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MULTIPLET SPLITTING OF METAL-ATOM ELECTRON BINDING ENERGIES
C. S. Fadley and D. A. Shirley
Lawrence Radiation Laboratory
University of California;

Berkeley, California 94720

- April 1970

ABSTRACT

| X—ray photéelectron spectroséopy (xps) ié used to measure splittings
qf metal-atom electron binding energies, in both inorganic solids and
'gaéés. 'Th¢ée splittings are due to the Variéus possible multiplet states
. formed by coupling a hole in a metal-atom subshell to an unfilled valence
subshell;

.vSpiittingS'are observed in #arious solids cohtaining 3d series
atoms. In particuiaf; the és binding energy is»éplit into a doublet with
as much és 7.0 €V separation between the two éomponents. The 'instrumental
resolﬁtion is ‘% 1.0 eV. 3s splittings are eﬁhibited by inorganic compounds
containing Mh aﬁd Fe, as well as by Fe metal, Co'metal; and Ni metal.
Tﬁeoretical predictions are»in good agreement with experiment, provided
that fhe’effects of covalency in chemical bonding are taken into écéount.
For fé'métal,vthe 3s splitting is identical both above and below the Curie
point.. The 3p binding energies of these solids also appear’fo shdw'm#iti4
plet effects, but fhe intefpretafioh of'these reéults is 1ess‘strgight-

2.are broadeﬁed by at least 1.3 ev,

forward. . The 2p binding energies in MnF
and this is shown tc be consistent with multiplet splitting.
- XPS results for gaseous monatomic Eu also indicate the presence

of multiplet splittings. The two components in the hd‘photoelectron
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spectrum afé found to have an intensity ratio in disagreement with observed
ratios for neighboring atoms with filled valence subshells. Also, the
width of the Lf photoelectron peak above the instrumental contribution can

be explained in terms of multiplet effects.
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‘A, Introduction

-'In any atomic system with unpaired valence electrons, the exchange
intér&ctioﬁ affects spin-up andfspin—down core electréns‘uneQually. Since
ekchange acts only between electrons with the same spin,l core electrons
with spins paraliel to those of the unpaifed valence electrons will experi-
ence a Vqlence-eléctron exchange potential, whefeaé cére_electrons withv
spiné ahtiparallel will not. Since the exchange interaction tends to
reduce the average Coulombic repulsidn between f&o electrons,l the spin;
parallel core electrons will be favored energetically. Exchange inter-
actions within or between closed shells balance exactly, as the numbers
of eléctrons with eaéh spin are equal. This interaction between core and
unpaired vélence electroné is.responsible for core—polarization confri—
butions'tb mégnetic‘hyperfine structure.2 Due to the non—equivalenf
eXchéﬁge intefactions feit by.core elecfrons,with different spins, the

spin-up and spin—ddwn wéve'fﬁnctions are siightly displéced spatially from

one another.2 In atomic iron, for example, the 3sa and 3sB wave-

functions are predicted to have averagerradiivof 0.433 A and 0.435 A
respectively.3 Here we have used o to denote a spin parallel to‘the
unpaired 3d electrons. This relativgly‘slight difference of " 0.5% &ﬁ
averagg-radius creates a large net spin density at the nuclePs. This spin
density resuits iﬁ a large magnetic field in thé‘Hamiltoniap describing

the hypérfine interactions between nucleus and electrohs.h Numerous studies
of the s&stematics of this hyperfiné field have bee_n-_made.h?5

In addition to slight spatial polarizations_éaused,by unpaired

valence -electrons, the binding energies of core electrons should be



oo - UCRL-19566

affected. Spin-unréstricted Hartreé—Fock caiculatiéns predict differences
in thg spin—up and spin-down core—electron energy eigenvalues of tran- |
'sition‘n.xeta:l-ions.z’3 Such differences are " 12 eV for the 3sa and
3sBl'eiectfons in atomic iron,3 for example. It has been pointed out that
these aifferences ought to be reflected as splittings in the measured |
bindingfénérgies of thesé:eiectrons;6' By means 6f X-ray pﬁotéelectron
spectroééopy (XPS), which.has a resolution of ~ 1 eV,:an attempt was made
to detect sucﬁ'sbliftings in qore-le&el photoelectron peaks from iron and
cobalt‘metal.6 ' However, no pronounced effects were>observed.6 Recently,
splittith'of " 1 eV have been found in paramagneticlmolécules7§and

. 1arger éffects haye Been Obsérvéd in soiids containing Mn and Fe.8 Ih

particular, Fadley, Shirley, Freeman, Bagus,.and Mallow8 observed "~ 6 eV

splittihgs.in the 3s binding energies for the traﬁsition metal ions
5 3 | |

Mﬂ2+'3d and Fe * 3d5:ih certéin sblids; fﬁese splittings are'considerably
reduced from free-ion pfedictions, and a majof‘éource of this>reductioh
aﬁpeafs to be covaleﬁt-bbnding éffécts.B The 3p b&nding.énergiés in these
solidé also give.évidence for splittings, but’f¥om'both a theoretical and
experimental point of view, the interpretatidnvof this data is lesé straight-~
fofwafd.S |

| ~In this paper, we reyiew'the results obfained previously for Mn and
Fe,8 and élso present daté for 3s electrons in Co metal and Ni metal which
indicate similar effects. Photoelectron spectra for the Mn2p eleétrons in
MnF2 are shown to exhibit similar, but smaller, splittings than Mn3s, as

expected from free-ion theoretical calculations. We also discuss photo-

electron spectra obtained from gaseous Eu which show certain anomalies
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probably connected to such splittings. The experimental procedure is
discuéséd in Section B. Experimental and theoretical results are pre-

sented and discussed in Section C. Our conclusions appear in Section D.

{



b | N UCRL-19566

.B. _Experimental Procedure

 The experimental procedure has been described elsewhere. Samples
were bombarded ﬁith'x—rays of " 1 keV energy (primarily with the unresolved

MgKo doublet, which has an energy of 1.2536 keV). The ejected electrons

1,2
were analyzed for kinetic energy in a magnetic spectrometer. The kinetic
energy distributions obtained in this way contain photoelectron peaks cor-
respondihg to excitation from all the core and valence electronic levels

in the sample whose binding energies_are less than the excitation energy

hv. The pertinent energy cohnservation equation is

“hv = E® - E* + € + work fﬁn¢tion and charging correétion;, (1)
where“ﬁEhT is the ﬁgﬁg& énergy'of the final.staté of, the system with a
hole in some subshell, E' is the total energy of'tﬁe initial state of
thé-system,.and € 1is the kinetic energy of the electron ejected from
thét‘Subéhell; Work funcﬁion and charging cérrectién will accéleréte or
decelgrate all electrohs eéually, and so can be disregarded in the measure-

9,10 i

ment of splittingé within a single sample. ' The gquantity Eh - E is

by definition the binding energy of an electron'in the subshell, relative
to the final hole state corresponding to Eh. If the ejection of an elec-
'tron frbm a subshell can result in several final states of the system
~(ife.;.$efefal‘th vvalues),,a»corresponding‘number'of phbtoele¢tron_peaks
will be-ébserﬁed. Thus,‘the energy splittings of these final states are
in principle difectly measurable. The instrumental contribution to line-
width for these experiments was ~ 1.0 eV full width at half-maximum
intehéity(FWHM). This width arises primarily from the natural width of

the exciting radiaticn.

il
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Measuremenhts were made on several inorganic solids containing Mn

and Fe, as. these atoms possess a large number of unpaired d electrons

0 _ 34552, pe - 33%s9).

(néutrai atom electron configurations: Mn Com-

5

pouhds'wefg studied at room témperatures énd é'presSure of ™~ 1077 torr.
ThegéAsampleévwere usually prepared by dusting the powderéd crystal onto
an adheéive backing to form a contiguous‘coating.g In a few cases, samples
.weré p?epared by painting an ethyl alcohol siurfy 6f the powder directly
on a métal backing.9 Pure 3d Sériéé‘metals were also studied, and these

Samples'were heated in a hydrogen atmosphere (v 10—3

6,9,11

torr) to free them
of surface oxidation. |
'_:The choice of so0lid samples to be studied wésﬁrestrictedvby two
factors:. (1) The sample must be in a‘&acuum‘if photoelectrons are to be
analyzéd.fbr kinetic eriergy without appreciable’ineléstic scattering.
(2)'The vaégum in our spectrometer was réther‘poor, with pressures in the
1'0"5 térr raﬁge. These factors precluded the.study of well-defined
hydraféd'salts, as'these.salts will eithér lose.water of hydfation at
room femperature or condense material from thé residual gas in the system
if éooled to very low temperatures. Also, tfansition metals which react
to any. degree with oxygen had to be reducéd in-an atmosphere of hydrogen.6’9’ll
Fof:rooﬁ'temperature‘studies, anhydrous sélts”of metals with Strongly>
elect?onégétive anions represented the moétvuseful.sampies. In certain
cases, metal oxides were stable enough to be studied under the conditions
of buf-é#perimenté. Both iron and manganese have‘atvleast three oxides.
From tﬁé point of view of observing multiplet splittings, the most

desirable oxide of manganese is MnO, which contains Mn2 ions in a
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S electronic state. However, MnO is slightly'unstable to oxidation

by residual O gaé.via the reactions:

2

3 Mn0 + 1/2 O2 > Mn30h

and

;g.MnO +1/2 0, > Mn203 .

The other-oiidés of Mn and Fe are often non-stoichiometric and therefore
do not qoﬁstitute ﬁarticularly well-defined sysﬁems; The metal halides
present ahother possibility, but among these, oqu the fluorides-have
sufficiént stability to be used with coﬁfidence. For example, the equiii-

brium constant for the reaction

Mn012 + O2 g MnO2 + Cl2

is lOS,»while.that for the reaction

Mng + O2 > MnO2 + F2

-50

is 210 . MnF and, to a lesser extent, FeF., thus represent good

33
systems for the study of multiplet splittings. We have also studied the
compounds MnO, MnO,, hFe(CN)6’ and NahFe(CN)6, for which no major chemical

"instability problems were noted. Minor effects of surface reaction are
discussed below. .

| . 12 . .9
The monatomic gases Eu and Yb were also studied. Eu possesses
a half-filled uf shell (electron conllpuratlon e’ - hf76s ) and might be

expected to show splittings, whereas Yb has a filled Lf shell (Yb - h’lh6 2),
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and.shéuldfnot show these effects. A special oven was constructed for
these exéerimehts.9 In this oven, solid metal was heated to a temperatufe
at whiéh the metal vapor pressure was " 1072 torr (%»600°C for Eu and
"~ 5&690 for Yb). At these conditions,.reasonable'photoelectron counting
rates“wefé obtained from the gas phase.9 No significant Doppler broadening
of'phofdelectron peaks should result at these temﬁeratures.

&he only form of daia analysis applied to photoelectfoh spectra
. was a leasf;SQuares fit of empirically~-selected, analytical peak shapes.9'
This prbbedUre permitfed accurafé determinations of peak positions, widths,
relativershapes, and intensities, and also of the importance of inelastic

scattering effects. The selection of peak shapes has been described

9

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 inelas-

9

tic scattering on electrons escaping from the sample. It was also pos-

sible in this fitting procedure to allow automatically for the effects

of the weak Ka3 and Kah satellite x-rays separated by Vv 10 eV from

the main Ko component in the Mg x-ray spectrum.g_ Photoelectron peaks

1,2

due to these satellites are indicated as "a_ ,"

3. in Fig. 1, for example.
b
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C. Results and Discussion -

1. Solids Containing 3d Series Atoms

Figure 1 shows photoelectron spectra obtained fronm MnFe, MnO, and

MnOé

core levels. Figure 2 shows spectra in a similar region from the iron-

in the region corresponding to ejection from the Mn3s and Mn3p

containing solids, FeF,, Fe metal, KhFe(CN)6 and NahFe(CN)6. The strong
peaks in these spectra are labelled with the arbitrary notation 3s(1)
3s(2), --- and\Bp(l)s 3p(2)..., unlesé they can be assigned to some
obvious éaﬁse other than ejection from 3s of 3p ;evels by MgKal’2 xqrays;'

In the latter category are the peaks due to the a_ and ) satellite

3
: x-rays and the Na2s peak in NahFé(CN)6. The relative shifts in kinetic
energyfof.the 3p(1) peaks in either Fig. 1 or Fig. 2 do not have special
significance, as absolute energy measurements were not made with high
precisioh. Therefore, some of these shifts coﬁld be due to such effects
as chafging of the sample. Within a given spectrum, however, relative
peak locations can be determined quite accurately.A

We concentrate first oh the 35 regions of Figs. 1 and 2, Table I
summarizes our experimental resuits as obtained by least-squares fits of
Lorentzian-based peak shape59 to the‘data, and also gives the approximate
free—ién electron gonfiéurations fbrvthe traﬁsition metal ions in these x
solids._ Also hoted.in Fig. 2 and Table'I are those cases for which known
propertiesvand/ér the observation of broadening of certain photoelectron
peaks seeﬁ to indicate slight chemical alteration of thé sample. As the

photoelectrons in the full-energy, inelastic peaks such as those labelled

in Figs. 1 and 2 come from oniy a thin (v lO—6 cm) surface layer of a solid
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sample,_a relatively small amount of surface reaction can alter photo-

electron spectra appreciably.6’9’lo For é'x-ample-,'MnO2 samples prepared

- from an‘ethyl—alcohol slurry exhibit an enhanced 3s(2) peak relative to

samples prepared by dusting powder directly on an adhesive backing. The
separation of the 3s(1) and 3s(2) peaks is the same for both cases, how-

ever. This change in relative intensity may be due to slight surface

reduction in the alcohol, as noted in Table I. Spectra for MnF2,'on the

other hand, exhibited no significant changes dependent upon sample pre-

paration technique, and this is consistent with the'higher chemical sta-

bility of this compound.
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>

"In the 3s region, the 3d” compounds exhibit two peaks, denoted

3s(1) and 3s(2). MmO,

shows a somewhat weaker 3s(2) peak at smaller
separation. KhFé(CN)6,and Néhfe(cﬁ)é shows eéséntially no 3s(2) peak.
Iron mefaljexhibits'a distinct shoulder which peféisﬁs with no appreciable
change ffo@ 810°C (40°C above the Curie point) to 565°C, as shownlin
" Fig. 3}’ (This shoulder was not observed in earliér work6 due to poor
statiéiibs{) These results are fully consistent with the ﬁeéks 3s(1)
and 35(2) representing tyo final states of the Mn or Fe ion split pri-
marily:byithe exchange interaction. That is,u£ﬁe‘33(2) peak is observed

for cases where d electrons are»khown to couple to a high spin .ground

state (MnF

o9 MnO, FeF3, and ferromagnetic Fe) and is reduced in separation

and intensity relative to 3s(1) for cases in which the number of unpaired
3d;eleéfrons is smaller (Mn02) or the transitioﬁvmetal ion exists in a
diamagnetic ground state (KuFe(CN)6 and‘NauFe(CN)6). Also consistent
with thisfintérpfetation is an analogous speétfum from Cu metal (d elec-
tron configuration 3dlo)‘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 péssible sources of the extra
_peak 3s(2), all of:which can be ruled out: (1)‘Auger electron peaks can
be distinguishéd by a constant kinetic energy regafdless of éxciting X-ray
_eneréy;‘ Mg and Al x-rays were used for.fhis.purpose. (2) A surface
;ontaﬁinant or incompletely hidden portionvof.the sample holdér could
give rise to unexpected photoelectron peaks, but these should be present
on all saﬁples at thevsame_kinetic ehergy and ﬁrobably wifh yarying inten-

sity reldative to Mn or Fe peaks. The 3s(2) peak does not behave in this
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way. (3); Ir sufface chemical reaction producés two different types of
metal atbms, shifts of the 3s binding energies duéAto changes in valence
electrdﬁ gcfeening could give rise to two photoéleﬁtron‘peaks.lo However,
in thié_éase, both 3s and 3p peaks should show‘fhe éame structurelo and
this iévhét observed. (We note a small effect of this kind én the 3p(1)

peak of FeF,.) (k) Qﬁéntized energy losses suffered by photoelectrons

3
in lea?ing'the solid can give rise to peaks on the low kinetic energy side

3 but the loss mechanisms for 3s and 3p

of an elastic photoelectron peak,l
photoelectrons should be essentially identical due to their proximity in
kinetic energy. No peak with relative intensity and separation correspond-

ing to the 3s(2) peak is seen near the 3p(1l) peaks of MnF_ and MnO. fAlso;

2
most quantized losses would contribute some inherent line width.to the
secondary beaks,.but Table I indicates that the 3s(2) peéks are essentially
equal in width to the 3s(1) peaks for MAF2 énd Mn0. (5) A photoemission

. process resulting in simultaneous excitation of 50th a‘photoelectron and
someFQHéptiZéd modé of excitation could give riée to such a peak.lh’lS
However,‘the high intensity of the 35(2) peak, the specificity of its

appearance near 3s and not 3p, and the nearly equal widths of the 3s(2)

make this explanation seem unlikely.

and 3s(1) peaks for MnO and MnF,,

. The origins of such splittings have been considered from a theo-
retical point of view, with the free Mn2+ ion as an illustrative example.

56

The initial state is 3d” S and the ejection of a 3s or 3p electron gives
‘rise to final states which are denoted as Mn3+[3s] and Mn3+[3p], respec-

tively. In first approximation, Koopmans] Theoreml can be used to com-

pute Binding energies. This theorem states that the binding energy of an
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electron is given'by its Hartree-Fock energy eigenvalue, E, calculated

2+

for the groﬁnd state configuration of Mn“ .. A detailed allowance for

exchange predicts that for any subshell J, B,

spin directions). Thus, two peaks are predicted as a result of photo-

@ # EJB (whére o, denote

emiésion'from both the 3s and 3p levels. The simblest estimate df this
effect tfeétsvthe exchange interaction as a perﬁurbatioﬁ which spiits the
restricted Haftree—FoCk(RHF)'3s and 3p one—electron'eigenvalues; and yields
the values,gi&en in Table ITI, line'lf8 :Spin-unrestricted Hartree-Fock
(SUHF)"caicdlations represent a'higher—drder'estimate in that «a and B
eleCtrbﬁs’éfe permitted to have slightly different radial wave fuﬁctions,
but theienergy splittings are:not appreciably altéred (see Tabie II, line
2). The signs of the splitﬁings'reported in Table II are such that elec-
tfon kinetic energy increases to thé right; that.is, it requires less
eneréy to form an anti—paréllel 3sB or 3pB hole, and such photoelectrons
are predicted to have ggzg_kinetié'energy as a fesult;

This use of Koopmans' Theorem to equate binding energies fo ground
state energy eigenvalues is known to have shortéomings, in particular for
systeﬁs with unfilled valence shells.1 The correét 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

To . o 5 7 5

afe_.S and P and

5

S for Mn3+[35] and P for Mn3+[3p]. But unlike the

other»final states just gi#en, the “P state can be formed in three dif-

ferent ways from parent d5 terms of 6S, l‘P, and hD.l ‘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' Theorem. 3uch multiplet
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| effécts_fule out the simple gonnectioh of 3p splittings (or splittings
of ggx_ndn—s electron) to ground statefone—electron energies. The total
energigs,df these finél hole states héve been calcﬁlated with two "multi-
plet holébfﬁeory" (MHT)'methods:8 diagonalization of the appropriate energy
matrix based on Couiomb énd‘exchange intégrals:for an RHF single determi-
_nant of fhe initial state (a froZen—grbital approximation), aﬁd more
accuraté'multi—configuration Hartree-Fock (MCHF) calculations on the
final hole states (an optimized#orﬁital calcuiation); In the frozen-
orbital calculation, matrix elements were computed aé'linear combinations
of Slater TS and G5 integrals for the initial state; the coefficients
multipiying each Fk or Gk integral we}e obtained from standard tables.l
Diagonalization of this matrix gafe the three 5P eigenvecﬁors.and eigen-
values.8;9v Separate MCHF calculations were made to obtain each opti-
‘mized-orbital eigenvector and its energ&r'eigenvalue.8 The results of
these two sets of calc#lations‘are'preﬁénted in Table II, lines 4 and 5.
The 5P éigenfectors are given in Table III. .The agreement between frozen-
orbital and optimized-orbital splitting estimates is very good, with slightly
larger Vaiues for the optimized orbitals. A comparison of lines 1 and 2
with lines b4 and 5 also confirms the essential equivalence of the MHT and '
Koopmaﬁs; Theorem calculations of £he splittings of‘ s electron binding
energies;’no such equivalence exists for non-s electron bindingvenergies.
The results of Table II are borne out qualitatively by our 3s

I

Mn0, and FeF_. If we identify peak 3s(1) with a 'S

5

spectra from MnFé,

finalvstate, and 3s(2) with

37
S, the intensity ratios of these peaks are

Ts.5

in rough agreement with a caiculated 'S:7S relative intensity of
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T:5 = i.h:l.o; This calculation is based on a one-electron—transifion
model of photoemission.9 However, the observed separation of appréki-
mately 6 eV is only about half the value predicted by the free-ion calcu-
lations. One possible reason for the reduced experimental splittings

is that eleétr§ﬁ-eleCtron correlation between electroné wifh like.spin
‘is‘partially alldwed'fbr By the exchange interaction; but no allowance

is made:in;such théoretical calcﬁlations_for correlation between elec-
trons ﬁith unlike spins.h Thué, spa{ialh or_energy6 asymmetries calculated
withouf taking correlation into account may represent slight overeéti-
mates._'chever, it seems doubtful that a propér allowance for cafrelation
would aécount for a factor of two reduction in'theoretical”estimates.8’16
Another.pbssible effect is that of éovalency.in chemical bonding,8 which

- will act not only to pair_valenée electfons,’bﬁt also to deldcalize thgm;
thereby weakening fheir interaction with the core. This éfféct can-be-
éstiméted'from the spin;ggg_Orbital-unrestrictéd Hartree—Fock (UHF) calcu-
lations.of‘Ellié'and Freeman for the (MhF6)h—.ciﬁs£er.lT"Their predicted
splittihgs of energy eigenvalues, listed in TabléﬁII,vliné 3; show a
substéntial decrease from the free-ion values and réther remarkabie agree-

ment with the measured splittings in MnF The réduced splitting in MnO

o
relative to MnF2 is consistent with known effects of covalency in that

oxygen bonding is more covalent than fluorine,bonding.8 On the other‘hand,"

the larger splifting observed for FeF3 over MnF2 is consistent with free-

) o 8 . . ‘ : . - ' + :
ion calculations, which give 'a greater exchange splitting for Fe3 than-

2+
for Mn~ . The measured ratio of separations for MnF and.MnO2 (1.41:1.00)

2

is larger than the computed free-ion ratio for MnZt and Mnh+ (1.22:1.00),

as expected from increased covalent bonding effects for oxygen ligands.
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‘The observed 3s(1):3s(2) intensity ratio of approximately 2.0:1.0

for MnF and MnO is not in good agreement with the 7 5S ratio of 1.k4:1.0

2
: 8,9

obtalned from a free—atom calculatlon based on one-electron transitions.

The 1.5:1.0 ratio for FeF, does agree, but the apparent surface reaction

3
indicates that this agreement may be fortuitous. There are several

reasons for a discrepancy between such simple one-electron estimates and

experiment:8 (1) If the initial and final states are described in terms

of SUHF wave functions, the dipole matrix elements between 3sa and 3sB

and their'corresponding p-wave continuum states may be significantly
different. (2) Overlap integrals between initial and final state orbi-
tals of pqssive electrons'may berdifferent for different final states.
Imbliciﬁ in the one-electron esfimate'is an aSsumption that fhese overlap
integralsbare unity for all final states. (3) Multi-electron transitions
may be significant enough‘to alter observed inténsity ratios from 6ﬁe—
electr.o‘n._p"redictions.l5 (4) Bonding effects will distort initial and
final states from a free-atom description, aé'has been féﬁnd in UHF
cluster_calculations.17 (5) A small fraction of the photoelectron-
producing atoms may exist as surface state§ of different electron config-
uration.

"-In'Fig. 3, we present 3s spectra for the metals Fe, Co, Ni, and Cu.
The teméératures of these ﬁeasurements are notéd; as well as the T/TC
ratios fér the ferromagnets Fe, Co, and Ni.l8 -We have noted that Fe shows‘
a splitting for temperatures below and above the Curie point, whereas
paramagnetic Cu shows a single, symmetric 3; peak, as expected. Figure 3

also indicates that Ni has a 3s splitting very much like that for Fe,
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and the results forACo, though not conclusive, ceftainly exhibit con-
siderablélbroadening and asymmetry in the 3s peak. The 3p peaks for

. Fe (see Fig; 2)5 Co, Ni, and Cu can all be well approximated by a single
Lorentzian with a constant tail, whereas the 3s peaks.cannot. THe analy-
sis of theb3s peaks into two components as shown ip Fig. 3 is somewhat
arbitréry, but is ahalogoﬁs to the simpler results obtained for inorganic’
¢ompouﬁdst:.This analysis serves as a rough indiéator of the magnitude

of the:Splitting and the shape of the peak. Thus, all three ferromagnets
exhibif'subfle effects similar to those observed in inorganic compounds.
We attribute these to a couplihg_of the finalfstate 3s hole with*localized
3d eleétrons which have some net unpaired spin or local moment. The
observafion of identical effects for Fe at temperatures above and below
Té18 indi#étes‘that single-atom coupling ofvthe 34 electrons as detected
in the Shbrt;time duration (v 10-16 sec) of the photoemission process does
- not depend on the}degree>of:iong—range ferromagnetic ordering. Although
this éﬁatément may seem ihconsiétent with the oﬁsérved.disappearance of

the hyperfine magnetic field above Tc,lg

12

the latter measurements are made
on a time scale of = 10~ sec, and thus are sensitive to the effects of
a time;éVéraged 3d electron cogpling.

Let us cénsider now the 3p régions of the spectra shown in Figs.
1 and 2;8 There are.severéi-extré peak; and fhesé have been labelled.
None of these peaks are.due to Augér fransitions.' The peaks 3p(2) and
3p(3).0f KhFe(CN)6 appear fo»be associated with two-electron trénsitibns
of pofassium, and are not observed in similar spectra from NahFe(CN)6

and (NH&)L Fe(CN)6. These peaks are observed to some degree in other
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potassiumécontaihing salts such as K2SOh. The peaks denoted 3p(2) and

3p(3) for MnF., MnO,, and FeF

5 5 may be connected with multiplet splittings,

3

however. There is at least qualitative agreement with predictions from
multiplef-hole-theory qalculations,8 in that peaks resulting from p

electron ejection are spread out in intensity over a broad region (see
T

- i i . . ! . .
Table II). We note that in a one-electron transition the intensity of

5

each “P state will be proportiohal to the square of the coefficient of

the d5(6-S)p5 5P term in the eigenvector.8’9

Thus, the relative intensities

obtained'from frozen-orbital MHT calculations on Mn3+ are: 5P

1
5 8,9 5p2 peak would thus probably be too

0.66;

5P2, P3, 0.32. The

weak to observe. Spectra for MnF2 in fact show two weaker components

0.01; and

(3p(2) and 3p(3)). in addition to 3p(1). One of these is close to the

main peak (v 2 eV) and the other much further away (v 17 eV). The identi-

5p

fication of peak 3?(2)‘with the final state b and of 3p(3) with P, is

i3
thus foughly consistent with non-relativisﬁicifree—ion theoreticél célcu—
latiohs; ~“We note, however, that any realistié theoretical treatment of
ép éplittings must include spin-orbit and crystal-field effects, as well
as possible decreases in the magnitudes of~predicted splittings due to
covalent'bonding. Spin-drbit_splitfing of the ground state Mn3p levels
wiil‘be’épproximafely 1.3 eV in magnitude; féf‘example.eo Furthermore,
the expérimental data in the 3p regions aré not good enough to assign
accurate positions and intensities to the observed peaks. Thus, while

it appears ﬁhat peaks due to multiplet splittihgs 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.
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The'Splittinés rep6r£ed up to this_poinf have been in subshells
with the éame principal quantum number (and thué thé same approximate'v
radial iocation) as the 34 electrons. Analogoﬁ$ effects should be observed
ih all core levels, although the appropriate'Couldmb énd’exchange intef
grals descfibing the final state‘coupling will be decreased due to the
gre&ter'avéfage distance of separation of these inner—cbre and valence
electrbns, bAn approximate indicator of this decrease is given by the
2po - 2pB one-electron energy difference for a£¢mic Fe, compared to
the 3sd ;'358 différence. 1In the SUHF calcuiation for line 2, Table II,B‘
these»ﬁalﬁes‘are'B.S eV and 11.1 ev, reSpectively; so that bnebmfght
expect. an experimental splitting of N6 eV fof 3s peaks to be consistent
with only a 2 eV splitting of 2p peaks. Also, the spin—ofbit splitting of
epl/z'gnd_2p3/2 levels for Mn is " 12 eV, so that two distinct 2p peaks
will bé‘observed. In the simplest veétor-coupling.modei, each of these
peaks'?ill be a mixture of a and B electrdﬁs, so that, at most, the
experiméntél expectation would be for a broadening of ~ 2 eV in the
2pl/2‘apd 2p3/2 photoelectron peéks. In Fig. 4, we show 2p photoelectron

spectra for Fe metal and MnF In analogy with the 3s splittings, we

o°
o

-the widths of the MnF2 peaks are 3.3 eV, or " 1.3 eV larger than those

expect smaller multiplet effects for Fe than for Mn in MnF As indicated,
of Fe.‘ This bfoadening is not due to surface chemical reaction, as the

- 3p(1) peak of MnF, is essentially the same width as the 3p(1l) peak of

2
Fe (2.1 eV and 2.3 eV, respectively). As mentioned previously, simple
broadening or splitting of peaks due to chemical reaction will affect all

core levels in a very similer way. The 2p peaks for iron are also sharper
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in fhe Sénée that they are best described by a.Lofeﬁtzian peak-shape,
wﬁereas.étbroader Gaussian peak shape well appféximates the MnF2 data.
Both thése'observations are consistent with muitiplet effects of the
expectéa magnitude on the binding energies of Mnép electrons in MnFe.
The;e:XPS results are also in agreement with splittings.observéd in x-ray
émission.épéctré.of MnF, andbothér.inorganic 301ids.21 MnKo, and Ko,
X—réy; result from the transition 2p3/2 + 1s and'.2pl/2 + 1ls, respectively.
Thus, the final state is Mn with é 2p hole, just as in phdtoemission; and
the coupling of this hole with uhpaired'3d electrdns will cause splitting
of the.résultantvX-ray;line. “Free—ion calculations of thése.splittings

have been made and:they predict a broadening of these MnF, x-ray lines

2
of 2 év;Zl.ih'good agreement with both x-ray emission and XPS results.

The experimental widths of the Kal ahd Ka2 x-ray lines for MnF2 are

Very nearly équal,21 in agreement with the equal widths observed in Fig.

. The relative Kaif Ka2 widths are predicted by theory to be N L4:3,

 hoﬁevérZ?l

We also note that splittings of p3/2 electron binding energies

have been observed in the XPS spectra of solids containing Au, Th, U, and

Pu.22; These splittings are thought to be due primarily to crystal-field

.effects on metal . core electronic.states,22 but no detailed theoretical analy-

sis of this data has as yet been compleﬁed; In the broadest. sense of the

term "multiple£ splitting,” the work reported here and this earlier work--

are repreéentative of similar effects. That is, in both cases, the

"~ ejection of an electron from a single nf or nf{j subshell gives rise

to mb?e-ﬁhan one pcssible final state, and the different final states have
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differéﬁt‘tdtél energies B (cf. Eq. 1). ‘The different E® values ariéé
from a detailed consideration of the Coulomb and exchange interactions in
vthese'fipal states, perhaps including contributions from atoms neighboring
‘the metai'atom. However, it is clear that‘the mulfiplét spliﬁtings reported =
here aré'pfimarily dependent on the various possibie coupling scﬂemes in
a singlé;atcmélike hole state, wheréas crystal—field—induced splittings
may be more intimately connected with the symmetry and spatial distri-
bution”of'the bonds around the metal‘atom,.regardless of the presence of
unpaiféd electrons. For many systems with unpaired electrons, these two

iy

effects will be inséparablé in an accurate theoretical analysis.’

2, 'Gaseous LUf Metals

f'Similar multiplet effects should also be observed in gaseous mona-
-tomic métais witﬁ ﬁnpairedfvalence electrons. The interpretétionvof such
data should be more étraigﬁfforﬁard, in the seﬁse that cryétal;field and
covalenf;Bonding éffecté néed"hbt be considefed. Iﬁ particular; Eu;

:with a hélf—filled 4f shell, should gxhibit mulﬁiplet splittings analogous
to those of Mn2+, with a half-filled 3d shell. Treating exchange as a

~ perturbation, the bsa and UsB one-electron energies are predicted to

~ be different by 11.7_eV§23

for example. Unfortunately, the Us and bLp
phétoelectfon intensities were too weak to pérmif study of these levels
with thé'present apparétus. The Ld photoeleétron intensity is much higher,
howevef; and a photoelectron spectrum in this region is shown in Fig. 5.

In order to detect small multiplet effects, we compare the Zuld spec-

trum with the hd‘spectra.of the nearby atoms Xe and Yb. The latter two
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atoms heve‘filled outer shells and should exhibit no multiplet effects.

The ground state electron configurations of these three cases are:

2 6 . .0 2 8 24 - 0 ~ (Xe)lf lh6 21

xeo - 58 S, Bu - (Xe) hf76s /2, and Yb S.

The basic structure of the k4d ISpin—orbit doublet is

3/2 = M52 ,
observed for all three spectra in Fig. 5, and the separation of two com-
ponents’ is.close to that predicted by theory,zo as indicated in Table Iv.
The iﬁerease'in fhe linewidth of each component from Xe to Eu to Yb can be
ascribed te a:deerease in the lifetiﬁe T ‘of the hd_ﬁole stete such that

L >> ) . . K : . . . . . .
Tye > Ty > Typw Because a 44 hole can be filled by U4f electrons, it is

_to be expected that T will decrease as the Lf shell is filled.

There are however, two peculiarities in the Eu spectrum of Fig. 5:

the left component of the doublet has a lower relative inﬁensity in EBu

"than in Xe or Yb, and the shapes of the peaks for FEu are more nearly

Gaussian, as compared to Lorentzian shapes for Xe and Yb. LuF3,‘a stable
AT P !

solid compound containing Lu ions with a Uf S electron conflguratlon,

was also studled and these results show a Lorentz1an llne shape for the

two ld compondnts (see Fig. 6). The relative intensities of the two

components as derived by 1east—squaree 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 calcu-

25

lations yield a ratio very'cloee to this. This value is in agreement

with the ratios observed for Xe, Yb, and LuF3.

deviatevfrom this simple model, however. No theoretieal freeFion calcu-

The data for Eu definitely

. N + ' o
lations are available for the £l [4d] hole state, but in analogy with

+ : ! ) . oL
Mn [3p], we expect several possible final states. In the oversimplifi-

[P 29

cation of LS coupling, the allowed final states are Ld hf D and
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ua’ hf7632 Tb. The 7D state can only be fofmed from a parent term of
7 8. 6. 6. 6

hf7 8S. The 'D state can be formed from s, p, D, F, apd 6G parent
terms; however. Thus, six photoeiectron péaks are predicted in this
model. The ‘introduction of spin-orbit effects &ouid no doubt increase
this»humﬁef. |

A further péculiarity ih XPS fesults from Eu'hd>eléétrons‘is'that

0, by ~ 1.0 eV. Experiments

the two;component separation'is'largef in Eu2 3

on Eu,0 pdwder yield a separation of 5.7 eV, in good agreement with pre-

2°3
0,26 .

vious méaéuremehtsl (see Fig. 6). Intensity ratios cannot be accurately

derived from the Eu203_results, dué to a high'intensity of inelagtic
scattering and pfobable surface reduction of a sﬁall.fraction of the Eu
atoms.: Hoﬁever, the difference in separation'might well be connected to
bonding'effects in Eu

2O3 analogous to those discussed for Mn compounds .

Thus,'aitﬁough it'aépears that the various pecuiiarities in Eﬁhd photo-
electron spectra are connected to multiplet ‘effects, no definite state-
ments can be made Vithout a more detailed theoretical analysis.

jThe hf photoelectron spectrum of.gaseous.Eu is shown in Fig..7-
An intenée peak is observed, with a FWHM of v 2.0.eV. The 6s photoelectric
cross se@tién should be veryvsmall relative to'hf,25 so it is doubtful
‘that aﬁpfeciable intensity in Fig. 7 is. due to photcemission of 6s elec-
trops; Tbe lifetime of a Uf hole should also be very long, so that any
width of the peak in:Fig. T above the instrumental limit of "~ 1.0 eV -
must.5e due to some sort of binding energy splittiﬁg.l LS coupling repre-
sents a reasonable description of photcemission from Lf levels,'énd the

final hole state must be a Lt 6652 state which acts as a parent term for
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2 887/2. Only the 88 'initial state need be

the iniﬁial_sfate‘hf76s 7/2

o Lo o . . 2
considered, as the nearest excited state is " 1.5 eV higher in energy

and will not be populated at the temperatures of these experiments

(v 600°C).. The only final state possible in a one-electron transition
2 TF. Spin-orbit effects will split this final state into
T 7 T. T

0° F sy F6 components are spread

is thus hf66s

various J components. These 'F F

12 2

in energy over ~ 0.6 eV,2 and this is sufficient to explain a_gbod frac-
fion of the extra width observed for the Lf photoelectron peak. Doppler
broadening will also add a small contribution of " 0,1 eV width. It is

. ' 2
also possible that two-electron transitionsl? would yield hf66s final

states other than 7F or other final state configurations, such as hf6655d.

Taken together, these effects are qualitatively consistent with the

observed width of the Uf peak.
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D, Conclusions

Multiplet splitting of core electron binding energies has been
observéa in several solids containing metal aﬁéms with unpaired 3d elec-
trénsih Thé laigesf Qplittings are :® 6 eV for the 3s electrons of Mn and
vFé.8v'Free—ion thébretical caléulations oVéresfimate these 3s splittings
by roughly a factdr of two. Calculations taking into account the effects
of covélent chemical bonding17 givé excellent agréement with experiment.
The 3p electron binding energies also appear to show such splittihgs,
although'the theorétical interpretation of suéh data is more complicated.B'
‘The 3s photoelectrdn peaks'fdr the ferromagnetic metals Fe, Co, ;nd Ni
also show evidence of such mulfiplet'effects. For Fe, these effects are
identicél in both‘the’paramagnétic and ferromagnetic states. The 2p photo-

electrbn peaks in MnF, show broadening of at least 1.3 eV. These results

2
are consistent with multipleﬁ effects predicted from free-ion calculations,
and aléo agree with splittings observed in x-ray emission Spectra.zl
..,$imilar multiplet splittinés are indicated in the electron binding
energies of gaseous Eu. The 43 photoelectron peaks for gaseous Eu show
anomalous intensity ratios and shapes when éompared'to similar spectra
from gaseous Xe and Eu. These anomalies appear to be linked to multiplet

'splittings. The width of the Eubf photoelectron peak can be explained

by a consideration of multiplet effects.
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Table I. Transition-metal ion electron configurations for the solids

indicated in Figs. 1, 2, and 3, together with experimental separations,

intensity ratios, and widths of the 3s photoelectron peaks, and the
widths of the most intense 3p peaks. Accuracies of these values are
* 0.1 eV for separations and widths and * 0.15 for intensity ratios.
Values in parentheses have greater uncertainty.

Atom Compound  Electron 3s(1)-3s(2) 3s(i):3s(2) 3s(1) 3s(2) 3p(1)
S Configuration Separation Intensity FWHM® FWHME FWHM2
(ev) Ratio (ev)  (ev) (ev)
Mo MoF, 306 6.5 2.0:1.0 3.2 3.2 2.1
Mno 3% % 5.7 - 1.9:1.0 3.6 3.5 2.8
Mn0,” BT Y 2.3:1.0 3.9 3.9° 2.6
Fe FéF3d o 3a% 1.0 1.5:1.0  b.5® b5 3.6d
Fe (3%%) (M) (2.6:1.0)  (3.5) (b.0) 2.3
Ky Fe(cn) (32%) B > 10:1 3.5 ——— 2.9
Na)Fe(CN), (3a%) : _— > 10:1 3.2 - 2.6
Co Co T (3aTks?) Ce—m — k3 e 2.5
N N (38%1s2) | (h.2) (7.0:1.0)  (3.2)° (3.2)¢ 3.1¢
Ca  Cu | (3a2%s1) - > 20:1 3.6 ——=  1.0°

= -
FWHM of symmetric peak shape, excluding asymmetry introduced by the inelas-

tic tail.

b_: .
Probably slightly reduced; often a non-stoichiometric compound.

c . .
~ "FWHM for 3s(1) and 3s(2) constrained to be equal.

dProbably slightly reduced (see Fig. 1).
e . . . ‘ .
The primary source of increased width for these peaks is spin-orbit

spllttlng-lnto 3p1/2 and 3p3/2 components.




splittings for a Mn“'3d° °S initial state.

24_. .56

Ref. 8. The units are eV.
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Table II. Theoretical predictions of 35'and'3p electron binding energy

These values are taken from

(1)

(2)

(3)

(4)

(5)

Finalistate:

;_ Koopmans' Theorem
- Description:

RHF 4+ exchange
perturbation (Mn~ )

.sﬁHF'(Mn2+)
viE, (mr)
cluster (ref. 17)

Multiplet Description:

“MHT, Frozen
orbitala

'MHT, Optimized
‘orbitall

Mn o[ 35 ]

3sa
hole

11.1-

11.3

6.8

13.3

14,3

BSB
hole

0

Mn3+[3p]
3pa 3pB
hole hole
13.5 0 -
13.7 0
8.1 0
5 5 5 T
Pl P2 P3 P
22.4 8.5 3.6 .0
23.8 9.4 L.0 0

aOrbitals'obtained from an RHF calculation on Mn2t 3d° 6.

and Mn>'[3p].

b .
Values based on multiconfiguration Hartree-Fock calculations for Mn

3*13s]
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Table III. Frozen-orbital eigenvectors for the three 5P states of

v Mh3+ 3p‘5 3d5 = Mn3+[3p]. 1Eigenvalues»relative to the 7P state are given
in Table II. ' ' v
State: %ﬁ %2 | %3
Expansion™ '
coefficients:
c(a®(%s)p° op) 0.816 ~0.110 0,567
c(a®(*p)p® ) -0.439 -~ o.s519 0.733

c(a®(*p)p> %p) -0.375 0.847 0.375




kg
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Table IV. Summary of results for Ud photoelectron spectra of Xe, Eu, Yb,
and Lu in various samples. A comparison is also made to the theoretical
spin-orbit splitting of 4d3/> and Ldg o components. Accuracies of these
values are * 0.1 eV for separations and widths and * 0.15 for intensity
ratios.

.

Ld - ha ~ Theo. iComponent La
Sempl - component - Component spin-orbit - separation component
‘ p-e FWHME separation splittingP Theo. intensity |
(ev) _ (eV) (eV)_ B spin-orbit  ratio
Xe(gas) 1.07° 1.96 2.10 | .9k 1.147:1.00
Eu(gas) = 3,784 4.7 T os5.40% .88 2.44:1.00
Eu2o3(solid) 3.63¢ - 5.73 5.40% 1.06 —_—
Yb(gas) ~  5.81%  8.143 S 9.20 .92 1.49:1.00
: LuFB(solid) h‘23cv , lO.2h 10.00° 1.02 1.75:1.00

#The two La components wefe assumed to have equal widths. FWHM values are
foi a symmetric peak shape, excluding asymmetry introduced by the inelastic
tailQl | | | '

Takeﬂ frdm‘Ref,.QO.

cAnal&sis.with Lorentzian-based peak shapes.

dAnalysisZwith Gaussian-based peak shapes.

®Value obtained by interpolation from those given in Ref. 20,

'fThe accuracy of this ratio is not as high as for the other ratios

‘reported, due to inelastic scattering effects.




"Fig. 2. Photoelectron spectra from FeF

Fig. 4. 2p photoelectron spectrd from Fe metal and MnF

Fig. 6. Ld photoelectron spectra from solid Eu,0, and LuF
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- FIGURE CAPTIONS

Fig. 1. ' Photoelectron spectra from MnFE, MnO, and MnO2 in the kinetic-

energy regidn\corresponding to ejection of Mn 3s and 3p electrons by
MgKo x-rays.

3» Fe metal, KhFe(CN)6 andv
NahFe(CN)6 in the kinetic-energy region corresponding to ejection of

Fe 3s and 3p electrons by MgKo x-rays.

Fig. 3. 3s photoelectron spectra from Fe metal, Co metal, Ni metal, and

Cu metal.’ MgKao x;rays were used for excitation. Binding energies

-

corresponding to the intense peaks produced by MgKo X-rays are

1,2 _
also‘indicated. 'The'Véftical bars on éach poihtvihdiéate sfatistical
efror limits.

2.' MgKa, x—rays-
were'usea for excitation. The Fe data have béen.analyzed into two

Lorentzian components and the MnF_, data into two Gaussian components.

2

Fig. 5. kd photoelectroh spectra from gaseous Xe, Eu, and Yb, produced

by excitation with MgKo x-rays. The theoretical spin-orbit splitting
‘into hd3/2 and hd5/2 components is also indicated. Theoretical values
are from Ref. 20. (See Table IV.)

203 3,:-produced

by excitation with MgKa x-rays: (See Table IV.)

Fig. T.  hf photoelectron.spectrﬁm from gaseous Eu, produced by excitation

with MgKo x-rays.
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, "person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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