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X-ray-edge problem in metals. I. Universal scaling in alkali-alkali alloys
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We report outer-core excitation spectra of alkali-alkali alloys. The results are obtained by dif-
ferential reflectance methods using synchrotron radiation on quench-condensed samples. Striking
changes of line shape take place with changing composition. All available threshold profiles for
alkali-metal alloys and pure metals conform to a universal scaling relationship defined by parame-
ters related to the electronic structure of the excited configuration. The sharp "x-ray edges" with an
overshoot at threshold occur only when the excited alkali-metal-atom valence orbitals localize at or
below the band bottom and other atoms of the same type neighboring the active core in the Periodic
Table. A linear absorption profile rising from zero absorption at threshold is observed when the ex-

cited orbitals mix strongly with conduction-band states.

I. INTRODUCTION

In this research we investigate the "x-ray-edge" prob-
lem of metals and alloys. The present paper, referred to
as I, reports core-excitation spectra and presents analysis
for samples made by alloying together two different alkali
metals. Paper II, which follows immediately, describes
studies of foreign alkali-metal atoms adsorbed on the sur-
faces of alkali-metal host metals. The composite work
thus focuses on the way in which the core-excitation spec-
trum of an alkali-metal atom is modified by an alkali-
metal conduction-electron liquid, to which it can be cou-
pled in different ways.

Previous work has largely concerned excitations of the
pure metals. The np (n + 1 )s~np (n +1)s excitation
spectra of the pure alkali metals Na (n =2), K (n =3), Rg
(n =4), and Cs (n =5) exhibit certain similar characteris-
tics. Each has a sharp leading edge with an overshoot or
spike at threshold, as seen in Fig. 1, due to Ishii et al.
These effects have been described by a famous theory ori-
ginating in ideas of Anderson and Mahan, and reaching
completion in treatments by Nozieres and de Dominicis
for optical excitations, and by Doniach and Sunjic for
photoemission processes when treated in the "sudden" ap-
proximation. The theory has been reviewed recently by
Wilkins. Together with the I.z 3 edges of Mg and Al,
the alkali-metal spectra have provided the testing ground
through which these Mahan —Nozieres —de Dominicis
(MND) theories have been linked to experiment. A burst
of activity terminating some five years ago led to experi-
ments on optical excitation, x-ray photoemission, lumines-
cence, electron inelastic scattering, and total-electron-yield
spectroscopy of these systems. It is established that
the Li-metal 1 s 2s ~1s2s excitation threshold differs
from the remaining alkali-metal outer-core excitations by
a much larger rounding. This arises from coupling to vi-
brational excitations, among other possible causes. For
the remaining alkali metals, together with Mg and Al, it
appears that the theoretical expressions can possibly pro-
vide at least a semiquantitative fit to much of the data.
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FIG. 1. Outer-core excitation spectra of Na, K, Rb and Cs,
according to Ishii et al. (Ref. 1). Brackets indicate features
thought to be spin-orbit partners.

Wide and unresolved differences of opinion remain about
the degree to which the theory offers a predictive descrip-
tion of experiment. Detailed accounts of some chosen ex-
amples, together with elaborate data fitting, are given in
Refs. 7 and 8.

Alloys offer controlled experiments by which the ef-
fects of coupling core excitations to the conduction-
electron liquid can be explored. These bear directly on the
theory also, since the MND results apply, in principle, to
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host and impurity excitations alike. 'Only the changes of
conduction-electron phase shift caused by the local excita-
tion enter into the theoretical results. Previously, experi-
ments on impurities have revealed qualitative dependences
of excitation profile on impurity properties. Like the
alkali-metal host spectra in Fig. 1, the p~s outer-core
spectra of rare-gas' impurities and halogen impurities"
each exhibit a characteristic threshold behavior which,
however, differs widely from the one chemical type to the
next. Recent work has shown for halogen and rare-gas
atoms that adsorbates coupled to the metal surface have
spectra rather similar to those of the same impurities cou-
pled to the bulk metal. ' Predictions obtained using the
MND prescription for bulk impurities are quite different
from even the qualitative experimental trends. There is
apparently a strong dependence of the excitation spectra
on local electronic structure which the theory does not
treat correctly.

The work described in papers I and II was undertaken
with the results for rare-gas and halogen impurities cou-
pled to alkali-metal hosts ig mind. These impurities
represent a large local perturbation on the metal. It is
natural to inquire how similar systems behave when the
perturbation is much weaker; alkali-metal impurities then
appear as attractive candidates for investigation. In addi-
tion, alkali-alkali alloys are the simplest of materials from
a theoretical standpoint, with just one conduction electron
per atom. These factors led Miyahara et al. to the first
studies of core excitations in alkali-alkali alloys. ' Their
work employed only the heavy alkali metals, for which
small changes of threshold energy and line shape on alloy-
ing were observed. A wider variety of alloys has been
covered in the present systematic investigation using sam-
ples (both alloy and adsorbate systems) prepared by
quench condensation at liquid-He temperatures. Major,
qualitative changes of alkali-metal core-excitation charac-
teristics are observed to take place when the composition
is varied. The changes are comparable with the differ-
ences between rare-gas impurity and alkali-metal host
spectra. These results are reported in paper II for ad-
sorbed alkali-metal atoms and in the present paper for al-
loys.

As the alloy ground state is a simple metal with one
electron per cell, the large observed effects on the excita-
tion spectrum focus attention on the electronic structure
of the excited local configuration. It turns out that no
complete studies of the excited-state structure exist be-
cause the MND theory requires phase shifts only for elec-
trons at the Fermi level. Upon consideration it becomes
apparent that important changes of electronic structure do
occur in the alkali-metal-atom excited configuration. In
particular, the (n + l)s orbitals of the core-excited
alkali-metal atoms certainly decouple from the host con-
duction band in the pure metals as states bound at or
below the band bottom. Such phenomena are well known
in x-ray spectroscopy to cause sharp structure in the form
of "white lines" at the threshold of core excitations. '"
These facts bring into open consideration the question of
whether or not existing interpretations of the x-ray-edge
phenomena are completely mistaken. The experiments we
report appear to establish that sharp "x-ray-edge" thresh-

olds with an overshoot occur when bound valence states
are present in the excited configuration and other atoms
of the same species neighbor the excited core. Brief re-
ports of these results have appeared elsewhere. '

The work is presented as follows. Studies of adsorbates
and surface impurity layers are described in paper II.'
The equipment is also described there, with only enough
mentioned in paper I to make the paper self-contained.
Section II of paper I provides a semiempirical description
of the alkali-metal-atom excitation process using the
"Z + 1 model" to predict alkali-metal-atom core-
excitation energies with an accuracy on the order of 0.1

eV. Also given in Sec. II is a description of electronic
structure in the alkali-metal-atom excited configuration,
including the important question of bound-state forma-
tion. Section III then presents the experimental results for
loys, together with necessary experimental details. In the
Discussion, Sec. IV, we show how the present alloy re-
sults, those of Miyahara et al. ,

' together with data for
the pure alkali metals, all conform, at least approximately,
to a universal scaling behavior in terms of parameters de-
fined by the description of excited-state structure in Sec.
II. The paper ends with a brief Summary, Sec. V.

II. THRESHOLD ENERGIES
AND ELECTRONIC STRUCTURE

Our purpose in this section is to analyze the threshold
energies at which the outer-core transitions occur in the
pure alkali metals. We shall use empirical methods based
on the "Z+1 approximation" in order to remove from
the discussion the uncertainties of actual electronic struc-
ture calculations. ' In favorable cases this empirical pro-
cedure is able to reproduce core-excitation thresholds
correctly tq -0.1 eV. Comparable accuracy is not yet
forthcoming from electronic structure calculations for
core levels, although cluster methods have been used to
obtain similar accuracy for shallow excitations. '

The Z+1 model is described elsewhere in detail. Sup-
pose atom A undergoes a core excitation to 3* in a solid-
state environment. Figure 2 shows how the atorntc
ground and excited states suffer cohesion shifts E and E*
as they are accommodated in the solid, so that the excita-
tion threshold, given by the difference of total energies be-
tween the two configurations, is

with %co, the excitation energy of the free atom. The spe-
cial point of the Z+1 model is that the lowest core-
excited state of an atom is chemically similar to the
ground state of its right-hand neighbor in the Periodic
Table. Thus Cs* 5p 6s and Ba 5p 6s have identical 6s
valence structures surrounding small positive cores, and
their ionization energies to the [6s']+ configuration are
almost the same at 4.89 and 5.21 eV, respectively. ' Even
this small difference is reduced when the alkali-metal-
atom value is averaged over spin orientations. This near
identity of the valence structures means that the energy
change E* as 3* is accommodated in the solid can be
modeled by the analogous chemical behavior of the ele-
ment neighboring it in the Periodic Table. In what fol-
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When the ground state of Na is placed in the metal it
releases exactly the cohesive energy E=EN, . Experi-
ments show that the 2p 3s~2p 3s excitation energy of
the atom is A'co, =30.77 eV. The excited 2p 3s configu-
ration is modeled chemically by Mg 2p 3s . The energy
release when Mg is accommodated in the metal may be
represented by two terms: first the cohesive energy of
pure Mg, EMs, and second the (negative of the) energy of
solution, E„required to transfer a Mg atom from Mg to
Na (by convention E, is positive when energy must be
supplied to effect the transfer). To model the optical tran-
sition a final small correction is needed. This is the
Stokes shift Es, to correct for the lattice relaxation which
occurs in the alloy but not in the optical excitation. Then
the core-excitation threshold in the solid occurs at

EN, —EMg+E, +Es . (2)

Na
l. l5 eV

atom metal

Approximate expressions for the shift Es are directly
available from the results given by Flynn ' using the
Z + 1 approximation.

Values of the atomic excitation energies, cohesive ener-
gies, and Stokes shifts relevant to the alkali-metal-atom
core excitation in pure alkali metals are collected in Table
I. Unfortunately, the energies E, of solution are not gen-
erally available, and so Table I is organized to display

FIG. 2. Sketch modeling the energy threshold of the
2p 3s —+2p 3s excitation of.Na in Na metal. The cohesive en-

ergy EN, is released when the ground state is dissolved in the
metal. The analogous total-energy change of the excited config-
uration, A'co, above in the atom, is obtained using the Z+1 ap-
proximation from properties of Mg in Na metal. The cohesion
shift is broken into the Mg cohesive energy EM~ and the energy
E, needed to dissolve Mg in Na metal. A small Stokes shift,
Es, arising from lattice distortion, is added. EN, and EM~ —E,
are the specific values of E and E*of the Z+ 1 model for this
particular example.

lows we first apply these ideas to the core excitations of
host and impurity centers in the alkali metals.

A. Pure alkali metals

Figure 2 is adapted specifically to our purpose here as
an illustration of the Na 3p threshold in sodium metal.

&~—E.=&~.+Ez —Ez+ i+-Es

and the energies of solution are deduced from the differ-
ence of the observed and calculated excitation energies,
namely E,' =fico,~, (Rco E, ), with —f—ico,&, the observed
threshold energy. As the penultimate column of Table I
makes evident, these deduced energies of solution are very
consistently about 0.4 eV. Experimental values of E, may
be estimated from available data in the form of observed
solubilities c only for two cases. These solubilities are
0.23 at. % for Be in Li metal at 1005 K and about 2 at. %
for Mg in Na metal at 913 K. The value quoted for Na in
the last column of Table I is E, = —kTlnc, which gives
about 0.34 eV for' Na (and about 0.53 eV for the analogous
Li result). These are values derived for the liquid, rather
than for the solid, assuming that the dilute alloy equilibri-
ates with the pure metal.

There is excellent consistency between the observed E,

TABLE I. Energies (in eV) of alkali-metal-atom np (n + 1)s~np (n + I)s excitations in atom, Rm„
and in metal, Ace, and cohesive energies Ez of alkali metals and Ez+ &

of their alkaline-earth neighbors,
and the Stokes shifts Es of solid-state excitations. A comparison of A'co, with Rca —E„as calculated
from Eq. (3), gives deduced energies of solution E,' for comparison with measured values E, (last two
columns), where available.

Ez+1

Na
K
Rb
Cs

30.77'
18.71~

15.31
12.30"

30.68'
18.27
14.92
11.75

1.13
0.94
0.88
0.83

1.53
1.83
1.71
1.86

0.04
0.06
0.05
0.07

30.41
17.88
14.53
11.34

0.36
0.39
0.39
0.41

0.34'

'Reference 22.
Reference 19.

'Reference 23.
Reference 1.

'Reference 24.
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from solubility data for Na (and Li) and the values E,' de-
duced from the excitation energies. The empirical pro-
cedure eliminates core-specific parts of the total energies
and leaves the chemical features apparent, with a rather
small energy uncertainty. Given the solubility data, of
course, the Z+1 model permits the core-excitation ener-
gies to be simulated with this same precision, as has been
found in other applications also. '"

B. Alkali-metal impurity spectra

Much the same methods may be employed to predict
the core-excitation thresholds of alkali-metal atoms as im-
purities. A comprehensive tabulation is once more
prevented by the unavailability of some required alloy
data, but enough exist for clear patterns to emerge. The
impurity case differs from Fig. 2 only in that the energy
shift E of the ground configuration now contains an ener-

gy of solution of the impurity in the given host, in addi-
tion to the cohesive energy of the pure impurity. Thus,
we must now interpret E, in Eq. (2) as the difference be-
tween the energies of solution A* and A exhibit in that
solvent.

A comprehensive investigation has shown that the heats
of intersolution among the heavy (liquid) alkali metals are
all very small, 0.1 eV or less. No data are available for
heavy alkaline earths in the heavy alkali metals. Size fac-
tors are not, however, likely to be important and the
values probably remain close to 0.4 eV as in Table II.
Therefore the excitations of Cs, Rb, and K as impurities
in each others host lattice are expected to have thresholds
close to those observed in the pure metals.

The situation is rather different for light alkali host
metals because the heavy alkali metals exhibit high ener-
gies of solution-in Li and Na. " For example, Cs dissolves
in Li only to the extent of 0.01%%uo at 1033 K, whereas the
alkaline earths in Li exhibit the following solubilities: Be,
0.23 at. % at 1005 K; Mg, soluble to 30 at. %; Ca, 0.43
at. % at 414 K, Sr, 2 at. % at 407 K; Ba, ( 1 at. % in the
solid. With Cs less soluble than the alkaline earths, E, in
Eq. (2) becomes negative, whereas in pure Cs it is positive
and of size 0.3 eV (Table I). This leads directly to the ex-
pectation that the Cs excitation threshold in Li may be
red-shifted from its value in pure Cs by )0.3 eV. The ex-
perimental confirmation of this shift is reported below.

C. One-electron energies

Cs
atom Cs Li

6s

6s ——2
I

l

In addition to the dependence on the total configura-
tional energies discussed above, we shall find that the
core-excitation profiles in alkali-metal alloys are sensitive
to the electronic structure within the excited configura-
tion. The relationship between host band states and the
excited valence levels of the excited center is of particular
interest. It is therefore helpful to understand chemical
trends in the electronic structure. A brief analysis of
these factors is provided in what follows.

The most important point is that the (n +1)s levels of
the core-excited alkali-metal atoms in their np (n+1)s
configurations are more deeply bound that in the
np (n+1)s ground states. Table II documents this by
values of the ionization energies I and I* of the ground
and excited states, respectively, obtained from Ref. 19.
The difference between I~ and I is significant for each
metal when compared to the conduction-band width. Fig-
ure 3 shows the conduction-band states and the excited
(n+1)s levels on the same energy scale for each of the
alkali metals. The conduction bands in the figure are
placed on an appropriate scale of absolute energy by
drawing in bands with free-electron widths, starting from
Fermi energies at the free-atom ionization energies I (this
reproduces the alkali-metal cohesive energies as 2EF/5
quite well). The (n +1)s levels are introduced by assum-
ing that the local electron-hole interaction is the same in
the metal as in the atom. The excited levels are then
drawn in place, lowered by the atomic value of the split-
ting, from the band mean at 3E&/5. The purpose of Fig.
3 is to show whether or not degenerate mixing is likely to
occur between conduction-band orbitals and the valence
levels of the excited alkali metal. Rather different con-
siderations, involving screening, etc., would be needed if
other phenomena, related, for example, to charge transfer,
were of concern instead.

As we point out elsewhere, ' the construction in Fig. 3

TABLE II. Energies (in eV) of ionization for alkali-metal-
atom p s configurations, I, and for p's excited configurations,
I~ deduced from data in Ref. 19. Also given are cohesive ener-

gies E, and Fermi energies E~. Free-electron values of EI: are
given for the heavy alkali metals and "measured" values for Na
and Li (free-electron values in parentheses). These data lead to
the results of Figs. 3 and 12, showing how bound-state forma-
tion affects the core-excitation profile.

S2
5sR

5s

2s
--l2

Li
Na
K
Rb
Cs

5.39
5.14
4.34
4.18
3.89

9.32
7.21
S.77
S.40
4.89

1.66
1.13
0.94
0.88
0.83

3.7 (4.74}
2.S (3.24)
2.12
1.8S
1.59

FIG. 3. Diagram showing the absolute location of s levels of
the excited alkali-metal atoms with respect to the alkali-metal
conduction bands, drawn here with free-electron widths. In
each metal the excited core levels localize below the band bot-
tom as bound states. The horizontal dashed line indicates the
tendency of the Cs 6s levels to mix degenerately with the
conduction-band orbitals of the lighter alkali metals.
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indicates that the excited host valence orbitals fall below
the band bottom as bound states for each of the pure al-
kali metals. The splittings scale with the bandwidths to
maintain very similar excited-state structures in the vari-
ous alkali metals. Undoubtedly this arises from the same
general balance between Coulombic and kinetic energy
which determines the alkali-metal lattice spacings and
hence their bandwidths in the first place. Since bound-
state formation can profoundly affect excitation line
shapes, this is an important new issue which warrants a
central place in the extensive literature on alkali-metal-
atom "x-ray edges. "

The chemical forces apparent in Fig. 3 may be modified
by solid-state effects, so that the final electronic structures
possibly differ from those shown. - One may ask, for ex-
arnple, whether or not the atomic electron-hole interaction
is screened by band states, and the splitting thereby re-
duced. It is important also to recognize that a clear dis-
tinction between bound and propagating orbitals exists
only in one-electron theories. No reliable calculations of
electronic structure exist for the alkali-metal excited con-
figurations. Careful studies have, however, been made for
Mg in Li metal and Be in Li metal by very different
methods. In the Z + 1 approximation these serve as
models of excited Na in Li metal and excited Li in Li
metal, respectively. The results of these calculations are
therefore of direct consequence here.

Ingelsfield has employed Green's-function methods to
examine the local properties introduced by Mg impurities
in Li metal. He finds that Mg causes a large peak density
of states having 3s character at the Li band bottom. This
is in very satisfactory agreement with the location of the
Na* 3s levels in Fig. 3, together with the band-bottom
location of Li also given there.

Both the Mg and Be ground states in Li metal have
been treated by Boisvert et al. ' ' using cluster methods
with the unrestricted Hartree-Fock approximation aug-
mented by many-body perturbation theory. The clusters
were small, so the energy spacings of valence orbitals
remained quite large. For Mg the 3s orbitals appeared
2.7 eV above the lowest band orbital, whereas for Be the
2s and band orbitals become strongly admixed, with the
lowest combination occurring 2.0 eV below the normal
band-bottom state. These results are once more in satis-
factory general accord with the chemical trends obtained
more simply by the methods of Fig. 3.

By way of summary we note that the available detailed
calculations do not fully illuminate the question of
bound-state formation in the alkali-metal excited configu-
ration. On the other hand, they clearly establish that the
chemical trend of Fig. 3 is at least qualitatively correct.
In the later discussion we employ the same ideas to dis-
cuss the dependence of optical line shape on excited-state
structure. Strong correlations are found between structure
and optical response. It should be clearly understood that
the electronic structure discussed there require future con-
firmation through detailed calculations. Regardless of the
outcome of such calculations, however, the experimental
correlations retain validity as relationships between the
chemical driving forces (Fig. 3) and the consequent effect
on core line shapes. The question of the precise electronic

structure is somewhat secondary in this regard. The
available evidence nevertheless suggests that the simple ar-
guments leading to Fig. 3 do give at least a semiquantita-
tively correct description of the excited-state electronic
structure. It is established beyond question, for example,
that a marked tendency to bound-state formation is
present in the alkali-metal excited state.

III. EXPERIMENTS AND RESULTS

A. Experimental methods

In earlier work we report measurements made on rare-
gas atoms adsorbed on alkali metals and other related sys-
tems by techniques similar to those employed here. In
the present research, the basic method involves differen-
tial reflection of s-polarized synchrotron-radiation light
from pure and doped samples. Monochromatized light
from the University of Wisconsin Tantalus II light source
was chopped alternately between two parallel paths which
reflect from the two samples. Both source and detector
drifts are eliminated from the fractional difference when
the two beams are monitored by a common detector. In
practice, the two samples were thin metal films on two
adjacent areas of the same optically fiat sapphire sub-
strate.

The samples were quench-condensed onto the substrate
in situ at liquid-He temperature from atomic beams mon-
itored by carefully calibrated quartz-crystal oscillators.
The use of ultrahigh vacuum and liquid-He temperatures
inhibits both sample contamination and thermal evolution
to nonrandom configurations. Spectra presented here are
characteristic of random, probably microcrystalline, al-
loys. Mg or Al was first deposited from an evaporation
boat onto the sapphire substrate to promote high and
featureless reflectivity through the energy range of in-
terest, and was then covered by the alkali-metal sample.
The sources employed for alkali-metal evaporations are
described in paper II. Belljar vacuums in the low-10
Torr range were invariably achieved, aided by cryopump-
ing from the Cu can at liquid-He temperature surround-
ing the sample. Pressures inside the can were undoubtedly
much lower, for the same reason. No changes of spectral
profile originating from surface contamination were ob-
served.

It has been established in other work that differential
reflectance measurements of this type give spectra rather
accurately proportional to the imaginary (absorptive) part
of the thin-film optical response. This holds for the
present work with the following restriction. Time limita-
tions on use of the synchrotron beamline mandated that
several successive samples be fabricated on the same sub-
strate, each serving as substrate for the next. In a few
cases, a noticeable spectral distortion occurred as layers of
high optical density built up and modified the featureless
reflectivity of the underlying substrate metal. Invariably
this distortion left the systematics of the profile clearly
discernible, but with spectral differences reduced through
the regions of high optical density. Results in which such
distortions occur are identified by the symbol (S), indicat-
ing optical saturation, in what follows.
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For efficient operation, the thickness and concentration
of samples had to be carefully balanced to provide sub-
stantial but not excessive absorption from each film. De-
tails of the 28 alloy layers investigated in this work are
collected in Table III.

B. Results

The data reported below pertain to excitations of K,
Rb, and Cs cores. The Na 2p excitation is not well adapt-
ed to the present technique because the substrate reflec-
tance is too low above 30 eV. Also, the Li excitation has
a different symmetry, as mentioned above, and is there-
fore not of related interest. We investigated only those
systems for which the core excitation under examination
occurred at lower energy than that of the second alkali-
metal component. This avoided cases of high optical den-
sity and still allowed measurements to be made in the in-
teresting regime of impurity dilution. Our work includes
the seven systems Cs*-Li, Cs~-Na, Cs*-K, Rb*-Li, Rb*-
Na, K*-Li, and K*-Na. In addition, Miyahara et al. '

have studied K*-Cs, K*-Rb, and Rb~-K, thereby provid-
ing 10 alloy systems in all for which results are available.
The superscript asterisk is used here to indicate the atom
with the optically active core.

In what follows the data are grouped and discussed by
the sequence of cores Cs, Rb, and K investigated. All
spectra are shown normalized, which involves scaling the
actual results linearly to amplitudes appropriate for a sur-
face coverage of 10' cm of the cores under investiga-
tion, in place of the actual surface density. This facili-
tates the comparison of line shape and integrated oscilla-
tor strength among successive spectra taken with differing
compositions.

1. Cs in Cs-Li, Cs-Na, and Cs-K

In the free atom, the principal 5p 6s ~5@ s transitions
of Cs occur' at 12.30 eV (P3/2) and 13.52 eV (P»2). The
03 absorption edge in the pure solid occurs )ust below
11.8 eV with a width of about 60 meV. The 5p absorp-
tion of Cs in Li, Na, and in K determined in the present
research is shown in Figs. 4, 5, and 6 respectively. The Li
results appear particularly good, although some slight sa-
turation occurred for the runs at 85 and 74 at. go Cs.
These data will be described first.

The top curve in Fig. 4 was taken with a coverage of
2.8)& 10' cm or perhaps 6 monolayers of Cs deposited
on Li metal. This closely resembles spectra for pure Cs
(Fig. 1) in the sharp threshold edge and small overshoot,
but is doubtless distorted somewhat by the Cs-Li and Cs-
vacuum interfaces. When Li is added to form a Cs-Li al-
loy, the edge broadens into a Lorentzian shape on which
the cusp remains weakly visible. Only after the peak van-
ishes at 64 at. %%uoCscan arealisti cseparatio no f th epro-
file into spin-orbit partners be made (dashed lines) with an
assumed splitting of 1 eV, close to that of the free atom.
Here and for higher Li additions the long Lorentzian tail
has disappeared, leaving a Gaussian-like profile. As the
Cs dilute limit is reached, with the alloys at 5.2 and 3.7
at. % Cs, the profile near threshold appears noticeably
linear with some rounding (see inset). This latter interpre-
tation requires a linear threshold beginning at about 11.3
eV, red-shifted by 0.4& eV from that of pure Li at 11.7&

eV, and with a rounding over perhaps 0.2 eV. These two
principal features of the dilute system are consistent with
the red shift predicted by the Z+1 model (see Sec. IIB)
and with the typical magnitude of vibrational broadening
expected in these alloys. '

Very similar phenomena are observed in the Cs-Na sys-

TABLE III. Thickness t (A) and concentration c (at. %) of the alkali-alkali alloys investigated in this
research.

Core:

Alloy:

e (at. %)
t (A)

Cs-Li

85
28

74
18

64
18

50
20

39
28

23
36
5.2
130
3.7
140

85
70
65

' 50
45
35

4.0
210
1.0
310

50
45

20
60

6
150

Rb-Li

66
16

61
15

40
20

3.5
120

52
15

7.5
75

K-Li

76
21

41
26

8.4
83

1.6
120

6.6
210
3.6
210
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FIG. 5. Absorption spectra of Cs in Cs-Na alloys of various
compositions (at. %%uo )scale da s inFig . 4. Th e topcurv e is for
about 8 monolayers of Cs on Mg metal, showing the pure Cs
edge on top of the underlying profile of Cs on Mg metal (see pa-
per II for details). The symbol (S) marks data that are distorted
at high optical density.

FIG. 4. Absorption spectra of Cs in Cs-Li alloys of various
compositions (at. %). All curves are scaled to a coverage of 1g O15

cm for convenient comparison. Dashed lines indicate spin-
orbit decomposition of P3z2 and I'&&2 components with ratio 2:1,
in cases where this can be effected smoothly. The top curve, orf
about 6 monolayers of Cs on Li metal, shows the approximate
profile for pure Cs. Inset is a phonon-broadened linear thresh-
old profile for comparison with the linear spectra obtained for
the Cs dilute limit.

edge in our spectra remains fairly abrupt down to 6 at. %
Cs, and very weakly red-shifted from the edge of pure Cs.
It is probable that these characteristics hold down to in-
finite dilution. Note that the Mg-induced linear com-
ponent underlying the edge for Cs on Mg (Fig. 5) appears
to persist across the phase diagram, as also does the small
structure immediately above the edge, near the I2.3-eV
excitation energy of the Cs atom. %'e have no explanation
for these phenomena at present.

tern. A spectrum for 3.9&&10' cm Cs on Mg is shown
with the Cs*-Na results in Fig. 5. The sharp edge and
overshoot resemble the Cs spectrum in Fig. 4, but an addi-
tional weak sloping feature extends from the edge down to
about 11.2 eV. In paper II it will become clear that this
part of the response originates from Cs atoms in contact
with Mg and is not relevant to the present discussion.
The results for 85 and 65 at. % Cs in Na are, unfortunate-
ly, both partly saturated, but the progressive broadening
of the sharp edge and the persistence of the overshoot
both remain visible. By 65 at. % the surface-induced
feature has disappeared and the Lorentzian spread of the
profile above threshold is evident. In the Cs dilute limit
at 4 and 1 at. % Cs the spectrum becomes linearlike, just
as for Cs-Li, and it becomes possible to make a smooth
spin-orbit separation using reasonable values for the split-
ting.

For Cs in K, the spectra, shown in Fig. 6, differ
markedly from those for the Li and Na host alkali metals;
they agree with the general features reported by Miyahara
et al. ' for this same system. Although the overshoot is
not visible for 50 at. %%uo Kan dabov e, th ecore-excitation

Cs in K

C3

CL

o

50%

20%

6%

10 15j4
I i

ll 12 13
%su (eV)

FIG. 6. Spectra of Cs in Cs-K alloys of various compositions
(at. %%uo )scale da s inFig . 4(seeFigs . 4an d 5 forpur eCs) . The
threshold is shifted and broadened only slightly. The weak
structure below the abrupt edge is of unknown origin.
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2. Rb in Rb-Li and Rb-Xa

Rb has its principal 4p Ss~4p 5s core excitations at
15.31 eV (P3~2) and 16.16 eV (P»z) in the free atom. ' In
the pure solid the sharp X3 edge occurs at 14.9 eV. ' Our
data in Figs. 7 and 8 for excitation of the Rb 4p core are
generally less satisfactory than the results for Cs and K
core excitations. Nevertheless, they clearly reveal the edge
broadening which is of principal interest here.

Figure 7 shows two runs for alloys with 52 and 7.5
at. % Rb in Na and two spectra for pure Rb on Na taken
at coverages near 5 and 3 monolayers. The latter show
the sharp Rb edge and overshoot, followed by a rounded
spin-orbit partner at higher energy, much as in the Cs
spectra. At 52 at. % the edge is noticeably broadened and
is further broadened and red-shifted for the 7.5-at. % al-

loy, near to the dilute limit.
For Rb in Li in Fig. 8, the main Rb edge is broadened

by about 65 at. % Rb, but it retains a sharp peak. An at-
tempt to separate the response into spin-orbit partners
fails for much the same reasons of smoothness found ear--
lier for Cs in Li. A progressive broadening occurs down
to the dilute limit at 3.5 at. % Rb, where a reasonable
decomposition into spin-orbit components split by 0.8 eV
becomes possible (dashed line). Just as for Cs, the Rb
edge is broadened more by Li additions than by Na. Mi-
yahara et al. ' report that the Rb edge remains sharp and
shifts only by 0.04 eV at 26 at. % Rb in K, which is con-
sistent with the same trends. A small but obtrusive extra
feature is apparent near 15.2 eV in all four spectra. The
same extra feature remains visible, although much re-
duced, in some of the spectra shown for Rb in Li. Its ori-
gin is not known.
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FIG. 8. Spectra of Rb in Rb-Li alloys of various composi-
tions (at. %%uo )scale da s inFig . 4 . Dashe d line s indicat espin-orbit
decompositions in a case where it is smooth (3.5 at. %) and
where it is not smooth (66 at. %).
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the sharply cusped M3 edge is reported to occur at 18.2
eV with a width of about 60 meV. This is consistent with
results of the present investigation of K in Li and in Na,
which are collected in Fig. 9. Unlike the case for Cs and
Rb, the K profile can be separated clearly into smooth
spin-orbit partners even in the pure metal (dashed lines in
Fig. 9). The top curve, obtained from a sample of

3. K in K-Li and K-Sa

Atomic K has its principal 3p 4s~3p 4s core excita-
tions at' 18.71 eV (P3/Q) and 18.98 eV (P»z). In pure K,
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FIG. 7. Spectra of Rb in Rb-Na alloys of various composi-
tions (at. %%uo )scale da s inFig . 4. Th e top tw ocurve sar espectra
for coverages of about 3 and 5 monolayers of Rb on solid Na
metal, to approximate the spectrum of pure Rb (see Fig. I). The
dashed lines interpolate under a weak but persistent feature of
uncertain origin, but related to surface spectra (see paper II).
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FIG. 9. Spectra of K in K-Li and K-Na alloys of various
compositions (at. %) scaled as in Fig. 4. The top curve is for
about 4 monolayers of K on Li metal, to approximate the spec-
trum of pure K. Dashed lines indicate spin-orbit decomposi-
tion, which is smooth in all cases for K core excitations.
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2.2&&10' cm or about 4 monolayers, exhibits all these
features very clearly.

When Li is added the K edge broadens with a long
Lorentzian-like tail extending to lower energies and the
cusp on the P3/2 spin-orbit component remains sharp but
loses prominence. Between 40 and 10 at. %%uoRb th epeak
becomes rounded and the threshold remains extended; lit-
tle difference is apparent between 8.4 at. % Rb and the di-
lute limit at 1.6 at. %%uo . Smoot hspin-orbi t separatio n is
possible throughout.

For K in Na we investigated only the dilute limit at 6.6
and 3.6 at. %%uoK . Ther e, th eprofil eseparate s int ospin-
orbit partners smoothly, with each partner only —150
meV wide. This is much broader than the pure K edges,
but rather minor when compared to other effects reported
above. Similarly, the threshold red shift of about 0.25 eV
is quite small. In other work Miyahara et ah. ' report
that the M3 edge of K remains sensibly unbroadened in
K-Rb and K-Cs alloys, and is slightly blue-shifted.

4. Systematics

Certain correlations exist among the spectral profiles
these diverse systems exhibit. We now summarize the ex-
perimental findings before turning to their interpretation
in Sec. IV. There are three main points to be made.

First, for any given. core, the broadening effect of the
host lattice generally increases through the h,ost sequence
Cs, Rb, K, Na, Li; the degree to which core lines are
broadened appears to increase through the core sequence
[Li, Na] K, Rb, Cs; and these relationships occur in such
a way that no core is substantially broadened in its own
host lattice.

Second, the core profiles appear to broaden through a
similar series of line shapes in each case. Thus, for Cs in
Li and Na, Rb in Li and Na, and K in Li, an initial
broadening having a Lorentzian tail is clearly evident.
For Cs in Li and Na, and for Rb and K in Li, an inter-
mediate regime is observed where the long tail disappears.
Only for Cs in Li and Na is the linearlike regime attained.

The third and final correlation concerns the spin-orbit
splitting. For Cs and Rb, with large splittings, a smooth
spin-orbit decomposition is possible only when the profile
is substantially broadened. However, the smaller splitting
of K apparently leads to smooth spin-orbit superposition
even for the sharp edge of the pure metal.

IV. DISCUSSION

The results presented in Sec. III show that a wide
variety of threshold behavior occurs even in the simplest
two-component systems, namely the alkali-alkali alloys,
which have just one electron per cell and presumably rath-
er isotropic conduction-electron properties. It is impor-
tant to recognize that the new results are consistent with
all previously established results. The p s~p s outer-
core transitions of the pure alkali metals do indeed exhibit
sharp, cusped threshold profiles; the cusps weaken, but
the thresholds remain sharp in alloys among the three
heavy alkali metals, just as reported by Miyahara et ah. '

It is nevertheless apparent that the earlier investigations
missed a whole domain of threshold behavior. Expgri-

mentally, this occurs when excitations of heavy alkali-
metal cores take place in light-alkali-metal hosts. Anoth-
er feature of considerable interest is that the alkali-metal
results link the cusped threshold behavior (e.g., Cs* in Cs)
with the linear profile (e.g., Cs in Li), which has zero ab-
sorption at threshold, by a smooth and systematic series
of intermediate profiles. The linear profile has been re-
ported for rare-gas impurities' and adsorbates coupled
to alkali metals, but a connection with the cusped
behavior was previously lacking.

From a theoretical standpoint the MND formulation of
the electronic excitation profile does not appear to admit
the possibility of such a striking evolution of response
characteristics. The predictions depend solely on scat-
tered phase shifts at the Fermi level, which surely cannot
change so much in a simple monovalent alloy. The possi-
bility therefore arises that the theory is partly or wholly
incorrect. In what follows in Sec. IV A we examine
several alternative mechanisms which might conceivably
cause the observed effects. An intrinsic electronic mecha-
nism appears to be the probable cause. This leads in Sec.
IV B to a consideration of electronic structure in these al-
loys, and hence to universal scaling relationships which
attempt to systematize the empirical correlations
described in Sec. III B.

A. Possible broadening mechanisms

The broadening could possibly be attributed to inhomo-

geneity, to lattice response in the form of vibrational
broadening, or to electronic response including lifetime
broadening. These are considered successively in what
follows.

1. Inhomogeneity

In random binary alloys, atoms of each species occur in
a variety of near-neighboring environments. It is possible
that the threshold behavior of any atom depends on its
particular environment. In the alloy, therefore, the opti-
cal response is broadened by superposition of many differ-
ing responses, each with its own threshold characteristics.

To see whether this is a reasonable explanation of the
observed behavior, we use a simple model in an attempt to
reproduce the characteristics of Cs in Li. We use
nearest-neighboring interactions only and assume that
each atom has X equivalent neighbors. Then the proba-
bility in an alloy of concentration c that any atom has n

like neighbors is

Figure,
'

10 shows for an assumed N =10 nearest neighbors
how I'„(c) varies with n for c =0.05, 0.5, and 0.9. Under
the reasonable supposition that, to a good approximation,
each near neighbor merely displaces the spectrum by a
given shift, the histograms in Fig. 10 indicate the expected
broadening directly. An idea of the energy scale for the
Cs-Li system is set by the fact that 10 Li neighbors red-
shift the threshold by about 0.4 eV.

It is apparent from Fig. 10 that this broadening mecha-
nism is poorly suited to an explanation of the Cs -Li spec-
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coupling between the excitation center and the lattice. No
such change of coupling appears at all likely for Cs. Were
such an effect to exist, however, it would cause a large
Stokes shift of the excitation. ' The observed broadening
for Cs at dilution in Li corresponds to a width of 20—30
phonons of the Li lattice, with a Debye temperature of
about 350 K. In the linear coupling approximation, the
Stokes shift associated with this coupling would then be
—100 phonons or several eV. This Stokes shift would ap-
pear directly as a blue shift of the excitation threshold.
Of course, Fig. 4 shows no sign of any blue shift within 1

order of magnitude of the predicted size. Rather, the ob-
served threshold agrees rather well with the red shift
predicted by the Z+1 model (Sec. II 8). One must con-
clude that the profiles cannot arise from vibrational
broadening alone.

3. E/ectronic mechanism
Cs neighbors

-0.4 eV

FIG. 10. Histograms showing broadening which occurs in a
simple model of alloy inhomogeneity for fractional compositions
of 0.05, 0.5, and 0.9 (see text). The observed broadening in the
alloys has a quite different behavior (see, e.g. , CsLi, Fig. 6).

tra. There are three qualitative problems. First, simple
models of inhomogeneous broadening give the largest ef-
fects near intermediate compositions. In contradiction,
the actual Cs response continues to broaden systematically
from the lowest to the highest Li concentrations, reaching
its largest width in the dilute limit when each Cs is homo-
geneously surrounded by Li atoms. Second, the inhomo-
geneous broadening provides no mechanism for the long
Lorentzian tail introduced by relatively small Li addi-
tions. Finally, inhomogeneous broadening alone can never
explain a linear, red-shifted profile in the dilute limit be-
cause the histogram tail extends to higher energy (Fig. 10);
its convolution with a cusped intrinsic curve, like that for
the pure metal, would then always be cusped.

While complicated models might be constructed to
avoid these difficulties, no reasonable possibility appears
to remain that the observed systematic broadening in
several alloy systems arises from inhomogeneity alone.
This mechanism is not pursued further in what follows.

2. Phonon broadening

The ground and core-excited configurations of atoms
couple differently to the lattice. A mell-known vibrational
broadening of excitation profiles results from these ef-
fects. ' ' lt is possible in principle that the observed
threshold broadening in alkali-metal alloys arises from
this mechanism.

At least two compelling arguments make this proposed
explanation highly improbable: both are quantitative.
Phonon broadenings comparable to that displayed by Cs*
at dilution in Li have been observed in metals only for
halogen charge-transfer excitations" which involve im
purity ionization and therefore cause a major change of

In the absence of inhomogeneous broadening it is possi-
ble to identify three intrinsic electronic mechanisms by
which the optical response may be modified. There are
lifetime-related processes, electron-hole —pair creation,
and cooperative susceptibility effects. We consider each
successively.

Core lifetimes in metals are normally determined by de-
cay into conduction-band excitations; fluorescence from
direct core-recombination processes also remains visible.
The decay is exponential by either mechanism, and the
line broadening is consequently Lorentzian, unless in-
terference occurs in the excited state. This latter compli-
cation most commonly involves a coupling between local
and propagating excitations which are both optically ac-
tive. Lifetime effects cannot be eliminated as a possible
mechanism of broadening. It is an attractive means by
which the sharp threshold edges of pure metals could
develop the extended Lorentzian tails observed in some of
the alloys studied here. An order-of-magnitude or more
decrease of excited-state lifetime seems to be required to
explain the observed line shapes. No underlying mecha-
nism for a change of this nature has been proposed to
date.

Electron-hole —pair creation is the mechanism by which
core line shapes are determined in the MND theory, and
it is undoubtedly the main effect by which the core lines
are spread into shoulders. In simple terms it is occasion-
ally considered that the sharp thresholds arise because the
core electron can be excited into any of the continuum of
unoccupied states that lie above a sharply defined Fermi
level; in general, however, this is not a correct description.
Instead, one should consider a relaxed, self-consistent ex-
cited configuration in which quasiparticle pairs are, in ad-
dition, generated by the optical event. The profile above
threshold then reflects the matrix elements for transitions
to various excitation levels of the electron liquid. It is an
experimental fact that in some cases optical absorption be-
gins with an abrupt step at threshold (e.g. , the pure alkali
metals) and that in other cases the absorption is zero at
the threshold and rises thereafter in an approximately
linear ramp (e.g., rare-gas impurities, Cs in Li and Na, Cs
on Mg). No comprehensive theory is yet available to con-
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neet these various observations with the quasiparticle
pair-creation mechanism, but the phenomena clearly ex-
tend over an energy range with which this mechanism is
compatible.

A third process which may possibly modify excitation
line shapes in solids is the interaction among neighboring
excitation centers. Each core, in effect, produces a local
field at other core locations, and a cooperative modifica-
tion of all the excitation amplitudes can ensue. The
mechanism has been discussed by Nagel and Witten.
Since quite sharp threshold steps are observed for impuri-
ties at dilution in some systems (e.g., Cs* in K, Fig. 6), it
is not possible that they originate only in local-field ef-
fects. These effects may nevertheless possibly contribute
to the sharpness of the anomalies observed near some
sharp threshold edges.

B. Bound states and scaling

The preceding discussion identifies the probable origins
of the observed core line shapes in electronic processes in-
cluding lifetimes, electron-hole —pair creation, and, possi-
bly, internal fields. It does not resolve the causes of the
observed line-shape transitions, or, for that matter, the
significance of the limiting line shapes. These are the
questions we now examine.

It seems likely that the core line shapes are determined
by bound-state formation. The reasons for this assertion
are made clear by Fig. 3, which shows the excited s lev-
els of alkali-metal atoms relative to the host band states.
Only for Cs* in Li and Na and for Rb* in Li do the s
levels of the core-excited atom lie above the band average
energy. These are precisely the three cases where the ex-
periments find the largest broadening of the core thresh-
old. K* in Li and Na, and Rb* in Na, are marginal cases,
according to Fig. 3, in which the excited s levels lie at or
just below the band average. The experiments show sub-
stantial broadening for N* in Rb and some smaller
broadening for K* in Li and Na. In all other cases the s
valence orbitals of the excited atom lie at or below the
host conduction-band bottom in Fig. 3. These are all sys-
tems in which the abrupt core-excitation edges are ob-
served to remain relatively unbroadened.

We see that the excited-state chemical structure ex-
plains the experimental correlation of core broadening
with host species quite accurately. Sharp thresholds with
cusps correspond to bound excited states. This effect ap-
pears to be related to the emergence of "white-line" struc-
ture at threshold on x-ray transitions which have localized
final states. The opposite limit, in which the line shape
resembles a linear ramp, occurs when the excited orbitals
are fully mixed into the conduction band, at or above the
band center. This result again appears related to other
earlier results. The excited levels of rare-gas atoms resem-
ble alkali-metal-atom ground states, and therefore also
mix strongly with alkali-metal band states (this is made
obvious by the Z+I model). It is known from earlier
work' that rare-gas core excitations in alkali metals ex-
hibit linear profiles with zero absorption at threshold
similar to that for Cs in Li. Thus, a comprehensive exper-
imental view of these diverse systems appears to be emerg-
ing.
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FIG. 11. Outer-core spectra of alkali-metal atoms in the
alkali-alkali alloys indicated (at. %). The left-hand column
shows Cs in Li metal, with spectra placed at heights proportion-
al to the composition. For the remaining systems the spectra
are placed at those heights at which the line shapes fit appropri-
ately among the Cs-Li data. This identifies an "effective com-
position" c for the edge profile in each alloy.

Note, however, that a significant problem remains for
the theory. The sharp thresholds with cusps, which have
been the main examples of the MND "x-ray-edge anoma-
ly,

" may relate instead to the white-line phenomena of lo-
calized state formation. Linear threshold profiles, which
find no explanation in MND theory, appear to be the nor-
mal response of the conduction-electron liquid to a
strongly coupled optical shock.

Similarities of detail among the line shapes in Figs. 4—9
encourage a more quantitative approach to the analysis of
these data. Figure 11 shows all the threshold data ar-
ranged on a single figure with each column an alloy sys-
tem and with position in the column representing the
shape. The Cs*-Li system provides the widest spectrum
of line shapes, and these are arranged according to actual
composition. In the columns for other alloy systems the
spectra are placed at the level where they best fit the se-
quence of Cs*-Li profiles. On the whole this can be done
fairly satisfactorily, although the available experimental
precision is not sufficient to establish how closely the data
conform to a truly universal set of profiles. Figure 11
provides an "effective Cs"-Li concentration, " c, which
specifies the position of each line shape within the Cs*-Li
sequence. In the absence of a line-shape theory we can
use this parameter to determine the way line shapes de-
pend on other properties of the various alloy systems. As
a practical matter in what follows, all sharp lines with a
threshold step less than 100 meV wide were assigned
c=100, since they lie within a factor 2 of the limit of use-
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ful experimental resolution.
We now require a measure of the excited-state structure

relevant to the correlations obtained above. The splitting
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FIG. 12. Graph showing core line shape, specified by the ef-
fective composition c (see Fig. 11 and text), as a function of the
parameter g=b /EF, which specifies the electronic structure of
the excited configuration (see inset at upper left) for alkali-metal
alloys. Hexagonal symbols indicate data of Miyahar et ah. (Ref.
13). The data fall close to a specific variation of g with c, which
indicates that the electronic structure determines the universal
sequence of line shapes. It appears that the width starts to in-
crease significantly near /=0. 6, which is precisely when the s
levels are degenerate with the band bottom (see inset).

l.0 1.2

between the band average binding energy E and the s
binding energy E; of the levels of the excited impurity is
one important quantity (these energies are shown in the
inset sketch in Fig. 12). Therefore the parameter

g= 6/EF

suggests itself as a suitably scaled dimensionless measure
of excited-state structure by which questions of universali-
ty in the response may be investigated. In effect, g is the
ratio of the local perturbation to the conduction-electron
kinetic energy. It affords a concise but comprehensive
scaled description of the excited configuration.

A plot of g against c for all the alloy spectra reported
here, all the pure metals, and all the results of Miyahara
et al. ' is displayed in Fig. 12. All the points scatter fair-
ly closely about a common line. This indicates that the
universal scaling description has at least a semiquantita-
tive validity. An important point is that c departs from
100 approximately at g =0.6, which means
E; —E=0.6E~. For a parabolic band this is exactly the
condition at which the s levels enter the bottom of the
conduction band. Note that the behavior there is quite
smooth. This is in accordance with the demonstration by
Kohn and Majumdar that no abrupt changes of physical
properties accompany bound-state formation, even in
one-electron theory.

In practice, 5 and Ez for the values of g in Fig. 12
were obtained by the simplest useful prescriptions. Thus
the Fermi energy is

EF c——~E~, +(1—c~ )EF2
—3/2 —3/2 —3/2

which follows when Vegard's approximation is used to
obtain the alloy volume. Here, EF~ and EF2 are the Fer-
mi energies of the two pure metals and c& is the actual
concentration of metal 1. The correlations appear to work
out best for "measured" rather than free-electron values
of EF, so these were used in the results of Fig. 12. Simi-
larly, the mean band energy is

E=c~(I, +E,&)+(1—c~)(I2+E,2),
where I& and I2 are atomic ionization energies and E, I

and E,2 are cohesive energies of the two pure metals. The
energies of intersolution are thereby assumed to be zero
(see Sec. II). Finally, the energy E; with which the band
average is compared is obtained from

E'; =I*+Ec .

This assumes that the excited s levels maintain the same
splitting from the ground s level as in the free atom.

The rea1 inhomogeneous alloy is a good deal more com-
plicated than this simple model. We reiterate (Sec. II)
that the electronic structures determined from
comprehensive calculations may possibly differ in detail
from those deduced here. Also, it is hard to be certain
that the correlation in Fig. 12 has a unique interpretation
because most energies in the alkali-metal systems vary
systematically with volume. These uncertainties may
have less consequence for the validity of the scaling ideas,
however. To the degree that the parameter g employed
here correctly describes the driving forces which determine
the electronic structure, the general conclusions drawn
from Fig. 12 remain unaffected. Only the value of g
which corresponds to the band bottom might fall into
question. In reality, however, this occurs in the region of
sharp thresholds (c= 100) associated with rather homo-
geneous alloys, so that this result, also, probably retains a
considerable degree of validity.

C. Concluding comments

The phenomena investigated in this paper occur within
an energy range of -500 meV, and variations of response
over 100 meV are important. Resolution on the order of
50 meV or better is desirable to explore these processes
adequately. The present work hardly meets these require-
ments, owing to the available time and signal to noise.
Many of the spectra in the existing literature involve
worse resolution, particularly for x-ray-photoemission
spectroscopy (XPS) results where the resolution may be
an order of magnitude worse than that required. Only for
the alkali metals, and Mg and Al, do the natural widths of
outer-core-excitation edges appear to permit such resolu-
tion in the first place. Of these, it must be stated that the
LI2 3 edge of the metal Al is so similar to that of its neigh-
bor Si, a nonmetal with a band gap of 1 eV, that their
explanations, also, might reasonably be similar; this ap-
pears to eliminate a substantial Fermi-liquid involvement.
Mg is not a suitably simple metal. Its behavior is compli-
cated Qy the details of its band structure; excitonic phe-
nomena occur in its conduction band, ' and a number
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of striking and unexplained effects are seen in the core
spectra of Mg-based alloys. Consequently, the alkali
np (n +1)~np (n + 1)s excitations have been the main
experimental testing ground of "simple" x-ray-edge
behavior.

In the present paper we report results which indicate
that the previous physical understanding of the alkali-
metal excitation edges may be mistaken. We have shown
that the sharp alkali-metal edge and "x-ray-edge anoma-
ly" occurs in the presence of a marked tendency to
bound-state formation, and is otherwise absent.
Threshold-energy calculation in Sec. II indicate that the
observed edges occurs within perhaps 0.2 eV of the
predicted thresholds. Therefore they may well be, in fact,
the true thresholds rather than shakeoffs occurring some
distance above fully suppressed thresholds. The same
type of peaked phenomenon in molecules and solids, with
sharp edges having a strongly peaked threshold structure
(white lines), has been recognized for many years as aris-
ing from just such a localization of the excited state. ' It
appears that the alkali-metal threshold behavior has a
similar origin. Additional evidence presented in paper II
suggests that neighboring like cores may possibly contri-
bute to the emergence of sharp structure. A final assess-
ment of the degree to which the s levels actually localize,
and the extent to which core-core interactions, either elec-
tronic or electromagnetic, modify the sharp structure,
must await future detailed calculations. However, the
fact that the sharp structure is associated with these gen-

eral causes appears to be securely established.
Only in the cases of Cs*-Li and Cs*-Na is the limiting

behavior of an approximately linear threshold line shape
reached; the remainder appear to possess intermediate
responses. For Cs*-Li the identification is aided by good
agreement with the predicted red shift (Sec. II) of the
threshold from that in pure Cs. Figure 3 makes clear why
other examples of linear profiles are unlikely to be found
in these systems, except perhaps at high pressure, where
the conduction bands broaden. One infers that the linear
profile is the electron liquid response to a strongly cou-
pled optical shock. If so, no theory is at present available
to describe this behavior. We note elsewhere, however,
that the density of available single-quasiparticle —pair
states varies linearly with their energy in a Fermi liquid.
One possibility is that the local shock projects the
conduction-electron system with equal probabilities into
any of the low-lying states which contain a single
electron-hole pair. '

If the theory predicts incorrect results. it is natural to
inquire as to what is wrong with the theory. In the case
of the x-ray edge the answer is not known in detail at
present. This is one of an important class of problems in
which the behavior necessarily blends Fermi-liquid prop-
erties with local chemical phenomena. The excited states

are, after all, long-lived configurations of a conduction-
electron liquid in which one locality having atomic di-
mensions is strongly deformed. It is not possible at
present to calculate the matrix. elements. of local operators
in an interacting Fermi liquid. In MND-type theories the
behavior is simulated by determinantal approximations,
with the matrix elements parametrized. Such approxima-
tions may be particularly poor for the alkali metals, in
which Coulomb correlations are strong. In any event, the
regime of behavior is one in which a number of quasipar-
ticle pairs are predicted to be created by the local event.
This requires that quasiparticles overlap strongly in and
near the central cell at the moment after the shock, so
that the Landau theory of Fermi liquids is not necessarily
applicable. It is apparent that the core-excitation process-
es investigated here may provide an opportunity to ex-
plore new regimes of Fermi-liquid behavior which are
otherwise inaccessible.

V. SUMMARY

In the present work we show how to estimate core-
excitation energies and core-excited electronic structures
in alkali-alkali alloys. Core-excitation profiles in a variety
of these alloys have been investigated experimentally, us-
ing differential reflectance methods on samples quench-
condensed at liquid-He temperature. The observed
threshold profiles exhibit a range of shapes extending
from sharp shoulders with cusped threshold peaks to
linearlike behavior above a fully suppressed threshold.
All these data, and results in the literature for pure alkali
metals and alkali-alkali alloys, can be arranged in an ap-
proximately universal sequence of line shapes and ordered
by a single scaling parameter, g. This parameter is just
the splitting of the excited s levels below the band center,
scaled by the Fermi energy. It is deduced that the linear
profile corresponds to excited orbitals which fully mix
into the middle of the band or above. The cusped "x-ray-
edge" profiles are associated with bound-state formation,
and are presumably related to "white-line" phenomena.
Our conclusions differ markedly from earlier interpreta-
tions of core-excitation spectra. Quantitatively accurate
theories are not currently available to discuss either limit
of the line-shape behavior.
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