind on the 3p (1)
peak of FeF;.) (d) Quantized energy losses suf-
fered by photoelectrons in leaving the solid can
give rise to peaks on the low-kinetic-energy side
of an elastic photoelectron peak, * but the loss
mechanisms for 3s and 3p photoelectrons should
be essentially identical due to their proximity in
kinetic energy. No peak with relative intensity
and separation corresponding to the 3s (2) peak is
seen near the 3p (1) peaks of MnF, and MnO. Also,
most quantized losses would contribute some in-
herent linewidth to the secondary peaks, but Table
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Transition-metal ion-electron configurations for the solids indicated in Figs. 1-3, with experimental

separations, intensity ratios, and widths of the 3s photoelectron peaks, and the widths of the most intense 3p peaks. Ac-
curacies of these values are +0.1eV for separations and widths and +0.15 for intensity ratios. Values in parentheses

have greater uncertainty.

3s(1)-3s(2)  3s(1):3s(2) 3s(1) 3s(2) 3p(1)
Electron Separation Intensity FWHM? FWHM? FWHM?

Atom Compound configuration (eV) ratio (eV) (eV) (eV)
Mn MnF, 3d58s 6.5 2.0:1.0 3.2 3.2 2.1
MnO 3d°6s 5.7 1.9:1.0 3.6 3.5 2.8

MnO,° 3d3'F 4.6 2.3:1.0 3.9° 3.9¢° 2.6

Fe FeFyd 3d5%¢s 7.0 1.5:1.0 4.5¢ 4,5° 3.64
Fe (3d %45%) (4.4) (2.6:1.0) (3.5) (4.0 2.3

K,Fe(CN)g (3d°%) >10:1 3.5 2.9
Na,Fe(CN), (3d%) >10:1 3.2 2.6

Co Co (3d "4s%) : 4.3 2.5
Ni Ni (3d34s?) (4.2) (7.0:1.0) (3.2)° (3.2)¢ 3.4°
Cu Cu (3d 10 4sY) >20:1 3.6 4,2°

2FWHM of symmetric peak shape, excluding asymmetry introduced by the inelastic tail.
hPlt'obably slightly reduced; often a nonstoichiometric compound.

¢ FWHM for 3s(1) and 3s(2) constrained to be equal.
4 probably slightly reduced (see Fig. 1).

¢ The primary source of increased width for these peaks is spin-orbit splitting into 3py/5 and 3p3,5 components.

I indicates that the 3s (2) peaks are essentially
equal in width to the 3s (1) peaks for MnF, and MnO.
(e) A photoemission process resulting in simul-
taneous excitation of both a photoelectron and some
quantized mode of excitation could give rise to
such a peak. '*'* However, the high intensity of
the 3s (2) peak, the specificity of its appearance
near 3s and not 3p, and the nearly equal widths of
the 3s (2) and 3s (1) peaks for MnO and MnF, make
this explanation seem unlikely.

The origins of such splittings have been consid-
ered from a theoretical point of view, with the
free Mn?* ion as an illustrative example.® The
initial state is 34555 and the ejection of a 3s or 3p
electron gives rise to final states which are de-
noted as Mn3*(3s) and Mn®*(3p), respectively. In
first approximation, Koopmans’s theorem! can
be used to compute binding energies. This theorem
states that the binding energy of an electron is
given by its Hartree-Fock energy eigenvalue E,
calculated for the ground-state configuration of
Mn2*. A detailed allowance for exchange predicts
that for any subshell j, EY #E% (where a, 8 de-
note spin directions). Thus, two peaks are pre-
dicted as a result of photoemission from both the
3s and 3p levels. The simplest estimate of this
effect treats the exchange interaction as a pertur-
bation which splits the restricted Hartree-Fock
(RHF) 3s and 3p one-electron eigenvalues, and
yields the values given in Table II, line 1.® Spin-
unrestricted Hartree-Fock (SUHF) calculations
represent a higher-order estimate, in that o and
B electrons are permitted to have slightly differ-

ent radial wave functions, but the energy splittings
are not appreciably altered (see Table II, line 2).
The signs of the splittings reported in Table II

are such that electron kinetic energy increases

to the right; that is, it requires less energy to
form an antiparallel 3sB or 3pB hole, and such
photoelectrons are predicted to have more kinetic
energy as a result,

This use of Koopmans’s theorem to equate bind-
ing energies to ground-state energy eigenvalues
is known to have shortcomings, in particular, for
systems with unfilled valence shells.! The cor-
rect definition of electron binding energy is the
difference between computed total energies for
initial states and final hole states [cf. Eq. (1)].
The possible final hole states are ’S and °S for
Mn3*(3s) and "P and °P for Mn®* (3p). But unlike
the other final states just given, the 5P state can
be formed in three different ways from parent d?®
terms of S, *P, and *D.! There are thus a total
of 4 final multiplet states for Mn3*(3p) instead of
2 final states as found in an approximation based
on Koopmans’s theorem. Such multiplet effects
rule out the simple connection of 3p splittings
(or splittings of any non-s electron) to ground-
state one-electron energies.® The total energies
of these final hole states have been calculated with
two “multiplet hole theory” (MHT) methods®:
diagonalization of the appropriate energy matrix
based on Coulomb and exchange integrals for an
RHF single determinant of the initial state (a fro-
zen-orbital approximation), and more accurate
multiconfiguration Hartree-Fock (MCHF) calcu-



lations on the final hole states (an optimized-or-
bital calculation). In the frozen-orbital calcula-
tion, matrix elements were computed as linear
combinations of Slater F* and G * integrals for

the initial state; the coefficients multiplying each
F* or G* integral were obtained from standard
tables.! Diagonalization of this matrix gave the
three 5P eigenvectors and eigenvalues.®® Separate
MCHF calculations were made to obtain each opti-
mized-orbital eigenvector and its energy eigen-
value.® The results of these two sets of calcula-
tions are presented in Table II, lines 4 and 5. The
’P eigenvectors are given in Table III. The agree-
ment between frozen-orbital and optimized-orbital
splitting estimates is very good, with slightly
larger values for the optimized orbitals. A com-
parison of lines 1 and 2 with lines 4 and 5 also
confirms the essential equivalence of the MHT and

1114 C. S. FADLEY AND D. A. SHIRLEY 2
) » Binding energy (eV) a,, Binding energy (eV)
IOIO 9]0 8[0 70 6 110 100 90 80
151 t ]
{ P Co 3s,800°C,
Fe3s,Fe,565°C, e T/Te=77
14 I
[
(2]
O 51 J
13} T
2
c }
12k ] 3 } o
4 1 1 " 1
1k 1 1130 1140 1150 1160 1170
i 10 120 110 100 90
o \ FIG. 3. 3s photoelectron
Fe3s,Fe,685°C —~ o _
161 ! :/Ts =892 ? Ni3s, Ni, 880°C, spectra from Fe metal, Co
e ¢ Z T/Te=1.83 metal, Ni metal, and Cu
8 15 9 ot metal, Mg Ko x rays were
- 8 used for excitation. Bind-
214 « ing energies corresponding
8 S to the intense peaks pro-
J3 = 8-i } duced by Mg Ka, , x rays
o 3 T 1 are also indicated. The
§ 2l | © vertical bars on each point
S ot P . ) ) ) indicate statistical error
Fe3s, Fe, 810°C 1120 1130 1140 1150 1160 limits.
T/ Tc=1.04 8 130 120 110 IQO
9 K Cu3s,Cu, 770°C
3 -
8} @
0 6 -
(@]
©
~N
7 ' . s £5 .
1140 1150 1160 1170 1180 3
Kinetic energy (eV) o
20 1130 1140 1150
Kinetic energy (eV)

Koopmans’s theorem calculations of the splittings
of s electron binding energies; no such equivalence
exists for non-s electron binding energies. ®

The results of Table II are borne out qualitative-
ly by our 3s spectra from MnF,, MnO, and FeFj;.
If we identify peak 3s (1) with a S final state, and
3s (2) with 58, the intensity ratios of these peaks
are in rough agreement with a calculated "S:5S
relative intensity of 7:5=1.4:1.0. This calcula-
tion is based on a one-electron—transition model
of photoemission.® However, the observed sep-
aration of approximately 6 eV is only about one-
half the value predicted by the free-ion calcula-
tions. One possible reason for the reduced ex-
perimental splittings® is that electron-electron
correlation between electrons with like spin is
partially allowed for by the exchange interaction,
but no allowance is made in such theoretical cal-
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TABLE II. Theoretical predictions of 3s and 3p electron binding energy splittings for a Mn®*34° S initial state. These
values are taken from Ref. 8. The units are eV,

Final state Mn**(3s) Mn®*(3p)
(a) Koopmans’s Theorem 3sa 3sB 3pa 3pB
description hole hole hole hole
1 RHF + exchange
perturbation (Mn%*) 11,1 0 13.5 0
2 SUHF (Mn?) 11.3 0 13.7 0
3 UHF, (MnFg)*
cluster (Ref. 17) 6.8 0 8.1 0
(b)  Multiplet description 5s s Sp, Sp, Sp, P
4 MHT, frozen
orbital® 13.3 0 22.4 8.5 3.6 0
5 MHT, optimized
orbital® 14.3 0 23.8 9.4 4.0 0

®0Orbitals obtained from an RHF calculation on Mn* 3456S.
Values based on multiconfiguration Hartree-Fock calculations for Mn® (3s) and Mn?*(3p).

culations for correlation between electrons with
unlike spins.* Thus, spatial? or energy® asym-
metries calculated without taking correlation into
account may represent slight overestimates. How-
ever, it seems doubtful that a proper allowance
for correlation would account for a factor-of-2
reduction in theoretical estimates.®!® Another
possible effect is that of covalency in chemical
bonding, ® which will act not only to pair valence
electrons, but also to delocalize them, thereby
weakening their interaction with the core. This
effect can be estimated from the spin- and orbital-
unrestricted Hartree-Fock (UHF) calculations of
Ellis and Freeman for the (MnF;) %~ cluster. 17
Their predicted splittings of energy eigenvalues,
listed in Table II, line 3, show a substantial de-
crease from the free-ion values and rather re-
markable agreement with the measured splittings
in MnF,. The reduced splitting in MnO relative
to MnF, is consistent with known effects of cova-
lency in that oxygen bonding is more covalent than
fluorine bonding.® On the other hand, the larger

TABLE III. Frozen-orbital eigenvectors for the three
°P states of Mn* 3p° 3d°= Mn® (3p). Eigenvalues relative
to the "P state are given in Table II.

State
Expansion s
coefficients Py ’p, Sp,
Cld*(®s)p°°P) 0.816 -0.110 0.567
Cid*(*D)p°°P) -0.439 0.519 0.733
Cld*(‘P)p°®°P) -0.375 -0.847 0.375

splitting observed for FeF; over MnF, is consis-
tent with free-ion calculations, ® which give a
greater exchange splitting for Fe®* than for Mn?*,
The measured ratio of separations for MnF, and
MnO, (1.41:1.00) is larger than the computed
free-ion ratio for Mn?* and Mn** (1. 22:1.00), as
expected from increased covalent bonding effects
for oxygen ligands.®

The observed 3s (1) : 3s (2) intensity ratio of ap-
proximately 2.0: 1.0 for MnF, and MnO is not in
good agreement with the ’S: 5S ratio of 1.4:1.0
obtained from a free-atom calculation based on
one-electron transitions.®° The 1.5: 1.0 ratio for
FeF; does agree, but the apparent surface reaction
-indicates that this agreement may be fortuitous.
There are several reasons for a discrepancy be-
tween such simple one-electron estimates and ex-
periment.® (a) If the initial and final states are
described in terms of SUHF wave functions, the
dipole matrix elements between 3sa and 3sg and
their corresponding p-wave continuum states may
be significantly different. (b) Overlap integrals
between initial- and final-state orbitals of passive
electrons may be different for different final states.
Implicit in the one-electron estimate is an assump-
tion that these overlap integrals are unity for all
final states. (c) Multielectron transitions may be
significant enough to alter observed intensity ratios
from one-electron predictions. ** (d) Bonding ef-
fects will distort initial and final states from a
free-atom description, as has been found in UHF
cluster calculations.!” (e) A small fraction of the
photoelectron-producing atoms may exist as sur-
face states of different electron configuration.
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In Fig. 3, we present 3s spectra for the metals
Fe, Co, Ni, and Cu. The temperatures of these
measurements are noted, as well as the T/T,
ratios for the ferromagnets Fe, Co, and Ni.!® We
have noted that Fe shows a splitting for tempera-
tures below and above the Curie point, whereas
paramagnetic Cu shows a single symmetric 3s
peak, as expected. Figure 3 also indicates that
Ni has a 3s splitting very much like that for Fe,
and the results for Co, though not conclusive,
certainly exhibit considerable broadening and
asymmetry in the 3s peak. The 3p peaks for Fe
(see Fig. 2), Co, Ni, and Cu can all be well ap-
proximated by a single Lorentzian with a constant
tail, whereas the 3s peaks cannot. The analysis
of the 3s peaks into two components as shown in
Fig. 3 is somewhat arbitrary, but is analogous to
the simpler results obtained for inorganic com-
pounds. This analysis serves as a rough indicator
of the magnitude of the splitting and the shape of
the peak, Thus, all three ferromagnets exhibit
subtle effects similar to those observed ininorganic
compounds. We attribute these to a coupling of the
final-state 3s hole with localized 3d electrons which
have some net unpaired spin or local moment. The
observation of identical effects for Fe at tempera-
tures above and below T indicates that single-
atom coupling of the 3d electrons as detected in
the short time duration (~10-!® sec) of the photo-
emission process does not depend on the degree
of long-range ferromagnetic ordering. Although
this statement may seem inconsistent with the ob-
served disappearance of the hyperfine magnetic
field above T, '° the latter measurements are
made on a time scale of =102 sec, and thus are
sensitive to the effects of a time-averaged 3d
electron coupling.

Let us consider now the 3p regions of the spectra
shown in Figs. 1 and 2. There are several extra
peaks and these have been labeled. None of these
peaks are due to Auger transitions. The peaks
3p (2) and 3p (3) of K,Fe (CN); appear to be asso-
ciated with two-electron transitions of potassium,
and are not observed in similar spectra from
Na,Fe (CN); and (NH,), Fe (CN);. These peaks are
observed to some degree in other potassium-con-
taining salts such as K;SO,. The peaks denoted
3p(2) and 3p (3) for MnF,, MnO,, and FeF, may
be connected with multiplet splittings, however.
There is at least qualitative agreement with pre-
dictions from multiplet-hole-theory calculations,
in that peaks resulting from p-electron ejection
are spread out in intensity over a broad region
(see Table II). We note that in a one-electron
transition the intensity of each 5P state will be
proportional to the square of the coefficient of the
d® (8S) p° °P term in the eigenvector.®® Thus, the

8
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relative intensities obtained from frozen-orbital
MHT calculations on Mn®* are °P,, 0.66; 5P,,
0.01; and °Pj, 0.32.8%° The 5P, peak would thus
probably be too weak to observe. Spectra for
MnF,, in fact, show two weaker components [3p
(2) and 3p (3)] in addition to 3p (1). One of these
is close to the main peak (~2 eV) and the other
much further away (~17 eV). The identification
of peak 3p (2) with the final state °P, and of 3p (3)
with °P, is thus roughly consistent with nonrela-
tivistic free-ion theoretical calculations. We note,
however, that any realistic theoretical treatment
of 3p splittings must include spin-orbit and crystal-
field effects, as well as possible decreases in the
magnitudes of predicted splittings due to covalent
bonding. Spin-orbit splitting of the ground-state
Mn 3p levels will be approximately 1.3 eV in mag-
nitude, for example.?® Furthermore, the exper-
imental data in the 3p regions are not good enough
to assign accurate positions and intensities to the
observed peaks. Thus, while it appears that peaks
due to multiplet splittings may be present in the
3p regions of our spectra, further experimental
and theoretical study will be necessary to assign
the observed peaks to specific final hole states.
The splittings reported up to this point have been
in subshells with the same principal quantum num-
ber (and thus the same approximate radial location)
as the 3d electrons. Analogous effects should be
observed in all core levels, although the appropri-
ate Coulomb and exchange integrals describing
the final-state coupling will be decreased due to
the greater average distance of separation of
these inner-core and valence electrons. An ap-
proximate indicator of thisdecrease isgiven by the
2pa - 2pB one-electron energy difference for
atomic Fe, compared to the 3sa - 3sB difference.
In the SUHF calculation for line 2, Table II,® these
values are 3.5 and 11.1 eV, respectively, so that
one might expect an experimental splitting of
~6 eV for 3s peaks to be consistent with only a 2-eV
splitting of 2p peaks. Also, the spin-orbit splitting
of 2p; s, and 2p; /5 levels for Mn is ~12 eV, so that
two distinct 2p peaks will be observed. In the
simplest vector-coupling model, each of these
peaks will be a mixture of o and B electrons, so
that, at most, the experimental expectation would
be for a broadening of ~2 eV in the 2p, ;, and
2p3 ;5 photoelectron peaks. In Fig. 4, we show
2p photoelectron spectra for Fe metal and MnF,.
In analogy with the 3s splittings, we expect smaller
multiplet effects for Fe than for Mn in MnF,. As
indicated, the widths of the MnF, peaks are 3.3 eV
or ~1.3 eV larger than those of Fe. This broad-
ening is not due to surface chemical reaction, as
the 3p (1) peak of MnF, is essentially the same
width as the 3p (1) peak of Fe (2.1 and 2.3 eV, re-
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FIG. 4. 2p photoelectron spectra from Fe metal and
MnF,. Mg Ka x rays were used for excitation. The Fe
data have been analyzed into two Lorentzian components
and the MnF, data into two Gaussian components.

spectively). As mentioned previously, simple
broadening or splitting of peaks due to chemical
reaction will affect all core levels in a very sim-
ilar way. The 2p peaks for iron are also sharper
in the sense that they are best described by a
Lorentzian peak shape, whereas a broader Gaus-
sian peak shape well approximates the MnF, data.
Both these observations are consistent with mul-
tiplet effects of the expected magnitude on the
binding energies of Mn 2p electrons in MnF,.

These XPS results are also in agreement with
splittings observed in x-ray emission spectra of
MnF, and other inorganic solids.? Mn Ko, and
Ka, x rays result from the transition 2p; ;, - 1s
and 2p, , - 1s, respectively. Thus, the final state
is Mn with a 2p hole, just as in photoemission, and
the coupling of this hole with unpaired 3d electrons
will cause splitting of the resultant x-ray line.
Free-ion calculations of these splittings have been
made and they predict a broadening of these MnF,
x-ray lines of ~2 eV, ?! in good agreement with
both x-ray emission and XPS results. The ex-
perimental widths of the Ko, and Ka, x-ray lines
for MnF, are very nearly equal,? in agreement
with the equal widths observed in Fig.4. The rel-
ative Ko, : Ko, widths are predicted by theory to
be~4: 3, however.*

We also note that splittings of p; ;,-electron
binding energies have been observed in the XPS
spectra of solids containing Au, Th, U, and Pu. #
These splittings are thought to be due primarily
to crystal-field effects on metal core electronic
states, 22 but no detailed theoretical analysis of
this data has as yet been completed. In the broad-
est sense of the term “multiplet splitting, ”’ the
work reported here and this earlier work? are
representative of similar effects. That is, in
both cases, the ejection of an electron from a
single nl or n!j subshell gives rise to more than
one possible final state, and the different final
states have different total energies E*[cf. Eq. (1)].
The different E* values arise from a detailed con-
sideration of the Coulomb and exchange interactions
in these final states, perhaps including contribu-
tions from atoms neighboring the metal atom.
However, it is clear that the multiplet splittings
reported here are primarily dependent on the var-
ious possible coupling schemes in a single-atom-
like hole state, whereas crystal-field-induced
splittings may be more intimately connected with
the symmetry and spatial distribution of the bonds
around the metal atom, regardless of the presence
of unpaired electrons. For many systems with
unpaired electrons, these two effects will be in-
separable in an accurate theoretical analysis.

B. Gaseous 4f Metals

Similar multiplet effects should also be observed
in gaseous monatomic metals with unpaired valence
electrons. The interpretation of such data should
be more straightforward, in the sense that crystal-
field and covalent-bonding effects need not be con-
sidered. In particular, Eu, with a half-filled 4f
shell, should exhibit multiplet splittings analogous
to those of Mn?2*, with a half-filled 3d shell. Treat-
ing exchange as a perturbation, the 4sa and 4sp3
one-electron energies are predicted to be different
by 11.7 eV, for example. Unfortunately, the 4s
and 4p photoelectron intensities were too weak to
permit study of these levels with the present ap-
paratus. The 4d photoelectron intensity is much
higher, however, and a photoelectron spectrum in
this region is shown in Fig. 5. In order to detect
small multiplet effects, we compare the Eu 4d
spectrum with the 4d spectra of the nearby atoms
Xe and Yb. The latter two atoms have filled outer
shells and should exhibit no multiplet effects. The
ground-state electron configurations of these three
cases are: Xe®-5s%5p%1S, Eu®-(Xe)4f"6s2°S; /5, 2
and Yb° - (Xe) 41 1 65213,

The basic structure of the 4dj ,, — 4d; /» spin-orbit
doublet is observed for all three spectra in Fig. 5,
and the separation of two components is close to
that predicted by theory,?° as indicated in Table
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TABLE IV. Summary of results for 4d photoelectron spectra of Xe, Eu, Yb, and Lu in various samples. A Compari-

son is also made to the theoretical spin-orbit splitting of 4ds, and 4d;/, components.

Accuracies of these values are

+ 0.1eV for separations and widths and + 0. 15 for intensity ratios.

4d 4d Theoretical 4d
W Somin e Comonen oo (o

Sample (eV) (eV) separation | spin-orbit ratio
Xe (gas) 1.07° 1.96 2.10 0.94 1.47:1.00
Eu (gas) 3.78¢ 4.77 5.40° 0.88 2.44:1.00

Eu,0; (solid) 3.63° 5.73 5.40° 1.06

Yb (gas) 5.41° 8.43 9.20 0.92 1.49:1.00
LuF; (solid) 4,23° 10. 24 10.00° 1.02 1.75:1,00f

2The two 4d components were assumed to have equal widths. FWHM values are for a symmetric peak shape, ex-

cluding asymmetry introduced by the inelastic tail.
bTaken from Ref. 20.
®Analysis with Lorentzian-based peak shapes.
dAnalysis with Gaussian-based peak shapes.

®Value obtained by interpolation from those given in Ref. 20.
!The accuracy of this ratio is not as high as for the other ratios reported, due to inelastic scattering effects.

IV. The increase in the linewidth of each compo-
nent from Xe to Eu to Yb can be ascribed to a de-
crease in the lifetime 7 of the 4d hole state such
that Tx,> Tg,> Ty,. Since a 4d hole can be filled by
4f electrons, it is to be expected that 7 will de-
crease as the 4f shell is filled.

There are however, two peculiarities in the Eu
spectrum of Fig. 5: The left hand component
of the doublet has a lower relative intensity in Eu
than in Xe or Yb, and the shapes of the peaks for
Eu are more nearly Gaussian, as compared to
Lorentzian shapes for Xe and Yb. LuF,, a stable
solid compound containing Lu3* ions with a 4™
electron configuration, was also studied and these
results show a Lorentzian line shape for the two
44 components (see Fig. 6). The relative in-
tensities of the two components as derived by least-
squares fits of the appropriate shapes are also
given in Table IV. The theoretical intensity ratio
for a simple spin-orbit doublet is 6: 4=1.50: 1. 00.
More accurate relativistic calculations yield a
ratio very close to this.?®® This value is in agree-
ment with the ratios observed for Xe, Yb, and
LuF;. The data for Eu definitely deviate from this
simple model, however. No theoretical free-ion
calculations are available for the Eu!* (4d) hole
state, but in analogy with Mn%* (3p), we expect sev-
eral possible final states. In the oversimplifica-
tion of LS coupling, the allowed final states are
4d°4f"6s2%°D and 4d°4f"6s2"D. The °D state can
only be formed from a parent term of 4f78S. The
"D state can be formed from %S, ¢P, D, ®F, and ®G
parent terms, however. Thus, six photoelectron
peaks are predicted in this model. The introduc-
tion of spin-orbit effects would no doubt increase

this number.

A further peculiarity in XPS results from Eu 4d
electrons is that the two-component separation is
larger in Eu, 0; by ~1.0 eV. Experiments on
Eu, 0; powder yield a separation of 5.7 eV, in good
agreement with previous measurements'®?® (see
Fig. 6). Intensity ratios cannot be accurately de-
rived from the Eu, 03 results, because of a high
intensity of inelastic scattering and probable sur-
face reduction of a small fraction of the Eu atoms.
However, the difference in separation might well
be connected to bonding effects in Eu,0; analogous
to those discussed for Mn compounds. Thus, al-
though it appears that the various peculiarities in
Eu 4d photoelectron spectra are connected to mul-
tiplet effects, no definite statements can be made
without a more detailed theoretical analysis.

The 4f photoelectron spectrum of gaseous Eu is
shown in Fig. 7. An intense peak is observed,
with a FWHM of ~2.0 eV. The 6s photoelectric
cross section should be very small relative to 4f,%
so it is doubtful that appreciable intensity in Fig.

7 is due to photoemission of 6s electrons. The
lifetime of a 4 f hole should also be very long, so
that any width of the peak in Fig. 7 above the in-
strumental limit of ~1.0 eV must be due to some
sort of binding-energy splitting. LS coupling rep-
resents a reasonable description of photoemission
from 4 f levels, and the final hole state must be

a 4f %6s? state which acts as a parent term for the
initial state 4176s% %S, ,,. Only the 8S, ; initial
state need be considered, as the nearest excited
state is ~1.5 eV higher in energy ?* and will not be
populated at the temperatures of these experiments
(~600°C). The only final state possible in a one-
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FIG. 5. 4d photoelectron spectra from gaseous Xe,
Eu, and Yb, produced by excitation with Mg Ka x rays.
The theoretical spin-orbit splitting into 4ds,y and 4ds/y
components is also indicated. Theoretical values are
from Ref. 20. (See Table IV.)

electron transition is thus 4f6s2 "F. Spin-orbit
effects will split this final state into various Jcom-
ponents. These "Fy, "Fy, "F,, ..., "Fq components
are spread in energy over ~0.6 eV,?” and this is
sufficient to explain a good fraction of the extra
width observed for the 4 f photoelectron peak. Dop-
pler broadening will also add a small contribution
of ~0.1-eV width. It is also possible that multi-
electron transitions might yield final states other
than 47%6s27F; the presence of such final states
could lead to broadening of the 4f peak. Taken
together, these effects are qualitatively consistent
with the observed width of the 4f peak.

IV. CONCLUSIONS

Multiplet splitting of core-electron binding en-
ergies has been observed in several solids contain-
ing metal atoms with unpaired 3d electrons. The
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largest splittings are ~6 eV for the 3s electrons of
Mn and Fe.? Free-ion theoretical calculations
overestimate these 3s splittings by roughly a fac-
tor of 2, Calculations taking into account the ef-
fects of covalent chemical bonding'? give excellent
agreement with experiment.® The 3p electron bind-
ing energies also appear to show such splittings,
although the theoretical interpretation of such data
is more complicated.® The 3s photoelectron peaks
for the ferromagnetic metals Fe, Co, and Ni also
show evidence of such multiplet effects. For Fe,
these effects are identical in both the paramagnetic
and ferromagnetic states. The 2p photoelectron
peaks in MnF, show broadening of at least 1.3 eV.
These results are consistent with multiplet effects
predicted from free-ion calculations, and also agree
with splittings observed in x-ray emission spectra. 2!
Similar multiplet splittings are indicated in the

FADLEY AND D. A. SHIRLEY 2

electron binding energies of gaseous Eu. The 4d
photoelectron peaks for gaseous Eu show anomalous
intensity ratios and shapes when compared to sim-
ilar spectra from gaseous Xe and Eu. These anom-
alies appear to be linked to multiplet splittings.
The width of the Eu4f photoelectron peak can be
qualitatively explained by a consideration of multiplet
effects.
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