
PHYSICAL REVIEW 8 VOLUME 14, NUMBER 1 2 15 DECEMBER 1976

Sharp pair spectra and excited states of rare-gas impurities in metals*
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Optical-absorption spectra in the photon energy range 6—11.5 eV are reported and interpreted for Kr and Xe
impurities present at various concentrations in random rare-gas —alkali-metal alloys. The Xe spectra show

structure at energies more than 2.5 eV above threshold, even in dilute alloys. This is interpreted as arising

from d-like excited states, and provides evidence that the electron gas near impurities can be excited into a
variety of persistent configurations. Sharp symmetrical absorption lines —200 meV wide that emerge with

increasing impurity concentration in both Kr and Xe alloys are shown to originate from pairs of rare-gas

atoms. The sharpness of these pair lines and the general form of the spectra are interpreted in terms of
specific ground and excited configurations closely related to states of diatomic rare-gas molecules. Similar

results are also presented for heteroatomic Xe-Ar pairs.

I. INTRODUCTION

Much information concerning the electronic and
vibrational structure of impurity multiplets in

insulators has been derived from optical mea-
surements that probe the excitation spectrum,
symmetry, and so forth of the impurity-host com-
plex. For metals the investigation of impurity
structure has advanced largely by means of other,
frequently less penetrating techniques, mainly
because the mobile conduction-electron gas makes
most metals opaque in the energy range of in-
terest for valence excitations. "' Nevertheless,
a large body of information concerning the
structure of isolated impurities has emerged from
resistivity, susceptibility, NMB and other tech-
niques. ' Evidence for impurity pairing and complex
formation has also accumulated, principally from
measurements of mechanical properties and in
particular from studies of anelasticity. ' X- ray
investigations have also revealed the short-range
order parameters, ' and hence the interaction en-
ergies between impurities, in metallic alloys.
However, these methods generally lack the power
of optical techniques.

Since impurity valence electrons usually mix
into the host conduction- band' " impurity- induced
changes of the optical spectrum at photon energies
through the range 0-1 Hy of electron-hole pair
creation processes mainly contain information
concerning the deformation of band states caused
by the impurity. It has been realized recently that
impurities in metals have configurations accessible
to valence excitations quite different from these
band electron-hole pair states. ' The essential dif-
ference is that the hole may trap at the impurity.
Since the impurity must remain electrically neutral
it; follows that an extra electron must also localize
there, leaving the impurity much like an excited
at;om. The description of rare-gas excitations in

alkali metals presented in the preceding paper'
(referred to as 0 provides a first clear-cut ex-
ample of this behavior for simple valence im-
purities. Existing results' for transition- metal
impurities may require similar atomiclike in-
terpretations, as also do core hole spectra in
which the holes are effectively trapped on one lat-
tice site, ' and perhaps even slowly moving holes
in the d bands of pure transition metals. The
spectroscopy of these locally excited configura-
tions offers an impurity chemistry in metals
whose study is hardly begun.

The present paper is devoted mainly to a new

aspect of this field: the study of the excitation
spectra of impurity Pairs in metals. It is
shown in what follows that impurity pairing effects
modify in a radical way the excitation spectra of
rare-gas atoms in metals. Sharp excitation lines
-200 meV wide emerge, contrary to the normal
expectations for metallic hosts. These effects
will be explained in terms of a particular novel
excited-state structure of rare-gas pairs in al-
kali-metal host lattices. " There also exists evi-
dence suggesting that rare-gas atoms can sustain
a variety of excited states in which the electron
gas persists in different configurations after the
excitation process is complete.

Il. APPARATUS

The equipment used for the optical measure-
ments reported here was precisely that described
in Paper I, and no recapitulation is necessary.
Samples were deposited, as before, onto I iF
substrates at liquid-He temperatures, and the
ratio of the transmit;ted light intensities through
the alloy and pure metal samples was directly
obtained. In one respect, the present procedures
differed significantly from those described in

Paper I. In early efforts to grow samples con-
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taining both Xe and Kr impurities, it was not
found possible to control the sample compositions
by leaking rare-gas mixtures through a common
capillary nozzle. A different procedure was re-
quired to achieve the necessary precision. This
finding is somewhat disturbing as other groups
in similar investigations have employed capillary
tubes or leak valves to introduce rare-gas mix-
tures into the sample preparation chamber. It
therefore seems possible that the rare-gas con-
centrations were not accurately determined in
these earlier studies.

It is well known that capillary leaks" can oper-
ate in a regime intermediate between laminar and
Knudsen flow and thus have flow rates which are
complicated functions of the driving pressures.
For this reason, the flow of gas mixtures across
capillary leaks is particularly hard to predict,
and, for a mixture, it cannot be expected that the
proportion of two gases passed through a capillary
leak be independent of the driving pressure or the
capillary diameter. In our own system, a further
difficulty arose. The leads from the two gas bot-
tles, together with the leads to the Wallace-
Tiernan gauge, produced substantial mixing times
(i.e. , times required to obtain a homogeneous mix-
ture of the two gases).

To eliminate these difficulties, a system was
constructed in which the two gases flowed separ-
ately through independent capillary leaks into a.

common tube leading to the sample preparation
chamber. The two capillary leaks were cali-
brated separately using a quartz crystal as be-
fore, and then calibrated when operating together.
In the latter case, the mass deposited per second
onto the crystal was found to be precisely the sum
of the fluxes for the two capillary tubes taken sep-
arately. This result is to be expected since the
presence of a second gas at low pressure near the
outlet of a. capillary nozzle is negligible compared
to the pressure gradient across the capillary. The
benefits of this system were immediately reflected
in the reproducibility and systematization of the
optical spectra, and no difficulties traceable to
the twin capillary systems were encountered at
any subsequent time. A consequence of these
techniques is that we are able to present absolute
optical-absorption data and so discuss the abso-
lute oscillator strengths even in these complex
systems. It is shown in Sec. IV that these re-
sults provide a significant insight into the excita-
tion spectra of heteroatomic rare-gas pairs.
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FIG. |.Absorption per Xe atom at 7oK for Xe im-
purities at various concentrations (at.%) in potassium.
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the range 0-50 at.%. Note that absolute absorption
coefficients are indicated. The sample prepara-
tion was tightly controlled, and the data can there-
fore be presented in the form of absorption cross
sections per impurity atom. Similar, but less ex-
tensive data are presented for Xe in Rb and Xe in

Cs in Figs. 2 and 3. We shall comment here on

some particular features of these results before
passing on to the description of other impurity-
host systems. The Xe-K system has been most
fully studied and the detailed comments that fol-
low are restricted to this one example.

Neither the threshold energy E, at which absorp-
tion begins, nor the threshold profile above E„

III. RESULTS 8.0 9.0 IO.O
lw (eV)
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Figure 1 presents the absorption profiles for
Xe in potassium for various Xe concentrations in

FIG. 2. Absorption per Xe atom at 7 K for Xe im-
purities at various concentrations (at.%) in rubidium.
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FIG. 3. Absorption per Xe atom at 7 K for Xe im-

purities at various concentrations (at.%) in cesium.

remain independent of sample composition in XeK
alloys. Figure 4(a) shows how the threshold shifts
to higher energies as the Xe concentration in-
creases. The shift is not large (-0.1 eV); it grows
most rapidly in the Xe concentration range
0&ex, &12 at. %. At the same time the profile
changes in an apparently simple manner. When
fitted to a form f(E) =A(E —E,) (see Paper I),
the coefficient n remains constant at a value n
= —0.9+ 0.1 within the stated uncertainty. The
reduced absorption at higher c then follows almost
entirely from the change of A with composition.
Figure 4(b) shows how A varies almost linearly
with cx„although within substantial uncertainties.
In order to indicate the trend we have drawn a
broken line through the data, extrapolating to A
= 0 at c = 100-at.% Xe. This trend is, of course,
highly suggestive of a metal-induced threshold
profile, in corroboration of the discussion in

Paper I.
The sharp peaks that emerge with increasing

impurity concentration in Figs. 1-3 provide some
of the most interesting and important results of
this work. It is shown in Sec. IV that they
arise from pairs of rare-gas atoms that lie at
neighboring sites in the lattice. The peaks do not
fall at fixed energies but, rather, their positions
depend somewhat on impurity concentration. Fig-
ure 4(c) gives the location of the first peak in

XeK alloys as a function of Xe concentration. It
may be remarked that the bulk of the shift occurs
at low impurity concentrations and takes the peak
to lower energies. A substantial part of this
shift may arise from a deformation of the profile
caused by the spin-orbit replica of the threshold.
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FIG. 5. Absorption per Kr atom at 7'K for Kr im-
purities at various concentrations (at.%) in potassium.

FIG. 4. Concentration dependence of the Xe spectrum
in potassium: (a) threshold energy, Eq., (b) threshold
constant A; (c) energy of the lowest pair peak.
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PIG. 6. Absorption per Kr atom at 7'K for Kr im-
purities at various concentrations (at.l) in rubidium.

The threshold profile and its spin-orbit replica
underlay the pair peak in these spectra.

Results for Kr impurities in relatively dilute K,
Bb, and Cs alloys are presented in Figs. 5, 6,
and 7. The spectra have a simpler appearance
than those of Figs. 1—3 because the accessible
energy range of absorption was limited by the
Li F cutoff, so that absorption associated with
d-like final states was not observable. First, as
for Xe impurities, the Kr spectra change signifi-
cant, ly with impurity concentration. Most inter-
esting among those trends is the emergence of
sharp peaks with increasing impurity concentra-
tion. These peaks shift with composition much
as in the case of XeK displayed above (Fig. 4).
The KrHb system has been studied across the full
phase diagram, in combination with resistivity
measurements that reveal the metal-insulator
transition. These data will be found in Paper
III." Results showing the variation of threshold
energy with composition are also presented there.
The trends are similar to those observed for XeK
alloys. It may be remarked, however, that the
threshold coefficient A in KrHb was not found to
undergo changes identical with those shown in

Fig. 4 for XeK. A difficulty for Kr impurities is
that the first pair peak falls closer to the thres-
hold energy than in XeK. As the threshold energy
increases and the peak energy decreases, with in-
creasing Kr concentration, the tail of the peak be-
gins to overlap significantly with the threshold
profile and makes the analysis uncertain. Thus,
we cannot judge with certainty whether or not the
XeK results of Fig. 4(c) are, in this respect,
typical of all rare gases in alkali metals.

of the wide range of available rare-gas-alkali-
metal alloys, most effort was expended on Xe
and Ar impurities in the K host. Potassium was
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FIG. 7. Absorption per Kr atom at 7'K for Kr im-
purities at various concentrations (at.%) in cesium.

chosen since it has both a small impurity misfit
and a plasma energy sufficiently below the impurity
excitations that its optical window wholly overlaps
the accessible impurity absorption. Spurious ef-
fects due to host band excitations are thereby
avoided. Xenon was chosen as the primary test
species because its atomic excitation spectrum
has much structure at low energies below the cut-
off of the LiF substrate at 6~ =12 eV and above
the strong plasma absorption by conduction elec-
trons at A~ = 5 eV in the metal. In the initial ex-
periments Kr was employed as a perturbation on

the XeK system and results resembling those de-
scribed below were obtained. An unavoidable
complexity arose, however, from the strong over-
lap of the Kr and Xe absorption spectra. In order
to avoid this difficulty, Ar, rather than Kr, was
employed in the final studies because the excita-
tion threshold for isolated Ar atoms was expected
to occur at higher energies (-11 eV).

Since the interactions between rare-gas species
is unnecessarily complex in alloys involving high
densities of both rare gases, we chose to investi-
gate the effects of Ar on low densities of Xe im-
purities. In this way, spectra from Xe, pairs
were largely avoided (see e.g. , Fig. 1 for Xe,
spectra. in K). Moreover, Ar, spectra fall at en-
ergies ( 11 eV) near the LiF cutoff and, conse-
quently, are not fully accessible to this study.
Thus Ar-Xe interactions can be expected to domi-
nate the spectrum for Ar concentrations large
compared to the Xe concentration. In order to
secure both a good signal-to-noise ratio and a
small total impurity content, densities of 2 and 4

at. % were chosen for the Xe test species, and Ar
concentrations in the range of 0—15 at. % were
chosen in order to span the fixed Xe eoncentra-
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tions in a satisfactory way.
The results of these experiments are shown in

Figs. 8 and 9. In Fig. 8 are displa, yed the absolute
absorption coefficient per Xe atom (the logarithm
of the 1Rtlo of tx'Rnsxnltted light intensities nor-
xnalized to the density pex" unit area, of Xe atoms
in the alloy) at 7 K for rare-gas impurities in
XeArK alloys containing about 2-at. % Xe and
0-15-at.% Ar. The samples were not annealed,
so segregation Rnd ol dex"1ng of the lmpurltles ls
largely avoided. Similar results are shown in
Fig. 9 for alloys containing about 4-at.% Xe, and
Ar concentrations up to 16 at, k. These spectra
x'eveal a wealth of details including a pronounced
shift in the Xe threshold, the emergence of the Ax

thxeshold, and a marked change in the integrated
oscillator strength within the accessible energy
r'Rnge. 9.0 IG.G

Tin (eV)

NotaMe among the Kr data of Figs. 5-7 is the
apparent growth, with increasing impurity concen-
tration, of sharp absorption peaks superposed on
a thxeshold profile that is xather insensitive to
composition in the more dilute systems. For Kr
impurities these remain the only marked features
of the results because the I.iF cutoff has limited
our studies to photon energies less than about
11.5 eV. For Xe impurities, however, some
stxueture remains vlslble on the absorption curves

FIG. 9. Optical absorption per Xe atom in thin potas-
siurn films containing about 4-at. % Xe, showing how the
absorption changes with various additions of Ar.

Rt energies greater than 2 eV above threshold,
even for the dilute alloys.

These features ax'e treated separately in the
following discussion. The threshoM absorption in
dilute systems has been examined fully in Paper I.
Section IVA discusses the observed sharp peaks in
order to identify theix' pxoperties and origins. An
interpretation of these properties in terms of
8peelfle impurity structures follow8 1n See. IV B.
Finally, See. IV C analyzes the structured ab-
sorption that occurs more than 2.5 eV above thx"es-
hold in dilute RBoys containing Xe.

G.G

7.G

FIG. 8. Optical absorption per Xe atom in thin potas-
sium films containing about 2-at. % Xe, showing how the
absorption changes with var ious additions of Ar.

A. Pair peaks and threshold profiles

It is clear from the spectra px'esented in See.
III, and particularly for the more detailed XeK
results of Fig. 1, that the shaxp peaks on the ab-
sorption curves grow smoothly with increasing
impurity concentration. The form of this func-
tional dependence on composition provides the
ba,sis from which the present analysis proceeds.

Figure 10 shows the height. of the 8.4-eV peak in
Fig. 1 plotted as a function of Xe ixnpurity concen-
tration. Clearly, the peak height grows linearly
with Xe content. This linear variation appears to
show unambiguously that the exeitations origi-
nate on rare-gas atom pairs, since only the p1'ob-
ability that a. second impurity occupies any specific
site neighboring the test atom changes linearly
with concentration in txuly random alloys. Fur-
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thermore, since screening is essentially corn-
pleted inside the %igner-Seitz cell of metallic
hosts, ""there can be very little long-range in-
teraction among impurities. Therefore the inter-
acting atoms in each pair are almost certainty in
close proximity. Leaving until Paper IIIan explicit
demonstration that the samples are characterized
by random short-range order, we conclude that the
sharp spectral lines originate from pairs of rare-
gas atoms occupying nearest-neighboring sites in

the metallic host lattice.
Data taken on rather dilute alloys (e.g. , the Kr

data of Figs 5-7) are not, in general, suitable for
this type of analysis. The absorption curves are
not sufficiently precise for small fractional
changes in absolute amplitude of the absorption
to show clearly in figures depicting the amplitude
as a function of concentration. An additional am-
biguity arises in that the positions of some sharp
peaks shift with composition. This happens in

part because other components of the absorption
occupy the same energy interval. To exhibit the
broad trend of peak behavior a different approach
was therefore adopted. The smooth trend of ab-
sorption above and below the 8.4-eV peak was
interpolated under the peak itself and the peak
height taken as the maximum amplitude 5p, of the
observed absorption above the interpolated back-
ground. It should be noted that no obvious changes
of peak width with composition were detected, so
the measured 5p, provide an approximate, but

FIG. 10. Absorption coefficient at the 8.4-eV pair peak
for Xe in K, shown as a function of xenon concentration.
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FIG. ii. Height 6p, of the pair peak as a function of Kr
impurity concentration in various alkali-metal —Kr solu-
tions.

satisfactory, measure of the oscillator strength
in the peaks.

The results of this analysis are shown in Fig.
11 for Kr impurities and Fig. 12 for Xe impurities.
The substantial scatter present in the data, partic-
ularly for the dilute systems, reflects the uncer-
tainty present both in the data and in the crude
method adopted for the analysis. Nevertheless,
the results agree quite well with the trend estab-
lished in Fig. 8 for XeK. The Kr results for al-
loys with c &10 at.$ all conform in a satisfactory
way to a linear dependence of 5p, on c. Even
more interesting is the fact that the Xe results
yield linear plots of 5p, against c out to quite
large Xe concentrations. Data taken on Kr im-
purities at higher impurity concentrations were
found to maintain the linear trend also. It is
shown inwhatfollows that this behavior corre-
sponds to the existence of an independent excita-
tion channel for the impurity pairs.

Consider first the isolated pairs. In a lattice
for which each point has N nearest neighbors, the
probability that one impurity, with atomic frac-
tion c, has one nearest-neighbor impurity, and
that the pair has no other nearest impurity neigh-
bors, is

P c(l c)X+8'-1
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with N+N' the total number of nearest neighbors
possessed by the pair. Here tie(1 —e) is 'the

probability that any impurity ha, s one and one only
nearest impurity neighbor, and the factor (1 —e)"
eliminates assemblies in which the neighbor has
other lmpux lty neighboI S. Fox the bcc 1Rttice
N = 8 a,nd N' = 7 so tha. t

P, - 8e(1 —e)".
P2 is show'n as a function e in Fig. 13. Clearly the
probRblllty of finding isolated pRlrs devlates
markedly, at higher impurity concentrations,
from the linear trend it follows up to c-2 at. k.
Since the pRir pea, k amplitudes shown in Figs.
7-9 remain linear to much lax'ger impurity con-
centrations it can be inferred that the obsexved
features do not arise from excI.tations of impuri-
ties located in isolated impurity pairs. In order
that 5p. remains linear in e out to such large con-
centrations, it is necessary instead that all nearest-
neighboring impurity atoms each contribute an in-
crement to the pair peak absorption, regardless
of the types of atoms that occupy sites neighboring
Ne Pair. The number P2 of such pairs to which
any test a,tom belongs is just P,'=Ãe. This varies
linearly over the entire composition range, and
the experimental results find a natural explanation.

Thus, the observed concentration dependence
shows that the pair peaks axise from pair bonds'o

between impurities, rather than from isolated
pairs alone. There is also a strong indication that
the observed spectra are influenced largely by
vex'y shox't- ranged coupllngs ln the alloys.
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FIG. 12. Height 6p of the pair peak as a function of Xe
impurity concentration in various alkali-metal-Xe solu-
tions.
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FIG. i3. Probabilities for impurities to be in various
complexes. The solid line shows the probability I'~(c)
that an impurity is one member of an isoLated pair and
the dotted line represents the probability P& that it is an
$80lct8d single impurltye The broken, linear extrapola-
tion of P~(c) indicates the number of pair bonds per im-
purity.

A second feature of the results leads to a simi-
la, r conclusion and adds some insight into the
eouplings that influence the excitation spectra. In
Paper I we have identified the absorption near
threshoM with the excitation of isolafed impurity
atoms, and the identification is confirmed beyond
doubt by our ability to predict the threshold energy
with high precision. But the results for more con-
centrated samples presented in Sec. ID show that
the threshold persists up to very high impurity
concentrations„at which few impurities lack im-
purity neighbors. This follows from the probabil-
ity

P, - (1-e)"-(1 —e)',
that an impurity a,t concentration c shall be iso-
lated from other impurities in a bcc lattice having
the components distributed Rt ralldom among 1Rt-
tiee sites. P, is shown as a function of c by the
broken line in Fig. 11. It falls off essentially to
zero for c -0.25. Since the thx eshold absorption
pex sists well beyond this impurity concentration. it
seems quite certain that impurity atoms having
other impurities as neighbors must also contrib-
ute to the absorption in the energy region imme-
diately above the observed threshold. In fact the
particular linear decay of threshold profile with e
exhibited by Xe in K [Fig. 4(b)] suggests that the
oscillator strength falls in direct proportion to the
number of nonmetallic neighbors possessed by the
impurities, so that the pair peak and the threshoM
profile both reflect the densities of various types
of pair bonds connecting to impurities in the al-
loys. This conclusion cannot, however, be main-
tained with certainty for the case of threshold
pxoeesses owing to the complications caused by
threshold shifts and problems of analysis men-
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tioned in Sec. II.
In contrast to the situation for homoatomic pairs

as discussed above, the spectral changes with
increasing Ar concentrations, displayed in Figs.
8 and 9, are so severe that the relation t;o spectra
from samples lacking Ar is largely obliterated.
As mentioned in Sec. III, the alloy components and

compositions were so chosen that the results
would pertain mainly to the properties of XeAr
pairs located on neighboring sites. This point is
confirmed by the three sharp peaks which emerge
with increasing Ar concentration in both the 2-
and 4-at.% Xe alloy series. To analyze these fea.-
tures we have estimated the peak heights by inter-
polating the background into the Iegion under the
peaks using the trends from both higher and lower
energies. This procedure provides only an approx-
imate description of the oscillator strength in each
peak, but, since the peak shapes seem relatively
insensitive to other variables, it does provide a
serviceable method of dealing with the variation. of
oscillator strength with impurity content.

In Fig. 14, the peak heights, not normalized to
unit Xe concentration, are presented as function
of the product, cx,c„„ofthe Xe and Ar atomic
fractions. The data for each of the peaks fall in a
satisfactory way on one of the three lines in Fig.

Cxe
- 0.045

—I 0.0
E
O

8.0

~& 6.0
C)

4.0

14. The form of this functional dependence on
concentration associates the lines unambiguously
with pairs consisting of one Xe atom and one Ar
atom occupying neighboring sites in the host lat-
tice. But, just as in the case of homoatomic pairs,
the linearity extends up to Ar concentrations that
are too large for these features to arise from iso-
lated pairs. In the most concentrated alloys, the
total rare-gas concentration rises to 20 at. 'fo, and

few if any isolated pairs remain. We therefore
deduce, as before, that the sharp peaks arise
from pair bond's between Xe impurities and neigh-
boring Ar impurities.

Another feature of the sharp pair spectra also
emerges in Figs. 8 and 9. The Xe, pair peak at,

about 8.6 eV is clearly visible in spectra with

cA, = 0 but disappears as Ar is added to the alloy
and in the limit of large Ar concentrations is to-
tally lacking. In the intermediate range (e.g. ,
the sample contaimng 4-at.% Xe and 4-at. % Ar)
a broadened peak, spreading between the energy
of the Xe, peak at c„,=0 and the first XeAr peak
at c»»cx„ is observed. Similar results have
been observed in rare-gas alloys lacking a metal-
lic component. " It seems that Ar neighbors
drain oscillator strength from the Xe, excitations
into transitions ending on final XeAr states, since
the density of Xe, pair bonds is presumably rather
constant among the samples described by Fig. 9.

The question of integrated oscillator strength is
an important aspect of the results discussed here
and in Paper I. Note that these experiments mea-
sure transmissivity rather than absorption and

thus are subject to the uncertainty of reflection
losses from the samples, which consist of suc-
cessive layers of Ne, metal (or alloy), and I.iF.
However, the data represent only differences
between pure metal and alloy samples. Also,
the ref lectivity losses in these dilute alloys re-
main small and may not modify the data in a criti-
cal way. The systematic variation of measured
oscillator strength with composition then follows
with reasonable fidelity the behavior of the true
oscillator strengths for the impurity transitions.
We therefore evaluate for the various alloys, the

quantity

2.0
p(E)E dE,

0 2.0 4.0 6.0
l0 Cx CA„

I

8.0

FIG. 14. Heights of the sharp peaks in Figs. 8 and 9,
shown as functions of the product eh~ex, .

with p the measured absorption coefficient, to
determine the oscillator strength integrated from
threshold to a fixed upper limit E .

In Fig. 15(b), the values of g(E ) for alloys con-
taining 2-at. % Xe are displayed as open circles,
and those for alloys with 4-at. % Xe as closed cir-
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FIG. 15. Oscillator strength per Xe atom (a) in K-Xe
mixtures and (b) in K-Xe mixtures with additions of Ar.

cles. In each case the value E = 10.5 eV was
chosen in order to avoid substantial contributions
from the Ar threshold absorption. From Fig.
4(b), one deduces that the Ar neighbors cause a
substantial increase in the oscillator strength of
Xe atoms in the energy range below 10.5 eV. The
same straight line provides a good approximation
to the data from both the 2- and 4-at. % Xe alloys,
and it may therefore be presumed that this line
accurately describes these alloys in the dilute Xe
limit. If extrapolated to c„,= 100 at. %, these re-
sults suggest that the oscillator strength per Xe
atom in this energy range is increased by a factor
of 3 to 4 by the presence of a complete shell oi Ar
atoms. This large factor may well measure in

part the suppression of the impurity oscillator
strength by the electron gas in the dilute impurity
limit. A similar analysis for Xe atoms in K, de-
rived from the results shown in Fig. 1 is displayed
in Fig. 15(a), which shows integrated oscillator
strength per Xe atom below 10.5 eV plotted against
ex, . Qnce again the trend is linear, although the
Xe oscillator strength seems less sensitive to the
presence of Xe neighbors than to presence of Ar
neighbors, and the extrapolated enhancement at
ex, =100 at.% is only a factor 2.

Much of the added oscillator strength in XeK and
XeArK systems lies in the sharply peaked rare-
gas absorption which is evidently to be associ-
ated with pair bonds between rare-gas atoms. We
must therefore conclude that the pair excitations
provide a low-energy outlet for oscillator strength
that, for isolated rare-gas impurities, is forced to
higher energies by the constraint of the host elec-
tron gas. This, of course, is the expected result
of the Anderson orthogonality catastrophy (see
Paper O.

B. Excited configurations of rare-gas impurities

In this section we interpret the observed ex-
citation spectxa in terms of specific ground and
excited state structures, making use of the view-

points established in Sec. IVA. The concentration
dependence of the threshold and pair peak data
discussed there establishes profiles characteristic
of the dilute Iimit. These were associated in

Paper I with rare-gas impurities isolated in the
metal lattice. The ground state of the isolated
impurity appears much like a rare-gas atom oc-
cupying a relaxed vacant cell of the metal, and
the excited state resembles a perfect alkali-metal
lattice slightly distorted by the ground-state re-
laxation. The conduction electron densities in and
near the defect cell are sketched in Figs. 16(a) and
16(b) for the ground and excited configurations,
respectively. The impurity potential binds a full
valence shell of six p electrons far below the band
in Fig. 16(a) and five P electrons are bound still
deeper in the defect cell of Fig. 12(b). We recall
here that the identification of these configurations
is supported by the precision with which the thres-
hold may be predicted. Although the profile above
threshold clearly arises from electron-hole pair
creation in the alkali-metal-like excited configura-
tion, the form of this profile cannot as yet be
predicted by the theory.

The r'esults show that the threshold absorption
persists, somewhat shifted and reduced in amp-
litude, when other rare- gas atoms occupy sites
neighboring the excited atom. Qur first purpose
in what follows is to identify the excited con-
figurations that cause this threshold absorption
at higher concentrations. The discussion centers
on the excited states possessed by pairs of

(c)

Cs Cs Xe Cs Cs Cs Cs Xe Xe Cs Cs

(d) 5, /
Cs Cs Xe Xe Cs Cs

(e)

Cs Cs Xe& Cs Cs

I'IG. 16. Electron density p(x) near (a) the one-impu-
rity ground state; (b} the one-impurity excited state; (c)
the tvro-impur ity ground state; (d) the two-impurity "me-
tallic" excited state; and (e) the molecular excited state
responsible for the pair peaks. The figure is dravrn fox

Xe in Cs but the structures are probably insensitive to
the particular host and impurity species.
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neighboring rare-gas atoms, but it should be
realized throughout that the states identified are
probably insensitive to the presence of a limited
number of other rare-gas atoms neighboring
the pair.

The electron density in the ground configuration
of two rare-gas atoms occupying neighboring sites
in an alkali metal is shown schematically in Fig.
16(c). The valence p shells of the rare-gas atoms
fall -1 Ry below vacuum level and cannot mix with
the alkali conduction bands which lie at E & —0.5
Ry. In order to secure local electrical neutrality
the electron ga.s is repelled from the two vacant
cells. For this reason the structure closely re-
sembles two rare-gas atoms occupying the two
cells of a relaxed divacancy. The relaxation
around each component impurity should not differ
widely from that for an isolated rare-gas atom
in the lattice.

It is expected from the persistence of thres-
hold absorption to high impurity concentra. tions
that the excited states of homoatomic rare-gas
multiplets causing this effect bear a strong
resemblance to single- impurity excited configura-
tion of Fig. 16(b). The threshold for this new

process must fall close to that for Fig. 16(b) and
the coupling to electron-hole pair creation pro-
cesses must also be similar, in order that the
profile shall remain insensitive to composition
for c ~ 10 at. % of impurity. Figure 16(d) shows
the only likely candidate for the threshold process.
In this excited configuration the excited atom re-
sembles a, host alkali atom and the excitation pro-
cess merely fills in one component impurity cell
with electron gas. As far as the electron gas is
concerned, the excitation merely annihilates one
vacancy much as in the excitation leading from
Fig. 16(a) to 16(b). Further support for this
assignment will be found in the discussion of
heteroatomic excitations presented below. It re-
mains possible that the hole and its conduction-
electron screen could hop between the two degen-
erate impurities of a homoatomic pair, but the
lack of overlap between the electron gas configura-
tions in the two orientations must inhibit this pro-
cess. It is likely that the system traps in
one or the other orientation for its limited life-
time. Further comments on this point will ac-
company our subsequent discussion of the pair
pea, ks.

In order to explain the data, the transition 16(c)
—16(d) must have its threshold at only slightly
higher energy ( 0.1 eV) than the process 16(a)
—16(b). It is easily shown that the two processes
do indeed fall in very similar energy ranges.
Neglecting relaxation interactions between the
defect cells one sees that the excited configura-

tion 16(d) differs from 16(b) only in the presence of
one extra relaxed impurity cell whose formation
energy is approximately that (-0.2 eV) required
to form a vacancy. Similarly, 16(c) differs from
16(a) by the presence of one extra relaxed impurity
cell, but the two impurities now lie on adjacent
lattice sites. The energy of the ground state is thus
lowered further than that of the excited state by
the nearest-neighbor binding energy of the im-
purities. This interaction must closely resemble
the vacancy-vacancy binding which is -0.1 eV in
alkali metals. " Thus, the excitation energy is
increased only slightly, probably -0.1 eV, by the
presence of a second impurity on a site neighboring
the excited atom. This is precisely the threshold
behavior required to explain the observed pro-
files.

It is more difficult to argue convincingly that
the trend of observed Profiles with concentration
fits equally well with the model excited configura-
tion of Fig. 16(d). In the absence of a theory de-
scribing the profile for the excitation 16(a) —16(b),
it is hard to predict the further changes induced
by a perturbation. One may nevertheless observe
that the coupling may, to some extent, reflect the
degree of overlap between the excited atomic
orbital and the surrounding electron gas. The
coupling of the transition to the host valence states
may thus decrease in proportion to the fraction
of neighboring sites occupied by other rare-gas
atoms. Certainly, this is the inference to be drawn
(albeit tentatively) from the data presented in Fig.
4(b), but neither the experiment nor the interpre-
tation have as yet identified this feature with
certainty.

Consider now the pair peaks. It follows from Sec.
IVA that these processes are associated with pair
bonds between impurity rare-gas atoms. How-

ever, the extraordinary sharpness of the excita-
tions is unexpected for metallic host lattice. In
fact, the widths and locations of the lines resemble
the recombination lifetime- limited exciton lines
of these atoms when condensed as solid rare gases
(for details see Paper IV)." Evidently the metallic
features of the surrounding host have little in.-
fluence on the pair peak profiles. Thus, the data
seem to involve novel structures on whose excita-
tion spectrum the influence of electron-hole
creation processes is negligible.

The latter feature provides a stong indication
that rare-gas pairs (or multiplets) dispersed in a,

metallic host possess at least two independent
excitation channels. This follows from the fact
that a channel strongly coupled to pair-creation
processes can hardly exhibit sharp structure. This
seems to rule out the possibility that excitations
leading to Fig. 16(d) are so modified from 16(b) by
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the presence of a second neighbor that a sharp
absorption peak emerges from the electron-hole
pair creation spectrum some distance above thres-
hold. Instead, these unusual effects must arise
from the availability of an independent excitation
channel.

An excited configuration that explains the posi-
tion, sharpness, and pair-bond nature of the ob-
served pair peaks is shown in Fig. 16(e). It is
a symmetrical configuration that centers equally
on two impurity atoms involved in the excitation.
For this reason. the obsexved dependence of the
oscillator strength on the density of impurity pairs
follows trivially. The P hole in the full valence
shells of the two rare-gas atoms resonates be-
tween the two systexns while the excited s-like
orbital also encompasses both centers. In short,
the paix" peaks arise from an excited configuration
of the diatomic rare-gas molecule.

A further point warrants immediate mention in

connection with the pair peak ampl. itudes. Al-
though the peak height varies linearly with the
number of impurity paix bonds in the several
alkali-metal hosts, the strength of this dependence
is sensitive to the particular host employed. It
seexns likely that the fractional oscillator strength
residing in the pair peak depends on the hopping
rate of the one-electron excitation between the
components of the impurity pair. The dependence
on the intexnuclear separation thus implied suggests
that the rapid emergence of the pair peaks with

composition observed in the lighter alkali metals
may arise from the smaller lattice spacing of
these hosts, as the sxnaller lattice parameter
forces the impurities into closer proximity.

Matters related to the location of the pair peaks
are deferred until the discussion in Paper 1V

of the principal resonance lines of diatomic and
more complex systems formed from both like and

unlike rare- gas species. The present dis-
cussion is concerned with the fact that configura-
tion 16(e) offers a convincing explanation of the
unusual. sharpness exhibited by both the Xe and
Kr pair peaks in all the alkali-metal hosts. '7

It is well known that a reduced overlap associated,
for example, with inc reasing atomic separation,
must eventually cause an electron gas to become
magnetic. This happens because overlap deter-
xnines the hopping rate and, for sufficiently slow
translational motion, the exchange interaction
eventually becomes dominant. For local phenomena
these processes manifest themselves in the mag-
netism associated with the rather sharp d orbitals
ofmany transition met;als in simple metals having
relatively dilute electron gases. The magnetism is
low when, as in the case of Mn in Al, the electron
gas is dense and the overlap becomes too large. "

Its spread through two unoccupied cells evidently
allows the excited orbital in 16(e) to reduce its
overlap with the electron gas below the level of
overlap in states 16(b) and 16(d). We believe that
the exchange then predominates and the excited
orbital exists as a spin polarized state of the sys-
tern. Whether the orbital is degenerate with the
host band states, or falls below the band bottom
as a bound state, then has little effect on the
sharpness of the excitation spectrum. In either
case the excitations are lifet;ime-broadened 6
functions.

A detailed demonstration of this result is de-
ferred until Paper V(Ref. 16) but the reasons are
sufficiently simple that a physical explanation
mill suffice here. A fuB magnetic level appears
in the theory of impurity structure as a virtual
bound state in which the phase shift having the ap-
propriate symmetry passes from 0 to n in the
energy range of the relevant orbital "8
phase shift of m does not change the asymptotic
form of band wave functions; it corresponds only
to a multiplicative factor of —1. For this reason
a local excitation whose only effect is to introduce
a full virtual level causes no long-range changes
in the distribution of conduction electrons, and
the electron-hole pair creation processes associa-
ted with such ch3nges are completely ellm1nated.
The excitation spectrum thus becomes a 5 func-
tion broadened only by lifetime limitations on the
excited state.

It may be remarked that fully bound excited states
also lack substantial coupling to pair creation pro-
cesses. Of course, the distinction between bound
and virtual levels is sharp only in one-electron
theory. " Nevertheless, the lack of coupling be-
tween conduction electrons at Ez and full local
valence levels rema, ins a reality in the complete
many-body system. It finds its most obvious ex-
pression in the lack of residual resistance as-
sociated, for example, with the d levels of Mn
when dispersed in noble-metal hosts. " It seems
likely that the magnetic excited states of rare-gas
pairs do, in fact, contribute a virtual level to the
electron gas since the binding enexgy of the ex-
cited molecular orbital probably falls close in en-
exgy to the analogous atomic s oxbital, and is
therefore degenerate with the band states of alkali-
metal hosts. A bound-to-virtual transition of
this orbital should, however, have little influence
on the excitation spectrum.

In summary, the excited state 16(b) of
isolated rare-gas impurities exerts a dominant
influence on the observed excitation spectra only
ln the dilute limit with c ~ 5-at. jg rax'e gas. The
apparent persistence of the threshold absorption„
and of the general low-energy impurity profile,
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is observed only because excitations 16(d) of
rare-ga, s pa, irs (and multiplets) give spectra sim-
ilar to those for 16(b). The observed threshold
shift to higher energies conforms both in sign and
order of magnitude with the theoretical expecta-
tions, and the change in profile can be explained in

R plausible, but as yet incomplete, way, The
sharp lines of the spectra arise from molecular
excitations of rare-gas pairs (or multiplets), and
the excited orbital in these configurations pxobably
forms a virtual-bound state in the host conduction
band.

Turning now to the spectra foI alloys containing
heteroatomic paixs we note that the results shown.

in Figs. 8 and 9 contain information concerning
two dlst1nct thresholds. As cA 0, the thl eshoM
absorption of Xe Rt dilut1on ln K 18 obtR1ned 1Q

R,ccordance with Fig. 1. The addition of Ar shifts
this Rbsolption to higher eneI'gles Rnd Rppear8 to
blurr the threshoM into a smoothly rounded form.
A marked increase in the amplitude of this "metal-
lic" absorption is also clearly evident in. Figs.
8 Rnd 9. The influence of Ar neighbors on Xe ab-
sorp'tlon 1s quite DlRrked.

In addition to these interesting changes in the Xe
threshold profile, the presence of Ar atoms gives
I'ise to a neer absorption feature at high energies.
Clearly evident in the XeArK spectrum as c„,
-0 is a maximum in the optical density at 5v
=10.5 eV (cf. also Fig. 1.). This peak is com-
pletely obscured in Figs. 8 and 9 by additional
absorption at h~ ~ 10.5 eV. In what follows, we
interpret this new absoxption as originating in
'"metallic" type excitations centered on Ar im-
purities.

It is easy to estimate the absorption threshoM
of Ar atoms in K, using the methods of Paper I.
The formation ene1 gy of unrelaxed VRcRncles In

K is about 0.6 eV and, neglecting relaxation, this
value represents the increase of the ground state
energy when Ar is introduced into the K host.
SIQce AI'* resembles K, the energy of the lIQpurlty
excited state is lowered by 0.94 eV, the cohesive
energy of K. The Ar atomic transition at 11.62 eV
i.s thus reduced in energy by the metallic environ-
ment to produce a threshold Rt 11.62 —0.94 —0.6
=10.1 eV, neglecting strain effects. For the cases
of Kr in Rb and Xe in Cs, relaxation in the ground
Rnd excited states sIlifts t;he absorption threshoM
upward by 0.5 eV (see Fig. 9 of Paper 1). Much
tIle same SIllft shouM occuI' foI' AI' impurities ln

K, so that the final prediction is an absorption
threshold of 10.6 eV for Ar impurities in K, with
Rn expected precision of +0.1 eV. This prediction
is in excellent agreement with the observed ab-
sorption just above 10.5 eV which earlier com-
ments have associated %'ith Ax impurities in.

XeArK alloys.
The behavior of the threshold and pair peaks in

XeAr K mix'ror similar features in alloys containing
one rare-gas species. All the available evidence
is consist;ent with the absence of short-range
ordering in these alloys. Therefore the low-energy
impurity spectra, from dilute XeK alloys containing
—10 at.VO Ar represent mainly the spectrum of
XeA1 pairs) since each Xe hasq on the average) one

AI' nelghboI" Rnd no Xe QelghboI's. TIle similarity
between the spectra, of alloys containing 2- Rnd 4-
at. k Xe confirms that the dilute Xe limit is indeed

being p1obed. TheI'e are Qo%' two pI'lnclpRl ponlts
to be established in confirmation of the model
developed above to describe the excited state
structure. These points relate, respectively, to
the thxeshold absorption and the pair peaks.

The data for alloys containing Xe and Ar iIQ-

purities give cleax' evidence that impurity pairs
suppoxt asymmetric excitations in which the host
electron gas propagates mainly through one ex-
cited impurity cell and not its neighbor. The point
is that a Xe-like metallic threshold with sub-
stantially unmodified oscillator strength persists
in alloys containing Ar concentrations (-10 at. /q)

for which most Xe atoms must neighbor Ar im-

puIities. A separate Ar absorption threshold is
also observed. These results demonstrate that

each atom of the impurity pair can be excited al-
most as if the other were absent, although with

some distortion of the absorption. profile. The
shift of the Xe threshoM to higher energies, which

accompanies increasing Ar concentration, is a
natural consequence of the interaction of the Xe
atom with its Ar neighbor through the lattice
strain and the Van deI'baal'8 attraction.

The Second point concerns the sharp peaks which

are identified above with transitions ending on.

homoatomic rare-gas molecules. The association

I

Xe inK

t

IO.O
'hto(6V )

I IG. i7. Absorption coefficient of Xe in K at two con-
centrations, showing the coincidence of sharp structure
with atomic Xe transitions marked by arrows.
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of these features with interactions between two

rare-gas species is strongly supported by the
linear dependence of the peak height on cx,c„,
exhibited in Fig. 14. The persistence of the linear-
ity at large cA, further confirms that the excita-
tion involves pair bonds rather than merely iso-
lated XeAr pairs. Furthermore, the fact that
XeAr associates yield a spectrum of sharp ex-
citations radically different from that of Xe, pairs
suggests that the excitation encompasses both

atoms of the impurity pair. These peaks must
therefore originate in transitions ending on states
which are truly molecular in nature.

C. d-like absorption

A residual structure appears at energies more
than 2.4 eV above threshold for the Xe excitations
even in dilute alloys. As in the case of the thres-
hold profiles, this structure reproduces in general
form from one host lattice to the next, but the
energies at which various broad features emerge
appear less sensitive to the particular embedding
lattice than is the case for the threshold energy.
We believe that this structure relates to a new
feature of excited impurity configurations in
metals: the existence of a variety of alternative
electron gas configurations near a local center
in a metal. This possibility has mainly been
neglected in previous studies of local optical ex-
citations in metals. "

In any discussion of excited states far above
threshold in metals two different possibilities must
be recognized. For the sake of definiteness we
shall use here the example of rare-gas excitations
in metals, but it should be emphasized that these
remarks have a more general validity. First, it
is possible that the excited configurations above
threshold resemble the threshold excitation 16(b)
with added quasiparticles propagating through the
alkali-metal valence levels. This is the alterna-
tive to which discussions in the current literature
largely conform. The second alternative, which
we believe also occurs in the systems of interest
here, is that optical absorption may excite a dif-
ferent self-consistent distribution of conduction
electrons in and near the defect cell. In the pre-
sent studies it is an orbital of d symmetry that
is excited from the full ground-state P shell. The
d excitation has its own threshold, and excitation
of still higher energy in part presumably create
this electron gas configuration together with
electron-hole pairs in the new self-consistent set
of excited band orbitals which locates a d state in
the central cell.

L
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FIG. 18. Amplitude 5@& (see text) of d-like absorption
by Xe at various concentrations in potassium. This
component does not vanish as c—0, thereby identifying
a new basic excited state of isolated Xe impurities in
the metal host.

We shall comment further here only on the ex-
perimental justification for these beliefs. In Fig.
17 are superposed the absorption curves of
Xe in K at 1.8/o and 13% concentrations, for the
purpose of comparison with the spectrum of
gaseous Xe, indicated in Fig. 17 by arrows. The
lower pair peak falls near the 5P'-5P'6s (J= -'. )
atomic resonance and its J= ~ partner forms the
lower edge of the absorption structure extending
from about 9.6 to 10.7 eV in the metal. The high-
energy portion of this range coincides with strongly
allowed 5P'-5P'5d transitions of atomic Xe.
Similar features in the spectrum of pure solid Xe
are discussed in Paper IV. In what follows it is
shown that the latter part of the absorption attribu-
ted to Xe in the metal has an evolution with im-
purity concentration different from that exhibited
by the pair peaks. It must therefore be identified
with a separate excited configuration most probably
possessing a local d-like symmetry.

For the present purpose the most interesting
point is that the d structure is not eliminated by
decreasing the impurity concentration. To mea-
sure this effect we have determined the height
6p~ by which absorption at -10.1 eV in Fig. 1
exceeds the linear interpolation between the trough
at -10.9 eV and the point at -9.1 eV at which the
upper pair peak begins to modify the absorption
(see Fig. 17). The resulting value of 5p~ is shown

as a function of c in Fig. 18. The point established
by these results is that the d-like structure per-
sists in the extrapolation of the results down to
zero impurity concentration.
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As a result of these observations we conclude
that the electron gas near impurity centers in
metals can exist in more than one form for life-
times exceeding 10 "sec. The plasma energy ex-
ceeds the width of the observed structures by a
substantial factor. It therefore follows that these
excited configurations are self- consistent
structures. The configurations therefore persist
in the usual way by means of Coulomb correlations
among particles in the electron gas. This latter
observation follows from the fact that one-electron
lifetimes of conduction electron- impurity collisions

must surely be less than -10"sec, corresponding
to the conduction electron bandwidth, as is certain-
ly the case for the excited configuration 16(b).
One anticipates that excitations related to suc-
cessively higher atomic states will eventually
have lifetimes shorter than the conduction-
electron-impurity collision lifetime so that the
notion of a self- consistent configuration loses its
meaning. Nevertheless, the results discussed
here point clearly towards a future spectroscopy
of low-lying self-consistent excited configurations
of the electron gas near impurities in metals.
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