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Abstract. The results of the X-ray photoelectron spectroscopy
studies of the electronic structures of trifluorides, oxides and other
compounds of Sc, Y and lanthanides (Ln) from La to Lu, except
for Pm, in the binding energy range from 0 to 1350 eV are
generalised. The established dependences of the Ln4f binding
energies and the relative intensities of lines on the atomic number
Z do not contradict the theoretical data stating that the Ln4f
atomic orbitals (AO) participate markedly in the formation of
molecular orbitals (MO) in the lanthanide compounds. It is
established that inner valence molecular orbitals (IVMO) com-
posed of the metal Sc3p, Y4p, LnSp AO and the ligand L(O,F)2s
AO are formed in these systems in addition to the outer valence
molecular orbitals (OVMO). It is shown that the spectral fine
structure caused by multiplet splitting, many-body perturbation
and dynamic effects is correlated with the lanthanide oxidation
state, the spin state of ions and the mechanisms of the secondary
electronic processes accompanying the photoemission and can
serve as a characteristic for identification of lanthanide com-
pounds. Charge induction is discussed using titanium and
niobium double oxides as examples. The bibliography includes
206 references.

1. Introduction

The lanthanide (Ln) group includes elements with atomic num-
bers (Z) in the 58 < Z < 71 range. Together with scandium,
yttrium, and lanthanum, they form the class of rare earth elements
(REE) and can be divided into two subgroups, namely, cerium
[(La), Ce, Pr, Nd, Pm, Sm, Eu] and yttrium (Gd, Tb, Dy, Ho, Er,
Tm, Yb, Lu) subgroups. The electronic configurations of lantha-
nide atoms can be expressed by the general formula
{Xe}4f"5d™6s, where 0 < n < 14, m = 0, 1. In the ground state,
lanthanides, except for lanthanum, gadolinium, lutetium and,
possibly, terbium, contain no Ln5d electrons (m = 0); however,
transition of one or two electrons from the Ln4fto the Ln5d shell
does not require much energy. In compounds, lanthanides can
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exhibit different valences, 11, III and IV, the trivalent state being
the most typical.! 4

Metallic lanthanides, their chemical compounds and alloys
are extensively used in various branches of science and engineer-
ing. Thus the rare earth element alloys of the SmCos type are used
to produce permanent magnets possessing tremendous energy.>-©
Samarium, europium and gadolinium, characterised by high
absorption ratios for thermal neutrons, and their compounds are
used in nuclear industry. Oxides of these lanthanides are parts of
protective ceramic coatings of nuclear reactors; they are suitable
for the manufacture of control rods.’> Lanthanide additives are
used in catalysis.” 8 Yttrium, lanthanum and other lanthanides are
employed to produce high-temperature superconductors. The
development of efficient processes for the isolation of pure
lanthanides and for the preparation of their compounds possess-
ing specified physicochemical properties requires the knowledge
of their electronic structures and types of chemical bonding. For
this purpose, rare earth metals are actively studied by X-ray
photoelectron spectroscopy (XPS).”~17

Currently, XPS studies of the electronic structures of sub-
stances are performed using expensive spectrometers operating
with both X-ray and synchrotron exciting radiations. However,
the use of these spectrometers for the investigation of lanthanide
compounds is associated with a number of problems because, due
to the presence of unpaired Ln4f electrons and specific features of
chemical bonding in these compounds and to secondary electronic
processes which accompany electron photoemission, the X-ray
photoelectron (XPS) spectra of these compounds in the binding
energy (Eb) range from 0 to 1350 eV (in which the XPS spectra are
normally recorded) contain complex fine structures. This hampers
the quantitative elemental analysis of lanthanide compounds and
makes difficult the determination of their oxidation states on the
basis of the traditional characteristics of the XPS spectra (line
intensities and chemical shifts). Therefore, the efforts of research-
ers are concentrated on the interpretation of the fine structure of
the spectra of lanthanide compounds, elucidation of the reasons
for its appearance and identification of the relationship between
the spectral structure characteristics and the physicochemical
properties of compounds.> 18

Thus the effect of the degree of occupancy of the Ln4f shell of
lanthanide compounds on the structure of their spectra and the
giant Coster-Kronig electron transition phenomenon (dynamic
effect) within the core and valence electron shells have been
studied by XPS.!%:20 In addition, the degree of participation of
relatively low-lying occupied orbitals of neighbouring atoms in
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the formation of inner valence molecular orbitals (IVMO) has
been determined.!® Since an increase in the atomic number (Z) of
lanthanides in the range of 57 < Z < 71 entails an increase in the
Ln5p3)» electron binding energy [Ew(Ln5ps)2)] in their oxides from
17.7 to 27.5 eV, while the oxygen O2s electron binding energy
[Eb(O2s)] is an intermediate value, these compounds are conven-
ient objects for investigating the influence of the difference
between the energies of the LnSp and O2s atomic orbitals (AO)
on the efficiency of their participation in the IVMO.!'® For
example, the Ln—O bond lengths (R) in the lanthanide oxides
Ln,Os are rather great (~0.240 nm); therefore, the formation of
IVMO for lanthanide oxides of the beginning of the row is not
very efficient. However, in the case of LnO oxides in the gas phase,
the Ln—O distance is rather short (~0.180 nm);?! therefore,
participation of the Ln5p and O2s AO in the formation of
IVMO can be substantial; this should be taken into account
when investigating the interaction between the atoms contained
in the monoxides.

Analysis of the fine spectral structure (besides line intensities
and chemical shifts) extends substantially the scope of XPS in the
study of lanthanides and their compounds. This is the most
adequate technique for determination of the lanthanide oxidation
states in compounds, which is widely used in prac-
tice.®-7-12-17.22-33 Considerable attention is also devoted to the
theoretical examination of the multielectron processes which
accompany the photoemission of electrons and account for the
fine structure observed in the XPS spectra.3*—4!

In this review, we present the results of XPS investigations of
the electronic structures of several series of stable compounds of
lanthanides (except for Pm, which is difficult to obtain), Sc, Y and
La. The correlations between characteristics of the XPS spectra,
physicochemical properties of these compounds and the nature of
chemical bonding in them are discussed. Attention is focused on
lanthanide trifluorides and oxides. The lanthanide compounds
under consideration are rather stable against oxidation in air, high
vacuum and X-radiation. Since some of lanthanide oxides have a
variable stoichiometric composition inconsistent with the general
formula Ln»Os, analysis of the structures of the XPS spectra of
these compounds is accompanied by comparison with analogous
spectra of some LnL; complexes containing Ln3" ions and
organic ligands (L). These compounds can be regarded as clusters
consisting of condensed molecules rather than as solids with a
band electronic structure. Conversely, lanthanide oxides and
niobates are solids in which the lanthanide ions occupy the crystal
lattice points and are surrounded by oxygen atoms.

I1. Lanthanide trifluorides

The lanthanide trifluorides LnF3; (Ln = La— Lu, except for Pm)
are relatively stable compounds; the metal ions Ln?" in them are
formally trivalent.! ~# No noticeable changes were detected in the
XPS spectra of these compounds during recording of the spectra
using the sample preparation procedure proposed by Teterin et
al.** In addition to this study,*? data on the XPS spectra of some
lanthanide fluorides can be found in other publications.*3 5

The X-ray photoelectron spectra of lanthanide trifluorides in
the binding energy range from 0 to 1350 eV exhibit fine structure
for virtually all electron levels.*> %35 To analyse XPS spectra and
elucidate the relationship between the structural characteristics
and the properties of substances, it is convenient to distinguish
three conventional spectral ranges.

1. Electron binding energy in the range from 0 to ~ 15 eV. For
lanthanide trifluorides, this range of XPS spectra exhibits a poorly
resolved structure related to the electrons of outer valence
molecule orbitals (OVMO), which are largely formed from the
partially filled Ln5d, Ln6s and F2p AO. A structure caused by
Ln4f electrons also arises in this region. Theoretical calculations
suggest >*~59 significant participation of the Lndf AO in the
formation of the OVMO in lanthanide compounds. In this case,
in analysis of the chemical bond, the Ln4f electrons cannot,

generally speaking, be classified as core electrons (as was tradi-
tionally considered before).

2. Electron binding energy in the range from ~15to 50 eV. In
this region, XPS spectra show relatively well resolved structure
due to the electrons of the inner valence MO (IVMO), 8- 42. 52, 55,6063
which are mainly composed of low-energy occupied Ln5p, LnSs
and F2s AO of neighbouring atoms. The structure of the IVMO
spectra can be used to characterise the structures of the com-
pounds under study and even to estimate the bond lengths in
them.

3. Electron binding energy of >50 eV. This XPS range is
typical of electrons of inner (core) MO; specifically, for lanthanide
trifluorides, the spectra of the core AO are mainly recorded. These
include the Ln3p3/, Ln3d, Ln4s, Lndp, Ln4d and Fls AO. Both
the energy region of the binding energies of these electrons and the
low-energy part of the XPS spectra of the compounds in question
can be subject to various effects resulting in a more complex
spectral structure.!®:38-40 Since these effects can arise simulta-
neously in any binding energy region, when interpreting spectral
structure corresponding to individual shells, one should also take
into account the structure displayed in other spectral regions.
Therefore, when investigating lanthanide compounds by the XPS
method, it is expedient to measure the spectrum over the whole
experimentally accessible range (Table 1). It should be noted that
one or another mechanism giving rise to the fine structure shows
itself with variable probability in the spectra of electrons of
different shells; this markedly facilitates interpretation of the
spectra.

To identify the structural features of the low-energy XPS
spectra of lanthanide fluorides, the spectra of scandium and
yttrium fluorides have also been studied.? >3

1. The spectral region of electrons of the outer valence
molecular orbitals
The spectra of the outer valence MO of scandium, yttrium and
lanthanum trifluorides,’> 3% which contain no 4f electrons, are
largely due to the Mnd, M(n+ 1)s*> and F2p electrons of the
neighbouring metal (M) and fluorine atoms, respectively
(Fig. 1). They are displayed as 3.7-, 3.3- and 2.9-eV wide bell-
shaped lines with smeared structures characterised by weighted-
mean electron binding energies of 8.9, 8.9 and 8.4 eV, respectively.
Comparison of these values with the positions of the maxima of
these broadened lines (see Table 1) shows that the line in the
spectrum of YFj3 is the most symmetrical. The lines related to the
F2p and F2s electrons are approximately 21 eV apart (see
Table 1). In the spectra of lanthanide trifluorides containing
Ln4f electrons, the line intensity markedly increases with an
increase in the metal nuclear charge (Z) due to the increase in the
number of these electrons (n4r) (Fig. 2). With the assumption that
the Ln4f electrons do not participate in the formation of chemical
bonds in the trifluorides, the spectral structure should be mainly
governed by the final state of the ion which arises after photo-
emission of an Lndf electron.*3-31,33,54,64-67

In the XPS spectra of LnFj3 for lanthanides at the beginning of
the row, the Ln4flines are located at lower binding energies than
the OVMO lines (Fig. 3, see also Fig. 2). As the atomic number
(Z) of lanthanides and, correspondingly, the 74y number increase
(the relationship between these values is considered below), the
binding energy of the Ln4f electrons noticeably increases, and
their spectrum overlaps with the line of the OVMO elec-
trons.37-67.68

LIl3 + N4y Z Ln3 + Nyyf Z Ln3 + N4y 4

La3™ 0 57 Sm3t 5 62 Ho** 10 67
Ce*t 1 58 Eu’t 6 63 Ec?t 11 68
Pr3t 2 59 Gd3*t 7 64 Tm3* 12 69
Nd3** 3 60 b3+ 8 65 Yb3*t 13 70
Pm3* 4 61 Dy3* 9 66 Lu’t 14 71



Table 1. Electron binding energies (Ep, €V) for the basic lines and satellites in the XPS spectra of lanthanide trifluorides.*?

Compound OVMO Ln5ps>  Ln5pip» F2s Ln5s Lndds) 32 Lndps.1/2 (see ) Lnds Ln3ds)> (see®) Ln3ds)» Fls

LaF; —; 8.1 18.6 20.8 29.3 36.4 104.4; 107.5; 120.3; 198.1; 203.4; 276.9 837.3; (841.6) 854.1; (858.3) 685.1
134.6; 137.7 213.1; (231.5)

CeF3 34;8.4 19.4 22.4 29.5 38.0 110.7; 112.8; 125.7;  208.2; 223.9; 289.4;291.0 884.7; (888.2) 903.3; (906.3) 685.4
135.7;143.2 243.5;250.1

PrF; 5.2;8.3 20.1 23.8 29.6 39.4;40.5 118.4;137.2; 147.6;  219.1; 233.4; 306.5; 309.5 934.4 955.2 685.3
151.8; 169.6 —1(251.4)

NdF; 6.5; 8.0 20.7 24.4 29.4 40.4; 41.7 122.8;139.4; 136.3;  229.6; 246.4; 319.0; 321.8 982.6 1005.6 685.1
154.0; 160.0 259.9; (266.0)

SmF; 7.5;9.2 22.1 26.4 29.7 43.1;45.5 132.3;134.5; 137.3;  251.8;269.0 348.2; 352.1 1084.4; (1099.4) 1111.4 685.2
154.1; 164.0

EuF; 8.3;11.8 22.4 unknown 29.2 43.8;46.4 137.1; 142.6; 152.0 261.9 365.5;370.2 1135.3 1164.8; (1167.5) 685.0
158.7;168.2

CdF; —;9.8 229 the same 29.2 45.4;48.5 143.4; 148.6; 159.3 272.7,278.7, 379.8; 388.1 1187; (1200.2) 1219.8 684.8
172.0; 183.0 289.4

TbF; 4.2;94 23.9 " 29.1 46.8;49.5 147.5; 151.2; 155.0; 288.5; 306.6; 1242.6 1277.3 685.1
167.0; 178.8 —;(322.6)

DyF; 5.9;9.7 24.5 " 29.4 49.2; 51.5 155.1; 157.3; 162.1; 297.3;301.3; 415.4;421.1 1297.6 1335.6; (1351.0) 685.2
173.6; 183.9 —3(336.9)

HoF; 8.0; 11.1 26.2 33.0 30.4 50.3; 52.3 163.1; 168.1; 177.2; 309.9; 315.0; 433.7;438.2 1356.5; (1346.1) unknown 685.2
187.0; 191.4 322.6; (347.0)

ErF; 7.7;10.8 26.1 32.9 29.7 53.8;55.1 170.2; 173.6; 185.1; 321.3;327.3; 452.1; 455.6 unknown the same 685.4
194.1;197.7 —:(366.7)

TmF; 7.5;10.8 26.8 34.0 29.8 55.0; 56.0 177.9; 201.0; 185.8; 334.4; 339.6; 470.9; 472.4 the same " 685.4
192.4;204.1 —;(392.4)

YbF; 8.8;12.6 27.2 34.7 29.6 57.0; 57.7 186.3; 189.3; 194.1 347.2; 351.2; 489.3;491.3 " " 685.2
200.7; 206.2 —3(399.0)

LuF; —;10.2 28.4 35.7 unknown 59.0 197.3; 207.3 361.1;414.3 508.9 " " 685.5

YF; —; 89 26.1¢ unknown 29.9 47.14 159.4; 161.3¢ 302.5;314.5°F 397.0¢ — — 685.2

ScF3 —:8.7 33.9h the same 29.4 55.31 unknown 405.0; 409.31 503.9k — — 685.6

Note. The binding energies are presented for the peaks with respect to the Cls binding energy for hydrocarbons on the sample surface [Ep(Cls) = 285.0 eV]. * Weighted-mean energies for electrons in a complex structure.
®The values in parentheses are satellite or shoulder energies. © The Y4ps 2, 12 line. 4 The Y4s line. © The Y3ds), 32 lines. "'The Y3p32, 112 lines. 8 The Y3s line. " The Sc3ps 2, 1,2 line.  The Sc3s line. I The Se2p3)», 12 lines. ¥ The

Sc2s line.
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Figure 1. XPS spectra of scandium (a), yttrium (b) and lanthanum (c)
trifluorides.® The vertical segments show the MO energies for the ScF -
(C3 symmetry), YF$™ (asymmetrical) and LaF§; (D3, symmetry) clusters
calculated in the self-consistent field (SCF) X,-DV (discrete variation)
approximation.®3

Starting from terbium, the spectrum of Ln4f electrons starts
exhibiting an extra line located at a lower binding energy than the
most intense component. As the Ln4/ shell is being filled, this line
grows approaching in intensity the high-energy component (see
Fig. 2). In the Tb4f spectrum of TbFj3, this line is located at a
distance of 5.2 eV from the second component. The observed
splitting can be qualitatively considered using Tb3* as an exam-
ple.*3 The Tb3* ion occurs in the (4f1)7(4f])" state, which implies
the 7F¢ term, i.e., the Tb4f shell is occupied by more than half.
Photoemission of one Tb4f electron gives rise to two final states:
(4f1)7 — 8S term and (4/1)%(4f|)! — the > 1L, term. Since the
former can be attained in only one way and the latter, in seven
ways, the intensity ratio of the two components arising in the Tb4f’
spectrum is expected to be 1:7; this is close to the experimental
value (see Fig. 2).

The photoemission of an electron with the B(]) spin is
known 439 to require less energy than the removal of an electron
with the a(7) spin. The results of SCF X,-DV (discrete variation)
calculations (with allowance for spin polarisation)®® for exchange
splitting in the Ln4f spectra of REE compounds for the second
half of the lanthanide row are in qualitative agreement with the
corresponding experimental values (Fig. 4); for LnF3, they are in
accord with published data.*?

Indeed, photoemission of an Ln4f'electron gives rise to a more
complex final state, resulting in a further complication of the
spectra of the Ln4f electrons. The structure of these spectra is in
satisfactory agreement with the set of levels derived from theoret-
ical considerations of the multiplet splitting of the Ln4fline for the
Ln3"* cations.®® 70 The results of these calculations are reflected in
Fig. 2 as vertical segments below the Ln4f spectra. The structure

Intensity a Intensity h
IVMO IVMO OVMO
——— "y m
LHSS F2s Lll5p3/2 1/2 La5p1/2 FZS Ln5p3/ 4f 6J2 5d
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| 4f" 652 5d™ | [
| T TI 1
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Figure 2. XPS spectra of low binding-energy electrons of lanthanide
trifluorides.*? (a) LaF3, (b) CeFs, (c) PrF3, (d) NdF3, (e) SmF3, (f) EuFs,
(2) GdF3, (h) TbF3, (i) DyFs, (j) HoFs, (k) ErFs, (/) TmF3, (m) YbF3,
(n) LuF3. The vertical segments in the OVMO energy range show the Ln4f’
lines found in the ionic approximation,®® and those in the IVMO energy
range are the lines of the Ln5p and F2s atomic spectra.??> The dashed lines
show the positions of the F2s lines of fluorine.

of the spectra of these electrons can characterise the lanthanide
oxidation state in the compounds. As was to be expected, in the
case of Lu** in LuF3, the line of Ludf electrons is split due to the
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Figure 3. Binding energy (E,) of the OVMO (7, 2) and Lndf (3, 4)  Figure 5. Relative intensity of the Ln4fline vs. the number of 4felectrons

electrons vs. the number of electrons in the La®* — Lu®" series. (/, 3) LnF;
(see Table 1); (2, 4) Lny05.%7

in the La3* —Lu3" series; () theoretical dependence [Eqn (5)]; (2) experi-
mental data for LnF3 [Eqn (1)].68

spin—orbit coupling into only two components, the difference
between their binding energies (AEso) being 1.2 eV in magnitude.
A similar effect could be expected for the Yb4f spectrum of
Yb2"in YbX; (the electronic configuration of Yb?™, like that of
lutetium, is 4/14); this is the case for the Yb atom 7! and for the Yb
metal.”>73 However, the structure of the spectrum of these
electrons in the ytterbium fluoride (see Fig. 2) corresponds to the
Yb3 " electronic configuration (4/13). The structures of the spectra
of the Ln4f electrons of other lanthanide ions are also unique and
characterise the particular metal ion. When the energy of the
exciting X-radiation increases, the intensities of the lines for the
metal Ln4f electrons grow.”* 75 Figure 5 shows the experimental
values for the total relative intensity (Zexp) of the OVMO and the
Ln4fline, found as the ratio of the total area of these spectral lines
to the total area of the LnSp and F2s lines, depending on the

AEy(Ln4ft —Lnd4f|) [eV

ol
of | .
ayq
§ o5
.l i
N
s

Ln3+
1 1 1 1 1 1 1 1 T T 110
La3t Pr3t Pm3*+ Eu3*t Th3t Ho*t Tm3*+ Lu3t
Ce3t Nd3+ Sm3t+t Gd3+ Dy3 + Er3t  Yb3+

Figure 4. Splitting [AEw(Ln4f T —Ln4f |)] of the spectral line for the Ln4f’

electrons vs. the number of electrons in the La3* —Lu?" series. (/) LnF;
(see Table1); (2) Ln,Os; (3) LnL} (L! is the o-methoxybenzoic acid
residue);%7 (4) LnL? (L2 is the diphenylacetic acid residue); (5) SCF
X4-DV calculations for LnVOy .%°

number of Ln4f electrons (n4y) in lanthanide fluorides. The Iexp
values are described approximately by the linear relation

Texp = 0.128n47 + 0.20, (1)

derived using the least-squares method. Equation (1) reflects the
experimental dependence of the relative intensity of the Ln4f
spectral line on the number of these electrons in the LnF3
molecules. The absolute term in Eqn (1), equal to 0.20, character-
ises the relative intensity of lines for the OVMO electrons, which
are partially due to Ln5d and F2p AO. It is noteworthy that this
value is somewhat greater than the corresponding theoretical
value calculated without allowance for the contribution of occu-
pied Lndf states. This suggests that an Ln4f electron involved in
the chemical bond does not lose the f nature (traditionally, it has
been considered that the Ln4f electron passes preliminarily to the
Ln5d orbital), and in the case of LaF3, Ladf'states are formed in its
outer valence shell. However, verification of this hypothesis
requires a more accurate experimental determination of the
relative line intensities than that performed by Teterin et
al.37-67-68 [t is significant that such data can, in principle, provide
an answer to the question discussed. The difference between the
relative intensities for LnF3 containing Ln4f electrons and the
absolute term in Eqn (1) (0.20) is proportional to the number of
Ln4f electrons, which slightly participate in the chemical bond,
and can be used to estimate the oxidation state of lanthanides in
fluorides.

The theoretical dependence of the relative intensity (/ineor) Of
the Ln4f line in the spectra of LnF3 on the number of electrons
(n4y) can be derived using the data on photoionisation cross-
sections for low-energy subshells.”® 77 In this case, the expression
for Iineor can be written in the form

o(4f )nyr + Z a;(OVMO)n;

Iiheor = = 2
h o(5p)ns, + 30 (F2s)np, 2)

a(4f )y ij(OVMO)n,

- a(5p)nsy + 30 (F2s)ng, a(5p)ns, 4 30 (F2s)ngy, ’

where a(nl) is the photoionisation cross-section of the n/ shell (n
and / are the principal and orbital quantum numbers, respec-
tively); n,; is the number of electrons; the summation involves
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occupied OVMO.37-67-68 The first term in this expression was
found under the assumption that the Ln4f electrons do not
participate directly in the chemical bond. To estimate the second
term, the expression in the numerator was replaced by the sum of
terms characterising valence AO,

> 6,(OVMO)n; x 6(5d)nsy + 0(65)ng, + 30(F2p)ng, . (3)

i
In this rather rough approximation, the second term of
Eqn (2) for LaF3; was found to be 0.17, which is smaller than the
absolute term (0.20) in Eqn (1). The corresponding values for
GdF; and LuF; are 0.16 and 0.15, respectively. In particular,

relation (2) can be written in the form

a(4f )y
U(SP)HSp + 3U(F2‘g)nF2s

1 theor —

+0.17. @)

Assuming that the Ln atoms involved in the chemical bonds in
LnF; have the configuration 4/75d'6s2, using the atomic photo-
ionisation cross-sections of the Ln4f shell>?> and taking into
account Eqn (4), one can obtain the following expression for
Ithcm':

Itheor = 0.01 n421f24 +0.17. 5

The plotted function /iheor and the corresponding experimen-
tal data are presented in Fig. 5.

The substantial difference between the theoretical and exper-
imental values considered can hardly be explained by errors
brought about by rough calculations of some terms of Eqn (5) or
by the change in the Lndf line intensity caused by different
scattering of low-energy electrons upon photoemission. Note that
the use of the photoionisation cross-sections of the outer 3d
electrons for Period 4 elements and various low-lying inner
electron levels for any other elements reported in Refs 76 and 77
to determine the relative intensities of their lines provides, as a
rule, satisfactory agreement between theoretical and experimental
data within the experimental error. Among other reasons, the

observed discrepancy may be due to participation of the Ln4f
electrons in the chemical bonds.

2. The energy region of LnSp and F2s electrons

When investigating the structures of XPS spectra of low-energy
electrons in the binding energy range from 0 to 50 eV, in
particular, in the spectra of lanthanide compounds, researchers
noted that some lines in this range are often substantially broader
than the corresponding lines for the core electrons.”® 7 Indeed, it
follows from the uncertainty relation AEAt &~ h/2n (AE is the
atomic level width, At is the lifetime of the ‘hole’ formed upon
photoemission of an electron, and £ is Planck’s constant) that the
lines for the low-lying electrons should be the broadest because the
parameter At decreases with an increase in the magnitude of the
atomic level energy. However, for example, in LaF3, the width (I")
of the F2s line is 3.5 eV (see Fig. 1), whereas the low-lying Fls
electrons account for I'(Fls) = 1.6 eV > (Table 2).

Whereas line broadening in the binding energy range from 0 to
~15 eV can be due to the MO formation and solid-state effects,
the broadening of lines in the energy range from ~15 to 50 eV
cannot be interpreted in terms of the well-known classical mech-
anisms of fine structure origination alone. Moreover, the XPS
spectra in the Ln5p and F2s binding energy range have a more
complex structure than that expected upon simple superposition
of the lines due to the corresponding lanthanide and fluorine
atomic shells (see Fig. 2).52 Therefore, it has been suggested that
this structure could arise due to the formation of the inner valence
molecular orbitals largely composed of the Ln5p and F2s AO of
neighbouring atoms.'® 42 In addition, it was found that separate
maxima can be distinguished in the spectra and attributed, in a
certain approximation, to the Ln5p3,» and Ln5p; > components of
the doublet (see Fig. 2).

The overall atomic spectra of this region obtained by summa-
tion of the Sc3p, Y4p, LnSps 12 and F2s lines for scandium,
yttrium, and some lanthanide trifluorides are presented in Fig. 6.
In the simulation of these spectra, the spin—orbit splitting
AE(Mnp) was varied around the corresponding value for the
metal,3 and the FWHM (full line width at half maximum) I" and

Table 2. Spectral parameters found by comparison of the approximate atomic (calculation) and experimental XPS spectra of metal fluorides: electron
binding energies (Ey , €V), spin—orbit splitting [AEso(M5p), eV], binding energy difference between the F2s and Fls electrons [AEL(F2s—F1s), eV], line

widths (I, eV)*> and photoionisation cross-sections (g) at 1487 ¢V.7°

Com- Ln5ps» Ln5p1 )2 AE(M5p) F2s (see?) I'(Fls),  AEy(F2s—Fls)®
pound experi-

Ey(see®) I o (seed) Ey o calcula-  experi- Ey r ment calcula- experi-

tion ment © tion ment ©

LaF; 18.6 0.9  0.458 21.1 0.230 2.4 2.3 29.5 1.6 1.6 656.6 655.8
CeF; 19.4 1.0 0.439 22.5 0.221 3.1 2.9 29.7 1.3 1.7 655.7 655.9
PrF; 21.7 1.5  0.456 25.6 0.229 39 unknown 31.2 2.0 2.1 654.1 655.7
NdF; 20.7 1.1 0.472 24.0 0.236 3.7 the same 29.6 1.4 1.5 655.5 655.7
SmF; 22.1 1.4 0.501 26.2 0.249 4.1 " 30.0 1.5 1.5 655.2 655.5
EuF; 22.4 1.7 0.515 27.0 0.255 4.6 " 29.7 2.0 1.7 655.3 655.8
GdF; 229 1.8 0.568 29.3 0.279 6.4 " 28.6 22 1.6 656.2 655.6
TbF; 23.9 1.6  0.539 30.1 0.265 6.2 6.2 29.0 1.9 1.8 656.1 656.0
DyF3 24.5 1.7 0.551 32.0 0.270 7.5 6.4 29.4 1.7 1.8 655.8 655.8
HoF; 26.2 1.9  0.562 33.5 0.274 7.3 6.7 30.6 2.1 2.5 654.6 654.8
ErF; 26.1 1.1 0.572 33.2 0.277 7.1 6.7 29.9 1.9 2.1 655.5 655.7
TmF; 26.6 1.1 0.583 34.0 0.281 7.4 6.8 29.7 1.3 1.7 655.7 655.6
YbF; 27.1 1.4 0.592 34.7 0.284 7.6 6.9 29.9 1.6 1.6 655.3 655.6
LuF; 28.4 2.5 0.645 35.7 0.304 7.3 7.0 28.7 3.2 2.1 656.8 unknown
YF; (seef) 26.1 1.2 0.599 27.4 0.311 1.3 — 30.2 1.6 1.7 655.0 655.3
ScF; (see®) 33.9 1.4 0.429 34.6 0.221 0.7 — 29.8 1.8 2.3 655.8 656.2

aFor the F2s electrons, ¢ = 0.210. P The AE(F2s—Fls) values for MnF, and MnF; are 655.4 and 655.2 eV, respectively. ¢ Comparison of the
approximate atomic spectra of Ln, Y, Sc and F with experimental spectra of the fluorides was carried out for La—Er, Y and Sc relative to the Ln5ps),
Y3p3/2 and Sc3ps 2 energies, and for Tm — Lu, relative to the Ln5py 2 energies. 9 In relative units, 1 rel.u. = 13.600 barn. ¢ The values for individual metals
are given.8" fThe Y4ps)», 1> energies are presented. & The Sc3ps», 1/» energies are presented.
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Figure 6. XPS spectra of the MF; fluorides in the Sc3p (a), Y4p (b), La5p
(¢), Tb5p (d), Er5p (e), LuSp (f) and F2s binding energy ranges.*? The
continuous lines show the experimental spectra, the vertical dashed
segments correspond to atomic spectra; the dots show the summarised
spectra; and the dashed lines are the differences between the experimental
and simulated spectra.

the F2s binding energies with allowance for photoionisation cross-
sections 7% 77 were varied until the best agreement with the
experimental spectra was attained. It was assumed that the
composition of the compounds considered corresponds to the
stoichiometric formula MF3, and the spectral lines for their
electrons have a Lorentzian form. The spectral parameters found
in this way and the corresponding experimental values are
presented in Table 2 and in Fig. 7. These values characterise the
main features of the considered spectra and barely reflect the
complex structure of the spectra. Therefore, one should not expect
too large a difference between the theoretical and experimental
values (see Fig. 6, Table 2). Thus the general trend for the increase
in the spin— orbit splitting [AEso(M5p)] and FWHM (I') for Ln5p
electrons can be followed, but the FWHM values for the F2s lines
are markedly different (see Table 2).

The binding energy differences between the F2s and Fls
electrons [AEw(F2s—F1s)] for the metal fluorides studied differ
somewhat from the corresponding values for 3d-metal com-
pounds, in particular MnF, and MnF3, in which the conditions
for IVMO formation from the F2s and Mn3p AO are much less
advantageous than those in LnF;. It really follows from this
comparison (see Table 2, Fig. 2) that the experimental spectra in
the considered energy range do not consist of separate lines but
have a more complex structure. The dependence of the Ln5Sp
binding energy on the atomic number (Z) is relatively weak and is
nearly linear for the whole lanthanide series (see Fig. 7). This
pattern of the E,—Z curve is not typical of the core shells the
energy of which follows a quadratic dependence on Z.

The F2s XPS spectra for LaF3, CeFs, PrFs;, NdF; and SmF;
exhibit a clear-cut shoulder removed from the basic line by
~2.2 eV towards higher electron binding energies. In the spectra
of other lanthanide trifluorides, this region is superimposed by the
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Figure 7. Binding energies (Ep) of the Lndps» (1), Ln5pi» (2) and
Ln5ps2 electrons (3) of lanthanide trifluorides vs. the metal atomic
number in the La—Lu series. The error in determination of the electron
binding energies from the maxima of the corresponding lines is +0.2 eV.>

LnS5pi > line, which complicates the observation of this shoulder.
This extra structure cannot be due to fluorine atoms having
different oxidation states because the Fls line in the spectra of
these compounds is rather narrow and symmetric. On passing
from La to Sm, the Ln5p3/> and Ln5p;/» binding energies increase
by 3.5 and 5.1 eV, respectively. Simultaneously, the shoulder at
the basic F2s line shifts to a much lesser extent. The absence of the
corresponding shoulder at the Fls line suggests that this shoulder
is not due to many-body perturbation, i.e., to the so-called shake-
up (or shake-down) process, which implies transition of a valence
electron to a higher (or lower) excited state simultaneously with
photoemission of a core electron and gives rise to shake-up (or
shake-down) satellites on the side of higher (or lower) electron
binding energies of the basic spectral line. In other words, the
observed shoulder is not a shake-up (shake-down) satellite. 42

The same conclusion can be drawn by analysing and compar-
ing the relative electron binding energies of satellites in the spectra
of various core electrons of the fluorides studied. Complication of
the structure of LnF3 spectra in the Ln5p and F2s electron binding
energy ranges in, for example, the spectra of LaF; and LuF;
cannot be due to the multiplet splitting either, as these fluorides
contain no unpaired Ln4felectrons and they are diamagnetic. This
splitting should result, apparently, in some broadening of the
LnSp doublet lines for lanthanide trifluorides that contain
unpaired Lndf electrons, which is actually observed in the spectra
of fluorides of light lanthanides (see Fig. 2). This is not at variance
with the results of the estimation of the influence of this factor on
the Ln5p spectra performed in the approximations of isolated
Ln?" ions®! and atoms in the metals.5?

On the basis of the foregoing data and with allowance for
similar results for oxygen-containing lanthanide com-
pounds,>7~59-78.79,83,84 it was suggested that one reason for
structure complication in the Ln5p and F2s spectral range is the
formation of IVMO, mainly from the Ln5p and F2s AQ.>- 18.42,52
The spectral structure in this energy range can be qualitatively
described by considering the diagram of the IVMO levels for the
clusters that reflect the surrounding of the metal atoms by the
ligands in the MF3 trifluorides (Fig. 8).

Lanthanide (La to Sm) trifluorides form a tysonite hexagonal
layered lattice characterised by the Dgh (C6/mem) point group of
symmetry.? 85 The wavy layers of F atoms alternate in the lattice
with the flat layers composed of Ln and F atoms, which form six-
membered rings. The lanthanide atoms are surrounded by three
fluorines. Therefore, a calculation of the electronic structure of the
lanthanide trifluorides has been carried out for LnF; clusters with
D3, symmetry.*’ It has been noted? that the structures of



354

Yu A Teterin, A Yu Teterin

— € £t t
o EEERNECE PN PN
v | d} V ter feg V Raz | gy,
Moy M| ay, Nl 1y ay,
I _yer 1yt | 1 ytiad |
! ] ! ] ! !
Mns ﬁall Lot Mns ﬁalgl — Mns —Talgl i
A3 all Ag;alg Aslal
AO MO AO AO MO AO AO MO AO

Figure 8. Diagram of IVMO formed by the metal Mnp and Mns AO and
the ligand L2s AO of model clusters. (@) MLS'™ (D3, symmetry); (b)
MLg>"; (¢) ML~ (O; symmetry).+?

lanthanide trifluorides from La to Ho can be regarded as a
hexagonal LaF; (tysonite) structure, space group D3, (P3¢l). In
this structure, each lanthanum atom is surrounded by nine
fluorine atoms located at distances of 0.2416 to 0.2640 nm. At
room temperature, lanthanide (Sm to Lu) trifluorides can also
have the YF; structure? with an orthorhombic lattice, space
group D;ﬁ (Pnma). Each yttrium atom in the structure is sur-
rounded by eight fluorine atoms located at distances of 0.225 to
0.232 nm. One more (ninth) fluorine is located at a distance of
0.260 nm.

To discuss qualitatively the spectral patterns in the Ln5p, Y4p,
Sc3p and F2senergy ranges in terms of the IVMO concept, Teterin
et al.*?used, instead of the real structures, structural models of the
local environment of the metal atoms in fluorides resembling most
closely the real structures but which are more symmetrical.*?
Using group theory in a non-relativistic (NR) approximation for
the chosen model clusters, one can describe schematically the
structure and energy of the IVMO consisting of the Mns, Mnp and
L2s AO of the neighbouring metal and ligand atoms (see Fig. 8).
The IVMO structures corresponding to different local environ-
ments of the metal are significantly different. Thus, for the MLY'~
cluster (D3, symmetry), two energy levels representing the a5 and
¢'* IVMO are observed instead of one level representing the Mnp
AO. In the case of MLg*>™ and MLg*™ clusters (O, symmetry), as
for the metal atom, this energy range contains one level whose
position can vary (see Fig. 8). The relative intensities of lines of the
theoretical IVMO spectra for clusters of different symmetries are
proportional to the electron photoemission cross-sections and
degeneration factors for different levels (@}, aig, a2, are non-
degenerate, ¢ are doubly degenerate, and f2, and ¢, are triply
degenerate IVMO); thus, they should be typical and substantially
different.

In the clusters in question, the interaction of the filled Mnp
and L2s AO gives rise to bonding (¢', 71,) and antibonding (¢”*, t],,)
IVMO. If the admixtures of the vacant valence Lndf, Ln5d and
Ln6s AO in these IVMO are small, the electrons of these MO
should influence only slightly the energy of the chemical bond in
the cluster. A significant admixture of these AO in IVMO would
weaken the antibonding nature of the ¢”(¢;,) MO and enhance the
bonding nature of the ¢'(¢;,) MO. Thus, the formation of these
IVMO would result in stronger binding between the neighbouring
atoms.!8-35-60.86.87 The interaction of the Mns AO with the L2s
AO can also give rise to couples of bonding ¢} and a1, and the
corresponding antibonding 4" and aj, IVMO. Analogous con-

siderations concerning the influence of IVMO electrons on the
chemical bonding in clusters are also applicable to these IVMO.
Some IVMO such as @5 , e, az, and t2, are mainly formed by the
Mnp and L2s AO. However, vacant valence AO can also be
admixed to them. If these admixtures are small, the IVMO would
be of the quasi-atomic nature.

The limited resolving power of X-ray photoelectron spectrom-
eters and line broadening caused by solid-state effects in the
spectral range considered preclude elucidation of all structural
details of the IVMO in lanthanide trifluorides. Nevertheless, the
most clear-cut changes in the structure of the IVMO spectra
compared to the structure of the spectra of the AO of neighbour-
ing atoms are experimentally measurable. It is noteworthy that in
a more rigorous approach, the real experimental spectra of
lanthanide compounds should be compared with the theoretical
spectra calculated using the relativistic approximations taking
into account many-body processes that take place during the
electron photoemission. However, no calculations of this type are
available to date.

When discussing the low-binding energy spectral structure in
MF; which are characterised by relatively low spin—orbit cou-
pling between the low-energy filled Mnp shells, one can use the
data of non-relativistic calculations. This is true for compounds
such as, for example, ScF3, YF; and LaFs3; the spin—orbit
splittings (AEso) for the Sc3p, Y4p and La5p levels are equal to
0.7, 1.3 and 2.3 eV, respectively (see Table 2). The results of non-
relativistic SCF X, DVM calculations of the electronic structures
of the ScF;~ (C3 symmetry), non-symmetrical YF§~ and LaF$;
(D3, symmetry) clusters (Fig. 9) ©3 are given schematically in
Figs 10, 11, 12. The structures of these clusters simulate most
closely the environment of scandium, yttrium and lanthanum in
ScFs, YF3 and LaFs, respectively.

Figure 9. Structure of the ScF;~ (C3 symmetry) (a) and LaF{] (D
symmetry) clusters (b). The Sc — F bond length in ScF f,’ i 0.202 nm; in the
LaF$] cluster, the average value over five distances R(La—F) =
0.239 nm, and that for the other six distances, R(La—F) = 0.272 nm.63

The calculations for the electronic structure of the ScFi~
cluster (C3 symmetry) were performed using structural data? of
ScF5, which indicate that the fluorine atoms are located at
approximately equal distances from scandium; the average
R(Sc—F) value is 0.202 nm, and no inversion centre is present
(see Fig. 9).

According to these calculations, the broadened line near the
Fermi level in the spectrum of ScF3 is attributed to OVMO
electrons (see Figs 1, 10). The spectral structure in the Sc3p and
F2s binding energy range is due to the IVMO electrons. For the
considered Sc—F bond lengths in the ScFy~ cluster, noticeable
mixing of the Sc3p and F2s AO takes place, resulting in the
formation of the 1a; and 3a; IVMO. Therefore, the fine structure
in the spectrum of the Sc3p and F2s electrons is attributable to the
formation of these IVMO (see Figs 1, 6).

The resonance energy values EX(Sc— F),!® which characterise
the covalent bonding between scandium and fluorine in ScF;
imply that the greatest contribution to the stability of ScF3is made
by the 5a; OVMO and 2a; and 1a; IVMO electrons. Due to mixing
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The MO energies are expressed in eV (the diagram is not scaled). The
values in parentheses are the resonance energies EX(Sc— F) in a.u.

of the outer and inner valence AO, as noted in a number of
publications,!8-32.55.85.86 the contribution of the bonding 1a;
IVMO prevails over the contribution of the antibonding 3a;
IVMO, and, in total, the electrons of these MO strengthen the
bond. If the contribution of the 2a; IVMO is taken into account,
the total covalent contribution of the IVMO electrons to the
chemical bond energy in the ScFi~ cluster (Cs symmetry) would
be ~43%. Comparison of the calculated energy levels with the
experimental spectra should be done using the data for the so-
called transition state rather than for the ground state.% However,
the energy levels calculated for the transition state in a narrow
range of MO energies are known to be shifted relative to those
found for the cluster ground state towards greater (in magnitude)
Ey by a virtually constant value equal to several electron-volts
(see, for example, Ref. 89). For comparison, MO energies for the
ScF; cluster (C3 symmetry) increased (in magnitude) by 2 eV are
shown in Fig. 1 as vertical segments below the experimental XPS
spectrum of scandium trifluoride. A satisfactory qualitative agree-
ment between the experimental and theoretical results can be
noted.

The structure of the yttrium local environment in YF3 is rather
complicated. Therefore, the YFS~ cluster, which has no symmetry
elements and in which the metal environment resembles most

Figure 11. Diagram of MO of the asymmetrical YFg cluster (SCF
X,-DVM) in which the average value over eight bond lengths,
R(Y—F)=0.229 nm, and for the ninth bond length, R(Y—F) =
0.260 nm.%* The MO energies are expressed in eV (the diagram is not
scaled).

closely the yttrium environment in the trifluoride, can be chosen
for the electronic structure calculations. In this case, the yttrium
atom is surrounded by eight fluorine atoms located at distances R
(Y —F) = 0.229 nm and one fluorine atom located at the distance
R(Y —F) = 0.260 nm.>%3-90 The calculation results indicate that
the higher occupied OVMO are mainly formed by the F2p AO,
while the lower OVMO involve the F2p and Y4d AO (see Fig. 11).
The IVMO formation is associated with substantial mixing of the
Y4p and F2s AO, which may be as great as 50%.

For comparison of the theoretical results of the electronic
structure of the YFg~ cluster with the structure of the XPS
spectrum of YF3, the magnitudes of the MO energy were increased
by 10 eV. These results are given under the XPS spectra of yttrium
trifluoride in Fig. 1 as vertical segments. The considered calcu-
lation results suggest that the spectrum in the Y4p and F2s binding
energy range reflects the IVMO system in YF;3. The appearance of
these MO can also account for the additional structure observed in
this range of the spectrum of YF3 as shoulders next to the expected
atomic lines.
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Figure 12. Diagram of MO of the LaF}] cluster (D3, symmetry)
(SCF X,-DVM) in which the average value over five bond lengths,
R(La—F)=0.239 nm, and for the other six lengths, R(La—F) =
0.272 nm.%* The MO energies are expressed in eV (the diagram is not
scaled).

The structure of the low binding energy XPS spectra of
lanthanum trifluoride was interpreted using theoretical data for
the electronic structures of the LaFS; cluster (D3, symmetry)
obtained by non-relativistic SCF X,-DV calculations.>%* The
calculations were based on the crystallographic data for
LaF3,263 which imply that five fluorine atoms in the LaF}|
cluster are located at an average distance R(La—F) = 0.239 nm
away from the lanthanum atom, while the other six fluorines are
located at a distance R(La—F)=0.272 nm (see Fig. 9). The
results of calculations are presented in Fig. 12, which shows that
the overlap of the LaSs, LaSp and F2s AO results in the formation

of the 1d} —3d5 TVMO system. Due to the substantial difference
between the LaSp and F2s binding energies [the experimental
AEw(LaSps;»—F2s) value is 10.7 eV] and long La—F bonds, the
degree of mixing of the La5p and F2s AO is not large.

To compare the results of calculations for the electronic
structure of the LaF$; cluster (D3, symmetry) with the structure
of the experimental X-ray photoelectron spectrum of LaFs, the
absolute MO energies were increased by 14 eV (see Fig. 1).

As the chemical bond in LaF; is formed, the difference
between the La5p3,» and La3ds)» binding energies does not change
within the error of measurements. For instance, for metallic
lanthanum, AEyw(La5ps»—La3ds;) = 818.6 eV °! or 818.2 eV,?
and for LaF3, this value is 818.7 eV %2 (see Table 1). However, the
formation of IVMO of the 3¢’ and 345 type is not expected to cause
necessarily a significant increase in this energy difference (see
Fig. 12) because the mixing of outer and inner valence AO during
the IVMO formation may be accompanied by a substantial
decrease in the antibonding type of these orbitals.!® Unfortu-
nately, no theoretical results for the trifluorides of heavier
lanthanides using either the non-relativistic or relativistic approx-
imation are currently available. Nevertheless, it follows from the
given examples that the results of theoretical calculations agree
qualitatively with experimental data. This suggests that the
complication of the XPS spectral structure for REE trifluorides
in the region of the Mnp and F2s binding energies is due to the
formation of IVMO.

3. The spectra of core electrons

a. The structures of the spectra of the LnSs and Lnds electrons

It follows from theoretical calculations 30~ that the LnS5s AO in
lanthanide compounds can be involved in the IVMO formation.
However, the concomitant changes in the Ln5s spectra observed
on passing from metals to compounds are difficult to detect
because various effects determining the structure of the XPS
spectra can show themselves in this spectral range (Fig. 13).
Complication of the spectral structure in the LnSs binding energy
range for the compounds considered can be related to the
appearance of additional broadened lines caused by electronic
Auger transitions. Thus the lines at 63 and 46 eV in the spectra of
ErF; and TmFs3, respectively, have been attributed® to the
electronic Auger transitions of the MsNN type.®> Nevertheless,
in many cases, the basic line for the Ln5s electrons, which also has
a complex structure, can be distinguished in these spectra. On the
side of higher (by 14— 16 eV) binding energies, a relatively intense
additional structure is observed. A similar, though less intense
structure is found in the spectra of electrons of other deep core
shells. Therefore, many-body perturbation giving rise to shake-up
satellites in the spectra might be a reason for this additional
structure (see Fig. 13).

Comparison of the Ln5p and Ln5s binding energies (see
Table 1) shows that the approximate equality Eu(LnSs) =
2En(Ln5p) holds for the lanthanide trifluorides considered. It
allows the suggestion that a significant complication of the Ln5s
spectral structure may be caused by the dynamic effect related to
the giant Coster-Kronig transitions within the LnS5s, Ln5p and
Ln4fshells. As a consequence, photoemission of an LnSs electron
gives rise to not only the ground final state (Ln5s'5p%4f™) but also
an excited final state (Ln5s25p*f” ™) with an energy close to that
of the ground state. This situation is sometimes considered as the
interaction of the configurations of the final states,
Ln5s'5p%4f" — Ln5s25p** 1. In particular, this might be the
reason for some extra peaks in the LnSs spectra (see Fig. 13).

The LnSs spectra of lanthanide compounds exhibit, in the
simplest case, a structure related to multiplet splitting
(AEpns).4%3-%4 In this case, two components arise instead of the
expected single line; the splitting is proportional to the number of
unpaired Lndf electrons. The greatest multiplet splitting was
observed for the lanthanide trifluorides of the middle of the
lanthanide row, the maximum value being found for GdFs:
AE.(Gd3*) = 3.2 eV (see Fig. 13). The dependence of the elec-
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Figure 14. Binding energies (Ep,) of the Ln4s (/) and LnSs electrons (2) of
lanthanide trifluorides vs. the metal atomic number in the La—Lu series.’
The error of determination of the electron binding energy is +0.2 eV.
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Figure 13. XPS spectra of lanthanide trifluorides in the LnSs binding
energy range.*? (a) LaFs, (b) CeF;, (¢) PrF;, (d) NdF;, (e) SmF3, (f)
EuFs, (g) GdFs, (h) TbF3, (i) DyFs, (j) HoFs, (k) ErFs, (/) TmF3, (m)
YbFs, (n) LuFs.

tron binding energies corresponding to these two components on
the lanthanide atomic number is presented in Fig. 14.

A similar structure was observed in the Lnds spectra of
lanthanide trifluorides (Fig. 15). In the case of TbFs, DyFs3,
HoF; and ErFs, intense lines caused by the electronic Auger
transitions of the MsN4s03, MsN4sOy, MsN4N4s and M4N4Nys
types, respectively, appear in the Ln4s binding energy range.®? In
the Ln4s spectra of these compounds recorded on a spectrometer

with X-ray MgK, ;» excitation (1253.6 eV) instead of AlKy .2
excitation (1486.6 e¢V), as was to be expected, no Auger lines are
observed around the Lnds XPS lines.** In this case, the Auger lines
are shifted towards the lower binding energy range by the value

AE = E(A]Kulz)—E(Mqulz) =233 eV.

The parameters of the Lnds spectra of TbF3, DyFs, HoF3 and
ErF; found by Cohen et al.** allowed interpretation of some of the
lines in the previously recorded spectra of these electrons? (see
Table 1, Fig. 13). The use of AlK, > X-ray excitation provided
the possibility of recording the Ln4s spectra for the trifluorides of
light lanthanides.*> %2

Like the spectra of the Ln5s electrons, the spectra of the Ln4s
electrons contain a structure attributable to many-body perturba-
tion on the higher (by ~14-16 eV) binding energy side of the
basic lines (see Fig. 15). Since the approximate equality

En(Lnds) =~ En(Lndp) + 2 En(Ln5p),

holds for the whole lanthanide row, the Ln4s spectra are expected
to exhibit a structure caused by the dynamic effect, which results in
the formation of two final states, Lnds'4p®5p04f™ «
Lnds?4p>5p*4fn+2,

The above rule holds worst for heavy lanthanides; therefore,
the configuration interaction should be manifested in the Ln4s
spectra of these metals to a lesser extent than in the case of light
lanthanides (see Table 1, Fig. 15). This interaction can lead to
broadening of the Ln4s lines in the spectra of lanthanide trifluor-
ides. For Gd?™, this agrees with the results of theoretical calcu-
lations.??

In the Ln4s spectra of LnF3, as in the spectra of lanthanide
metals,”? multiplet splitting is about twice as effective as in the
LnS5s spectra (Fig. 16, see also Fig. 15). The maximum value is
reached for GdF3, in which the Gd** ion contains the greatest
number of unpaired Gd4f electrons and occurs in an energy state
with the multiplicity 2 S + 1 = 8. The dependence of the multiplet
splitting for the Ln4s and Ln5s lines on the multiplicity (2.5 + 1)
of the state of the lanthanide ion in the trifluorides is reflected in
Fig. 16, which shows the data of different researchers obtained
using both AlK, ; > and MgKy | » excitation types (The data gained
with different types of excitation supplement each other.)

The multiplet splitting values (AEns) found by Teterin et
al.>4? are somewhat lower than the corresponding values deter-
mined by Cohen et al.** Apparently, this is due to the fact that in
determining the AE values, Teterin et al.>*> used, whenever
possible, the binding energies for the 4s and Ss electrons found
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Figure 15. XPS spectra of lanthanide trifluorides in the Ln4s binding
energy range.*? (a) LaFs, (b) CeFs, (¢) PrF;, (d) NdFs, (e) SmF3, (f)
EuF3, (g) GdFs, (h) TbF3, (i) DyFs, () HoFs, (k) ErFs, (/) TmFs3, (m)
YbF3 N (}'l) LuF3 .

from experimental positions of the peaks rather than from the
resolution of lines into two components, as was done in the other
publication.**

The experimental estimates of the AE,s values for the Ln5s
electrons are consistent with the results of calculations carried out
in various approximations.** %-87.93 In the case of Ln4s electrons,
to attain agreement with the experimental data, the researchers %3
multiplied the determined AEy,s values by 0.55 (see Fig. 16). The

it can be seen from Fig. 16 that the magnitude of splitting of the
Ln4s and LnS5s lines characterises the number of unpaired
electrons in the lanthanide ions and, as a consequence, the
lanthanide oxidation state in the compound. For example, split-
ting of the Ce4s line, AEn,s(Ceds) = 1.5 eV, in the XPS spectrum
points unambiguously to the trivalent state of the cerium ion in the
fluoride. The maximum splitting of the GdSs and Gd4s lines is also
consistent with the fact that gadolinium is trivalent in the fluoride
considered (see Fig. 16). In this connection, it should be noted that
the structure of the Lnds and LnSs spectra can be useful in the
determination of the oxidation and spin states of lanthanides in
compounds.

b. The structures of the spectra of the Ln4d electrons

The spectra of Ln4d electrons in lanthanide fluorides exhibit a
complex fine structure in an energy range of ~40 eV (Fig. 17, see
also Table 1). It is noteworthy that the greatest spin—orbit
splitting AEso(Ln4d) over the lanthanide row was found for Lu
and was aslow as 10 eV. For other lanthanides, the corresponding
AEso(Lndd) values cannot be determined experimentally due to
the complicated structure of the Ln4d XPS spectra. In the region
of the Dy4d, Ho4d, and Tm4d spectra at 231, 163 and 235 eV, the
lines for Auger electrons can arise, caused by LiMN, LiMN and
MsNsOs5 type transitions, respectively.”> The lines observed at
187 and 207 eV in the Yb4d spectrum might also be Auger lines
caused by the MsNsO; and MsN4O> electronic transitions (see
Fig. 17). The spectra can also become complicated due to many-
body perturbation accompanied by the formation of shake-up
satellites on the higher binding energy side of the basic lines, for
example, at AE, = 14—16 eV. As has already been noted with
regard to the Lnds and LnSs spectra (see Fig. 13, 15), the
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Figure 17. XPS spectra of lanthanide trifluorides in the Ln4d binding
energy range.’? (a) LaFs, (b) CeFs, (¢) PrF3, (d) NdF;, (¢) SmF3,
() EuFs, (¢) GdFs, (h) TbFs, (i) DyFs, (j) HoFs, (k) ErFs, (/) TmFs,
(m) YbF3, (n) LuF5. Vertical segments show the calculation results for the
spectra of these electrons in the Ln3* ions with allowance for the multiplet
splitting.%®

intensity of these satellites should not be high. Among the
lanthanide electronic configurations that can arise after
photoemission of the Ln4d electrons upon the giant Coster-
Kronig transitions between the core and valence shells, the

Ln4d®5s?5p%4f™ « Lndd'05505p>4f"*2 configurations are the
most probable. However, since the approximate equality

Ey(Lndd) =~ 2 Ex(LnSs) + Eux(LnSp)

scarcely holds for lanthanides (see Table 1), it has been sug-
gested 42 that the structure related to the dynamic effect would
not be pronounced in the Ln4d spectra.

The structure of the Lndd spectra depends on the atomic
number of the lanthanide (Z), the simplest structures being
observed for LaF3°%52 and LuF3. These fluorides contain no
unpaired Ln4f electrons, and their Ln4d spectra exhibit sharp
doublets related to the spin—orbit coupling. The spin—orbit
splitting markedly increases by the end of the lanthanide row;
indeed, it amounts to 3.1 and 10.0 eV for LaF3; and LuFs;,
respectively (see Fig. 17). The extra structure detected in the
Lnd4d spectra of these compounds may also be due to both the
many-body perturbation and (to a lesser degree) the dynamic
effect.

The Ln4d spectra of lanthanides containing the unpaired Ln4f
electrons are expected to manifest multiplet splitting.38-4%-% The
multiplet splitting was first observed in the spectra of 3d elements
and europium.®’-%8 Unlike the Lns spectra in which the line is split
into two components, in the case of Ln4d spectra, the final state of
the ion after photoemission of these electrons can be rather
complicated. In particular, in the Ln4d spectra of most lanthanide
trifluorides, the multiplet splitting gives rise to a more complicated
structure in a binding energy range of ~40 eV (see Fig. 17). The
results of calculations 4> of the multiplet structure of the Ln4d
spectra of Ln3* ions are presented in Fig. 17 as vertical segments
under the experimental spectra. Qualitative agreement between
the theoretical and experimental data can be noted. For example,
the Gd4d spectra exhibit two most intense lines that seem to
resemble in shape a doublet caused by the spin—orbit coupling of
these electrons (see Fig. 17). Therefore, in the study,”® these
components in the Gd4d spectrum of metallic gadolinium and
Gd,03 were misattributed to the Gd3ds, 3> components of the
doublet. In reality, these are two components of the multiplet
structure largely associated with the °D and 7D final states.’® For
the Eu atom 8 and EuO; (see Ref. 44), the corresponding peaks in
the Eudd spectrum were also unreasonably ascribed to a doublet.
This multiplet spectral structure is typical of particular lanthanide
fluorides and in some cases, it can be used to determine the
oxidation and spin states of lanthanide ions.
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Figure 18. Binding energies (Ep) of the Ln3ps» (1), Ln3ds) (2), Ln3ds)
(3) and Ln4ds); electrons (4 ) of lanthanide trifluorides vs. the metal atomic
number in the La—Lu series.> The Ln4ds), binding energies were deter-
mined for the most intense peaks; the error in the determination of the
electron binding energies is 0.2 eV.
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As the lanthanide atomic number increases, the most intense
component in the Lndd spectrum shifts regularly towards higher
binding energies. This component can formally be matched to the
Ln4ds), electrons. Figure 18 shows the variation of the binding
energies of these components vs. the lanthanide atomic number;
the pattern of variation is the same as observed for the core
electrons.?? The energies of the Ln4ds) electrons can be estimated
taking into account the fact that the spin—orbit splitting
AEs(Lndd) gradually increases, as noted above, along the lan-
thanide row (La to Lu) from 3.1 to 10.0 eV.

¢. The spectra of the Ln4p and Ln3p electrons

The binding energy range corresponding to the Ln4p electrons in
the spectra of lanthanide trifluorides may contain, besides the Cls
line caused by the hydrocarbon molecules absorbed on the sample
surface, lines related to the Auger electrons.?? These lines are
broad and often reflect a whole series of Auger transitions
(Fig. 19). For example, the increase in the intensity which starts
at 350 eV in the Dy4p spectrum of disprosium trifluoride may be
due, to an extent, to the electrons of the MsNO type Auger
transitions.’? In the Hodp spectrum, the Auger lines caused by
the MsNO transitions at E, > 310 eV are so intense that the
electronic structure of the XPS spectrum can hardly be observed.
The broad band at 400 eV occurring in the Tm4p spectrum is
attributable to the MsN303 (395.2 eV), MsNaNs (391.1 eV) and
M5sN4N4 (403.2 eV) Auger transitions. The Auger electrons of the
MsN»O> (385.8 eV) and MsN;N; (421.7 eV) transitions can be
manifested in the Yb4p and Lu4p spectra, respectively.

Apart from the lines of the Auger electrons, low-intensity
shake-up satellites occur at higher binding energies (by 4—16 eV)
than the basic spin doublet lines. In this range of the electron
binding energies of lanthanide trifluorides containing unpaired
Ln4f electrons, multiplet splitting can also be observed. Since the
LaF; and LuF; molecules contain no unpaired Lndfelectrons, the
complex structure arising in the spectra of their Ln4p electrons
cannot be attributed to this splitting. The Ln4p,,» component in
these spectra is diffuse; in the case of the La4p;» line, the diffusion
is pronounced, whereas the Ludp,» spectrum deviates to a lesser
extent from the expected one.

Comparison of the Lnd4p and Ln4d binding energies
(see Table 1) shows that the approximate equality
En(Lndp) ~ 2 Er(Ln4dd) holds satisfactorily for the whole lan-
thanide row. This fact and the presence of a complex structure in
the Lndp spectrum of lanthanum trifluoride suggest that the
significant complication of the Lndp spectra for LnF3 is due to
the dynamic effect, which leads to the formation of several final
states, Lndp>4d'%4f" « Ln4p®4d®4fm*1 (see Ref. 20). In the case
of LuF3 in which Lu4fis fully occupied, the giant Coster-Kronig
transition of an electron from the Lu4d shell to the vacant shell
next in energy can take place. The probability of such a transition
is lower than that of the transition to the Lndf shell; therefore, the
structural changes in the Ludp spectrum caused by the dynamic
effect are less pronounced than those in the case of the Ladp
spectrum.

The Ln3ps), spectra for lanthanum, cerium and praseody-
mium can be analysed in a similar way (Fig. 20). In these spectral
ranges, Auger lines can show up.®? Thus, the Ln3p;, spectra can
be superimposed by the Auger lines of the MsN ;N5 transitions
(1125.6, 1132.0 eV). The Auger transitions of the M3NO
(1184.5 eV), MsNN (1184.5 eV) and MsN 1Ny (1202.3 eV) types
may be manifested in the Ce3p3), range in the spectrum of cerium
trifluoride; among other factors, this can be responsible for the
intense peak observed at 1200 eV in its XPS spectrum. The Auger
electrons of the M3;NN (1175.4 eV) and MsNN,; transitions
(1184.6 ¢V) may be a reason for the appearance of the intense
broad band at 1226 eV in the Pr3p;3), spectrum of praseodymium
trifluoride.
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Figure 19. XPS spectra of lanthanide trifluorides in the Ln4p binding
energy range. (a) LaFs, (b) CeFs, (¢) PrFs3, (d) NdFs, (¢) SmF3, (f) EuFs,
(2) GdF3, (h) TbF3, (i) DyFs;, (j) HoFs, (k) ErFs, (/) TmFs, (m) YbF3,
(n) LuF;.2° Vertical segments show the expected energies for the atomic
components of the Lndp;)». 1,2 electrons;?? sat is satellite.
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Figure 20. XPS spectra of lanthanum (a), cerium (b), and praseodymium
(¢) trifluorides in the Ln3ps)» binding energy range.>?

In these spectra, the peaks located at higher (by 14—16 eV)
binding energies than the basic lines may be due to many-body
perturbation. Since the approximate equality

Evw(Ln3p) ~ Ev(Ln3d) + Ep(Lnds),

is obeyed, a structure related to the dynamic effect, giving rise to
the Ln3p33d'%45%4f" « Ln3p®3d°4s'4f" ! final states, should be
expected in the Ln3p spectra. By using a different excitation
source, the structure due to a dynamic effect can be separated
from the Auger lines. However, apart from AlK,» radiation
(1486.6 eV), only MgK, ., radiation (1253.6 eV) is currently
available but its energy is not sufficient for recording these spectra.
In this case, a synchrotron radiation source with variable energy is
required. The dependence of the Ln3ps/» binding energy on the
lanthanide atomic number for three fluorides is shown in Fig. 18
(curve 7). The Lndp and Ln3p spectra of lanthanide trifluorides
are typical of individual compounds and can be used for identi-
fication.

d. The structure of the spectra of the Ln3d electrons

In X-ray photoelectron spectroscopy, determination of the oxi-
dation states of elements from the chemical shifts of their core
energy levels is normally done using the most intense single lines
corresponding to the ground final state of the ion resulting from
electron photoemission. In the case of lanthanide compounds, this
procedure is faced with problems, because, as noted above,
virtually all the spectral lines situated in the binding energy range
normally employed in XPS are structured. As a rule, Ln3d lines
are used for this purpose whenever possible. However, the spectra
of these electrons for light lanthanides also have a clear-cut fine
structure, while in the case of heavier REE, due to high Ln3d
binding energies, the relevant lines are highly broadened or cannot
be observed at all without using the synchrotron radiation
(Fig. 21). The structure of the Ln3d spectra of REE related to
the spin—orbit splitting has been considered theoretically.%0
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Figure 21. XPS spectra of lanthanide trifluorides in the Ln3d binding
energy range.*? (a) LaF;, (b) CeFs, (¢) PrFs, (d) NdFs;, (¢) SmFs,
(f) EuFs, (g) GdFs, (h) TbF3, (i) DyFs, (j) HoF3. Vertical segments
show the lines of the lanthanide atomic spectra.??

The need for determination of the Ln3d binding energies in
lanthanide compounds has stimulated investigations into the
nature of the fine structure observed in these spec-
tra.41-46.75.101-109 [t i worth noting that some Auger electron
lines can also occur in this spectral region.®? Thus the Ln3d spectra
for lanthanum and cerium exhibit peaks associated with Auger
electrons of the MsN3;03; (865.6 eV) and MsN,0, (918.3 eV)
transitions, respectively (see Fig. 21). The shoulder on the higher
binding energy side with respect to the Nd3ds)> line can be partly
due to the Auger electrons of the M>N2 N> transition (1012.1 eV).
Broadening of the Sm3ds)> line can also be related to the super-
imposition of the Auger line of the MsN N transition (1118.6 eV)
onto this spectrum. Due to the Auger N3OO transition
(1341.0 eV), the Ho3ds» spectrum virtually cannot be observed.
A similar complex structure, except for the Auger lines, shows
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itself in the binding energy range of Ln3d electrons in the spectra
of LaFs; and CeFs; recorded with MgK,; » excitation
(1253.6 €V).*¢ Hence, the intense extra structure in the spectra of
these electrons is not related to Auger transitions.

Comparison of the binding energy of low-energy electrons
[Ev < En(Ln3d)] suggests that the structure caused by the
dynamic effect is unlikely in the Ln3d spectra. The dependence
of the FWHM value (I") in the Ln3ds/, spectra on the lanthanide
atomic number (58 < Z < 66) suggests that the multiplet splitting
does not play a crucial role in the appearance of the extra structure
or line broadening (Fig. 22). If this broadening were largely
related to the multiplet splitting, as has been noted in some
publications,'®1-193  the maximum line width over the
Ce3* —Gd3™ series would be expected for the Gd3ds)s electrons;
this does not agree with the I'(Z) dependence found experimen-
tally (see Fig. 22).
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Figure 22. Dependence of the width (I") of the Ln3ds, line on the
lanthanide atomic number in the La—Lu series.*? (/) LnF3, (2) LnyOs.
The I' values are referred to I'(Cls) = 1.3 eV.

The Ln3d spectra of lanthanide trifluorides exhibit low-
intensity shake-up satellites located at a higher binding energy
(by 14—16 eV) than the most intense Ln3ds; lines. The research-
ers’ opinions concerning the nature of the low-energy spectral
structure in the vicinity of the basic lines vary. While admitting
that for light lanthanides such as La, Ce and so on, the spectral
structure in the Ln3d binding energy range is mainly due to many-
body perturbation, some researchers believe that these extra lines
are shake-up satellites,*> 104107 while others consider them to be
shake-down satellites.”> 198. 199 A fundamental difference between
the two above standpoints is that the line located at a lower
binding energy, in the Ln3ds» range is interpreted as either the
basic line or a satellite caused by the many-body perturbation. It is
noteworthy that the binding energy of the Ln3d electrons of the
ground state has to be known for the solution of many problems.

The presumptive mechanism of the appearance of the Ln3d
satellites in the XPS spectra can be illustrated by means of
diagrams shown in Fig. 23. They are based on the results of
Xo-SW (scattered wave) calculations for the LaFs, CeFs, Cng’
and YbF3; (D3, symmetry) clusters in which R(La—F) =
0.246 nm, R(Ce—F) = 0.241 nm and R(Yb—F) =
0.226 nm.*”-48 The calculations of the electronic structures of
these clusters before and after photoemission of an Ln3d electron
were performed and MO occupancies in these clusters were
analysed. On the basis of these data and using the two-level
Larsson’s model (see Refs 47 and 110 and references therein), the
satellite intensities and energies were estimated with respect to the
basic spectral lines in the sudden approximation.!'>112 These
results have enabled some qualitative conclusions.*’

For example, for the LaF; cluster (D3, symmetry), the
removal of an Ln3d electron was found to reduce substantially
the energy difference between the system of occupied bonding aj,
¢, e, db, dy and ¢ OVMO, which mainly consist of F2p AO, and
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Figure 23. Diagrams illustrating the mechanisms of formation of shake-
up (a) and shake-down satellites (b) in the XPS spectra of Ln3d electrons
constructed with allowance for the results of X,-SW calculations for the
LnF; clusters (D3, symmetry).*” The left-hand part of the figure presents
the initial states of the systems, while the right-hand part shows the final
states after electron photoemission.

the system of vacant antibonding ¢”, a5, ¢, db and i OVMO,
which include the Ln4f'AO. This is due to the fact that the OVMO
containing the Ln4f AO respond more efficiently to the appear-
ance of a hole in the lanthanum atom than the OVMO containing
the F2p AO. This is reflected in the diagram for the ¢ and ¢
OVMO couple in lanthanide trifluorides (see Fig. 23 @). In this
case, the energy difference (A) between these MO decreases from
1.97t00.77 eV. Therefore, photoemission of an Ln3d electron can
induce electron subexcitation within the considered OVMO,
reflecting transition from the ¢ to ¢* OVMO. Since the ¢
OVMO energy is greater in magnitude than the ¢ OVMO energy,
this transition corresponds to a shake-up process. In the Ln3d
spectrum, the corresponding satellites should occur at higher
energies than the basic lines. These results show that most intense
low-energy lines observed in the La3d spectrum of lanthanum
trifluoride should be assigned to the ground final state with a hole
in the La3dlevel. The theoretical values for the satellite energy and
its intensity with respect to the basic lines AEg = 1.1 eV and
Lai/Io = 0.42 (Isar and I, are the satellite and basic line intensities,
respectively) differ substantially from the experimental values
(4.3 eV and 0.30).*? Similar results were obtained for the CeFy
(AEsat = 1.1 eV, Isai/1o = 0.23)and CeF3 (1.1 eV and 0.37, respec-
tively) clusters. The experimental A Esa and (/1 values for CeF;
are 3.5 eV and 0.58.42

For the YbF; cluster (D3, symmetry), the calculations imply
that the MO related to the Yb4f' AO are comparable in energy with
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the OVMO caused by the F2p AO.#” The removal of two Yb3d
electrons entails a very pronounced increase in the energies of
these two groups of MO; the energies of the OVMO composed of
the Yb4f AO are appreciably increased, and the energy levels of
these MO become lower than those of the OVMO formed by the
F2p AO. For instance, for the ¢ and ¢ OVMO couple shown in
Fig. 23 b, the energy difference reaches 10.98 eV in magnitude. In
this case, transition of an electron from a higher OVMO, for
example, ¢, to the lower ¢ MO can occur simultaneously with the
Yb3d photoemission. Since the ¢ MO energy is lower than the ¢*
MO energy, this transition, as noted above, is referred to as a
shake-down process and the spectral structure caused by this
transition is a shake-down satellite. In particular, it follows from
the results of calculations *’ that the shake-down satellites in the
Yb3d spectrum are expected to occur at lower binding energies
than the basic lines (AEg: = —16.0 €V), their intensity being
about 5 times as high as the basic line intensity (Isai/lo = 4.81). It
is noteworthy that no experimental data for this electron energy
range for ytterbium compounds are available to date for the
reasons noted above.

On the basis of the calculation results, it was concluded 47 that
an increase in the number of Lndf electrons in the lanthanide
fluoride brings about displacement of the satellites in the Ln3d
spectra from left to right with respect to the basic doublet
components. It remains unknown in which lanthanide spectrum
in the La—Lu series the sign of the AE, changes.

It is noteworthy that some suggestions concerning the reasons
for the appearance of satellites in the Ln3d spectra based on the
results of theoretical calculations do not contradict the available
experimental data. Thus an insignificant shift should be expected
for the line of the OVMO formed mainly by the F2p AO of
fluorides (see Fig. 3) because the Fls binding energy (Ey,) changes
slightly with an increase in the lanthanide number (Z). In the case
of LaF3;, the OVMO line is observed at 8.1 eV (see Table 1,
Fig. 1). In the LnF3 spectra, the centre of gravity of the structure
caused by the Ln4f electrons shifts from the level taken as the
reference point toward higher binding energies. Due to this shift,
the OVMO related to the Ln4f AO and those related to the F2p
AO can become equal in energy at some Z, which agrees with the
theoretical results (see Fig. 3). Hence, on photoemission of an
Ln3d electron, the Ln4f electronic level is expected to be located
lower than the corresponding F2p electronic levels. This should
favour a shake-down electronic transition (see Fig. 23).

As the atomic number of lanthanide increases, at least, in the
case of transition from LaF3 to PrFs, the Ln3d spectra show a
decrease in the difference between the electron binding energies of
the basic and satellite lines (AEs). Furthermore, with the
assumption that one reason for the substantial broadening of the
Ln3d spectral components is the formation of satellites, the
change in the Ln3ds;, FWHM upon an increase in Z (see
Fig. 22) can be attributed to migration of the satellite from left
to right on passing from La to Lu, as has been suggested on the
basis of calculations. In this case, the change in the sign of AF,¢ is
to be expected at about Z = 63 (Eu) (see Fig. 22).

For identification of lines in the Ln3d spectra of the trifluor-
ides of light lanthanides, Teterin and Baev® have proposed
comparing the differences between the electron binding energies
of different shells found for metallic lanthanides and for lantha-
nide compounds. The following values were found for LaFj:
AEb(Laspg,/z—Ln?)ds/z) =818.4 (8230) eV, AEb(La5p3/2—
La4d5/2) = 85.8 eV and AEb(La4d5,,r2—La3d5/2) =732.6
(737.2) eV (the energies for weaker lines or shoulders are given
in parentheses; see Table 1). The corresponding differences
between the electron binding energies for metallic lanthanum are
818.2, 86.0 and 732.2 eV. The value AEy(LaSps»—La3ds;) =
818.2 eV coincides within the error of measurement with a value
of 818.6 €V, found by Schlapbach and Scherrer.”!

If one assumes that after the IVMO formation from the La5p
and F2s AO in lanthanum trifluoride, the spectrum in the La5p3/»
region does not differ much from the atomic spectrum (see

Table 1), the comparison of the AEy, values leads to the conclusion
that the basic La3d line in the spectrum of LaF; is located at lower
electron binding energies. The satellites recorded at higher (by
4.3 eV) binding energies with respect to the basic lines are due to
the shake-up process.

The results of comparison of the binding energy differences
AE(CeSp3n—Ce3ds)y) for CeF3 (865.3, 868.8 eV) (see Table 1)
and for metallic cerium (866.3 €V),!!? at least, do not contradict
the statement that the satellites in the Ce3d spectra are shake-up
satellites observed at higher binding energies than the basic lines.
The theoretical data do not disprove this either.!'* Comparison of
the results of calculations for YbF; with the experimental spectra
is difficult due to the fact that the Yb3ds, binding energy
(Evn = 1527 eV) is beyond the range accessible for measurements
as long as X-ray AlK, > excitation is used (1486.6 ¢V).

The dependence of the Ln3d binding energy on the lanthanide
atomic number is shown in Fig. 18. On the basis of the binding
energies of these electrons, one can draw conclusions concerning
the oxidation state of lanthanides from La to Ho. Note that the
use of synchrotron radiation provides the possibility of an XPS
study of the Ln3d electrons and compounds of heavier lantha-
nides.

II1. Lanthanide oxides

Lanthanide oxides are the REE compounds most abundant in
nature. They serve as the main raw materials for the production of
various technologically important lanthanide compounds. There-
fore, despite difficulties associated with experimental and theoret-
ical investigations of the electronic structures of lanthanide
oxides, this problem attracts increasing attention. These difficul-
ties are related to the complexity of the lanthanide electronic
configurations, low symmetry of the close environment of metal
atoms in the crystal lattices, and to the presence of Ln ions in
different oxidation states in some oxides. Thus praseodymium and
terbium oxides are known'! to have complex stoichiometric
compositions (Pr>O3-4 PrO; and Tb4O7). The oxidation state of
cerium in the cerium oxide is still open to question. According to
data obtained by different researchers, this oxide is either
described by the general formula CeO- (see Ref. 1), or contains a
CeO; - nCe>03 mixture on the surface,!!> or contains variable-
valence cerium.!'® The other lanthanide oxides may have a
stoichiometric composition corresponding to Ln,Os.

In recent years, the XPS method has been widely used in the
study of REE oxides 27-3%41.42.50.80,99. 108. 115, 117127 and some
other oxygen-containing compounds.!?28-30,41,53,78,79,84,128
Important information concerning the electronic structures of
these oxides can also be drawn from X-ray emission spectra;!2%- 130
however, in most cases, studies are carried out for oxide films and
separate electronic shells of metals. In a number of publica-
tions, > 18-20.37.68 Janthanide (except for Pm) oxides were studied
as bulk samples (pressed powders). Attention was concentrated on
elucidation of the mechanisms of formation of fine structure in the
spectra of these compounds and the dependence of the spectral
structure on the physicochemical properties and on the nature of
chemical bonding in lanthanide oxides. For this purpose, the
spectra over the whole energy range accessible for measurements
were analysed. The binding energies of various electron shells in
the ~0—1350 eV range for the oxides under study are presented in
Table 3. Inall cases, two lines of Ols electrons were observed. The
component located at a lower binding energy is attributable to the
oxide oxygen,’*4! while the less intense line at higher binding
energies should be ascribed to impurities containing carbonate or
hydroxy groups.!®- 131 It has been noted > 2 that successful inter-
pretation of the mechanism of appearance of the fine spectral
structure requires that the data for the whole REE row be
obtained using the same XPS spectrometer under the same
conditions. The results of experimental studies that comply with
this requirement 20-37, 68,79, 132136 gre of special interest.



Table 3. Electron binding energies (Ep /eV) for lanthanide oxides.> >

Compound OVMO IVMO*® Lndds) 3/ Ln4psp, 12 Lnds Ln3dsp (see®)  Ols (see?)
Ln5p3) LnS5pi2 O2s LnSs

Lay0; 4.9 17.7 19.4 —;24.0 35.0 102.8; 105.8 196.3; 199.4; 206.4 274.9 835.1; (888.6) 528.9; (531.4)
CeO; (sec©) 5.0 18.0 unknown unknown 36.8 108.5; 112.0; 114.4 207.1; 214.1 288.8 832.3; (888.8) 529.5;(531.8)
Pr>03 (see©) 37,59 19.3 229 —;24.0 37.4;38.4 114.0; 116.8; 119.8; 128.2; 131.0 218.5 303.9; 305.9 (929.5); 933.5 528.9; (531.8)
Nd,O03 5.3;9.0 19.4 23.0 —;24.1 39.1; 40.6 122.0; 125.0 226.4;229.7; 243.5 319.0; 321.5 (978.0); 981.9 529.4; (531.1)
Sm,03 5.7;8.2 20.4 24.4 unknown 40.8;43.3 132.7;135.1 250.4 348.8;353.3 1083.1 529.2;(531.6)
Eu,03 —;73 21.5 25.7 the same 43.3;46.2 136.5; 142.0; 166.4 261.2;264.2 364.3; 369.8 1134.6 529.2;(531.6)
Gd,03 5.7;9.0 223 27.4 " 44.3;48.0 142.8; 147.9; 171.8 270.6;272.6 378.8; 386.7 1187.3 529.3; (531.7)
Tb,05 (see©) 3.0;7.6;9.8 23.0 28.1 19.4 46.2;48.8 150.1; —; 178.2 284.0; 323.0 unknown 1241.1 529.2;(531.4)
Dy»03 3.4;6.0;9.1 23.4 28.5 19.7 47.0; 49.5 154.8; 156.0; 176.5; 178.9; 184.0 292.6;294.3; 335.5 413.7;419.6 1296.0 529.1; (531.7)
Ho,03 7.1,9.7 24.7 30.4 19.5;21.5 49.0; 50.7 161.9; 167.4; 776.6; 189.0; 198.0 308.2;314.2 433.8;438.2 1352.5 529.3;(531.8)
Er 03 6.3;9.5 25.3 31.1 20.5;22.5 51.3;52.8 169.1; 175.0; 163.4; 191.7; 196.0 320.3; 326.1; 362.9 449.5; 453.0 unknown 529.4;(531.3)
Tm,03 6.0;7.2;9.1; 10.9 26.0 324 20.5;23.0 53.5;54.6 176.8; 180.0; 189.7; 192.2; 201.3 333.0; 337.0 468.8;470.5 the same 529.4;(531.7)
Yb,03 7.6;11.1 26.7 33.6 21.5;23.8 55.4; 56.1 185.1; 188.4; 193.2; 199.3; 205.3 346.4; 399.6 488.0; 489.0 " 529.6; (531.8)
Lu,03 7.8;9.0 27.5 339 21.6;23.5 57.0 196.5; 206.3 359.3;412.5 506.7 " 529.6; (531.6)
HfO, 5.7,7.4;17.4;18.4 32.8 40.1 unknown unknown 213.4;223.9 unknown " 530.7

Y,03 4.3;5.6 25.04 20.0 45.4¢ 156.7;158.5F 299.8;312.0¢ 394.0h " 530.8;(532.2)
Sc203 6.0 31.5% 21.9 53.41 unknown 401.9; 406.4 & 501.0! " 530.1; (531.8)

Note. The Ey, values are presented for the peaks relative to the Cls binding energy for hydrocarbons on the sample surface [Ep(Cls) = 285.0 eV]. # The given energies correspond to IVMO electrons exhibited in the spectral
ranges of the valence AO electrons. ® The values in parentheses are the electron energies for less intense lines or shoulders. ¢ The E, values are given for Ln3* in complex oxides (LnyO3 -7 LnO,). 4 The Y4p line. ¢ The Y4s
lines. ' The Y3ds)2, 3,2 lines. 8 The Y3p3)2, 1) lines. " The Y3s line. i The Sc3p line. I The Sc3s line. ¥ The Sc2ps2, 12 lines. ! The Sc2s line.
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1. Structure of the spectra of low binding energy electrons Intensity a Intensity h

The spectra of low binding energy electrons of lanthanide oxides IVMO OVMO IVMO OVMO

exhibit two groups of lines with binding energies of ~0—15 and — —

~15-50 eV, attributable to the OVMO and IVMO electrons,
respectively (Fig. 24, see Table 3). In the case of lanthanum oxide,
the OVMO binding energy range, besides the line at 5.6 eV,
mainly due to the La5d, La6s and O2p electrons, can display two
weak maxima at E, = 11 eV; these are due to some impurities
containing presumably the CO3~ group (this is also valid for other
Ln»03). The corresponding Cls line is located at E, = 290.8 eV.
In the spectra of lanthanide oxides containing Ln4f electrons, the
intensity of the corresponding lines gradually increases with an
increase in the atomic number (Z) of the metal. The pattern of
Lnd4f spectra of lanthanide oxides generally resembles the corre-
sponding structure of the spectra of Ln4f electrons in lanthanide
trifluorides (see Fig. 2). The difference lies in the fact that the
OVMO line reflecting mainly the O2p AO in the XPS spectra of
REE oxides is located at binding energies lower in magnitude than
the F2p line in the lanthanide fluoride spectra. For convenience of
the comparison of the OVMO and Ln4f binding energies in REE
oxides with the corresponding characteristics of lanthanide fluo-
rides, the absolute E}, values for lanthanide oxides were increased
by 1.6 eV (see Fig. 3). This is the shift of the XPS lines of
lanthanum trifluoride with respect to the lines of La>Os3 (see
Tables 1, 3). Considerations concerning the origin of the structure
of the Ln4flines presented above for REE fluorides are also valid
for the spectra of these electrons in lanthanide oxides (see
Section II). However, the overlap of the OVMO and Ln4f lines
in the XPS spectra of lanthanide oxides starts at a smaller Z than
in the case of LnF; (see Fig. 3).

The experimental dependence of the Ln4/ line intensity (Zexp)
on the number n4rof electrons in the Ln** jon found as the ratio of
the total intensity /[(Ln4f) + (>_OVMO)] in the binding energy
range of 0—15.5 eV to the total intensity 7(>_IVMO), except for
the LnSs lines, is shown in Fig. 25. Using the least-squares
method, this dependence for lanthanide oxides was shown to be
linear

Lyp = 0.12n4/ + 0.25. (6)

By analogy with expression (5) corresponding to LnF3, the
following theoretical dependence was derived for Ln,Os:

Lipeor = 001”421/’24 + 0.18. (7)

It can be seen that, as for lanthanide trifluorides (see Fig. 5), in this
case, too, the experimental and theoretical plots for the intensity
vs. nar[see Eqns (6), (7) and Fig. 25] are appreciably different.

On passing from Lu,O3 to HfO,, the metal atomic number
increases by unity, the number of the M4/ electrons (14) remains
the same, and the intensity of the line under consideration
increases jumpwise tending to the corresponding theoretical
value (see Fig. 25). The Hf4f7>-electron binding energy, equal to
17.4 eV, also markedly (by 9.6 eV) exceeds the binding energy of
the OVMO electrons in lutetium (see Table 3). It follows from
these data that the Lu4f electrons, which can be regarded in a
certain approximation as inner valence electrons, differ markedly
in spectral characteristics from the Hf4f electrons, which acquire
some features of core electrons.

In the Ln5p and O2s spectral range, fine structure is observed.
The structure becomes most intricate by the middle of the row of
lanthanide oxides (see Fig. 24). Among other reasons, complica-
tion of the spectral structure may be due to the presence of
lanthanide ions in different oxidation states in some lanthanide
oxides. In this connection it should be noted that, as shown on the
basis of analysis of the spectral structure of core electrons, REE
oxides, except for cerium, praseodymium and terbium, contain
Ln3* ions. In praseodymium and terbium oxides, Pr and Tb in
higher oxidation states occur as impurities, their concentrations
being not higher than 5%.> The spectral structure observed for
cerium oxide is more complicated. If one assumes that the addi-
tional lines in the Ce3d spectrum (36%) are due to Ce** ions, the
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Figure 24. XPS spectra of low binding energy electrons in lanthanide
oxides.!®? (a) Lax0Os3, (b) CeO,, (¢) Pr20;, (d) Nd»0Os3, (¢) Smy0s,
(f) Ewa0s, (g) Gd203, (h) Tby03, (i) Dy2Os, (j) Ho203, (k) Er20s,
(/) Tmz03, (m) Yb2Os3, (n) LuxOs. Vertical segments show the results of
calculations (SCF NR X,-DVM) of the electronic structure of CeOéZ’ (o
symmetry), PrO}'~ and NdO}'~ (C, symmetry), and LnO}~ (D34 sym-
metry) for other oxides.>”-3%

contents of Ce* ™ and Ce3* ions on the surface of the cerium oxide
studied should be 36% and 64%, respectively; this would compli-
cate significantly the considered spectral structure (see Fig. 24).
Teterin et al.'37-138 believe that the additional structure (36%) is
caused by many-body perturbation involving the Ce5s electrons
and does not complicate the structures of the CeS5p and O2s
spectra. Since the Ols spectra of the studied REE oxides exhibit in



366

Yu A Teterin, A Yu Teterin

Intensity (rel.u.)
r's

4| ol /

°2 /

a3 /A/

A 4 /
3+ /A/

/
IV Al=14

2L
1L

- —A Mr+
1 1 1 1 1 1 Il 1 1 1 1 1 1 1 1
La3* Pr3* Pm3* Eu3t Tb3+ Ho3*+ Tm3*+ Lud+
Ce3* Nd3+ Sm3+ Gd3+ Dy** Er3+ Yb3+ Hf*+

Figure 25. Relative intensity of the XPS lines of the Ln4f'electrons vs. the
number of these electrons in lanthanide oxides (1, 2)!3* and orthoniobates
LnNbOy (3) 133 and the corresponding theoretical dependence (4) [see Eqn
(7)]. Two series of oxide samples were used, one provided by the Russian
Research Centre ‘Kurchatov Institute’ (/) and one by the Saratov State
University (2). For comparison, data for HfO, are given (n4y = 14).

some cases two lines for oxygen, the O2s spectrum should also
contain two lines. This would complicate the spectral structure in
the Ln5p and O2s binding energy range.

In the Ln5p spectra of the oxides of light lanthanides, in
particular, lanthanum, the many-body perturbation should be
more pronounced than in the spectra of the corresponding
fluorides. This suggestion relies on the fact that the Ln3d spectra
recorded for oxides exhibit more intense satellites than the
corresponding spectra of fluorides. The influence of the multiplet
splitting and the dynamic effect on the LnSp spectral structure
should not be more pronounced in the case of REE oxides than in
the case of REE fluorides and should not result in substantial
complication of the spectral structure.

Since the E}, value for the O2s spectra falls in the middle of the
range in which the Ln5p binding energy varies with an increase in
the lanthanide atomic number, the formation of the inner valence
MO may be a reason for the appearance of the fine spectral
structure in the LnSp and O2s binding energy
ranges.>>~39.61,62,78.79.83.84 These [VMO are largely composed
of the Ln5p and O2s AQ.18, 133,135

Lanthanide oxides have a complex geometric structure
(Fig. 26),7 -3 which accounts for complication of their electronic
structures and, hence, of the XPS spectral structure for low-energy
electrons and also complicates the corresponding theoretical
calculations. The XPS spectra are often interpreted by referring
to the results of quantum-chemical calculations for the electronic
structures of lanthanide oxides.>>-%-7%-84 In particular, theoretical

Qo
® Ln
Figure 26. Model clusters of lanthanide oxides in which the structure of
the local environment is taken into account.>® (@) LnOY'~ (C, symmetry)
for La—Nd oxides; (b) Lnoz’ (D34 symmetry); (¢) LnO?,* (C> symmetry)
for Sm—Lu oxides.

investigation of the PrO}'~ and NdO!~ clusters (C; symmetry),
two series of LnO}~ clusters (Ln = Sm—Lu) (D3g and C, groups
of symmetry) and the CeO*~ complex (O), symmetry) have been
carried out in the spin-polarised approximation of the NR X,-DV
method.>”~> The energy levels found by these calculations are
shown in Fig. 24 as vertical segments in the low-energy spectral
range. Figures 27, 28 show the MO diagrams for the PrO;'~ (C»
symmetry) and TbO}~ (D3, symmetry) clusters.
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Figure 27. Diagram of the MO of the PrO%" cluster [C> symmetry,
R(Pr—0) = 0.237 nm, R'(Pr—0) = 0.262 nm] determined by the SCF
NR X,-DVM calculations for a(1).3” MO energies (V) and compositions
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Figure 28. Diagram of the MO for the TbO?,’ cluster [D34 symmetry,
R(Tb—0) = 0.230 nm] determined by the SCF NR X,-DVM calculations
for a(1).>® MO energies (eV) and compositions (%) are given (the diagram
is not scaled). Unoccupied energy levels are shown by dashed lines.

As follows from the results of calculations, the PrO%l_ cluster
(C>) has two groups of MO consisting of 4e—15¢ OVMO and
la;—5a; IVMO type orbitals (see Fig. 27). On the basis of
calculations and the relevant XPS parameters, the conclusion
concerning the involvement of the Ln4f AO in the formation of
OVMO in the lanthanide compounds has been drawn in a number
of publications, 56 ~59-68.78.79.83.84.132

The inner valence MO (la;—5a;) of the PrO}~ cluster (C,
symmetry) mainly consist of low-energy occupied AO of the
neighbouring praseodymium and oxygen atoms. The greatest
mixing of the Pr5p and O2s AO is found for the le, 2a;, 3¢ and

Sa; IVMO (see Fig. 27). The inner valence PrS5s AO do not
participate significantly in the IVMO formation. These results
indicate that a substantial overlap of the Pr5p and O2s AO,
favourable for the IVMO formation, takes place in the PrO'~
cluster.

As the lanthanide atomic number increases, the energy of the
Ln5p electrons approaches the O2s energy or becomes even higher
for relatively large Z values; therefore, for the first half of the
lanthanide row, the degree of mixing of the Ln5p and O2s AO
increases upon IVMO formation, while on further increase in Z,
this degree of mixing gradually decreases.

To illustrate the arrangement of the MO energy levels and the
MO composition, the local environments found in the oxides
formed by elements of the second half of the lanthanide row were
taken into account in the simulation of the structure of the LnOg
clusters (Ds; symmetry). Figure 28 shows the MO diagram based
on the results of the spin-polarised NR X,-DV calculations of the
electronic structure of the TbO?f cluster (D3ysymmetry).58 % The
occupied 3e,—6a2, OVMO of this cluster, like those in PrO%l’, are
formed by participation of the 4f AO. However, in this case, unlike
PrO}!~, the molecular orbitals containing the Tb4f AO are lower
in energy than the OVMO consisting mostly of the O2p AO. This
is a consequence of the lower position of the Tb4f energy level
compared to the Pr4flevel with respect to O2p (see Fig. 3).

The IVMO in the TbO;~ cluster (D34 symmetry) differ in
structure from the IVMO of the PrO}'~ cluster (C, symmetry).
This is due to the different structures of these two clusters.
However, in the terbium cluster, as in the praseodymium one,
substantial mixing of the Tb5p and O2s AO takes place in the
IVMO formation (see Fig. 28). As the lanthanide atomic number
increases, the degree of participation of the Ln5p AO in, for
example, the 2¢,, IVMO of these clusters decreases; for Lung (D34
symmetry), it is as low as 4%.

According to calculations, an increase in the atomic number
(Z) of lanthanides in the oxides should entail the displacement of
MO energy levels caused by Lndf electrons towards higher values,
which is observed in experimental spectra (see Figs 3, 24). Indeed,
the structure of the experimental spectra of Ln,Os in the Ln5p and
O2s binding energy ranges becomes much more complicated on
approaching the center of the lanthanide row, while the spectral
pattern observed for the oxides of elements situated at either the
beginning or the end of the row, for example, La,O3 and Lu,0s, is
close to the sum of the atomic spectra of lanthanides and oxygen
(see Fig. 24).

The similar energies of the Ln4f and O2p levels and the
relatively short distances between the neighbouring lanthanide
and oxygen atoms in the considered oxides may promote an
increase in the degree of mixing of the Ln4f and O2p AO giving
the OVMO. It is noteworthy that the involvement of the Ln5p and
025 AO in the formation of the IVMO is one of the reasons for the
appearance of the fine structure in the Ln5p and O2s spectral
range for lanthanide oxides.

2. The core electron spectra of lanthanide oxides

a. The Ln;O3 oxides

The spectral structure of the core electrons of lanthanide oxides
has much in common with the spectra of the same electrons in
lanthanide trifluorides provided that the lanthanide oxidation
states in these compounds are equal. The formation mechanisms
for the fine structure of these oxides can also be considered in the
ionic approximation. Thus the spectra of the LnSs and Ln4s
electrons in Ln,Os, like the spectra of the corresponding electrons
in LnF3, exhibit multiplet splitting characterising the lanthanide
spin state in oxides and fluorides (Fig. 29, see also Fig. 16). In
some cases, these data can be used to determine the lanthanide
oxidation state. For example, comparison of the multiplet split-
tings for Ln4s and LnSs electrons in individual lanthanides and in
the oxides indicates that the most pronounced discrepancy is
observed between europium and Eu,Oj3 (see Fig. 29). The multip-
let splitting AEns for the Euds electrons in the XPS spectra of
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Figure 29. Multiplet splitting (AEms) of the Lnds (¢) and LnSs lines (b) in
the XPS spectra of oxygen-containing compounds of lanthanides and
individual metals; (1) surface oxides;3° (2) Ln,Oj; oxides; (3) LnL3 (L is the
o-methoxybenzoic acid residue);® (4) individual metals;?? the continuous
line shows the results of SCF NR X,-DVM calculations;®® the dashed line
corresponds to the results of ab initio calculations;** %3 the dependence of
AEps on the multiplicity (25 + 1) of the Lnd4s electrons was multiplied by
0.55.93

europium metal [AEns(Eu) = 7.4 +0.2 eV] differs considerably
from the corresponding value for the oxide [AEms(Eu0s) =
5.5+0.2 eV] and is approximately equal to the multiplet splitting
observed in the spectrum of gadolinium oxide [AEnys(Gd203) =
7.84+0.2 eV]. These results are attributable to the fact that the
number n4y of unpaired Eudf electrons in europium atoms is
greater in the metal than in the oxide and is equal to the number
of these electrons in the gadolinium contained in the oxide. In
terms of the ionic approximation, this implies that europium
metal contains Eu?* ions, which is a known fact, while the oxide
contains Eu3* atoms.

The multiplet splitting in the Ln4d spectra of the Ln,O3 oxides
for 58 < Z < 70 has a more complicated pattern than that in the
Ln4s and LnSs spectra of the same compounds, the structure
caused by this splitting being mainly consistent with the corre-
sponding structure observed in the spectra of the Ln4d electrons in
LnF; (Fig. 30, see also Fig. 17). As an example, Fig. 30 shows the
spectrum of the Tm4d electrons in Tm>O3 . Whereas the complex
structure in the spectrum of Tm,Os is mainly related to the
multiplet splitting, this splitting is missing from the Ln4d spectra
of La»O3 and Lu,Os, because La*™ and Lu?™ ions in the oxides
contain no unpaired Lndf electrons. Indeed, the spectra of these
electrons in lanthanum and lutetium oxides contain mainly
doublets caused by the spin—orbit splitting: AE(Ladd) =
3.0+0.1 eV and AEso(Ludd) = 9.8 £0.1 eV. These values are in
good agreement with analogous values for LaF; and LuF;
(3.1£0.1 and 10.0+0.1 eV, respectively; see Figs 17, 30 and
Tables 1, 3). The observed violation of the intensity ratio of the
Ladds)> and Ladds/> doublet components in La>O3 can be related,
as has been noted, for example for La(OH); 3% 140 and La,05,%°
to the superposition of the shake-up satellite from the La4ds), line
on the Ladds» doublet component. The structures of the Lndd
spectra for other Ln>O3 oxides in which the lanthanide ions have
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Figure 30. XPS of lanthanum (), tulium (b), and lutetium (c) oxides in the
Ln4d binding energy range. The intensity of the Ladds;» component is
increased due to the superposition of the shake-up satellite from the
Ladds); line.®3 The vertical segments below the Tm»O3 spectrum show the
results of calculations with allowance for the multiplet splitting.%®

electronic configurations with Lndf electrons are much more
complicated than the spin doublet (see Fig. 30). The spectral
structures observed for the bulk samples of lanthanide oxides > 23
are similar to those in the spectra of surface oxides.”3- 80,118,122

These results can serve as experimental evidence for the fact
that the multiplet splitting in the spectra of Ln4d electrons of
lanthanide oxides gives rise to a complex fine structure the main
features of which can be considered in the ionic approxima-
tion.*>- % Replacement of the ligands surrounding the Ln?™ ions
induces changes in the fine spectral structure, which can be
partially due to the many-body perturbation and the dynamic
effect in the spectra of these electrons. In other words, fine
structure parameters depend on the nature of ligands in lantha-
nide compounds, i.e., on the type of chemical bonds in them. As a
consequence, despite its complexity, the fine structure of the Ln4d
spectra is characteristic of a given lanthanide compound and can
be used as a ‘fingerprint’ for compound identification.

The fine structure observed in the spectra of the Lndp
electrons of lanthanide oxides generally resembles the correspond-
ing spectral structure of lanthanide trifluorides (Fig. 31). Instead
of the expected doublet related to the spin—orbit splitting, the
Ln4p spectra of REE oxides in the series from La to Yb exhibit a
structure around the Ln4pjs)» line and the component correspond-
ing to the Lndp; » electrons is highly smeared.??-83 Note that for
oxides of elements situated at the end of the lanthanide row, in
particular, for YbyOs, the structure of the Lndp spectrum is
similar to a doublet in shape, while the spectrum of the corre-
sponding electrons of Lu,Os is already mainly a spin doublet (see
Fig. 31).

On the basis of the XPS data for lanthanide fluorides, the
structure of the Lndp spectra was suggested to be due to the
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Figure 31. XPS spectra of lanthanum (@), erbium () and lutetium (c)
oxides in the Lndp binding energy range.?’ Vertical segments show the
expected atomic spectra without allowance for the dynamic effect.??
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Figure 32. XPS spectra of lanthanum (a), praseodymium (b) and neo-
dymium (c¢) oxides in the Ln3d binding energy range in which many-body
perturbation effects are visible.%3

dynamic  effect, inducing the formation of the
Lndp34d 194f" « Lndp4d®4f" ! type final states after photo-
emission of the Ln4p electron.*? The appearance of an additional
final state Ln4p®4d84f”* 1 is possible only in the case where the
Ln4f shell is not fully occupied. This assumption is in good
agreement with the experimental data for REE oxides (see
Fig. 31). Indeed, since the electronic configurations of the La3 ™
and Er3* ions are La4/° and Erd/'!, respectively, the photo-
emission of an Lndp electron from La,O3 and Er,O3; may give, in
addition to the ground state, Lndp>4d '°4f”, one more two-hole
final state, Ln4p®4d 84”1, which would result in the formation of
the fine structure in the Ladp and Erdp spectra of these oxides (see
Fig. 31). Photoemission of an Lu4p electron from Lu,O3 cannot
produce this additional final state, and the spectrum of the Lu4p
electrons exhibits a spin doublet and satellites associated with
many-body perturbation. These results can serve as yet further
proof of the fact that the XPS fine structure in the spectra of the
Ln4p electrons of REE compounds is mainly due to the dynamic
effect. The considered data 2° are at variance with the suggestion 8°
that the Lndp spectral structure of REE oxides is mainly deter-
mined by multiplet splitting.

The spectra of the Ln3d electrons for light lanthanide oxides
exhibit a fine structure the characteristics of which differ appreci-
ably from those of the fine structure of other REE compounds
(Fig. 32, see also Fig. 21). As noted above in the discussion of the
spectra of the Ln3d electrons in lanthanide trifluorides, the
spectral fine structure is due to the many-body perturbation. The
dependence of the FWHM (I') of the Ln3ds» line on the atomic
number (Z) for lanthanide oxides resembles a similar dependence
for LnF3 (see Fig. 22). As noted previously, the observed change
in the line width cannot be explained by multiplet splitting. The

decrease in the I" value (Ln3ds)») for REE oxides for the beginning
of the lanthanide row is due, as indicated by the spectra, to a
decrease in the intensity of the low-energy component of the
structure containing satellites.

It has been shown for 3d-metal compounds 414! that the
intensity of satellites in the spectra of electrons of various shells
decreases with a decrease in the binding energy. A similar
regularity is found in the spectra of La3d and La4d electrons for
LaNbOy .33 Therefore, a similar pattern could be expected in the
spectra of lanthanide compounds, in particular, oxides. In other
words, if the fine structure of the Ln3d spectra is caused by many-
body perturbation, satellites, although less intense, should also
appear in the spectra of other, lower binding energy electrons.
Their positions with respect to basic lines are expected to be
approximately the same as those in the spectra of Ln3d electrons.
Indeed, the most clear-cut satellites of this type (with an intensity
of 43%) are found in the La4d spectrum of La,Os (see Fig. 30);
they occur on the higher binding energy side of the basic lines and
can be classified as shake-up satellites. A similar satellite is
recorded in the La4ps); spectrum (intensity 30%). This serves as
experimental evidence for the fact that in the spectra of La3d
electrons, satellites are located at a higher binding energy than the
basic lines.

Comparison of the difference between the core level binding
energies for LaF3, La;O3 and metallic lanthanum also leads to the
conclusion that the components located at lower binding energies
in the spectrum of La3d electrons of lanthanum oxide should be
identified as the basic lines. The binding energy differences
between the Ladds, and La3ds, electrons AEy(Ladds)—
La3ds),) for metallic lanthanum and its oxide and fluoride found
with allowance for the low-energy components of the La3ds)
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spectra are equal to 732.24+0.4,% 732.3+0.4 and 732.9+0.4 eV,
respectively (see Tables 1, 3). These values are in satisfactory
agreement with one another within the determined error; mean-
while, the AEy(Ladds,—La3ds;) values for the La3ds, high-
energy components for La>Os and LaF; are equal to 735.8 + 0.4
and 737.24+0.4 eV, i.e., they markedly exceed the corresponding
energy difference (732.2+0.4 eV) for metallic lanthanum (see
Tables 1, 3). It is also worth noting that the spectrum of La3d
electrons for metallic lanthanum exhibits no extra lines 71> 142~ 144
comparable to the basic lines in intensity; this contradicts the data
of another study !4 in which an intense extra structure has been
detected in the spectrum of metallic lanthanum.

The data considered above convincingly demonstrate that the
satellites observed in the La3d spectra of the lanthanum com-
pounds in question are due to a shake-up process which accom-
panies photoemission of La3d electron; this is consistent with the
results of other publications.30: 105,140

As noted above, praseodymium and terbium oxides may have
a complex stoichiometric composition other than Ln,Os3. These
oxides are supposed! to contain lanthanide ions in different
oxidation states, for example, Ln3* and Ln*". The intensity of
the extra structure in the spectra of Pr3d and Tb3d electrons,
which can be attributed to Pr** and Tb*" ions, does not exceed
3% —5% of the basic line intensity corresponding to Pr3* and
Tb3 " ions.? It has been noted ''7 that on passing from the Eu?>™ in
the metal to the Eu®" in the Eu,Os oxide, the energy levels of the
core electrons shift by about 10 eV. Significant changes in the
spectral structure of complex lanthanide oxides with respect to the
spectra of Ln3>" compounds are also found for cerium
oxide.116. 137

b. Cerium oxide

In recent years, considerable attention has been devoted to the
study of variable valence in lanthanides and their com-
pounds,'46~ 148 which may be responsible for the fine structure in
the XPS spectra. The extra structure in the spectra of the valence
and core electrons of rare earth metals,!0!-149-150 jpntermetal-
lics 119-151-156 and lanthanide compounds 137165 has been attrib-
uted to the presence of lanthanide atoms in variable oxidation
states. Theoretical calculations of the XPS spectra of rare earth
metals 196167 and their compounds 16168170 are often carried
out using so-called Andersson’s impurity model 3%:3% 171 and its
various modifications. In particular, this model has been used to
interpret the complex structure of the XPS spectra of core
electrons in CeQ, .116:170

The structure of the spectrum of the Ce3d electrons in cerium
oxide contains a number of additional lines that are missing from
the corresponding spectra of other oxygen-containing compounds
and cerium fluoride (Fig. 33, see also Fig. 21).137-138 This extra
structure is a doublet the splitting of which (AEy, = 18.3 eV) is in
good agreement with the spin—orbit splitting of the Ce3d line
[AE(Ce3d) = 18.3 eV]'3® and with the data of one more
study.!'® For example, it was assumed on the basis of the analysis
of cerium spectra in intermetallic compounds 72~ 174 that the two
intense extra lines with Ep, ~ 898.0 and 916.3 eV are components
of a spin doublet corresponding to Ce** ions, while the low-
energy doublet containing a complex structure corresponds to the
Ce3d electrons of the Ce*™ ion. It has been suggested that the
presence of two types of cerium ions in the oxide may be due either
to variable valence exhibited by cerium in chemical!’> and
intermetallic compounds,'3S or to the formation of a mixture of
oxides on the sample surface.

Thus on the basis of X-ray CeLy absorption spectra and the
Cedd XPS spectra it was concluded '7¢ that Ce** and Ce*™ ions
are formed on the CeCo, surface. The XPS spectra of the CeO;
oxide and the theoretical data 77 indicate that a variable valence
of cerium in the oxide is impossible, the structure observed in the
Ce3d spectrum being due to the Ce3d%4f° and Ce3d°4f" config-
urations of the final state. The results of NR X,-SW calculations
suggest 178 that the extra structure in the Ce3d and Ce4d spectra of
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Figure 33. XPS spectra of the Ce,03- 1 CeO, oxide (a) and the CeL} (b)
and CeL3 - 1.5 H,O (¢) cerium complexes in the Ce3d binding energy range
(L' and L? are the residues of o-methoxybenzoic and diphenylacetic acids,
respectively).!37

CeO is due to shake-up satellites. These satellites in the spectra of
the Ce3d electrons correspond to the Ce3d°4f°, Ce3d®4f" and
Ce3d°5p3(np) final states of the cerium ion.

X-Ray photoelectron spectra provide an unambiguous
answer to the question as to whether or not the structure of the
Ce3d spectra is related to a complex initial or final state of the
cerium ion in compounds.!37-138 One of the main suggestions is
that the observed spectra of the core electrons of cerium in the
oxide result from superposition of the structures related to the
Ce3d%4/0, Ce3d®4f" and Ce3d®5p3(np) type final states of the
cerium ion. [The formation of the unusual final state
Ce3d®5p3(np) is confirmed by the fact that the spectra of the
Ce5p and OVMO electrons do not exhibit the extra structure
characteristic of the Ce3d, Ce4d and Cedp spectra.] Indeed,
comparison of the spectra of the Ced4d and Cedp electrons for
cerium oxide and the CeL3; complex (L is the o-methoxybenzoic
acid residue) shows that three groups of lines corresponding to
cerium ions in different final states can be distinguished in these
spectra as well as in the spectra of the Ce3d electrons of cerium
oxide (Fig. 34). In these spectra, the line corresponding to the
Ce*™ ion is located 13.2 eV away from the corresponding Ce ™
line, which is consistent with the calculation results.!” The
intensity ratio of the lines corresponding to the Ce3d electrons of
cerium ions in different oxidation states indicates that the near-
surface layer of the sample studied contained 36% of Ce** and
64% of Ce3* in the final state.

As expected, the spectrum of 4d electrons of the Ce* ™ ion is a
doublet caused by the spin—orbit splitting; AEso(Cedd) = 3.4 eV
(see Fig. 34 a,b). This proves experimentally the fact that the
complex structure of the 4d spectrum of the Ce3™ ions with the
Ce5s25p%4f! final state is due to multiplet splitting.
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Figure 34. XPS spectra of the Ce,O3-n CeO, oxide and the CeLs complex
in the Ce4d (a,b) and Cedp (c,d) binding energy ranges (L is the
o-methoxybenzoic acid residue).!38 (a,c) Ce203-nCeOy; (b,d) CeLs.

The structures of the Cedp spectra for Ce** and Ce?* ions
have much in common (see Fig. 34 ¢,d). Thus in both cases, the
component due to the Cedp; electrons virtually cannot be
detected, despite the fact that the electronic configuration of
Ce*™ is Cedp35s25p04f0, i.e., cerium contains no unpaired 4f
electrons. This proves experimentally the fact that the complex
structure in the spectrum of Ce4p electrons is mainly due to the
dynamic effect.

The spectra of the 3d and 4d electrons of the Ce*™ ion consist
of two components of a doublet and contain no complex struc-
ture, in particular, no satellites (see Figs 33, 34). This allows one to
determine the binding energy difference, AEy(4dsp—3dsp) =
776.3 eV. This value is close to the energy difference between the
corresponding low-energy components in the 3ds, and 4ds)
spectra of the Ce3* ions (AE, = 882.3—108.5 = 773.8 €V, see

Table 3). The observed difference between these values
(776.3—773.8 = 2.5 eV) can be due to various reasons. First, the
multiplet splitting changes the structure of the 4d spectrum of
Ce?™; this may displace the most intense peak with respect to the
Ce3* 4ds;, component. However, the same difference (2.5 eV) is
found between the most intense components of the Cedp doublet
the structures of which for Ce3*+ and Ce** are similar. Second, the
chemical shifts of metal ions in different oxidation states are well-
known 33 to be different for different energy levels. Comparison of
the spectra for the Ce3d (~900 eV), Cedp (~220 e¢V) and Cedd
(~120 eV) shells demonstrates that the differences between the
electron binding energies corresponding to the most intense lines
for individual shells in Ce** and Ce** amount to 15.7, 13.2 and
13.2 eV, respectively (see Fig. 33, 34). These data suggest that
upon increasing the electron binding energy from 100 to 900 eV,
the difference between the chemical shifts of separate levels does
not exceed 16%.137-138

It follows from the results obtained that the most intense low-
energy component in the 3ds, spectra of Ce? ¥ may be identified as
the basic line and the components next in energy may be
considered as shake-up satellites. The most intense satellites are
due to the many-body perturbation involving the Ce5p electrons,
which gives rise to an ion with a poorly shielded hole at the Ce5p
level.

The spectra of core electrons also allow the conclusion that the
stoichiometric compositions of praseodymium and terbium
oxides basically correspond to Ln,Os3.

IV. General rules for the formation of the XPS
spectral structure of lanthanide compounds

The XPS spectral structures observed for different lanthanide
compounds are rather similar if the metal ions contained in them
all have the same formal oxidation state equal to three. When the
lanthanide oxidation state in a compound differs from three, the
structure of their XPS spectra substantially changes.

1. Spectral region of low-energy electrons

In the spectral region corresponding to low-energy electrons of
various lanthanide compounds, an increase in the atomic number
(Z) and the number of Ln4felectrons (n4/) entail an increase in line
intensity near the Fermi level (see Figs 2, 24). The structure
observed in this spectral region for compounds formed by
elements of the middle and the end of the lanthanide row is mainly
due to Ln4f electrons because photoionisation cross-sections of
these electrons exceed appreciably the corresponding values of the
electrons of the outer valence LnS5d, Ln6s and L2p AO of the
lanthanide and the ligand.”® As noted above, the data obtained in
recent years using the SCF NR X,-DV and X,-SW calculations
for the electronic structures of clusters 3¢~3° confirm the substan-
tial participation of the Ln4f AO in the formation of OVMO.
Therefore, attempts have been made37-9%132 to estimate the
degree of participation of the Ln4f electrons in the chemical
bond on the basis of spectral parameters or, at least, to estimate
the degree to which the Ln4f electrons can be regarded as outer
valence electrons.

On passing from lanthanide oxides to fluorides, the weighted-
mean Ln4f'electron binding energies increase. The chemical shifts
of these electron levels observed on passing from one compound
to another are comparable to the corresponding values for the
core levels.

For example, the chemical shift (AEy) of the Ludps,» electron
levels in LuF3 (relative to LuyOs3) in which the lutetium ion is
formally in the trivalent state amounts to 1.8 eV, and the
weighted-mean value for the Ludf level, AEn(Ludf), equals
1.7 eV. The binding energy differences AEy(Ludf—Ludps)») for
lutetium oxide and fluoride coincide within the experimental error
and are 350.8 and 350.9 eV for Lu,O3 and LuF3, respectively. It
should be noted that the Ln4f electrons respond to minor changes
in the effective charge of lanthanide nuclei to approximately the
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Figure 35. Binding energy of the Mn/ electrons [En(Mnl/)] for metal
oxides, except for metallic Au and Pt, vs. the metal atomic number in the
La—Hgseries. (/) The results from Ref. 132; (2) the data from Ref. 22. For
M4f and M5s electrons, the weighted-mean values of the binding energy
are given, and for the Hf — Hg oxides (Z > 71), only the energies of the
M4f7 electrons are given.

same extent as the core electrons. For a separate series of
lanthanide compounds, a substantial increase in the metal atomic
number in the 58 < Z < 71 range causes insignificant variation of
the weighted-mean value of the Ln4f binding energy. The increase
in the binding energy of these electrons over the lanthanide row is
6.8 eV for fluorides and 4.5 eV for oxides (Fig. 35). On further
increase in the atomic number, i.e., on passing from Lu to Hg
(Z =172), the binding energy of the M4f electrons sharply
increases. The M5p3>-electron binding energy varies in a similar
way, although to a lesser extent. The same trend, even less
pronounced, can also be followed for the MSs electrons (see
Fig. 35).

The dependence of the M4f binding energy on Z for com-
pounds of lanthanides and heavier metals (see Fig. 35) resembles
the corresponding dependences of the Mnd electrons in transition
metals and in the subsequent elements.?? 32 For example, the
weighted-mean binding energy for the M3d electrons in 3d-metal
oxides, as in the lanthanide oxides, depends only slightly on Z over
the 21 < Z < 29 range but starting with zinc, it sharply increases
(Fig. 36).

The relative intensity of the Ln4f line in the lanthanide
compounds studied follows an almost linear dependence on the
metal atomic number in the 57 < Z < 71 range (see Figs 5, 25).
A further increase in Z results in a sharp change in the pattern of
dependence (Fig. 37). For comparison with the experimental
dependence,'3? Fig. 37 also shows the relevant data obtained
using photoionisation cross-sections.”’® The fundamental qualita-
tive difference between the experimental and theoretical curves
cannot be interpreted, for example, by assuming that after photo-
emission from a substance, the electrons are highly scattered. The
extrapolation of the straight section of the theoretical curve to
Z = 57 (La) shows that the plot for the relative intensity of the
M4 line vs. Z is a straight line in the case where all the Ln4f'shells
are fully occupied. The deviation of the Ln4fline intensity from a
linear dependence occurs for Hf and Ta due to the fact that the
outer valence Ln4f electrons in these metals become inner elec-
trons. It follows from experimental data that the relative intensity
of the M4fline for lanthanide oxides increases in proportion with
Z. For the latter half of the lanthanide row, these values remain
lower than the theoretical values but in the 71 < Z < 78 range,
they rapidly increase and subsequently, they exceed the theoretical
values by, on average, 25% —27%; like theoretical values, they
also increase with an increase in Z. Thus for Hg (Z = 82) in HgO,
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Figure 36. Binding energy (£},) of the Mn/ electrons of CaO, Sc,03, TiO»,
V,05, Cr,O3, MnO, FeO, CoO, NiO, CuO, ZnO, Ga,03, GeO,, and
FeAs;, Se, KBr, Kr vs. the element (E) atomic number in the Ca—Kr
series. (/) the results from Ref. 5; (2) the data from Ref. 22. For M3d
electrons, the weighted-mean values for these OVMO electrons are given,
and for Zn, Ga, Ge oxides and for As”~, Se, Br— and Kr (Z >30), the M3d
energies are presented.
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Figure 37. Experimental (/) and theoretical (2) dependences of the relative
intensities of the M4f'lines for REE and heavier metal oxides, except for
metallic Pt and Au, vs. the metal atomic number in the La—Hg series.!32

Iexp = 15.6, I@iheor = 11.4 and Al(liheor— Iexp) = 4.2, while for
uranium (Z = 92) in K4UO>(CO3)3, lexp = 22.3, Iiheor = 16.9
and Al = 54.

This is exemplified in Fig. 38 which shows for comparison the
variations of the relative intensities of the OVMO and E3d lines in
the oxides of Period 4 elements (E). The corresponding theoretical
intensities were calculated for atoms E using the data obtained by
Scofield.”® For elements with Z > 30, the experimental and
theoretical values are presented as the intensity ratios for the
lines of 3d and 3p electrons. This does not introduce a substantial
error because the photoionisation cross-sections of the E3d and
E3p shells are much greater than those of the E4s, E4p or O2p
shells. If one takes into account the contribution to the intensity of
the O2p electrons of the oxide oxygen atoms for elements with
20 < Z < 29, the theoretical intensity value would increase by
approximately 10%, which provides a better qualitative agree-
ment with the experimental data (see Fig. 38).

It follows from the obtained results that spectral character-
istics of the Ln4felectrons have much in common with those of the
Mnd electrons in compounds of nd transition metals, which can
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Figure 38. Experimental '32 (/) and theoretical 7® (2) dependences of the
relative intensities of the E3d and OVMO lines for CaO, Sc;03, TiO»,
V105, Cr,03, MnO, FeO, CoO, NiO, CuO, ZnO, Ga,0O; and GeO,
oxides and FeAs;, Se, KBr and Kr on the element (E) atomic number in
the Ca—Kr series. For the oxides of elements with Z < 30 (Ca—Zn), the
intensities were found as the ratio of the total intensity of the OVMO and
E3dlines to the intensity of the 3p-electron lines, and for Z > 30 (Ga—Kr),
they were found as the ratio of the 3d to 3p lines.

efficiently participate in the MO formation. In lanthanides, Ln4f’
is a valence shell, it can be involved in the MO formation in Ln
compounds. At least, XPS data do not contradict the assumption,
based on calculations, concerning substantial participation of the
Ln4/ AO in the formation of MO in these compounds.>¢—>3% 180
Indeed, the involvement of these electrons in the chemical bond
may be the reason for the decrease in the experimental intensity of
the Ln4f'lines compared to the theoretical intensity for the oxides
formed by elements of the second half of the lanthanide row.

2. The spectra of the inner valence MO electrons

In order to elucidate the general features of the IVMO formed
from the Ln5p and O2s AO in oxygen-containing lanthanide
compounds, model NR SCF X,-SW calculations both with and
without allowance for the electron spin polarisation were carried
out for the LnO3~ clusters (D3, symmetry).”%-8% The R(Ln—O)
bond lengths were taken to be equal to the sum of the covalent
radii of the lanthanide and oxygen ions.! The calculation results
are reflected in Fig. 39 and, for the LaO3~ cluster (D3, symmetry)
in which R(La—0O) = 0.174 nm, they are also presented in
Table 4. The total partial charges (Q7, electron charge units) for
this cluster found using the MT (muffin-tin) approximation of the
SCF X,-SW technique 7® are presented below (region II is an
asymmetric region within the Watson sphere, and region III is
situated outside this sphere 3%).

La (0] Regions

11, I

s p d f s p

1.6 40 06 08 43 104 103

It follows from the data of Table 4 that the occupied low-energy
valence Ln5p and O2s AO can participate substantially in the MO
formation in the cluster in question.

Thus in the LaO3~ cluster (D3, symmetry), the 1aj IVMO can
be regarded, to a certain approximation, as a quasi-atomic MO
composed mainly of the La5p AO. The l¢' and 2¢' (14| and 24))
IVMO can formally be attributed to the bonding and antibonding
orbitals, respectively (see Table 4). The binding 1) TVMO con-
tains 85% of the La5s AO and 12% of the O2s AO, whereas the
antibonding 24} IVMO, 17% of the La5s AO and 80% of O2s AO.
In addition, the contributions of the outer valence AO of
lanthanum and oxygen to these IVMO couples are quite sub-

r OVMO

16 3¢

32 _le M

14, > IVMO

56 |||||||||||||||/Ln

La Pr Pm Eu Tb Ho Tm Lu
Ce Nd Sm Gd Dy Er Yb

Figure 39. MO energies (E) for the LnO3 ™ cluster (D, symmetry) vs. the
lanthanide atomic number in the La — Lu series.” The 44} and 5¢' OVMO
energies are not given. The dashed lines show unoccupied MO.

stantial but different. For example, whereas the bonding 1¢/ MO
contains only 2.5% of the O2p AO, the antibonding 2¢’ MO

Table 4. MO energies (E /eV), partial electron contributions (%) to
different regions of the LaOj3 cluster [Ds3, symmetry, R(La—O) =
0.174 nm] calculated in the SCF X,-SW approximation.””

MO Orbital —E La (0] Regions
type LI, II1
s P d f K P

OVMO 24, 625 — - —  88.0 — 63 57
3dy 691 — .1 — 849 -— 33 107
5¢ 715 — 06 12 830 -— 27 125
4d, 735 20 — 84 257 -— — 63.9
2¢" 738 — - 22 7719 — - 19.9
3a 1229 13 — 50 157 03 53.1 246
(see®)
4¢ 12.60 — 74 53 40 -— 522 41.1
2d; 1351 — 62 — 42 — 57.0 32.6
ldy 1466 — — — 6.8 — 57.6 35.6
3¢’ 1496 — 23 30 -— 1.5 558 374
le” 511 - = 28 1.8 — 53.7 41.7

IVMO 2¢ 20.67 — 40.0 0.7 0.1 204 102 28.6
ld; 2403 — 596 — — — 3.0 374
24} 26.50 13.1 — 09 1.1 618 03 228
1e 3123 — 182 09 02 495 1.8 294
1d, 38.87 66.0 — - 01 93 21 225

2 The upper fully occupied orbital.
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contains 14% of the O2p AO. Such admixtures of the outer
valence AO to the IVMO, as noted in a series of studies of
molecules of light elements !8-5%-61-86.87 and in another series of
studies 18:35181-183 of molecules of heavy elements, result in
weakening of the antibonding nature of the higher MO, in
particular, the 2¢' IVMO. As a consequence, the contributions of
the electrons of IVMO couples such as, for example, the 1¢’ and
2¢', strengthens the chemical bond between the lanthanum and
oxygen atoms.

As the lanthanide atomic number in the LnO3~ cluster grows,
the energies and compositions of their MO change significantly. In
constructing the dependence of MO energies of these clusters on
Z, the energy of the quasi-atomic 24} MO of oxygen was suggested
to be constant and equal to 26.5 €V (see Fig. 39).7° This energy
was chosen as the reference value to compare the results of
theoretical calculations with experimental data. Upon an increase
in Z, the most pronounced changes in energy are observed for the
upper 2¢” —2a, OVMO and the 14 and 14} IVMO. The compo-
sitions of the considered MO substantially change. Thus, with an
increase in the atomic number Z, the 2¢”—2d5 OVMO group
approaches the O2p AO to an increasing extent, while the 1¢” — 3d)
orbitals become similar to the Ln4f'AO. The degree of mixing of
Ln5p and O2p AO increases with an increase in Z from 57 to ~ 64.
It follows from these data that the degree of mixing of the Ln5p
and 02s AO in the 1¢' and 2¢/ IVMO in, for example TbO3 ™, is
substantially greater than that in LaO3~, while the lower 14|
IVMO becomes a quasi-atomic MO to an increasing extent.

As noted above, the formation of IVMO from the metal Ln5p
AO and the ligand L2s AO in lanthanide can complicate the
structure of the XPS spectra of these electrons compared to the
sum of the atomic spectra (see Fig. 24). The most pronounced

complication of the spectrum in the energy range of these electrons
should be expected for the oxygen compounds of lanthanides
situated in the middle of the row because for these oxides, the Ln5p
and O2s energies are the closest to each other. The degree of
participation of the Ln5p and L2s AO in the formation of IVMO
can be estimated experimentally using the method of binding
energy differences between the core and valence electrons. 82183

The oxygen-containing lanthanide compounds have a rather
complex structure. The metal atoms are surrounded by a large
number of oxygen atoms. However, there is no strong anisotropy
for the R(Ln—O) bond lengths in these compounds. Therefore,
the IVMO of the ML~ and MLy~ type clusters (O, group of
symmetry) can be used in qualitative considerations (see
Fig. 8 b,¢). The correlation schemes of these IVMO imply that
upon the formation of IVMO of the f], type in lanthanide
compounds, their energies shift to lower (in magnitude) values
with respect to the core levels. In this case, the A value (see Fig. 8),
which characterises the degree of participation of the Ln5p and
L2s AO in the formation of the #j, IVMO, can be estimated
experimentally. The AE3(LnSp3/» —Ln3ds)») values reflecting the
difference between the Ln3ds), and the 7j, MO binding energies
for various lanthanide compounds are presented in Table 5. To
estimate A; (see Fig. 8), the experimental values for the corre-
sponding energy differences for metallic lanthanides are also
presented. If, as has been suggested,’® 140 the basic line in the
Ln3d spectra of light lanthanide compounds occurs at higher
binding energies, comparison of these data indicates that the A,
value for lanthanum oxygen-containing compounds reaches
2.3 eV, that for cerium, 4.5 eV, and that for praseodymium,
0.6 eV (for the oxide) (see Table 5).

Table 5. Binding energies (Eb, €V) and binding energy differences (AE; /eV) for the electrons of lanthanides and ligands in compounds.’

COI’I’lpOU.Ild‘d —Eb(Ln5p3,'2) AE](Ln5p3’,2—Ln5p1//2) —Eb(Ln3d5,'2)b AEz(Ln?)ds,‘z) AE}(LHS[);/rz—Ln:%ds,‘z) AE4(X2S—X]S)C
LaF3 18.6 22 837.3 (1.00); 841.6 (0.30) 4.3 818.7; 823.0 655.8
LayO3 17.7 1.7 835.1 (1.00); 838.6 (0.83) 3.5 817.4; 820.9 507.4
LaL} 18.3 2.1 835.7(0.76); 838.8 (1.00) 3.1 817.4; 820.5 -
LaL_% -1.5H,O 18.3 — 836.0 (1.00); 838.8 (1.00) 2.8 817.7; 820.5 506.8
La,Ti,O 17.3 2.0 834.6 (1.00); 838.8 (0.91) 4.2 817.3;821.5 507.9
LaNbOy4 17.2 — 834.8 (1.00); 838.8 (0.72) 4.0 817.6; 821.6 508.2
LaH; (see4) ! 19.3 2.4 835.5(0.48); 839.2(1.00) 3.7 816.2;819.9 —
La (see 9) ! 17.7 2.3 - 836.3 - —:; 818.6 —
CeF3 19.4 3.0 884.7 (1.00); 888.2 (0.58) 3.5 865.3; 868.3 655.9
CeO> 18.0 - 882.3 (1.00); 888.8 (0.68) 6.5 864.3; 870.8 -
Cel} 18.7 3.0 882.8 (0.32); 885.8 (1.00) 3.0 864.1; 867.1 —
CeL}-1.5H,0 19.3 22 882.3(0.30); 885.4(1.00) 3.1 863.0; 866.1 506.6
CeHj (seed) 113 19.2 2.6 882.4 (0.36); 886.4 (1.00) 4.0 863.2;867.2 —
Ce (seed) 113 18.0 2.9 —; 884.3 - —;  866.3 -
PrF; 20.1 3.7 - 934.4 — —; 9143 655.7
Pr;03 (see©) 19.3 3.6 929.5(0.32); 933.5(1.00) 4.0 910.2;914.2 -
PrL} 19.7 2.5 929.0 (0.22); 932.8 (1.00) 3.8 909.3; 913.1 -
PrL}-1.5H,0 202 2.8 929.9 (0.24); 934.1 (1.00) 4.2 909.7: 913.9 506.1
PrNbO4 18.9 — 929.2(0.25); 933.2(1.00) 4.0 910.3;914.3 507.9
PrH; (see )1 20.2 - 930.4 (0.21); 934.6 (1.00) 4.2 910.2; 914.4 -

Pr (see 9) 109 18.8 — —; 932.4 — —; 913.6 —
NdF; 20.7 3.7 —; 982.6 — —; 9619 655.7
Nd,03 19.4 3.6 978.0 (0.29); 981.9 (1.00) 3.9 958.6; 962.5 507.0
NdL} 20.3 3.9 978.8 (0.37); 982.8 (1.00) 4.0 958.5;962.5 -
NdL}-1.5H,0 20.7 42 979.0 (0.35); 982.9 (1.00) 3.9 958.3; 962.2 505.7
NdPc, 20.3 3.0 978.1(0.35); 982.1 (1.00) 4.0 957.8;961.8 381.6
NdPct, 19.9 39 978.6 (0.38); 982.4 (1.00) 3.8 958.7; 962.5 381.7
Nd (see 4) 142 - - —; 981.2 - - -
SmF; 22.1 43 1084.4 — 1062.3 655.5
Sm,03 20.4 4.0 1083.1 — 1062.7 —
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Table 5 (continued).

Compound # — Ey(LnSp3;2)  AE(LnSp32—LnSpy )

— Eb(Lr‘l3d5’,2) b

AEy(Ln3dsy)  AEs(LnSpsp—Ln3dsp)  AEf(X2s—X1s)¢

SmL} 20.8 - 1083.8 — 1063.0 -
SmL3-1.5H,O  21.3 4.4 1084.5 - 1063.2 505.7
SmNbO, 20.0 4.5 1080.1 (0.18); 1083.1 (1.00) 3.0 1060.1; 1063.1 509.2
EuF; 224 - 11353 - 11129 655.8
Eu,0; 21.5 42 1134.6 — 1113.1 —
EulL} 22.0 - 11352 - 11132 -
Eul}-1.5H,0  22.6 4.7 1135.3 - 1112.7 507.0
EuNbO, 21.3 - 1134.8 - 1113.5 -
GdF; 229 — 1187.7 - 1164.8 655.6
Gdy0; 223 5.1 11873 - 1165.0 -
GgL} 22.7 5.0 1187.3 — 1164.6 -
GdL3-1.5H,0 233 43 — - — 506.7
LuF; 28.4 7.3 197.3f — 168.9¢ -
Lu,03 27.5 6.4 196.5° - 169.0¢ 508.1
LuL} 29.0 6.4 197.6f — 168.6 ¢ -
LuL}-2H,0 28.5 6.4 197.7°¢ - 169.2¢ -
LuNbO4 27.4 — 196.4f - 169.0¢ 508.8
LuyOs (see )80 27.7 - 19677 - 169.02 -
Oxide adsorbed ~ 27.8 6.4 197.4°F — 169.62 —
on metallic Lu
(see 80)
Lu (see d) 80 26.6 7.0 196.3° - 169.7¢ -

aL!is the diphenylacetic acid residue, L? is the o-methoxybenzoic acid residue, Pc is the unsubstituted diphthalocyanine residue, Pct is the 4-tert-
butyldiphthalocyanine residue. ® The intensities of one of the Ln3ds ), lines referred to the line whose intensity is taken to be unity are given in parentheses.
¢X = O, F, N; the binding energy differences are given for those compounds for which the X1s spectrum is a single line. 4 The binding energies are referred
to the electron binding energy for carbon in adsorbed hydrocarbons, En(Cls) = 285.0 eV [at Eyn(Audf72) = 83.8 eV for the standard gold plate,
Ey(Cls) = 284.4 ¢V]. ¢ The Ey, values are given for Ln**. "The Lu4ds), binding energy. & The AE3(Lu5ps» — Ludds)) values.

The data considered lead to the conclusion that IVMO are
actually formed in these compounds, the upper orbitals being
antibonding. If the basic lines in the Ln3d spectra of light
lanthanides occur at lower binding energies, as shown for the Ln
compounds studied in a number of publications,® 30140 the A,
value (see Fig. 8) changes its sign, while its magnitude |A; | for
lanthanum oxygen compounds reaches 1.3 eV (see Table 5).
These results confirm the formation of IVMO in these com-
pounds. In addition, they indicate that the upper IVMO is a
bonding orbital in this case.

The same conclusion can be drawn by considering the
AEw(LnSp3/»—Lndds)») energy differences for lanthanide com-
pounds. The values for LaFs;, La,Os, LaL_%, LaL_%-l.S H,0,
La,Ti,O7, LaNbO4 and metallic lanthanum amount to 85.8,
85.1, 85.4, 86.0, 85.0, 85.7 and 86.1 eV, respectively. These data
confirm once again the fact that in the La3d spectra of the
lanthanide compounds studied, the basic lines are located in the
lower binding energy region.

On passing from light to heavy lanthanides, the Ln5p3,; energy
level is lowered. In the case of lutetium, it is located below the O2s
level; thus, the A; value for the lutetium compounds (see Fig. 8)
should change the sign. In other words, the AE5 difference (see
Table 5) for oxygen compounds of lutetium should become
smaller in magnitude than that for metallic Lu. Indeed, it follows
from the data of Table 5 that in some cases, AE3(Ln5p3»—
Ln4ds)») for atomic lutetium is 1.1 eV higher than these values
for Lu in compounds (A; = —1.1 eV).

It has been noted '84 that the emission spectra '%° of Eu,O3 and
other ‘sesquialteral’ lanthanide oxides exhibit peaks related to the
Ln5p and O2s hybrid orbitals. The X-ray SLyy, 111 emission spectra
of some sesquialteral REE sulfides '%¢ and lanthanide monosul-
fides 187 also contain peaks due to the formation of IVMO
consisting of the LnSs, Ln5p and S3s AO.

3. Multiplet splitting

Multiplet splitting shows itself most clearly in the case of the Ln4s,
Ln4d and LnS5s electrons in lanthanide compounds. In the XPS
spectra of Lnds and Ln5s electrons, this splitting gives rise to two
components the distance between which is correlated, along the
energy scale, with the number 74y of unpaired Ln4f electrons (see
Figs 16, 29). These results are in satisfactory agreement with
theoretical data,**%%-93 and the multiplet splitting value can be
used as a parameter in determining the spin and oxidation states of
REE ions in compounds.

The XPS spectra of compounds of lanthanides containing
unpaired Lndfelectrons in the Ln4d binding energy region are due
to multiplet splitting and exhibit a complex structure (see Fig. 17,
30). Instead of the expected doublets characterised by a spin—
orbit splitting energy not exceeding 10 eV even for heavy lantha-
nides, the spectrum of these electrons exhibits a fine structure in
the energy range of up to ~40 eV. The results of theoretical
calculations #>-%¢ carried out in the ionic approximation are in
satisfactory agreement with experimental data. The fine structure
of the XPS spectra of the Ln4d electrons is typical of particular
REE in compounds and can be used for identification and for
determination of the oxidation state of the lanthanide ion. For
example, this structure allows one to make the conclusion that the
cerium oxidation state in all the compounds studied, except for the
oxide, is close to Ce3". Apparently, in the oxide, cerium forms
specific clusters, photoemission of a core electron from which
gives rise to three final states including the unusual two-hole
Ce3d5p3(np) state (see Figs 33, 34). The presence of one unpaired
Cedf electron in Ce3 ™ results in a pronounced disturbance of the
structure of the spin doublet present in the Ce4d spectra of the
Ce*™ ion, which does not contain this Cedfelectron. The structure
of the Yb4d spectra leads to the conclusion that ytterbium exists as
Yb3* in all the compounds studied. The Yb3* electronic config-
uration is 4f13, which markedly complicates the expected spectral
structure. The spectrum of the Yb4d electrons of the Yb>* with
the 4/'# configuration (in the YbCu,Ge; intermetallic com-
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pound %% and metallic ytterbium7!-%%-188) contains a doublet
caused by the spin—orbit splitting.

4. Spilitting resulting from the induced charge

Charge inducing on the centres regarded previously as diamag-
netic (Ti**) in the double oxides of the FeTiO; type was first
observed by X-ray emission spectroscopy.'8® The excess electron
density on the titanium ion contained in complex oxides of the
MTiO; type arises in the case where the second coordination
sphere contains paramagnetic metal ions (M). Analysis of the
X-ray emission spectra shows '8-191 that, for example, on pass-
ing from TiO; to FeTiO3 and, possibly, to Ln,Tip07,28:192.193 the
titanium ions, which are expected to be diamagnetic, are actually
paramagnetic. This results in splitting of the emission lines of the
titanium ions. A similar situation is also found for niobium
compounds. This line splitting is a specific case of multiplet
splitting, which is an indirect consequence of the presence of
paramagnetic ions connected to the metal ion in question via an
oxygen bridge.

By using a procedure for recording high-resolution XPS
spectra of dielectric materials, Teterin and co-work-
ers 133-136.194.195 wwere able to measure the relative line widths of
the spectra and the electron binding energies with an accuracy
higher than ~0.1 eV. Thus, it became possible to detect, with a
relatively high accuracy, slight changes in the unpaired electron
density (Ap) on a metal ion in a dielectric material and to estimate
semi-quantitatively the Ap value using the XPS method. An
increase in the number of unpaired electrons in a 3d-metal or
lanthanide ion in a compound by one electron (Ap = le™) is
known 4+ 93,9419 {¢ increase the splitting of the M3s or Ln4s line
by approximately 1 eV (see, for example, Fig. 29). Since the
binding energies and the line widths for core levels can be
measured with an accuracy higher than £0.1 eV, the change in
the Ap value by 0.1le~ can be detected by XPS. Using results
reported by Teterin et al.,'** the Ap value for Ti in FeTiO3 was
found to be ~0.5¢—, while that for Nb in SmNbO,4 was found to
exceed le—.

This phenomenon has been studied in more detail by
XPS 133,134,136 ip relation to lanthanide (except for Pm and Tm)
orthoniobates. On passing from niobium oxide (x-Nb2Os) to
orthoniobates (LnNbQy) containing Ln3* paramagnetic ions,
characteristics of the XPS spectra of the core electrons of niobium
change. Thus the line widths in the Nb3p3/», Nbds and Nb4dp
spectra for LnNbOy4 containing lanthanides of the middle of the
row are much greater than the corresponding values for the
o-NboOs oxide. The broadening of the Nbd4s line becomes so
pronounced that at least two components of the complex structure
are clearly manifested. The observed line broadening is assumed
to be mainly due to charge induction (Ap) onto the Nb3* ion, and,
on passing from a-Nb,Os to LnNbOy4 (Ln are lanthanides from
the medium of the row), the Nb>* ion electronic configuration
changes appreciably from {4d} to {4d?’}. It has been
noted 4+ 93-94.196 that the multiplet splitting arises with the highest
probability in the spectra of core electrons having the same
principal quantum number as the unpaired electrons. In this
case, the most pronounced multiplet splitting should be expected
in the spectra of the Nb4s electrons. This was actually observed in
experiments. However, Lebedev et al.'3¢ do not rule out the
possibility that the dynamic effect may also be manifested in
these spectra, although it is less pronounced than the multiplet
splitting.

The excess unpaired electron density (Ap) has been esti-
mated 133. 134136 yging data on the multiplet splitting of the Lnds
lines for Ln,Oj3 oxides,3° which indicate that the presence of one
unpaired 4f electron in a lanthanide ion induces splitting of the
Ln4s line by AEn,s(Lnds) ~ 1.1 eV. In this case, for GANbOy, it
was found that Ap; > le—. The appearance of the extra electron
density Ap on the niobium ion on passing from a-NbOs {4d°} to
GdNbO4 {4d 47} results in a shift of the core electron lines towards
low binding energies; for example, for the Nb3ps)» electrons, this

shift is AEw(Nb3p3;2) = 0.8 eV. Since a change in the formal
oxidation state of a metal in compounds by unity results in a
change of the chemical shift of the core levels by approximately
one electron-volt (see, for example, Ref. 33), the excess electron
density (Ap») found from the chemical shift of the Nb3p3)» level is
smaller than the Ap; value determined from splitting of the Nb4s
lines, and equals ~0.8e~. This difference between the considered
values may be due, in particular, to the fact that Ap; is the sum of
two contributions (Ap; = Apz + Aps), one of them (Ap,) being
due to the excess charge directly on the Nb2#2 ion and the other
(Ap3) being related to polarisation (for example, polarisation of
the valence-shell electrons).

The results obtained represent one of the first steps in the
study of the appearance of excess unpaired electron density on the
ionic centres that have previously been considered diamagnetic.
Since double oxides possess ferroelectric (LnNbOy), antiferro-
magnetic (FeTiO3) and other important physical properties,
further investigation of the charge induction mechanism may
shed light on the nature of these phenomena and favour the
development of methods for the preparation of substances with «
priori specified useful properties. The use of characteristics of the
spectral fine structure allows efficient utilisation of the XPS
method in a study of charge induction caused by indirect exchange
interaction between metal ions in valuable complex materials.

5. Dynamic effect

Experimental data show that the fine structure associated with the
dynamic effect is manifested most clearly in the spectra of those
atomic levels the energies of which are divisible by the energies of
the nearest upper levels (see above). This shows itself as an
individual structure in the spectra of the Lndp electrons for all
lanthanide compounds that obey most closely the approximate
equality Ev(Lndp) ~ 2 Ewx(Lndd) (see Figs 19, 31, 34). Common
features of the spectra of these electrons in various lanthanide
compounds are that the Ln4ps;» component has a fine structure
and that the intensity of the Ln4p;,» component is most often
substantially suppressed.

The structure of the Ln4p spectra of lutetium compounds is
much less complicated. This led to the suggestion that > 2% one of
the possible final configurations of lanthanide ions resulting from
photoemission of the Ln4p electron is due to the Lndd-to-Ln4f
electron migration: 4p34d'04f" « 4p%4d84f"*+1. The resulting
data contradict the suggestion made by Padalia e al.8° that the
structure of the Ln4p spectra is due to multiplet splitting but are
consistent with the results of a calculation for X-ray LnLyy,
emission spectra '°7 and other X-ray spectra of lanthanides.!8 19

The structure caused by the dynamic effect giving rise to the
final states of the type

Ln5s'5p%4f" < Ln5s?5p*4fn+1,
Lnds'4p05p04f" <« Lnds?4p35p*4fn+2,
Ln3p33d 104524 <«—> Ln3p©3d%4s'4fr+1,

can markedly complicate the LnSs, Ln4s and Ln3p spectra of
lanthanides in compounds.> 200

Study of the nature of generation of the XPS spectral structure
associated with the dynamic effect may clarify the role of the
secondary electron processes that accompany the photoemission
of electrons from individual shells. In particular, analysis of the
XPS spectra stimulates the theoretical investigation of these
processes, 98200 while the spectra can serve as a criterion for the
validity of the models chosen for calculations.

6. Many-body perturbation

When manifested to a substantial extent, many-body perturbation
gives rise to satellites in the spectra of electrons of various shells.
As shown for 3d transition metal >3 122 and lanthanide 4448135
compounds, the most intense satellites should be manifested in the
spectra of low-lying electron levels because these electrons possess
a relatively low kinetic energy after photoemission. For com-
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pounds of light lanthanides, the problem of the mechanism of
satellite formation is especially acute for several reasons.

As noted in the Introduction, in the binding energy range used
normally in investigations, virtually all the XPS spectra of various
electron shells in lanthanide compounds exhibit complex struc-
tures. The structure present in the spectra of core electrons
hampers the measurement of binding energies, which are tradi-
tionally used to determine the relative oxidation states of lantha-
nides in compounds. In the case of light lanthanides, one
component of the Ln3ds) 32 spin doublet is considered to be
suitable for this purpose. However, both the Ln3ds;; and Ln3ds)»
spectra in lanthanide compounds can contain at least two intense
lines. Study of the reasons for the appearance of complex
structures in the spectra of Ln3d electrons of rare earth metals 20!
and light lanthanide compounds!?” has attracted considerable
attention.

An important problem arising in the analysis of the Ln3d
spectral structure in lanthanide compounds is to find out which of
the two lines reflects the main final state with the hole in the Ln3d
level formed upon photoemission of an electron. On the one hand,
clarification of this item is needed for measuring the relative
binding energies of these electrons and, on the other hand, this
would enable the use of the method of binding energy difference
between the core and valence MO when analysing the nature of
individual MO.

In a number of studies,*>0-105178 it has been suggested that
the spectral structure of the Ln3d electrons in lanthanide compo-
unds is due to many-body perturbation giving rise to shake-up
satellites, which can be more intense than the basic lines. The
results obtained for individual light lanthanides !08.109155,201
indicate that the Ln3d spectra do not exhibit the highly intense
satellites observed by Shabanova et al.'>® The low-intensity extra
lines (~10~2%) observed in the Ln3d spectra of metallic lantha-
nides on the lower binding energy side of the basic lines may be due
to a shake-down process.?°! By analogy, it has been sug-
gested 73-108:109 that the intense extra lines recorded in the Ln3d
spectra of light lanthanide hydrides, oxides and hydroxides are
also due to many-body perturbation with the formation of shake-
down satellites. In other words, the lines in the spectra of Ln3d
electrons that have previously 43 30-178 been classified as satellites
have also been proposed 75 108.109 to be basic lines. These lines
should occur at higher binding energies than satellites (see
Figs 21, 33).

As an argument supporting the formation of shake-down
satellites in the spectra of the Ln3d electrons of light REE, the
researchers 198109 proposed the fact that the electron binding
energy corresponding to the high-energy component of lanthanide
compounds is greater than the Ln3d energy in individual metals
(see Table 5). However, to measure the Ln3d binding energy in
lanthanide compounds more rigorously, one should take into
account the whole structure of the spectrum of these electrons.?0?
In this case, the Ln3d binding energy can be determined using the
weighted-mean value found from the complex spectrum. More-
over, if the extra structure in the spectra of these electrons is due to
shake-down satellites, similar satellites (although less intense)
should also occur in the spectra of electrons characterised by
lower binding energies than the Ln3d electrons. Unfortunately, in
none of the studies 75 198.109 in which a shake-down process has
been proposed to interpret the Ln3d spectral structure, was such
an analysis performed.

In elucidation of the reasons for the appearance of highly
intense satellites in the Ln3d spectra of light lanthanides,>!- 64 135
three spectral parameters have been used: (i) the chemical shift of
the electronic energy level corresponding to the considered com-
ponent relative to the Ln3d energy level in the metal; (ii) the
presence of satellites in the spectra of other electronic energy
levels; (iii) binding energy differences between lanthanides in
compounds and in metals for various electrons the spectra of
which exhibit no intense satellites of this type.

When considering the spectral structure for the La3d electrons
in lanthanum compounds from this standpoint, one can detect
shake-up satellites. Indeed, the weighted-mean values of the La3d
binding energies in lanthanum compounds are about 0.3 eV
higher than the corresponding values for metallic lanthanum,
Ey(La3ds;») = 836.6 eV (see Table 5). The spectra of other elec-
trons of lanthanum compounds also display satellites at higher
binding energies relative to the basic lines, the satellite intensity
decreasing with a decrease in the binding energies of these
electrons (Table 6). This statement is also in agreement with the
relationship  between the binding energy difference
AE5(5p32—3ds)2) in the lanthanum compounds and metallic La.
For example, the increase in AE; for the high-energy component
of the spectrum by 4.4 eV on passing from metallic lanthanum to
the trifluoride can hardly be explained by the assumption that the
basic line for the La3d electrons occurs in the spectrum at higher
electron binding energies (see Table 5). Meanwhile, the concom-
itant increase in AE5 for the low-energy component by 0.1 eV can
be easily explained by the fact that the upper IVMO in the
formation of the La — F bond is an antibonding orbital. The slight
participation of the LaSp and F2s AO in the formation of IVMO
in LaF3 is also confirmed by calculations (see Fig. 12). However,
to estimate more rigorously the character of the IVMO on the
basis of binding energy differences, it is necessary to use the La3d
binding energies found as the weighted-mean AEy, values for the
electrons reflecting the whole spectral structure.

Table 6. Intensities of the shake-up satellites 7= Ist/lo (%) and their
energies (AEq , eV) relative to the basic lines in the XPS spectra of various
lanthanum shells in compounds.%-7%-84. 135

Compound a 1(3 ds/z) AEsm(S ds,‘z) I(4p3,'2) I(4d5 ,’2)
LaF; 30 4.3 18 13
LaNbO, 72 4.2 34 27
LayO3 83 3.5 29 22
La,Ti,O; 91 4.2 27 -
LaL3-1.5H,0 100 28 — 24
LalL} 132 3.1 — 55

Note. The errors in the determination of 7 values are £10%, AFEg, is +0.2.
aL! is the diphenylacetic acid residue, L? is the o-methoxybenzoic acid
residue.

This assumption is in good agreement with the results of the
study '4? which illustrates the formation of shake-down satellites
in the spectra of the La3d electrons for metallic lanthanum and
shake-up satellites in the spectra of these electrons in the dielectric
La(OH); (Fig. 40). Upon the formation of a hole in a core level of
lanthanum, the energy of the empty La4/ AO levels decreases. In a
metal, these levels can be filled due to transition of an electron
from the conduction band, which corresponds to a shake-down
process. In a dielectric having the valence band rather than the
conduction band at a higher binding energy, these 4flevels can be
occupied due to transition of an electron from this band, which
implies a shake-up process.

In reality, the satellite formation is a more complex proc-
e€ss.41,203,204 The structure and intensity of these satellites are
highly sensitive to the variation of a stoichiometric composition of
the substance and the nature of the ligands surrounding the
lanthanide. Thus it has been noted 434 that an increase in the
covalent nature of the bond, for example, in the series of
lanthanum halides LaF3, LaCls, LaBrs, entails a decrease in the
binding energies of shake-up satellites relative to the La3d basic
lines, while the satellite intensity markedly increases. Hence, the
spectral characteristics of the satellites may allow one to estimate
the degree of ionicity (covalence) of the La— L chemical bonds in
lanthanum compounds. For example, it follows from XPS spectra
that the ionic type of the La — O bond markedly increases over the
series LaLé R LaL% -1.5H,0, La,Os (see Table 6). Similar consid-



378

Yu A Teterin, A Yu Teterin

Ey
Defined zero

| 4f level before |
| photoemission !

Conduction
band

l‘shake down’

4flevel after
photoemission

T’shake up’

Valence band

Figure 40. Diagram representing the positions of the 4f energy level in
compounds of the light lanthanides before and after photoemission of a
core electron.'® The conduction band in a dielectric, for example, in
La>Os3, is empty.

erations concerning the nature of satellites are also valid for
cerium compounds.!37-138,205 However, it follows from the low-
energy spectra in which the Ln4f'states are shifted relative to the
OVMO energy and from the pattern of variation of the Ln3ds)
FWHM for lanthanide trifluorides following an increase in the Ln
atomic number (see Figs 23, 22) that shake-down satellites may be
expected in the spectra of compounds formed by heavier ele-
ments.2% This is also consistent with the results of theoretical
calculations.*7- 114

The data considered above make it possible to draw the
conclusion that determination of the lanthanide oxidation state
based on the Ln3d XPS spectral characteristics of lanthanide
compounds should be done using the weighted-mean value for the
binding energy found with allowance for the whole complex
structure of the spectrum.

V. Conclusion

The variation of the binding energy and the relative line intensity
for the Lndf electrons vs. the atomic number of lanthanide in
lanthanide oxides shows that the Ln4f electrons largely resemble
in spectral characteristics the Mnd electrons of nd transition
metals. These data are consistent with the results of theoretical
calculations pointing to a substantial participation of the Ln4f'AO
in the formation of MO in lanthanide compounds. In all the
studied compounds of scandium, yttrium and lanthanides, IVMO
are efficiently formed by participation of occupied Sc3p, Y4p,
Ln5p and L2s AO,; this is supported by the results of theoretical
calculations. This allows experimental evaluation of the type
(either bonding or antibonding) of some IVMO.

The dependences on the multiplet splitting (A Ens) of the Lnds
and Ln5s lines of lanthanide trifluorides, oxides and other com-
pounds on the number of unpaired Ln4f electrons have been
established; they make it possible to determine spin population on
the Ln atom in compounds. It was found that, due to the multiplet
splitting, the spectrum of Ln4d electrons for lanthanide com-
pounds extends over a range of ~40 eV, which is several times
greater than the spin— orbit splitting of the lines of these electrons.
The mechanism of satellite formation in the spectra of Ln3d
electrons was analysed. For LnF3; and Ln,Os, the theoretical
concept concerning the change of the sign of the binding energy
difference AFEsy = |Eg| — | E,| between the satellite and the
basic line (from ‘plus’ to ‘minus’) with an increase in the atomic
number (Z) over the lanthanide row was confirmed experimen-
tally. It was shown that the structure of the Lndp spectra and, in

some cases, the Ln3p spectra is largely determined by the dynamic
effect, resulting in the Lndp4d'%4f" < Lndp®4d®4f"*! and
Ln3p33d 1%4524f" « Ln3p®3d°4s'4/"* ! final states, respectively.

The electron density induction on ions previously considered
diamagnetic has been studied by X-ray electron spectroscopy in
relation to the lanthanide-containing titanium and niobium
double oxides.

Interpretation of the reasons for the formation of fine struc-
ture in the XPS spectra of lanthanides and elucidation of the
relationships between the structure parameters and the physico-
chemical properties of these compounds markedly extends the
scope of application of the XPS method for the investigations of
these compounds. In this case, X-ray electron spectroscopy
becomes the most adequate method for determination of the
elemental and ionic composition of lanthanide compounds, elec-
tronic configurations and magnetic characteristics of lanthanide
ions, for investigations into the nature of the chemical bond and
secondary electronic processes that accompany photoemission of
electrons, and for determining the structure of the local environ-
ment of metal ions.

This provides the possibility of more efficient use of expensive
advanced equipment and synchrotron radiation in diverse inves-
tigations of compounds of lanthanides and other elements.

This work was supported by the International Science and
Engineering Centre (Project No. 1358) and the Russian Founda-
tion for Basic Research (Project Nos 00-03-32138, 00-15-97289).
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