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Decay of Zn Impurity Excitations in Simple Metals

T.-H. Chiu, ' J. E. Cunningham, Doon Gibbs, ~ and C. P. Flynn
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(Received 22 September 1983)

By tuning the 4p level of excited Zn* 3d 4s 4p impurities through the conduction-band
bottom of alkali metals, we show that the rate at which the excited-impurity configura-
tion decays into conduction-band excitations is insensitive to the extent of 4p admixture
into the host conduction band. However, the optical matrix elements change markedly
with the degree of valence mixing.

PACS numbers: 71.55.Dp, 34.70.+ e, 78.50.Jg, 82.80.Di

The processes by which core holes in metals
decay are not yet quantitatively understood. It is
observed that fluorescence of the core-excited
state is suppressed; this is consistent with the
dominance of the competing Auger-like channels
by which the locally excited state decays into con-
duction-band excitations of the metal. " A sys-
tematic documentation of these phenomena and of
the solid-state effects that influence them never-
theless remains lacking. In this Letter we re-
port experiments which identify the role of de-
generate mixing between local levels and the
states of the conduction band. Electronic screen-
ing in metals is completed in about the plasma
period, typically -10 " sec. A core hole whose
lifetime exceeds this period must therefore be
neutralized by valence states. This can be ac-
complished by a localized valence orbital which
is bound below the conduction-band bottom, or by
a local deformation of the conduction band itself.
Our experiments employ the Sd"4s'- Sd'4s'4p
excitation channel of an impurity, namely Zn, in
alkali metals. By choice of alkali host the Zn* 4p
level can either be bound below the band bottom
as a localized state or made to mix fully into the
conduction band. The effect of this level tuning
on the excitation and on its decay characteristics
are described in what follows.

The differential reflectance spectra in Fig. 1
for Zn at low coverage 0 -10' cm ' on each of
the alkali metals were obtained by methods de-
scribed elsewhere. " The spectra change with
coverage to become Zn-like at 0-10' cm '. All
samples were prepared in situ in ultrahigh vacu-
um on substrates held at liquid-He temperature.
A thick reflecting layer of fresh Mg was first
laid down, followed by -100 A of alkali metal;
the Zn adsorbate layer was added after a back-
ground scan of the alkali surface, and the reflec-
tivity change was then determined. We have pre-
viously established that for a Mg reflector in the
present energy range these methods yield almost
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FlG, 1. Differential reflectance spectra for Zn at
low coverage on alkali metals divided by 0 (in 10'
cm ) to show the signal per atom.

undistorted absorption spectra. ' Results for Zn
impurities alloyed into bulk alkali metals are
quite similar to the results for the analogous ad-
sorbate systems (see below).

Zn-adsorbate spectra have certain features in
common for all the alkali substrates. In each
host the Zn introduces an absorption continuum
which is weakly dependent on Zn coverage and
has the same magnitude within a factor of 2 for
all alkali metals. It undoubtedly arises from op-
tical excitations of electron-hole pairs in the con-
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duction band. These impurity-induced processes
must take place at impurity sites. A second
major feature is the strong resonance visible in
all cases near 9 eV. A dip in the continuum oc-
curs there, followed at higher energy by in-
creased positive absorption, and with clear evi-
dence of doublet structure, Also, the normalized
resonance amplitude increases with decreasing
coverage as Zn near neighbors are eliminated.
The resonance undoubtedly arises from the Zn
3d"4s'-Sd'4s'4p core excitation, red-shifted
from its atomic position' near 11.17 eV, and with
a core spin-orbit splitting of -0.6 eV, similar to
that observed by photoemission on pure Zn. ' The
impurity ground state, a.nd the loca. l Zn excita, -
tion and the excited continuum, are indicated in
Figs. 2(a) -2(c).

It is clearly apparent from the experimental
results that the excitation channel to the local
configuration 2(b) interferes with that to the con-
tinuum state 2(c). This causes the absorption
dip at the resonance threshold first explained by
Pano and co-workers' for atoms. The effect in
the metal is the analog of the autoionization which
occurs in the excited Zn atom. ' From the data
one can determine the rate at which the local
excitation decays into the continuum of host ex-
citations, and the way the decay depends on the
environment of the Zn atom. Fano profiles of
core levels in metals have previously been rec-

0—

ognized in absorption measurements' and in en-
ergy-loss" and photoemission data. " In the
present case, the results permit a sensitive
exploration of the influence of the Zn environ-
ment.

Certain differences among the spectra in Fig.
1 also warrant immediate comment. Large,
sharp features occur in the spectrum of Zn on
Cs near 11.8 eV and Zn on Rb near 14.9 eV.
These arise because the adsorbed Zn disturbs
the 0» absorption edge of neighboring surface
Cs atoms" or the N» edge of the surface Rb
atoms, " in the two cases; the effect is detected
in the difference spectrum. Its occurrence in
proportion to Zn coverage confirms that Zn does
interact with the metal and is not clustered. A

second observation, having fundamental signifi-
cance, is that both the resonance and the con-
tinuum for Zn on the two lighter alkali metals
differ from those for the remaining alkali metals.
For the heavier alkali metals, the continuum ap-
pears to fall off rapidly above 10 eV. The reso-
nance shows featureless absorption at high en-
ergy for Li and Na, but instead exhibits a sharp
positive peak before tailing off for the heavy-
alkali substrates K, Rb, and Cs. The same fea-
tures have been observed in Zn-alkali-metal al-
loys. It is this distinction that makes the Zn reso-
nance appear so different for the light- and heavy-
alkali substrates.

Differences between the light- and heavy-alkali
substrates may be quantified by fitting the ob-
served spectra with a chosen background varia-
tion together with a Fano-Beutler interference
prof ile'.
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FIG. 2. The orbitals of Zn relative to the conduction
band of K are shown in (a). Part (b) shows the locally
excited configuration and (c) an electron-hole excitation
into which (b) decays. The bands of the remaining al-
kali metals, indicated by bars, show that the Zn* 4p
orbital mixes with the conduction bands of Na and Li
but not Cs, Hb, and K.

Here V is the Coulomb matrix element which
causes the decay by coupling the local excitation
l to the continuum states c, and q is the ratio of
their optical matrix elements scaled as shown.
I' is the rate at which l decays into c, and E, is
the line center when shifted by the interaction.

The fits to adsorbate and alloy Zn results
shown in Fig. 3 for both light and heavy alkali
metals employ a spin-orbit splitting near 0.6 eV
and a ratio of 3:2 between the D,y, and D,~, hole
amplitudes. " As indicated in Fig. 3 and Table I,
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a sloping continuum and q-1.5-2 are required
to fit the results for Rb, whereas the Na results
can be accommodated by a flat continuum and q
=0.6. Experience with the data has shown that
the range of parameters giving acceptable fits
over the line centers is rather limited. There-
fore the results in Table I establish an unambigu-
ous conclusion. The Zn* decay rate, I", does
not vary by more than about 20$ in passing from
the surface to the bulk or from light- to heavy-
alkali hosts. Instead, the striking observed
change of line shape with host lattice arises al-
most entirely from a variation of the optical ma-
trix elements (l )/(c). Note that the doublet
structure remains more prominent at the line
center in the observed curves than in the fits.
This may be a consequence of interference be-
tween the D,I, and D,I, (J= 1) processes, which
occur in the atomic spectrum. '

To complete the interpretation we note here the
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FIG. 3. Fits of Fano-Beutler profiles (solid lines) to
the central parts of the resonances of Zn adsorbed on
and desolved in Na and Rb (experimental points). The
observed curves show more doublet structure at the line
center than. the synthesized curves, possibly because of
QI2, D3I2 (1=1) interference. The main point of inter-
est is the relatively constant width (see Table O.

critical fact that the Zn 4p level lies below the
conduction-band bottoms of Cs, Rb, and K but
mixes into the conduction bands of Na and Li.
The range of band energies for each of the five
alkali metals is displayed in Fig. 2, together with
the Zn 4p energy. Note that these are not total
energies needed to ex@~act electrons from the
solid (as in photoemission); they are orbital en-
ergies relevent to exchange and mixing between
two states" so that surface effects (e.g. , the
work function) do not enter. In Table I, I varies
very little among alkali hosts. We thus conclude
that the distinction betueen localized state and
band screening has at most a small effect on'con-
figurational decay rates The. contrary is true,
however, of the optical matrix elements. Table I
makes clear that the ratio (l )/(c) is about 3
times larger for the bound excited 4p state in K,
Rb, and Cs than for the admixed 4p state in I.i
and Na.

Although numerical values of q cannot be pre-
dicted at present, the qualitative behavior of the
matrix elements has a simple significance in
terms of the Zn* electronic structure. The
closed-shell 3d"4s' Zn ground state is rare-gas-
like and, being neutral, excludes conduction elec-
trons from its atomic cell." When the 4p level
is bound, the 3d-4p transition is wholly corelike,
and the conduction electrons are only weakly per-
turbed for K, Rb, and Cs. To the contrary, a
transition to a, 4p level which is admixed into the
band causes a strong perturbation. As a result,
the oscillator strength is spread to higher ener-
gies by the Anderson orthogonality catastrophe. "
Thus (l ) is reduced, and the profile is smeared
over a range of energies above threshold, in
qualitative accord with the observed profile and
deduced q for the Li and Na substrates.

Our final, more speculative comments concern
the rate at which local configurational decay takes
place in metals. A recent view" holds that the
Hartree-Pock description of optical properties

TABLE I. Parameters for fits of Fano-Beutler profiles to Zn reso-
nances in Fig. 2, Note that the decay width I' varies by only -20%%u,.

I' A F.o
(eV) (10 ' cm ) (eV) &I )/ &c&

Spin-orbit
(eV) Ratio

On Na
On Rb
In Na
In Rb

0.50 0.47
1.53 0.50
0.60 0.60
1,70 0.55

1.08
0.57
1.25
0.95

9.3
9.7
9.3
9.75

0.61
1.92
0.82
2.23

0.60
0.55
0.60
0.50

3 ~o2

3:2
3:2
3;2
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breaks down because the electron and hole creat-
ed in the optical event can attract each other to
form a distinct excitation of the conduction-elec-
tron system. This happens even at low photon
energy and in translationally invariant pure me-
tals like Mg. " Also, the effect can be greatly en-
hanced by the added ability of an impurity field
to trap the interacting electron and hole, and so
form a locally deformed and excited configura-
tion of the conduction-electron liquid. From the
Hartree-Pock viewpoint one may have (i) both
the electron and hole, (ii) just the hole, or (iii)
neither the electron nor the hole occupying bound
impurity orbitals. The relevance of the present
work is the demonstration it provides that the
transition from (i) to (ii) has little effect on the
configuration lifetime, and the consequent indi-
cation that configurations of type (iii) also may
be long lived. The Ss'- SsSp resonances of Mg
at about 0.8 eV in pure Mg (bandwidth 6.5 eV)"
and at about 2.8 eV in Li (bandwidth 4.5 eV) '7 are
possible examples of long-lived localized reso-
nances of two otherwise unbound carriers in a
conduction-electron liquid. The excited Sp orbital
of Mg* is much like the Zn* 4p orbital on which
the present work is focused. It is therefore of
some interest that the Mg* 3sSp width is similar
to the decay rate I deduced here for the Zn*
3d'4s'4p configuration and that a type (iii) reso-
nance may therefore have a lifetime comparable
with those of type (i) and (ii) resonances.
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