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The energy position of the oc'cupiedband unoccupied 4/ levels relative to the Fermi energy is
studied for the rare-earth metals. This is done by treating the excited state as an impurity in an
otherwise perfect crystal. This picture is first considered in the complete screening approxima-
tion. In this approximation thermochemical data can be used directly to give energy values for
the unoccupied f levels which are accurate to +0.05 eV; for the occupied / levels the uncertainty
is somewhat larger. The obtained values are then compared with recent x-ray photoemission
spectroscopy (XPS) and Bremsstrahlung isochromat spectroscopy (BIS) data. The deviations
found are discussed in terms of impurity effects left out in the complete screening approxima-
tion. When these effects are included a general good agreement with experiment is obtained.
The consistency found in the XPS results is utilized for an improved estimation of the fourth

ionization energy of the rare earths.

I. INTRODUCTION

The rare-earth elements, characterized by the gra-
dual filling of the 4/ shell, have during the last de-
cade or so been extensively studied by spectroscopic
methods. This is true both for the free atoms and
ions' as well as for the metallic state.? Also reliable
thermochemical data for the pure metals have been
accumulated in the same period.* Therefore, the
time now seems apt to let these data confront each
other, not just qualitatively, but on a direct quantita-
tive level. In this paper we will focus our attention to
the x-ray photoemission spectroscopy (XPS) results
for the rare-earth metals by Lang et al’ As will be
apparent, these measurements have reached a level
of accuracy and internal consistency that they now
can be trustfully employed for theoretical considera-
tions. What we especially have in mind is the posi-
tion of the 4/ level relative to the Fermi energy.

In the metallic state the open 4 f electron shell re-
tains an integral occupation number and gives rise to
a well-defined localized magnetic moment. The elec-
tronic structure of the f shell in the free ion or atom
remains essentially intact when the metallic state is
formed. Thus there are two types of electronic states
in the rare-earth metals; (a) a normal conduction
band state of (sd) type and (b) a localized f state.
Because of its localized nature the energy position of
the 4f level cannot be obtained from a conventional
band-structure calculation.® Then in order to go
beyond the inappropriate one-particle scheme the fol-
lowing picture of the position of the 4/ level relative
to the Fermi energy appears to be more adequate’%:
namely, (for the case of a trivalent metal) that it is
the energy difference between, on one hand, a
trivalent metallic host with one of its rare-earth ions
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in the tetravalent ionic state, and on the other hand,
the perfect crystal composed of only trivalent rare-
earth ions. Thus in the excited state one of the 4/
electrons of a particular ion has been promoted to the
conduction band leaving behind it a tetravalent ion at
that site. This new ionic state is assumed to be in its
ground state. Also the original conduction electrons
plus the extra excited one are assumed to be in a
completely relaxed state relative to the new ionic confi-
guration of the whole crystal. This means that the
excited state is composed of a tetravalent impurity
placed in a trivalent metallic host.” Therefore, hy-
pothetically, this excited state may be obtained by the
following two step process; first the trivalent atomic
site is converted to a tetravalent atomic site (as it
should be in a tetravalent environment, i.e., if the
whole metal was made tetravalent) costing an energy
AEy, v, and only thereafter this tetravalent cell is left
free to adjust itself to the trivalent environment, this
involving the energy E{® (III). Thus the 4/ excita-
tion energy, e(f — €r), can be written

E(f_'ef)=AE|“‘1v+E|i\l}1p(I“) . (l)

In the present paper we will concentrate on the
first part of this process, AEy, v, since this gives by
far the most important contribution to the excitation
energy. However, we will later argue that the solu-
tion energy of the impurity, E{{'® (I11), may also be of
some significance.

In a series of papers Herbst et al.'°7'2 have intro-
duced and applied what they refer to as the "complete
screening" picture for describing the photoionization
process of an felectron in a metal. For a free atom,
photoejection of an electron gives an ion as a final
state. On the other hand, for the same process in a
metal, the conduction electrons will in the final state
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screen the excited atomic site. - The "complete screen-
ing" picture is meant to correspond to the case that
the excited atomic cell attain charge neutrality. In
the words of Herbst et al.'' "The principal assump-
tion is the complete screening approximation employed
in calculating the energy of a cell in the metal excited
by photoejection of a 4f electron; charge neutrality is
maintained by describing the excited cell with a band
structure appropriate to a configuration having one
fewer 4/ and one more conduction electron". Thus,
in their treatment, the position of the 4 f state is ob-
tained from a calculated energy difference between
the excited state and the ground state of the atomic
cell. This means that Herbst et al. put the main em-
phasis to the energy difference AEyy,v and (like we
do for the main part of this work) neglect to a first-
order approximation the impurity term. In what fol-
lows we find it convenient to let the complete screen-
ing picture be synonymous with the first term in Eqgs.
(1) and (2). In the actual computations Herbst et al.
applied the renormalized-atom method!® combined
with experimental atomic spectroscopic data. The
calculated energy change was then compared with
XPS measurements and a comparatively good general
agreement was found. Still it is difficult to assess to
what extent the "complete screening" assumption is
justified because of the various types of approxima-
tions necessary in the numerical treatment. Howev-
er, the obtained agreement is most encouraging and
justifies a further investigation of the validity of the
complete screening assumption. This is essentially
the main program of the present paper.

Bremsstrahlung isochromat spectroscopy (BIS),!*
has recently been utilized by Lang et al. to study the
unoccupied 4 f levels (residing above the Fermi level)
for the rare-earth metals.’ Also here the complete
screening picture can be applied and now it
corresponds to an electron being taken from the Fer-
mi level and injected info the f shell of a specified
ion. Evidently, in this case the metallic site is con-
verted into a site with a /ower integral valence state.
Also here it is of interest to fully investigate to what
extent the complete screening picture can account for
the BIS experiments. The completely screened and
relaxed model gives the energy position of the unoc-
cupied 41 level relative to the Fermi energy (for a
trivalent metal) as

e(er — f) =—AEym+ EfPe (1D ()

where AEy jy is the energy difference between the di-
valent and trivalent metallic states. Ej™ (III) is the
solution energy of the appropriate divalent impurity
in the trivalent host.

Now, it turns out to be possible to obtain very ac-
curate numbers for the quantities AEy; ; and AEy; .

The accuracy is in fact about ~—0.05 eV, which is
more accurate than the experimental accuracy of
+0.2 eV for the XPS and BIS experiments. This is
true for the case of the unoccupied f levels
(corresponding to the BIS experiments). For the oc-
cupied flevels, involving a transition from a trivalent
site to a tetravalent one, the uncertainty is somewhat
larger. However, in this case, after having fixed the
position of the f level for one element (as a. tie-
point), the relative uncertainty for the neighboring
elements is again small. That this possibility of get-
ting accurate numbers for the complete screening pic-
ture exists was already pointed out in Ref. 15. With
the BIS experiments available, it now seems
worthwhile to reinvestigate the subject, although it
means that at some stages we have to repeat the ar-
guments already given in Ref. 15. Further, the ener-
gy difference between the trivalent and the (hy-
pothetical) tetravalent cerium metal is now known
more accurately than when Ref. 15 was written.
Also, some rather new spectroscopic results for the
free ions permit us to make additional refinements
which were not possible before. Therefore we will in
this paper also reinvestigate the XPS measurements.

As a final comment in this Introduction, we want
to emphasize that almost all the numbers we are go-
ing to present in this paper can be obtained from just
a few "canonical" values. These are the free atomic
excitations f"*1s2— f"ds? and f"ds?— f" 1 d?s?
and the regular values of the cohesive energy of di-,
tri- and tetravalent metals (the Il A—IV A elements
of the Periodic Table). Thus, for example, in a
trivalent metal, the position of the occupied f level
relative to the Fermi energy, €f, is essentially the en-
ergy of the atomic reaction f"ds? — /" ~! ds? renor-
malized by about 2 eV.

The organization of this paper is as follows: In
Sec. II we derive the energy difference between the
divalent and trivalent metallic states of ‘the rare-earth
metals. Some experimental atomic excitation ener-
gies are compared in Sec. Il to demonstrate the close
relationship between various excitations of type
S"*tt— f" The experience gained from this is then
applied to derive the energy for the transition of the
trivalent metal to the tetravalent metal. In Sec. III
we also compare this energy with recent XPS meas-
urements. Having demonstrated the remarkably
good consistency in the XPS measurements we then
show that they can be utilized to give improved esti-
mations of the fourth ionization energy of the
lanthanides (Sec. IV). In Sec. V we consider the BIS
experiments. Corrections to the complete screening
picture, i.e., the impurity effects, are discussed in
Sec. VI. Some comments on the theoretical calcula-
tions by Herbst and co-workers are given in Sec. VII.
Section VIII contains some concluding remarks. In
the Appendix we give the derived AEy,; and AEy v
values explicitly.
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II. ENERGY DIFFERENCE BETWEEN THE
DIVALENT AND TRIVALENT METALLIC STATES
OF THE RARE-EARTH ELEMENTS

Since we want to study total energy differences
between different metallic valence states it is natural
that we should consider cohesive energies. In Fig. 1
we give cohesive energies'® for some elements
relevant for the present study. From this figure it is
immediately clear that di-, tri- and tetravalent metals
have cohesive energies of about 40, 100, and 145
kcal/mol, respectively. (Such a regular behavior of
the cohesive energy in the Periodic Table is not limit-
ed to just these elements but has a much wider applica-
bility.!”) This regularity together with experimental
atomic spectroscopic levels could in fact have been
used throughout this paper to give results practically
identical to those we now will derive in a somewhat
different way. We choose, however, this different
route in order to make a more direct contact with ex-
perimental thermochemical data.

As free atoms, most of the rare earths have a di-
valent atomic configuration, 4/" *'6s%. Only lantha-
num, cerium, gadolinium, and lutetium are different
in this respect holding a trivalent configuration;
4£°5d6s?, 4f15d6s, 4f'5d6s?, and 4 f1*5d6s?,
respectively. However, as is well known, in the me-
tallic phase most of the rare earths are found in a
trivalent configuration. There is a simple explanation
to this, based on the f electrons being nonbonding,
and the property that I A and III A elements have a
cohesive energy of about 40 and 100 kcal/mol,
respectively. This means that in the divalent metal a
promotion of one f electron of all the atoms to the
bonding metallic (5d6s) state gives an additional
binding energy of about 100-40=60 kcal/mol. How-
ever, this gain of binding energy must be balanced
against the energy required to excite the felectron to
the (ds) state. From atomic spectroscopic levels! it is
then immediately clear that it is only for europium
and ytterbium that this promotion energy is more
costly than the gain of binding energy. This is the
fundamental reason why Eu and Yb are divalent me-
tals in contrast to all the other lanthanides. Note that
we here only compare total energies and do not in-
voke a single-particle picture with a level crossing.

Sr Y Zr

s? ds? d?s?
397 1008 | 1442 .
Ba La Ce Yb Lu Hf
s? ds? fds?
437 103.0 I 1022 %84
Ra Ac Th

s? ds? d2s?

82 | ? 1429

FIG. 1. Cohesive energies (Ref. 16) for some elements
relevant for the lanthanide series.

As stressed already in the Introduction, the f states
are localized and accordingly, do not belong to an
energy-band description. Therefore, in the many
published descriptions of valence transitions as a lev-
el crossing, it must be understood that the f-level po-
sition relative to the conduction band must not be
taken from a normal one-particle picture. Instead, its
position must be considered as the total energy
difference between having and not having the f elec-
tron placed in the conduction band.

A tetravalent metal (IV A-type) has a cohesive en-
ergy of about 145 kcal/mol (compare Fig. 1). Thus if
a trivalent rare-earth metal is made tetravalent by
promoting an f electron of every atom into the con-
duction band, a binding energy of about 145-100=45
kcal/mol is gained. However, for all the rare-earth
elements the promotion energy of the felectron is
much too high to permit such a transition.!®'* This
is the fundamental reason why none of the rare
earths is found in a tetravalent metallic state.

We will now derive the energy difference between
the divalent and trivalent metallic state of the same
rare-earth element. The cohesive energies of barium,
europium, and ytterbium are known experimentally.'®
Therefore, a smooth interpolation between these
values gives an accurate estimate of the (hypotheti-
cal) divalent metallic cohesive energy for the rest of
the lanthanides relative to their /" *!s? atomic states.
As is immediately clear from Fig. 2(a) the difference
between such an interpolated value and the one actu-
ally measured gives directly AE);;; for most of the
lanthanides. Only for La, Ce, and Gd do we have to
take into .account the atomic excitation
E(f"ds?— f"*'s?) before we can obtain AEy .

This is illustrated in Fig. 2(b). To give a comprehen-
sive survey we show in Fig. 3 the experimental

E(fndsz_.fnﬂ 52)
n

interpol 2

+2 metal

AEp

interpol

+2metal
Joeex

a) b)

FIG. 2. lllustration of how the quantity AEy; y; is derived.
For a lanthanide with a divalent atomic configuration this in-
volves the difference between the experimental cohesive en-
ergy, Eeyp, and the interpolated value, Ejpierpors (2). For a
lanthanide with a trivalent atomic state we have to include
the atomic excitation, E (f"ds?— /" *1s2), before AEy
can be obtained, (b).
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FIG. 3. Cohesive energy of the lanthanides as measured
relative to their divalent atomic configuration, /" *1s2,
(filled circles). For europium and ytterbium the filled circles
correspond to the hypothetical trivalent metallic state. The
open circles refer to the divalent metals and the smooth line
gives interpolated cohesive energies for the lanthanides in
their hypothetical divalent metallic state (relative to their di-
valent atomic configuration).

cohesive energy'® for all the lanthanides relative to
the divalent atomic configuration f" *!'s2. The differ-
ence between this value and the smoothly interpolat-
ed divalent cohesive energy curve in Fig. 3 gives im-
mediately —AEy; for most of the lanthanides. The
experimental cohesive energies are generally deter-
mined with an accuracy better than 1 kcal/mol. This
means that the derived values of AE ; have an ac-
curacy of about 1 kcal/mol or 0.05 eV/atom. Itis
only for europium and ytterbium that a different pro-
cedure must be utilized to obtain AEy ;. This has
been discussed by Gschneidner in Ref. 20, where he,
for example, compares the heat of formation of
EuCls, in which compound Eu has clearly become
trivalent, with that of its neighbor element, GdCl;.
The formation of EuCl; can be thought of as taking
place in two steps in which the divalent europium
metal is first transformed to the trivalent metal and
only then the trichloride is formed. For the latter
process, the heat of formation of EuCl; will be very

similar to that of GdCl;. Therefore, the difference in
the experimental values of the heat of formation for
EuCl; and GdCl; corresponds directly to AEy; ;. Na-
turally the heat of formation of other compounds
where Eu is trivalent can be used for the same pur-’
pose. The same type of procedure can also be ap-
plied for Yb. A somewhat different method, but still
closely related to the one used by Gschneidner, was
applied in Ref. 21 to get the AEy;; numbers for Eu
and Yb. The most consistent values for AEy i ap-
pears to be 23 and 11 kcal/mol for Eu and Yb,
respectively.

Since none of the rare earths form a tetravalent
metal, it is somewhat more difficult to obtain accu-
rate values for AEy;v. However, from Fig. 1 it is
quite clear that cerium as a tetravalent metal should
have a cohesive energy close to 145 kcal/mol relative
to its tetravalent atomic state ds?. For the tetra-
valent element after lutetium in the Periodic Table,
i.e., hafnium, the experimental cohesive energy is
148.4 kcal/mol.'® Therefore all the rare earths
should in their hypothetical tetravalent metallic state
have a cohesive energy of about 145—148 kcal/mol
relative to the proper tetravalent atomic state. This
means that if the atomic excitations
Sf"ds? — "~ d%s? were known for the rare earths we
could easily obtain accurate values for AEy;v. How-
ever, since these tetravalent levels are very high in
energy, they have not yet been identified among the
spectroscopic levels. (In fact for most of the
lanthanides the f" ~! d%s? level is above the first ioni-
zation potential.) Still, even if this atomic excitation
was known for only one element, there are quite reli-
able methods available from which the
Sf"ds? — f"~1 4%s? excitation energies for the rest of
the rare earths could be estimated. This was actually
the procedure employed in Ref. 15 to derive AEyy 1v.
In the present paper we will use a somewhat different
approach in order to get AEy; v, although this
method is essentially equivalent to the one used be-
fore. This will be done in Sec. III.

1II. ENERGY DIFFERENCE BETWEEN TRIVALENT
AND TETRAVALENT METALLIC RARE-EARTHS
AND COMPARISON WITH XPS EXPERIMENTS

In Sec. I we obtained AEy jy; for the rare earths.
Here we will show that these data can be used direct-
ly to give AEy,v through the series, provided that
this value is known for at least one of the elements.
The method we will use is well known in atomic
spectroscopy and is called the "horizontal analysis"
method. Originally this method was applied to the 3d
series,?? but more recently it has been used for the
rare-earth atoms by Jorgensen.?> A more refined and
a much more extensive treatment has been given by
Vander Sluis and Nugent,?* again for the rare earths.



20 ENERGY POSITION OF 4/ LEVELS IN RARE-EARTH METALS 1319

The basis is that the f" ~! — " difference can be ex-
pressed as®

Uf—(" ‘"I)Eo—g(S’"‘_] =S, +%)E1
+y UL Uy, (LDLIE 3)

where Uy, E°, E', and E® are known as the Racah
parameters and the coefficients in Eq. (3) depend on
certain group quantum numbers.?® The Racah
parameters are assumed to be equal for the two con-
figurations f” and f"~!. Therefore, if the Racah
parameters are known for all the lanthanides and the
S~ — fn difference is known for one element, then
the expression in Eq. (3) can be used to give an esti-
mation of the f" ~!'— f" difference for the rest of the
lanthanides.

An alternative method of making predictions, due
originally to Racah,?” is also available and is known
as the "vertical analysis" method. This can simply be
stated as follows: A plot of, for example, the follow-
ing promotion energies for the same element
f" “sz—'f"dsz, f" +ls —’f"dS, and f" +1 “'f"d
through the lanthanide series will give three essen-
tially parallel curves. Therefore if one of the men-
tioned excitations is known for all the elements, the
other two may be obtained by a vertical displacement
of this curve. This is illustrated in Fig. 4 for the ex-
citations f"s — f" "!s? and f"— f"~'s. As can be
seen the expected parallellity is well borne out. We
should observe that the Racah method applies for the
f"— f"~! excitation for the same element, but at dif-
ferent ionization stages. However, in the present pa-
per we want to compare the excitation f"— f"~! for
neighboring elements, i.e., Ln(4,/"— f*~") and
Ln(4 +1,f"— f"~'), where 4 is the atomic number.
If the Racah parameters E' and E* were the same for
Ln(4) and Ln(4 +1) we would again expect a paral-
lel behavior of this /" — f"~! excitation energy
(when plotted as a function of n), except for a possi-

103em? 10

140.

an* (f“ -'f'MS)

1 L 1 !

P S S S S S S S
La Ce Pr Nd Pm SmEu Gd Tb Dy Ho Er Tm V

FIG. 4. Comparison between the atomic excitations
Lall(f"s — " ~'s2) and LnllI(f"— /" ~1s) for the rare
earths. Note the displacement between the scale to the left
and the scale to the right.

103 cm“ Ce Pr Nd Pm Sm Eu Gd_Tb Dy H’o E'r Tm Yb Ly

10° em™?
(" ="s)
120.F ,
I y / 140.
L — //
A SN |
100 /// e \/
% {20
Vid 'y
/) —
./ J
/ Ln?* (ff's)
su{ :

L’o C;. Pr Nd F;mSmEu Gd le Dy Ho Er TrnYlb
FIG. 5. Comparison between the atomic excitations
LnllI(f"— f"~1s) and LnlV(f"— /" ~1s) for the rare

earths. Note the displacements of scales and the displace-
ment of elements for the upper and lower curve.

ble (but relatively small) linear deviation, i.e.,
Ln(4 +1,f"—'f"_l)
=const+Ln(4,f"— /" N+B(n—-1) . (4

In Fig. 5 we have plotted the excitation energies
Lalll(4,f"— f"~'s) and LnlV (4 +1,f"— f"~'s) as
a function of n. As can be seen, an essentially paral-
lel behavior is found. However, it is certainly true
that the Racah parameters are not exactly equal for
LnllI(4) and LnlV(4 +1). Therefore there should
be a correction to Eq. (4) and we write

Ln(4 +1,/"— f"~'s) =const +Ln(4,f"— "~ 's)
+A(n) +B(n—1) . Q)

From Fig. 5 we find, if A(n =1) is put equal to zero,
that the value of the constant is 80.2 x 10° cm™.
Further, it is also quite clear from Fig. 5 that the
A(n) and B(n —1) corrections are only of secondary
importance. .

From the discussion above it is obvious that we
can obtain the AEy, v energy differences for the
lanthanides from the following relation:"

AEy (A4 +1,f/"— f"~') =const’
+AEym(4, /"= 7Y
+A) +B(n—=1) . (6)

We will for the moment neglect the last two terms,
but return to them at a later stage. Then it remains
to determine the value of the constant. In order to
do that we need to know the value of AEy;,v for one
of the rare-earth elements. From the regularities in
the cohesive energies of the metallic elements this
quantity was found to be about 48 kcal/mol in the
case of cerium.'® In a study of the heat of formation
of tetravalent cerium compounds, i.e., from a deter-
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mination of the deviation between the experimental
value and the one expected for tetravalent metallic
cerium, AEy,; ;v was found to be about 40 kcal/mol.
In this paper we choose 45 kcal/mol as a relatively
appropriate value. An error in this value will give the
same vertical displacement of all the other lanthanide
AEy,v values. Since

AEym(La) =—103 kcal/mol

we immediately obtain const’ =148 kcal/mol. From
this we can now obtain values for AEjy,v for the rest
of the lanthanides. These values are given in Fig. 6
as filled circles. In this figure we have also included
the XPS data for the position of the 4/ level relative
to the Fermi energy.>?® The derived values for
AEy,v reproduce the experimental trends in a quite
acceptable way. Some embarrassing features should
be noted, however, as for example a too low value
for gadolinium and a too high value for terbium. As
we will see below, the reason for this can actually be
found in the term A(n), which we so far have
neglected.

eV

g'L . AEI!I.!Y e
o AEq, ry+correction
0 Exp.values

3

L L L ! L

1 1 Il L 1 1 1 1 L
Ce Pr Nd PmSmEu Gd Tb Dy Ho Er TmYb L

FIG. 6. Experimental XPS data (Ref. 5) for the position
of the 4/ level relative to the Fermi level. For cerium we
use the exp value given in Ref. 28. These experimental data
are denoted by squares. The filled circles are the derived
values of AEyy, v and the open circles correspond to AEy, v
corrected by the function A(n). Since we lack exp data on
the cohesive energy of Pm, we cannot obtain an accurate
value of AEyy vy for Sm. For Yb the dotted square is used
to show that this is not an experimental value but is derived
from its fourth ionization energy, as described in Sec. IV.

10% e’

83| ]

82.r- J

81} . 1

80.1 ]

791 : 1

78.f E

1 1 L

O T S S SO S L
12 3 4 5 6 7 8 9 10 1M 1213 % n

FIG. 7. Difference between the atomic excitations
LnlV(f"— f"=1s) and LnllI(f"— " ~1s). Filled circles are
experimental values and open circles are "interpolated"
values as described in the text. The variation of this differ-
ence relative to the n =1 case gives the A(n) function.

In Fig. 7 we plot the difference between the atomic
LnlV(4 +1,f"— f"~1s) and Lnlll(4,f"— f"~'s)
excitation energies. Considering the scale in the fig-
ure, it is true that the difference between these exci-
tation energies is essentially constant. [This property
has in fact been utilized in estimations of atomic
spectroscopic levels? and can be referred to as a con-
stant system difference (SD) change.] However,
upon this large constant difference, there is a small
but significant variation. This variation undoubtedly
has as its origin the change of the Racah parameters
in going from LnIlI(4) to LnIV(4 +1). If the exci-
tation energies themselves are given by the expres-
sion in Eq. (3) then their difference must again be
given by Eq. (3) only that the Racah parameters for
this difference are given by their change, i.e, AE! and
AE3. Therefore also the difference between the exci-
tations LnIV(4 +1,/"— f"~s) and :
LnllI(4, /" — f"~'s) will show the same familiar zig-
zag behavior as the excitation energies themselves,
only at a much smaller scale. Realizing this we arrive
at the "interpolated" values, shown as open circles in
Fig. 7.°° From this figure we immediately obtain the
function A(s) [A(1) is put equal to zero]. Note,
however, that the total variation in A(n) is only
5x10° cm™ (0.6 eV). These corrections are includ-
ed into the AEj;, v values shown as open circles in
Fig. 6. It is immediately clear that corrected AEy; v
values reproduce the features of the XPS data -
exceedingly well.

In Fig. 8 we plot the difference between the experi-
mental XPS values and AEj;v-both without (upper
curve) and with (lower curve) the correction A(n).
First of all it is evident that the experimental data are
accurate enough to show the importance of the A(n)
correction. This can be clearly seen from the upper
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- (8Eq, v —Eexp) (eV) uncorrected ]
AEm, v values

05| 1

Ce Pr Nd PmSm Eu Gd Tb Dy Ho Er Tm Yb Lu
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05 (AEm, 1wv-Eexp) (eV) corrected 1
AE T, v values
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FIG. 8. Difference between AEy; vy and the experimental
XPS data for the position of the 4/ level relative to the Fer-
mi energy. The lower curve corresponds to the case that the
AE ;v values have been corrected by the A(n) function.
The dotted circle for ytterbium is used to show that the "ex-
perimental” value is derived from the fourth ionization ener-
gy (Sec. 1V).

curve in Fig. 8, which closely resembles the A(n)
curve in Fig. 7. Further, the experimental data
seems to demonstrate that the neglected B(n —1)
term in Eq. (6) has very little importance (lower
curve in Fig. 8).

IV. FOURTH IONIZATION ENERGIES
OF THE RARE EARTHS

The first three ionization energies for most of the
rare earths are known with a reasonably accuracy.!
This is no longer true for the fourth ionization ener-
gy. Presently, it is only for the elements Ce, Pr, Tb,
Yb, and Lu that /4 is known with an accuracy better
than 0.1 eV. Some years ago interpolation methods
had suggested that the /4 values for the other ele-
ments could be fairly well estimated.>! This is still
true, but the recent experimental fourth ionization
value for Tb,>? was found to be outside the error lim-
it for the previous estimated value. Therefore, in
general, the estimated values of /4 are now ascribed
an uncertainty of about +0.7 eV. The reason for this
can in fact be traced back to the assumption of a con-
stant difference between the SD values for different

ionization stages, which was used in the estimation of
the fourth ionization energy. As we have seen in
Sec. 111, for the excitations of interest in the present
context this assumption holds only with an accuracy
of about +0.6 eV. In fact, the deviation from a con-
stant SD value was the basis for the A(n) corrections
to AEy;,v. Here we will utilize the XPS data to
predict new rather accurate values for the fourth ioni-
zation energy. Since the accuracy of the XPS meas-
urements is about +0.2 eV, the derived /4 values will
be more accurate than those presently available.

That the XPS measurements for trivalent metals
can be used for such a purpose is not so surprising
since they really involve an ionization of a trivalent
ion to a tetravalent one. In order to make the esti-
mations we will study the difference D given by

D=I4“14XPS (GF) . (7)

Here /4 is the ionization energy of the LnlV species
and 1P (ef) is the XPS result for the position of the
flevel relative to the Fermi energy. Since /4 is rath-

l4(eV)

-
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Ce Pr Nd Pm SmEu Gd Tb Dy Ho Er Tm Yb Lu

FIG. 9. Estimation of the fourth ionization energy of the
lanthanides. Filled circles correspond to exp values (Ref. 1).
The smooth curve is the interpolated D function discussed
in Sec. 1V.
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TABLE 1. Derived values of the fourth ionization energy
for the rare-earth elements compared with earlier estimates.
For completeness we also include the experimental values
for Ce and Yb. (All energies are given in eV.)

Exp values Estimated Earlier
Ref. 1 values estimations
(this work) Ref. 1
Ce 36.758 £0.005
Pr 38.98 £0.02
Nd 40.6 £0.2 40.4+04
Pm 41.1 £0.6
Sm 41.6 £0.2 41.4+£0.7
Eu 42.7+0.6
Gd 44.5+0.2 44.0+0.7
Tb 39.37 +0.1
Dy 41.140.2 41.4+0.4
Ho 42.4+0.2 42.5+0.6
Er 42.4+0.2 42.7+04
Tm 42.5+0.2 42.7+0.4
Yb 43.56 £0.1

Lu 45.250 +0.025

er accurately known for Pr, Tb, and Lu we will use
the values of D(Pr), D(Tb), and D(Lu) for a smooth
interpolation through the series. Since the quantity D
obviously should vary smoothly through the series
we are in the favorable position that we know its
value in the beginning, in the middle, and at the end
of the series. This permits an accurate interpolation.
The interpolated smooth D curve is shown in Fig. 9.
From this interpolated curve we can now use Eq. (7)
to derive I, for the other lanthanides. The obtained
values are shown as open circles in Fig. 9. For com-
pleteness we also include in Fig. 9 the experimental
14 values for Ce and Yb. For Eu and Yb we naturally
lack XPS data for the trivalent state. The same is of
course also true for Pm but for other reasons. In the
case of Yb we may use the relation (7) in a reversed
way, i.e., use the experimental value of /4(Yb) to
predict the XPS value for the 4 f excitation in the hy-
pothetical trivalent Yb metal. From this we immedi-
ately find

1S (€F) yo i - meta = 5.5 €V

In Table I we compare the so derived ionization ener-
gies with previous estimates. As can be seen, all the
new values are within the error limits of the earlier
estimations. )

V. COMPARISON WITH THE BIS
EXPERIMENTS FOR THE RARE EARTHS

In Fig. 10 we compare the experimental BIS data’
for the rare earths with the —AE);y; values derived in

ev, - -
6.l = BIS- experiments . |
) o XPS-experiments
. ° 14Ey !
5.1 b
4. T
3... m
2.+ b
1., -
BIS-EXP \
\
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1',. -
o
(s}
2._ e
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La Ce Pr Nd PmSmEu Gd Tb Dy Ho Er Tm Yb

FIG. 10. Filled squares are the BIS data (Ref. 5) for the
unoccupied 4/ levels in the rare-earth series. The filled cir-
cles are the derived values of AEyj;;. Similarly, the open
squares are XPS data for Eu and Yb (Ref. 5). Note that the
upper part of the figure refers to BIS experiments, and that
the lower part corresponds to XPS experiments.

Sec. II. The general features of the BIS data are cer -
tainly reproduced by the AEy; values. Only for
dysprosium do we have reasons to question the ex-
perimental value. The uncertainties in the AEy
values are generally of the order of 0.05 eV. There-
fore it is clear from Fig. 10 that there is a quite sub-
stantial deviation between the BIS data and the
—AEy,; values, far greater than between the XPS
data and AEy;,v for the trivalent metals. In Fig. 11
we plot the difference between the BIS experiments

T
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V) - o XPS-EXP

T T

T 1T
o
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FIG. 11. Difference between on one hand the experimen-
tal BIS (Ref. 5) and XPS data (Eu and Yb) (Ref. 5) and on
the other the derived values of AEy y;. Filled circles
correspond to the BIS case and open circles to the XPS case.
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and the —AEj iy values. The slightly irregular
behavior is unexpected, because even if there are de-
viations, these should vary smoothly through the
series.

The finding that the AEy; v values reproduce the
XPS data quite well but that —AEy; j;; deviate substan-
tially from the BIS data might lead one to suspect
that these two types of experiments are not directly
comparable. However, in Fig. 10 we have also in-
cluded the XPS data for the two divalent metals euro-
pium and ytterbium® and also here we note quite a
substantial deviation between experiment and AE); y;.
These deviations are plotted in Fig. 11 and are in fact
even somewhat larger than the BIS data deviations.
From this we conclude that it is rather the fact that
we here are dealing with a divalent — trivalent or a
trivalent — divalent transition instead of a trivalent
— tetravalent transformation that cause the differ-
ence between the BIS and XPS results and not the
experimental technique. We will return to this point
in Sec. VL.

For the divalent metal europium, the BIS experi-
ment involves a transition to a monovalent state.
Therefore if we restrict ourselves to the "complete
screening" picture we should study the quantity
—AEyy, i.e., the energy difference between the di-
valent and monovalent metal. This may be obtained
from the following steps of reaction;

AE;;=[(+1 —metal) — f" *25s —atom

— f"*ls2 —atom — (+2 —metal)] . (8)

The first step corresponds to the cohesive energy of a
monovalent metal, and should accordingly be about
20 kcal/mol. The last reaction in Eq. (8) is the ex-
perimental divalent cohesive €nergy. For the reaction
involving the two atomic states there are no experi-
mental data available. However, we have estimated
the atomic excitation to be about

E(fs—f1s) =-7.6+05¢eV

Thus we obtain —AE;;=8.6 +0.5 eV which should
be compared with the experimental value 8.7 eV.’
The same arguments can be applied to the barium
metal. In this case we find that the unoccupied 4/
level should be situated at about 5.3 eV above the
Fermi level. No experiments are yet available in this
case. (See however note added in proof.)

Recent experiments have shown that there are di-
valent atoms present at the surface layer of samarium
metal.?® Therefore, if the BIS experiments are sur-
face sensitive we could expect also a transition to a
monovalent samarium ion at the surface. From the
complete screening model, the position of the f7 lev-
el [again using Eq. (8) and estimated spectroscopic
data] would be at about 4.1 +0.4 eV above the Fermi
energy.

VI. IMPURITY EFFECTS

In view of the obtained agreement between the
XPS data and the complete screening picture (i.e.,
AEy;,v), (the deviations being restricted to a range of
about 0—0.25 eV, and the XPS experiments having
an uncertainty of about 0.2 eV), it might seem a bit
too ambitious to pay any further attention to the
disagreements shown in the lower part of Fig. 8. On
the other hand, the deviations all have the same sign
and have about the same magnitude, which points to
their being of some significance. Therefore we now
turn to the impurity term in Eq. (1) which we have
so far neglected.

Since a completely theoretical treatment of the en-
ergy term, E'™P, is not yet feasible (at least not with
an accuracy appropriate to the present problem), we
turn instead to possible experimental information.

‘"What we actually are looking for is the solution ener-

gy of a tetravalent impurity in a trivalent host. This
is in fact a quantity that can be determined experi-
mentally. However, we are not aware of any such
experiments for systems relevant in the present con-
text. On the other hand it is known that thorium
forms solid solutions with the rare-earth metals for
all concentrations. This would imply that E{§® (III) is
negative. Further, over this complete range of solid
solubility there is no predominant tendency to forma-
tion of well-defined compounds. This must mean
that even though EJ® (I1I) is negative, its magnitude
should be comparatively small. Information on
binary phase diagrams between rare-earth metals and
zirconium (or hafnium) would also be helpful for the
present problem, but to our knowledge very little is
known about these systems. Even with this some-
what limited experimental background, it still seems
possible to state with some confidence that E{{® (11I)
in general will be negative, although only slightly so.
If we add this effect to AEy;, v the agreement with
XPS data would obviously improve (lower part of
Fig. 8). Whether this impurity effect will vary with
the lanthanide element or not is presently a too diffi-
cult question to answer. [Such a dependence could in
fact have masked the small linear correction term
B(n —1) discussed in connection with Eq. (6).]

By applying the same ideas to the BIS experiments,
we then deal with a divalent impurity in a trivalent
host. Similarly, the XPS experiments for europium
and ytterbium involve a trivalent impurity in a di-
valent host. Experimentally it is known that
alkaline-earth metals and trivalent lanthanide metals
do not form any solid solutions. This means that
Ejm® (I11) and E{f® (I1) are positive. Therefore the
|AE | curve in Fig. 10 should be subject to a
correction upwards for the theoretical BIS values and
downwards for the theoretical XPS values. Apparent-
ly this would improve on the agreement with the ex-
periments. Using the Miedema semiempirical
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scheme>* for this situation one finds that E™ here
might be of the order of 0.5 eV. This correction is in
fact of about the right magnitude to give a good
agreement for most of the lanthanides (compare Fig.
11) (we disregard the experimental value for Dy). It
is only in the beginning of the lanthanide series that
a somewhat larger effect is required before agreement
with the BIS experiments can be obtained.

VII. COMMENTS ON THE CALCULATIONS
BY HERBST et al.

Since we in the present work have obtained accu-
rate results for the "complete screening” picture, it
seems here appropriate to make some comments on
the theoretical calculations by Herbst et al.!%7'? In
their work they calculate atomic excitations of type
frd™ " 's — f"~1d™s(m =2, 3) and compare with ex-
periments. Then they introduce a correlation param-
eter, which accounts for the deviation between calcu-
lated and measured values. In practice this means
that they use the experimental spectroscopic levels as
an input. Then the cohesive energies relative to the
two spectroscopic levels (f"d™s and f"~'d™*!s)
remain to be calculated. Therefore, in principle, it is
only here that our treatment deviates from theirs. . In
their latest work'? Herbst er al. report explicitly on
calculated cohesive energies for the divalent and
trivalent lanthanide metals, which makes it possible
for us to make a direct comparison. For lanthanum,
gadolinium, and lutetium they calculate the cohesive
energy to be 71, 48, and 60 kcal/mol, respectively.
These values should be compared with the experi-
mental values 103.1, 95.5, and 102.2 kcal/mol.'®
Similarly, for europium and ytterbium they obtain 14
and 10 kcal/mol; the experimental data are 42.8 and
37.1 kcal/mol,'® respectively. Thus, for both the
trivalent and divalent lanthanides, the calculations
deviate considerably from experiments. However,
since the quantity of interest involves a subtraction
between the cohesive energies there will at least be a
partial cancellation of errors. To what extent such a

cancellation takes place is of course difficult to assess.

But as an example we quote that for europium and
ytterbium they obtain 44 and 25 kcal/mol for the po-
sition of the 4 f level relative to the Fermi energy,
while the more correct "complete screening” values
are 23 and 11 kcal/mol, respectively. However, it so
happens that in this case their calculated values al-
most completely agree with the XPS data for europi-
um and ytterbium. Therefore it should be stressed
that this agreement is somewhat fortuitous, and that
effects beyond the AEy; ;; term are not quite negligi-
ble for these two metals.

VIII. DISCUSSION

In the present paper we have studied the complete-
ly screened and relaxed final state picture of the XPS
and BIS experiments for the 4 flevels. For the XPS
experiments it turned out that the main effect is al-
ready given by just the valence change of the site,
AEyv, the further relaxation (the impurity effect)
playing a relatively minor role; compare the lower
part of Fig. 8. From atomic spectroscopy it has been
noted that when comparing various excitations of the
type f"— f"~! (by vertical or horizontal analysis),
there might be a slight discontinuity for the f! — f°
excitation relative to the other excitation energies.** 3¢
This is a bit unfortunate since we use cerium as the
tie-point element for the AEy; v estimations, and
here we just meet this f' —f%case. However, it is
only for cerium that the AEy; v value is known with
a reasonable accuracy so there is no other choice.
Another inaccuracy is found in the correction term
A(n), which had to be estimated for many of the rare
earths (Fig. 7). The estimations are somewhat more
accurate for the heavier (n > 7) lanthanides than for
the lighter elements, and this might account for the
slightly asymmetric form of the deviation curve in
the lower part of Fig. 8. If these two types of uncer-
tainties could be avoided it might be that the so re-
fined values for AEy; v will show a nearly constant
shift relative to the XPS experiments. However, it )
must be stressed that this discussion is presently rath-
er academic, since neither of these inaccuracies will
be greater than the XPS experimental uncertainty
(£0.2 eV). If the accuracy of XPS experiments im-
prove in the future, hopefully experimental values of
A(n) for all the lanthanides will have become avail-
able from atomic spectroscopy to put more accurate
AEy; v values at our disposal. Finally, the value of
the constant in Eq. (6) is a bit uncertain, but a small
change there will only result in a small rigid displace-
ment of the AEy; v curve relative to the experimen-
tal values.

Another uncertainty, which was not discussed in
Secs. II — VII is the possibility of a change of the f-
state Racah parameters when going from the free
atom to the solid (both having the same valence
state). But from. careful considerations of the
cohesive energy through the trivalent lanthanide
series no such effect could be discerned.?” There-
fore, this possible energy change of the f-level posi-
tion could not exceed 0.05 eV. The same upper limit
should also be expected for the divalent as well as the
tetravalent metallic case. Therefore, for quantities
like AEy, i and AEy;,v, where a subtraction is made,
this possible effect will be totally negligible.

In order to compare with the BIS experiments we
have used the quantity AE;; which can be accurate-
ly determined. Thereby we found quite substantial
deviations, much larger than the deviations between
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XPS experiments and AEy;y. Further, we also not-
ed that the BIS deviations and the XPS deviations
were of opposite sign. In the present paper we have
argued that these findings can be understood by
means of the "impurity effect". This means that we
have assumed that the final state consists of a charge,
neutral site and a completely relaxed electron density
state. The obtained agreement with the experimental
data seems to support this picture for these metallic
systems. A somewhat contrasting case to this might
be the semiconducting compound SmS, which we
here will discuss very briefly. In recent XPS meas-
urements for SmS the f level was found to be 0.9 eV
below the Fermi energy.’® Since SmS is known to
readily transform into a mixed valence state (either
by pressure or by chemical manipulation), this XPS
result is a bit surprising since the flevel is expected
to be situated very close to the Fermi energy. Other
experiments had in fact indicated a neighborhood of
about 0.1 eV.? However, XPS experiments on

Sm; —,Y,S (or Sm;_,Gd,S) showed that the f level
approaches the Fermi level rapidly with increasing x
and several mechanisms were proposed in order to
explain this behavior.’® Among them we favor the
picture of an incompletely screened final state,
caused by SmS being not a metal but a semiconduc-
tor. Then by addition of YS or GdS, quite mobile d
electrons become available to screen the final state
more efficiently. Therefore, the flevel position, as
measured by XPS, will approach the Fermi level rap-
idly with increasing YS substitution.

The same approach as taken in the present paper
can also be applied to metallic rare-earth alloys. In
this connection we would like to mention Miedema’s
semiempirical thermodynamical investigation of the
valence state of Eu in various alloys.*® If we restrict
ourselves to the complete screening picture of the
XPS experiments (and thus neglect the impurity ef-
fect) we could use his derived values of AEy y for
comparison with XPS data for the 4/ level (when
such data will become available). From Miedema’s
treatment it follows that alloying may have a pro-
found influence on the position of the 4/ level and
may in fact bring it up to the Fermi level. This is of
course already clear from the experimental

"knowledge that Eu in some transition-metal com-
pounds is found to be trivalent rather than divalent.
Therefore, the "paradox", stated in the Appendix of
Ref. 12, that in certain rare-earth systems some ex-
periments indicate an immediate neighborhood of the
flevel to the Fermi level while XPS experiments
would not support this, seems to us to be a some-
what too dramatized statement. To our knowledge
such a paradoxial situation has not yet been esta-
blished experimentally for any metallic systems.
However, for semiconducting materials (like SmS),
this is apparently the case, but here, as just men-
tioned, this is probably due to an incompletely
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screened final state in the XPS experiment and there-
fore this does not necessarily imply any fundamental
contradiction.

Under high pressure both europium and ytterbium
are expected to become trivalent. Then one may ask
whether this valence transition will be continuous
(passing through a pressure range with an intermedi-
ate valence) or discontinuous. Since the impurity ef-
fect of having a trivalent ion in a divalent host is en-
ergetically unfavorable, this would seem to favor a
discontinuous change. However, high pressure has a
tendency to equalize atoms, and therefore the impur-
ity effect will decrease with pressure and maybe even
to such an extent that a continuous transition will
result. Another possibility is that the coherence en-
ergy associated with the interconfiguration fluctuation
(ICF) state is prominent enough to give a continuous
transition. The possibility of slightly different "im-
purity effects” in SmS, SmSe, and SmTe might be the
cause of their different behavior under pressure.*!

For a given series of trivalent rare-earth intermetal-
lic systems, Ln;_ M, (x and M constant), the
derived values of AEy;,v can be used to "linearize"
the position of the f level through the series. What
we mean by this is that if the experimental values of
the f-level position is subtracted by AEy; v, a linear
function through the series will result. Therefore, if
the f-level position is known for one of the heavier
and one of the lighter rare-earth intermetallic sys-
tems, then the position of the f level for the other
rare-earth intermetallics (of the same type and com-
position) can be accurately determined from the
AE[II,IV values. )

As we have seen in this paper the consistency
between the measured cohesive energies, the XPS
results and the atomic spectroscopic levels is very
good. In fact this permitted us to use the XPS results
for an improved estimation of the fourth ionization
energy of the rare-earth elements.

Finally, we would like to comment on the position
of the 4f level in cerium. From the internal con-
sistency with the other rare-earth metals it follows
immediately from the measured values of their flev-
els that the position of the 4 f state in cerium should
be expected at 1.9 £0.3 eV. This is in fact in agree-
ment with the recent experiments by Platau and
Karlsson?® and by Johansson et al.** The implication
of this for the understanding of the y-a phase transi-
tion in cerium has been discussed elsewhere.*®

Note added in proof: Recent experiments show that
the unoccupied f level in barium is situated about 11
eV above the Fermi energy (P. O. Nilsson, private
communication). This deviates considerably from
our derived value of about 5 eV (Sec. V). This indi-
cates that the 4 f orbital in barium is far more extend-
ed than for the lanthanides and therefore very sensi-
tive to changes in the (sd) electron density distribu-
tion. Thus the 4f electron in barium cannot be treat-
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TABLE II. Derived values for —AEy; ;; and AEyy ;v as described in the main text. The uncer-
tainties of these values are discussed in the paper. The experimental XPS and BIS data for the 4/
levels are also included (Ref. 5). (All energies are given in eV).

—AEy BIS AEy v corrected XPS
experiments® i AEj v experiments?

La 447 5.4
Ce 3.01 3.8 1.95 1.9%
Pr 1.82 23 3.41 3.51 34
Nd 1.53 1.9 4.60 4.80 4.7
Pm - 4.89 5.07
Sm 0.27 0.65 s 5.2
Eu -1.0 8.7 6.15 6.38 1.8
Gd 3.67 4.1 7.4 7.8 7.6
Tb 226 2.7 2.75 2.49 2.25
Dy 1.30 2.2 4.16 4.08 38
Ho 1.43 2.0 5.12 5.16 49
Er 1.62 2.2 4.99 4.99 47
Tm 0.78 1.1 4.80 475 4.6
Yb 0.5 5.63 5.69 1.2
Lu 6.9 7.15 7.0

8Provisional values within 0.2 eV (Ref. 5).
bData given in Ref. 28.

ed as a core electron and therefore the approach of
the present paper is no longer applicable.
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APPENDIX
In Table II we list the derived values of —AEy

and AEy;,v together with experimental XPS and BIS
data.
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