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The energy differences between the Ky, x-ray lines were measured for several rare-earth metals
and their sesquioxides for the purpose of obtaining further information on the role of valence electrons
with different orbital quantum numbers (the s, p, d, f electrons) in the chemical shift effect.®®) It
was found that while the shifts for all trivalent rare-earth metals were approximately equal and rela-
tively small, the shifts due to the oxidation of divalent metallic Eu and Yb to Eu,O; and Yb,O3; were
anomalously large and had a negative sign (cf. table). These anomalous shifts were attributed to
changes in the number of f electrons during the oxidation of Eu and Yb; the constant Cf = =760

+ 30 MeV (cf.!**) was determined and found to differ considerably from the corresponding con-

stants for sp and d electrons:

Cop=+75+5 meV C, = —115+10 meV

This should make it possible easily to distinguish the f electrons from the sp and d electrons when
the effect considered here is used as a method for investigating valence configurations of chemical

bonds. ™!
INTRODUCTION

INVESTIGATIONS of the chemical shift of the inner
levels of heavy atoms!*»2) have shown that the differ-
ence between the energies of the Ky, x-ray lines
(2ps/z — 1sy/2) of an element (usually a metal) and its
compound (usually an oxide or a compound with one of
the elements in the oxygen group) satisfies a simple

relationship®®) in the range 32 S Z S 74:
AE = EQy — Exe = ZICzAmz, (1)
(Me) (Ox) .

where Am; =m; -my is the difference between

the numbers of the I-type (I = s, p, d) electrons in the
metal and its oxide; C; represents the values of the
shift corresponding to the removal of one I-type elec-
tron,

In the investigated range of values Am;y S 3, the
coefficients C; are found to be independent of the value
of Amy, i.e., the effect of the removal of n valence
electrons of a given type is n times larger than the
effect of the removal of one valence electron. The co-
efficients C; are also independent of (or very weakly
dependent on) the atomic number Z of the element and
the principal quantum number of the valence electron,
i.e., they are universal constants for all the investi-
gated elements. In the case of the dependence of C; on
the orbital quantum number [, it is found that(®~°

Ci~ Cp=Cyp=~+T75+5meV C,=—115=+ 10 meV (2)

i.e., the effects of the removal of an s or p electron
are approximately equal, whereas the effect of the re-
moval of a d electron differs not only in the absolute
value but also in its sign. This makes it possible to
distinguish groups of sp and d electrons when the
chemical shift is used as a method for the determina-
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tion of the valence configurations of chemical bonds.!*®!

A natural continuation of these investigations is the
study of the role of the f electrons, i.e., a determina-
tion of the constant Cf. The radial wave function of the
4f electrons is described by a curve with a single
maximum, which overlaps the wave function of the
2ps/2(Lypp) level much more than the function of the
1s,/2(K) level so that naturally we would expect a
negative sign for the constant Cf. The absence of satis-
factory Hartree-Fock calculations for the f ions of
heavy elements makes it impossible, at present, to
obtain a quantitative theoretical value of this constant.
The present paper describes an attempt to determine
Ct experimentally.

EXPERIMENTS AND RESULTS

We measured the energy differences between the
Ky, x-ray lines of rare-earth metals and their ses-
quioxides (MezO3). The rare-earth elements in tri-
valent oxides can have configurations of the type
(...4f")6s' 1 6p' 1 5d' or, for example,

(...4fn)6s' 153> D where i is the degree of ionicity
of the bonds. The valence configurations of trivalent
metals can be similar, differing only in the degree of
ionicity of the bonds."” The number of the f electrons
in the metal and its oxide remains unchanged. The
expressions for the expected effects are of the form

AE = i(2C, + 1Cy) or AE = i(1C,, + 2C) (3)
and so on, i.e., they contain only the known constants
Csp and Cd.

D The degree of ionicity of bonds in metals should naturally be
assumed to be zero.
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In the case of Eu and Yb, which are divalent in
the metallic state, the situation may be somewhat dif-
ferent. We can expect the valence configurations
(...4f")6s'6p" or (...4f")6s'5d' for Eu and, corre-
spondingly, (...4f'*)6s'6p" or (...4f"*)6s'5d" for Yb
and the presence of the energetically advantageous
states with completely or half-filled f shells. To
realize the trivalent state, one of the f electrons in
the sesquioxides of these metals should become a
valence electron, i.e., it should go over into a p or d
state thereby giving rise to configurations of the
(...4t%)6s" t6p'5d' ! or (...4°)6s'154%' D type in
Eu,O; and of the (...4f'?)6s' %p'™*5d'" or
(...4f%)6s'15d** D type in Yb,0;.

The expressions for the expected effects should
contain the constant Cg, in addition to the constants
Csp and Cg:

AE =2iCsp+ (i —1)Ca+ C; or AE = iy + (20— 1)Cq + C;. (4)

Thus, in the sequence of approximately equal shifts,
described by relationships of the Eq. (3) type for the
metal-sesquioxide pairs of all the rare-earth elements,
we should expect anomalies in the case of Eu and Yb,
whose sign and magnitude would allow us, using Eq.

(4), to determine the sign and value of Cj.

The experimental method was identical with that
used in our previous investigations, ! but the samples
were usually placed in moisture-proof thin-walled
dishes, their crystal structures were checked by x-
ray diffraction, and in some cases the structure was
determined before and after measurements,

The results are presented in the table and the figure.

The letters A, B, C are used to denote the various
crystallo%raphic modifications of the oxides (cf., for
example, ®1). The errors are the rms values, calcu-
lated from the deviations from the average results in
each series of measurements (usually 10-20 series

of measurements were carried out for each pair). The
result for the Eu,O;-Eu pair was checked using new
apparatus developed for investigations in the isotopic
shift range;!"] the value obtained is denoted by an
asterisk.

For all the investigated elements (with the exception
of Eu and Yb), we indeed obtained approximately equal
values of the shifts.? It is important to note that the
average experimental value®

AE /i= 427 +7meV

agreed, within the limits of the experimental error,
with the value calculated from the first of the relation-

2) During these measurements, we found that the value that we
published earlier [*] for the La,0;—La pair was wrong. The error was
due to the faulty construction of the protective Lucite dish used her-
metically to seal a sample in the first experiment on La: the edge of
the dish was in the field of view of our apparatus and this produced a
large aberration shift which completely distorted the result.

3) The degree of ionicity i, calculated using Pauling’s formula (cf.
[41), was assumed to be the same (0.86) for all the rare-earth oxides
that we investigated.
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Energy differences between the Kq, x-ray lines of rare-earth metals
and their sesquioxides: AE =Egx — Epe-

ships in Eq. (3) using the values of the constants found
earlier [cf. Eq. (2)]:

AE/i = 435 + 14 meV

This supported quite clearly the 6s'6p'5d' configura-
tion for trivalent rare-earth metals and their oxides.
This configuration fits a general sequence of the
6s'6p'5d™? type (where m is the valence), estab-
lished earlier *! for the transition metals in the sixth
period (Ba-W sequence). The nearest possible con-
figurations 6s'6p® and 6s'5d' would have given values
for AE/i equal to, respectively, +225 + 15 and -155
+ 20 meV.

The effects for Eu and Yb differed considerably
in magnitude and sign. Assuming the 6s'6p' configura-
tion for metallic Eu and Yb, by analogy with the
divalent neighbor Bal*! and in agreement with the
general sequence 6s'6p'5d™® and assuming that the
sesquioxides of these elements have the same config-
uration as the other rare-earth oxides, 6s'6p'5d’, i.e.,
using the first of the two relationships in Eq. (4), we
find the constant Cf, using the values of Cgp and Cq
from Eq. (2):

(Ew)

(Yh)
Cy;

= —780+13 meV{,; = —727+ 31 meV
Ciy = —760 = 30 meV (5)

The values obtained do not depend strongly on the
assumed variants of the structure. For example, the
use of the second relationship in Eq. (4) gives the
values )
= —626+13 meV " = — 564+ 3t meV

Ciy = —600 = 30 meV (5")

(Eu)

Cij

It is important to note that the values of the con-
stant Cg differ markedly from Cgp and Cq, which
makes it possible easily to observe any changes in the
number or distribution of the f electrons associated
with the formation of chemical compounds and to use
the investigated chemical shift as a method for inves-
tigating such changes.

One of the simplest examples of this kind of appli-
cation is the case of Ce and its dioxide: CeO,-Ce. The
simplest model of the structure of this compound is
obtained on the assumption that metallic Ce is trivalent
and has a valence configuration similar to that found
for other trivalent metals (...4f )6s'6p'5d’; if Ce is
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Differences between energies of Ky, lines of rare-
earth metals and their oxides

Form of | At = Eye,0,— Epe

Compound ’ Oxide eV AL, meV
Lagg— la | .l —3410 —34+12
NdOp-—=Nd 1 g1 416413
Nbiw oM | € L50% 10 158312
Stz - Sm i B 437413
Gy -Gd ¢ S36E12 L4211
DyyUy - Dy c ERTIINSTA 12516
EraOy - Er C 418 £43 421450
Ty - Tu C 145 % 16 53419
Lualz - L C “+3+20 - B3+23
Average | L2347 2748

|
Eu0s - En c | T4% 412
Yb0y - Yb oo —577435

tetravalent in the oxide, then its configuration can be,
by analogy with neighboring Hf,™
(...48%)6s'6p'5d* ), Then, we can expect the
CeO;-Ce shift to obey the relationship

\E == 20 [ 21— )] Ca

Substituting i = 0.86 (mentioned earlier in the papei),
as well as the values of Cgp, Cq from Eq. (2) and Cf
from Eq. (5), we obtain

AF == -710 + 30 meV

Naturally, we should not expect an exact quantita-
tive agreement in view of the approximate nature of
the model and because the effect of the removal of the
first f electron (Ce) may differ from the effects of
removal of the seventh (Eu) and fourteenth (Yb) £
electrons, which have been used to find the value of
Ct. However, we may expect a qualitative or even
semiquantitative agreement whose degree would give
us an idea of the accuracy of the method. We recently
obtained an experimental value

AE (CeOy — Ce) = —460 = 15meV

which is in satisfactory agreement with the predicted
value.
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