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Mixing-Decay Widths for 4f Ions in Solids*
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The intrinsic lifetime width in x-ray photoemission spectroscopy, due to mixing decays,
is shown to decrease rapidly as s function of the number of 4f electrons. In s system near
configuration crossover, mixing decays may also strongly broaden (or render unobserva-
ble) ionic resonances at frequencies as low as the fsr infrared; this is illustrated by model
calculations for Sm and Eu salts.

A 4f ion in a solid may be described by a gener-
alized Anderson model, including a mixing inter-
action (defined below) which can transfer 4f elec-
trons to conduction states or vice versa. A mix-
ing strength h(e) =s IV~;„I'p(e), where p(e) is the
density of conduction-electron states per spin di-
rection, characterizes the rate at which mixing
transitions would spontaneously occur if intra-
ionic energies did not interfere. If a(e) is small
compared to the minimum energy needed to ex-
cite the ion out of its ground state into a different
configuration, spontaneous mixing transitions
are suppressed and the lowest ionic levels do not
show a lifetime broadening - A. But for ionic
levels at higher energies, which may be excited
spectroscopically, mixing decay is energetically
allowed and a broadening - 6 is expected. The
purpose of the present note is to supplement this
qualitative insight' ' by quantitative results for
certain simple cases which, in view of recent ex-
perimental developments, ' ' it may soon be possi-
ble to test.

In x-ray photoemission spectroscopy (XPS),
one can detect electrons knocked out of the 4f
shell by x-ray quanta. ' The excited ionic state,
belonging to the configuration 4f " ', reabsorbs a
conduction electron by the mixing interaction to
return to the ground configuration 4f", giving the
XPS line an intrinsic lifetime broadening -A. Al-
though instrumental broadening and dynamic
screening effects" are large, Wertheim and
Hufner have recently suggested a fitting proce-
dure which may make extraction of this intrinsic
lifetime width possible. '

I assume a mixing interaction of the form

X;„=Q V;„(a c~ +c~~o amo)
km~

where a t and c t denote creators for 4f and con-
duction electrons, respectively, the latter belong-
ing to the l = 3 partial wave. I denote the excited
ionic state by In —1, p). Its rate of decay, by

second-order perturbation theory, is

(2)

where &=E„&.—E„» is the energy of the con-
duction electron absorbed in the mixing decay.

Let us first assume that all levels P of the con-
figuration 4f" are energetically accessible, and
that A can be taken as constant over the relevant
values of e. Then Eq. (2) reduces by closure to
the simple result

to s = 26(N, + 1 —n), (3)

where N, = 14 is the number of electrons in the
full 4f shell. This implies a mixing-decay width
which is proportional to the number of unoccu-
pied 4f orbitals in the excited ionic state. In
chemically similar materials the intrinsic XPS
width would therefore be expected to decrease by
more than an order of magnitude across the 4f
series. This trend should be reinforced by a de-
crease in V;, due to the lanthanide contraction.
For Yb metal a lifetime width of 0.16 eV has been
fitted, ' corresponding to 6= 0.08 eV; fits testing
the dependence on atomic number are not yet
available.

Situations can also arise in which the depen-
dence of 6 on e becomes important, or in which
some states of the excited configuration 4f" ' can-
not reach all states of 4f" via an energetically a.l-
lowed mixing decay. Then mixing decays between
specific intraconfigurational levels must be cal-
culated, and different excited levels may have
different widths; an example of such a calcula-
tion, although not for XPS, will be given below.
Such effects become important as one approaches
a configuration crossover. '" When the configu-
ration crossover is reached, i.e., when the ini-
tial ionic state becomes configurationally unsta-
ble, we expect an extra width contribution -6
corresponding to the initial-state lifetime.

If an ion has a configurationally stable ground
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state, excited levels belonging to the same con-
figuration may still be unstable against mixing
decay. I consider this effect for the Sm mono-
chalcogenides, which normally have 4f' as the
stable configuration, but with 4f' only a fraction
of an eV higher. ""Let s(6, 5) be the energy
difference between the lowest levels of the two
configurations, and let e, be the energy of the
bottom of the conduction band, which is empty at
zero pressure and temperature; then e, —e(6, 5)
is the energy necessary to transfer an electron
from the ionic ground state to the conduction
band. This energy decreases through the series
Sm Te, SmSe, SmS, and can be further decreased
by pressure or by various chemical substitutions.
I consider the widths of ionic resonances in the
infrared range as the configuration crossover is
approached in this way.

The levels of interest are the spin-orbit levels
of the Hund term of each configuration, 4f"F~
and 4f''II~, abbreviated J and J', where J=0, 1,
. . ., 6 and J'=&, &, . . ., —",. Let E~ and E~ denote
the spin-orbit energy relative to the spin-orbit
ground state. Consider a spectroscopic line cor-
responding to a transition from J= 0 to an excited
J level. The excited level can undergo a mixing
decay to a level J' of 4f ', emitting a conduction
electron of energy e«. = e(6, 5)+E~-E~., provid-
ed that this energy is larger than e, . To calcu-
late the mixing-decay rate, the mixing interac-
tion is projected first onto the Hund L-S terms of
the two configurations and then onto the spin-or-
bit levels. This can be carried out straightfor-
wardly and yields the result

zo~ = +26(e~~&)(2J'+ 1)(2j+ 1)

spin, where ~ is the energy relative to e, . The
mixing strength can then be written A(e) = (c/
W)'"a„where a, = 3slV;„I'/4W is the mixing
strength corresponding to a band filling of one
electron per cell, whose magnitude might be
-0.01 eV.

The linewidth behavior implied by Eq. (4) for
Sm monochalcogenides near the configuration
crossover is shown in Fig. 1. The excited J lev-
els become unstable to mixing decays before the
configuration crossover is reached. The highest
level J=6 is the first to become unstable, and
one might expect it to show the largest width.
However, it is found that the mixing connects
this level mainly to J'=~ and~, . matrix ele-
ments to the lower J' levels are finite but small.
Thus, for exa.mple, at s(6, 5) —e, = —0.05 eV,
which might correspond to SmS, the widths are
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(4)

where

(n - ill ~ lln)'

—L' L' —L I —S' S' —S $

Here the round and curly brackets are signer 3-
j and 9-j symbols; S, L, S', and L' are the ionic
spin and orbital angular momenta of the two Hund

terms; and s = 2 and l= 3 are the spin and orbital
angular momenta of the conduction electron.
Following Ref. 10, we assume a nearly-free-
electron conduction band with bandwidth parame-
ter W and density of states p(e) =~3(e/W')'" per

I I

.5

FIG. 1. Mixing-decay widths for spin-orbit levels, J,
of Sm ions near crossover from 4f ~ to 4f 5, as a func-
tion of the energy of configurational stabilization. Ar-
rows show where decays to new final-state levels J' be-
come allowed. I used a spin-orbit splitting &I. S with
X=0.0285 and 0.0882 eV for 4f and 4f5, and a conduc-
tion-band parameter g = 0.9 eV.
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0, 0, 0.33, 0.30, 0.34, 0.22, and 0.02 times 6,
for J=0, 1, . . ., 6, so that J= 6 is narrower than
any other excited level except J= 1. At higher
e(6, 5) values all levels become configurationally
unstable, and their widths approach the common
asymptote w =~ [e(6, 5)/W]'" a, . (The J= 0 width
has come within 5% of this asymptote at the right-
hand side of Fig. 1).

A somewhat different situation arises if we con-
sider mixing decays of excited spin-orbit levels
4f87E~ to 4f"8 via absorption of a valence elec-
tron in an insulator, as would apply to a Eu salt
sufficiently close to the crossover from 4f' to
4f . In this case, there is no spin-orbit splitting
in the 8-state final ionic state. The energy of
the absorbed electron is e(7, 6) -E~, and must
lie below e„, the top of the valence band, if mix-
ing decay is to be possible. The mixing-decay
widths are found to be simply

n)~=~6[(e„- e(7, 6)+E~)/W]'"4„ (5)

where I have assumed a valence band correspond-
ing to inversion of the conduction-band form
used above. Here the matrix elements for all
mixing transitions have the same strength, and
higher J levels are broader by virtue of their in-
creased instability.

The J= 1 level in Sm monochalcogenides has
been observed spectroscopically" but the experi-
mental situation as to the higher spin-orbit levels
is unclear; and Eu salts do not appear to have
been studied sufficiently near to the configura-
tion crossover to make the present calculation
applicable. I shall therefore merely point to the
desirability of further spectroscopic studies of
such systems. Particularly interesting, although
experimentally difficult, would be measurements

under hydrostatic pressure, allowing the con-
figuration crossover to be approached continuous-
ly. The crossover may also be approached by
means of chemical substitutions, but this tech-
nique has the disadvantage that it may introduce
inhomogeneity broadening.

In the present brief discussion I have ignored
excitonic effects, and effects of unresolved finer
ionic splittings, which might be of practical im-
portance in certain cases. A more extensive dis-
cussion, including the details leading to Eqs. (4)
and (5), will be given elsewhere.

*Project of the Sonderforschungsbereich far Festkor-
perspektroskopie Darmstadt- Frankfurt, supported by
the Deutsche Forschungsgemeinschaft.
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