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Population of Excited Electronic Levels by Beta Decay,
and Its Influence on Mossbauer Source Spectra
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In a Mossbauer source experiment the P decay produces a large initial population of
the excited electronic levels of the Mossbauer source atom. It is shown that this causes
such excited levels to contribute more prominently in the source experiment than in the
corresponding absorber experiment. These contributions can provide a particularly sen-
sitive method for studying relaxation rates among the excited electronic levels. A de-
tailed discussion and model calculations are given for dilute paramagnetic 4f impurities
in a metal.

In Mossbauer (MB) source experiments there is
initially a large population of high-lying electron-
ic levels of the MB atom following the P decay.
The relaxation of these populations toward their
thermal-equilibrium values is referred to as re-
arrangement. In the past, rearrangement has
been considered mainly in the special sense of
the transfer of electrons to or from the source
atom, i.e. , configurational rearrangement. ' Here
we point out that the time for intraconfiguxational
rearrangement fe.g. , the thermalization of initial
populations of excited crystal-field (CEF) levels]
can be appreciable even when the time needed for
the configurational rearrangement is negligibly
small. In such a case, the MB spectrum in a
source experiment contains appreciable contribu-
tions from the intraconfigurational excited states
which would be absent from the corresponding ab-
sorber spectrum. We shall indicate how these in-
traeonfigurational rearrangement effects can be
dealt with theoretically, and show that in favor-
able cases the MB source experiments provide a
particularly powerful technique for investigating
relaxation processes involving intraconfiguration-
al excited levels.

Such intraconfigurational rearrangement effects
ean affect the MB source spectra of various sub-
stances, including insulators and intermetallic
compounds. ' For brevity, however, we restrict
the present discussion to the MB spectra of dilute
4f impurities in metals. ' ' To achieve sufficient
intensity at high dilution, such impurities have
always been studied as sources. Although ab-
sorber experiments appear impractical, it is
still of interest to compare theoretical spectra
for the source and absorber cases.

Experiments of the type considered here are
performed using as a source a metal foil contain-
ing neutron-activated 4f impurities which are the

radioactive parent of the MB atom. The ii decay
of such an impurity prepares the emission of the
MB y quantum, and also starts a rearrangement
of the electronic shell of the impurity in response
to the change in nuclear charge. The rearrange-
ment proceeds as a multistep cascade from high-
er to lower levels, with different times charac-
teristic of the various decay steps. Any decay
step ean be regarded as quasi-instantaneous as
far as the MB effect is concerned when its char-
acteristic time is short compared to (e hf)
= 10 "sec, where h~hf is the total hyperfine
splitting. '

Since the P decay increases the nuclear charge
by one, the first rearrangement step to consider
in the electronic shell is the configurational rear-
rangement 4f " '- 4f ". The decay of the unstable
configuration occurs by absorption of a conduc-
tion electron into the 4f shell via the Anderson
mixing interaction. The rate is approximately
b./5=2x10" sec ', where we have assumed a val-
ue of 0.01 eV for the virtual bound-state width 4.
The configurational rearrangement is therefore
quasi-instantaneous.

The 4f" ground configuration of the MB atom is
split into various [SL] Jmanifolds-. The ground
manifold is subject to an overall CEF splitting of
-0.01 eV, and the excited manifolds lie O. i eV or
more above it. The configurational rearrange-
ment mill leave the electronic shell in a highly
excited state within the ground configuration, so
an intraconfigurational rearrangement is neces-
sary to reach thermal equilibrium. This is pro-
vided by the k fcoupling in the -sense of a gener-
alized Schrieffer-Wolff effective interaction. "
When written in its most general form, this inter-
action provides transitions among all pairs of
states belonging to the ground configuration. In
second-order perturbation theory the transition
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rate may be written"

~= 2m IIp(e~)I'g(Eg E-,, kZ').

Here p(e~) is the density of conduction-electron
states, I is a coupling constant characterizing
the generalized 4 fin-teraction, and f(E, kT)
=E[exp(E/kT) —1] '. We have omitted from Eq.
(1) a sum over matrix elements which depends
upon the specific transition but is of the order of
unity. For the initial steps of the intraconfigura-
tional rearrangement we are interested in decays
from high-energy states, for which E, -E&»kT.
Then P =E; -Ef, so that the decay rate is tem-
perature independent and proportional to the en-
ergy difference. Taking Ip(eJ) =10 ' from elec-
tron paramagnetic resonance (EPR) studies, "we
find that such a high-energy decay is quasi-in-
stantaneous (co; „~»whf) when E;- Ez»0. 01 eV.
The rearrangement among [SL] Jma-ni'folds can
thus be regarded as quasi-instantaneous. The re-
arrangement among the lowest CEF levels, how-
ever, will in general be slow enough to influence
the MB spectrum.

Solutions for MB spectra in the presence of
electronic relaxation can be obtained by solving
an appropriate equation of motion. '" The intra-
configurational rearrangement results from the
same electronic relaxation processes and hence
is implicit in the equation of motion; all that is
necessary is to make the proper choice of the ini-
tial population distribution appearing in the theo-
ry. For a MB absorber, the appropriate initial
population is a thermal Boltzman weighting of
the nucleonic eigenstates with the nucleus in its
ground state. In the case of a 4f impurity as the
MB somce, the cascade of quasi-instantaneous
decays through the higher electronic levels fol-
lowing the P decay will produce an essentially
random initial population of the CEF levels with-
in the [SL]-J ground manifold. The initial nucle-
ar-spin orientation is also random. Hence, the
proper initial population distribution is the one
in which the occupation probability is equal for
all nucleonic eigenstates containing the nucleus
in its excited state and the electronic shell in its
[SL] /ground manifo-ld.

The numerical evaluation of the above solution
does pose practical problems, since, in general,
it is necessary to include all CEF levels in the
treatment. If the methods of Ref. 3 are applied
straightforwardly, one obtains matrix equations
with a dimensionality of several hundred in typi-
cal cases. This dimensionality can be reduced
considerably by the -application of symmetry con-
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FlG 1 Model calculations for the 2+- 0 Mossbauer
spectrum of ~~OYb3+ impurities in a metal, where the
relaxation is produced by a generalized Schrieffer-
Wolff coupling with Ip(&z) =0.01. Source and absorber
spectra are indicated by solid and dashed curves, re-
spectively.

siderations, ' but the computational problem re-
mains a major one. We shall therefore illustrate
our discussion with model calculations for Yb'
in a cubic CEF where only three levels exist.
Such calculations are shown in Fig. 1. The solid
curves show source spectra at various tempera-
tures. For comparison the corresponding ab-
sorber spectra are shown as dashed curves. The
CEF parameters were chosen to produce a I',
doublet ground level, and 1, and F, excited lev-
els at 17.5 and 18.2 K, respectively. The relaxa-
tion arises from a generalized Schrieffer-Wolff"
interaction with Ip(e„)= 0.01. The two main peaks
of the low-temperature spectra result from the
I; ground level. ' The low-temperature source
spectra show additional contributions from the
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CEF excited levels, which are absent from the
corresponding absorber spectra. As indicated
by Eq. (1), the rate of relaxation from a higher
to a lower CEF level approaches a finite limit
for temperatures small compared to the CEF en-
ergy difference. Since the initial populations are
also temperature independent in a source experi-
ment, the contributions from the excited CEE
levels approach a finte limiting form at temper
atures small compared to the CEE splittings.
This is in contrast to the absorber case, where
contributions from excited CEF levels vanish in
the low-temperature limit.

The CEF parameters of our Yb" model calcula-
tion have deliberately been chosen so as to pro-
duce Yb" CEF levels resembling the three low-
est CEF levels believed'" to occur in A.u:Er.
Actual calculations for Er" are not yet available
because of its larger number of electronic levels;
they can, however, be expected to yield spectra
qualitatively similar to Fig. 1. In fact, our earli-
er measurements of the "'Er resonance of dilute
Au:"'Ho sources' yielded spectra with a central
structure resembling that seen in Fig. 1. This
structure was originally assumed to result from
Ho clusters in the A.M:Ho sources, since it could
not be accounted for by a theory assuming a
Boltzman initial population of the excited CEF
levels. ' However, much evidence (autoradio-
graphs, good reproducibility of the results) points
to an absence of clusters in this alloy, as op-
posed to other alloys such as Ag'. Ho where clus-
tering does occur. " We now believe the central
structure observed in Ref. 5 to be the result of
intraconfigurational rearrangement.

If the parameters are changed so as to decrease
so,

„

the rate of decay from an excited CEF lev-
el to the ground level, then the excited-level con-
tributions become more prominent and finally
take the form of well-resolved peaks. If sv, is
increased, the excited level contributions become
less prominent and disappear in the limit se,
0+ cv hf In this case, the excited CEF levels may
still influence the spectrum insofar as they pro-
vide an additional channel for relaxation. ' '

In Fig. 2 we present a further model calcula-
tion for Yb" with the same CEF parameters as
before, but with a h fcoupling of the "exch-ange"
form —2J,„'Js, which has traditionally been as-
sumed in discussing the EPR of 4f impurities in
metals. '" Whereas the generalized Schrieffer-
Wolff coupling" produces comparable transition
rates between any pair of CEF levels (aside from
the energy dependences), the selection rules on
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FIG. 2. Model calculations as in Fig. 1, except that
the relaxation is produced by an "exchange" coupling
—2Z~' J' s. We take 2 J~'p(&s) =0.0031, which pro-
duces the same relaxation rate within the CEF ground
doublet as the coupling used in Fig. 1. The source
spectrum (solid curve) is a superposition of two nar-
row-line contributions from the I"7 CEF ground level
and two from the I'& excited level; in the absorber
spectrum (dashed curve) the excited-level contribu-
tions are negligible.

the vector operator J do not allow a direct transi-
tion from the F, excited CEF Level to the I",
ground level. The large initial population of the
F, excited level in a MB source experiment can
only decay slowly via the I; level and thus con-
tributes a well-resolved hf structure to the spec-
trum. The differences between Figs. 1 and 2
demonstrate that MB source experiments provide
an unusually sensitive test for the form of the 4-
f coupling.

Finally, we remark that intraconfigurational re-
arrangement effects similar to those discussed
here need also to be taken into account in the
analysis of perturbed angular correlation experi-
ments.
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