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Further Evidence for Collective Resonances in Monovalent Metals*
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Photoemission data from the alkali metals Na and K and the noble metals Cu and Ag are examined for
evidence of collective resonances. In all cases the vacuum level is more than 1.5 eV above Ey, the Fermi
energy. The photoemissive energy distributions taken with photon energies above 2.5 eV and up to 5 eV
exhibit structure which can be interpreted in terms of an s-wave resonance 0.3 eV or less below E~ and
several p-wave resonances above Ey. Circumstantial reasoning based on the trends from Na to K, or from
Cu to Ag, supports the assignment of the structure to collective resonances rather than to excitons or one-
electron band structure.

1. INTRODUCTION
' ~OR many years the conventional theory of normal

metals, based on the Hartree or independent-
particle model, has given a good account of the low-
frequency properties of metals. Also, high-energy plasma
oscillations can be treated serruclassically using the
Hartree model. ' With the advent of precise Fermi
surface experiments electron-electron interactions are
sometimes included through a Landau-Fermi liquid
model. Even this model, however, basically treats the
particles as weakly interacting and introduces collective
modes (such as zero sound) semiclassically. The Hartree
or Landau theories cannot be used to derive collective
pairing of the kind used to explain superconductivity,
or other possible many-particle quantum correlations.

In the limit of high-electron densities (r, (1) the
Hartree model is extremely plausible, as one can show

by perturbation theory. "For low densities(r, )40) the
model breaks down; the free-electron gas forms a
crystal. 4 The situation at intermediate densities is
unclear. At and near Ep, Fermi surface experiments
suggest that electron-electron correlation effects are
small. When the excitation energy Ace is of order Eg,
however, one may have correlations which lie outside
the Hartree-Landau model.

We have recently discussed' optical data' in K and
Cs which indicate that between 0.5- and 1.5-eV reso-
nances are present. The collective character of the
resonances is manifested by the line shape and in
particular by the interference with the Drude back-
ground, which results in an antiresonance on the low-

energy side. ' In the antiresonance region b& drops below
the Drude value, especially at low temperatures. The
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stability of the resonance is rejected by its persistence
into the liquid state. '

In Sec. 3 of this paper we discuss photoemissive
evidence for resonances in the alkali metals Na and K,
and in Sec. 4 evidence for Cu and Ag. At present no
rigorous theory of the collective resonances is available,
but Cohen has proposed' a model which contains
attractive features. We review these in Sec. 2 in order
to set the stage for circumstantial arguments based on
trends from Na to K (Sec. 3) or from Cu to Ag (Sec. 4).
Finally in Sec. 5 we discuss other possible explanations
for the resonances, and compare them with the experi-
mental evidence thus far surveyed.

2. RESONANCE MODEL FOR
COLLECTIVE STRUCTURE

According to our analysis of the Mayer —Kl Naby data,
collective resonances are present in the optical spectra
of Na and K near 1 eV. There are two possible candi-
dates for this resonance: electron-hole pairs (excitons)
which can be described within the quasiparticle frame-
work, and electron-electron s-wave pair amplitudes
which exist macroscopically in the ground state. Cohen
has proposed7 to describe such resonances in terms of
"coherent pairing" of the second kind (Cp II). Because
of the complexity of electron-electron interactions at
large excitation energies, the question of the mathe-
matical consistency and completeness of such a descrip-
tion is entirely open at present. Nevertheless, from a
phenomenological viewpoint the "resonance model"
represents a useful alternative to excitons. The two
models are qualitatively different, because one refers
to wave packets derived from the electron-hole states
that would contribute to direct interband absorption,
while the other depends on properties of the electron
gas such as the dielectric function which, in the mono-
valent metals, are comparatively unaffected by the
conduction band structure.

The predictions of the two models are the following:

Editors. The energy Eo of the lowest resonance is
determined primarily by the position Eo of the direct

' M. H. Cohen, Phys. Rev. Letters 12, 664 (1964).
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TABLE I. The interelectronic spacing and threshold
energies in monovalent metals (see Ref. 10).

Element r./ao E&& (eV) Element r./as Eg (eV)

Ll
Na
K
Rb
Cs

3.2
4.0
4.9
5.2
5.6

3.6
2.0
1.2
1.3
1.3

Cu 2.8 4-5
Ag 32 45
Au 34 4 5

interband threshold. The exciton binding energy

B=Eq—Eo

should vary at most as r, '~' when screening is taken
into account. The threshold energies E& and the inter-
electronic spacing r, are given for the alkalies and the
noble metals in Table I.

Higher resonances may be found between E& and Eo.
Coulomb effects may be important up to Et+8, but
not above.

I'air resonances. The energy Eo of the lowest reso-
nance depends on the energy difference between the
s.wave resonance below Er and the lowest p-wave
resonance above Ep. Both of these are determined pri-
marily by r, . Schematically, the trajectories of the lowest
s wave and the p-wave resonances as a function of r, for
Er fixed are shown in Fig. 1(a). Allowing for the de-
pendence of Es on r, gives Fig. 1(b). We have assumed
that the resonances are all above E~ for r, &1 because
quasiparticle perturbation theory seems to work well

in this region. "Cohen has suggested' that the s-wave
crossover point may lie near r, =3. For r, above the
lowest p-wave crossover, the electron liquid would pre-
sumably form domains. No anisotropy of this kind has
been observed in the alkalies, so that the lowest p-wave
crossover presumably occurs for r, & 6.

Higher short-range p-wave resonances I'rr may also
be present; in contrast to the long-range higher excitons

the spacing between I'I and E~z should be greater than
that between Sy and I'z. The higher resonances should
be quite broad.

E=E —0.3 eV (3.1)

for photon energies between 3.4 and 6.7 eV in both
crystals. The peak is so striking (and unexpected) that
Dickey emphasized it by plotting $(E) against E E. —

Berglund and Spicer attribute this peak to a large
peak in the density of states 0.3 eV below Eg. Ke
believe this explanation is correct in a general way.
Specifically, however, it is not present in a one-electron
model. Both theory' and experiment indicate that
no peak is present in the one-electron density of states
of Na and K that would even be resolved experimentally,

IOO

80

3. Na and K

The photoemission data here come from the early
work of Dickey. Her energy distributions, which are
shown in Figs. 2 and 3, deviated strikingly from the
predictions of a one-electron model. Berglund and
Spicer' have suggested that direct and indirect one-
electron transitions would give roughly rectangular
energy distributions from E=O (vacuum level) to
E=E (photon energy less work function). For the
nearly free-electron alkali metals this assumption seems
adequate. Superposed on the rectangular distribution
are a low-energy peak, which Berglund and Spicer
attribute (and we believe correctly) to electrons that
have scattered inelastically to produce electron-hole
pairs. The most striking feature of the distributions,
however, is the very large peak centered at
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FIQ. 1. A sketch of pair resonance trajectories as a function of
g, in a free-electron gas. The sketch is based on perturbation calcu-
lations for r, &1 and on the analysis of experimental data given
here and in Refs. 5 and /.
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FIG 2

Fn. 2. Photoemissive energy distributions for fixed photon energies~ in Na (see Ref. g). Note that the abscissa is E(max) —E.
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from Figs. 4 and 5, the resonance is much stronger in
Ag (r,=3.2) than in Cu(r, =2.8). The band-structure
explanation would lead to the opposite conclusion
because the occupied neck region in k space in Ag is
significantly smaller than in Cu."

The sinul'arity of the resonance peaks in dN/dE for
photon energies near 4 eV in the alkali and noble metals
raises the question of whether an Sz—Pz optical reso-
nance is to be expected in the noble metals as well as
the alkalies. The photon energy would be near 1 eV,
which is much smaller than the average band gap
energy in the noble metals. The anisotropy of the band
gaps might easily broaden the Pz resonance too much.
At present there is no optical evidence for resonances
in this region, but the reQectivity is so close to 100 jo
that very careful experiments would be required to
find the resonance if it were present at all.

S. CONCLUSIONS

Before summarizing our results we mention several
other explanations of the Mayer —El Naby data of a
more conventional kind. One may argue that the direct
edge has been broadened by indirect transitions. It is
dificult to see, however, how Lorentzian broadening of
a linear threshold at 1.2 eV could produce a very sharp
edge at 0.6 eV, even if the electron-phonon coupling
were 10 to 100 times stronger tha, n it is believed to be
for these metals.

Overhauser has suggested" that the alkali metals are
antiferromagnetic. If they are, it is surprising that
domain sects have never been observed in low-field
magnetoresistance studies. His suggestion can be tested
directly by studying the optical resonance in the
presence of a magnetic field.

The photoemission data reviewed here describe effects
at large photon energies &4 eV where resonances are
much broader than below 1 eV. That strong effects
are still found may not be too surprising in view of the
persistence of the Mayer —El Naby resonance in the
liquid state. '

We have shown that the qualitative trends in both
alkali and noble meta, ls favor short-range pair resonances
in both the ground and excited states, rather than long-
range electron-hole resonances (excitons) in the excited
state. We do not pretend to have a formal theory of
these pair states. It is probable that they cannot be
obtained by perturbation theory from a Hartree or

'~ A. VV. Overhauser, Phys. Rev. Letters 13, 190 (1964).

Hartree-Pock ground state. While Cohen's analogy'
with superconductivity is suggestive, we must bear in
mind that here the excitation energies are comparable
to the Fermi energy. Thus we cannot work. only in a
narrow ( kOD, the Debye energy) energy shell about
Ez. This makes the dynamical problem into a truly
strong-coupling one. Our essential point is that the
available evidence strongly suggests that the ground
state of the electron gas at intermediate densities r, &2
or 3 is not derivable from a Landau quasiparticle model,
except for elementary excitations very close to Ep.

It would be interesting to test this point by studying
the optical spectrum of Li. With luck this metal might
show no (or only weak) resonances in the liquid state.
One could then vary r, between 3.2 and 4 in alkali
metal alloys to study the oscillator strength at or near
the crossover region.

The experimental data reviewed in this paper have
been brought to the author's attention by Professor
W. K. Spicer, whom I also thank for copies of his data
on Cu and Ag prior to publication.

Note added in proof W. E..Spicer has pointed out that
the trend from Cu to Ag can also be explained by assign-
ing the high-energy peak in dN/dE in Cu to I.2 —+ 1.&
transitions and in Ag to an sr ~ prr resonance. This
interpretation seems more natural because in Ref. 9 it
is shown that in Cu the dependence of the peak energy
on photon energy agrees well with what one would
anticipate from L2 —+ L~ transitions.

Why does the resonance, absent in Cu, appear in Ag?
In accordance with a remark by Cohen, ~ this could be
caused by increasing r, from 2.8 in Cu to 3.2 in Ag, if
r, ' 3.0 is the critical value for resonance behavior.
Then it is surprising that the resonance is so strong
in Ag.

Another important factor is the screening of s-s
interactions by virtual d-s excitations. The minimum
energy E; for such d-s excitations in Cu is 2 eV, while
in Ag it is 4 eV. Thus the screening is much weaker in
Ag than in Cu, which may enhance Coulomb inter-
actions enough to create resonance behavior in the
conduction band.

A photoemission experiment to determine which of
these factors is dominant can be carried out on Au, for
which r,=3.2 as in Ag, and E;=2 eV, as in Cu. Our
guess is that dN/dE in Au will resemble dN/dE in Cu.
This would mean that the critical factor determining
the presence or absence of resonances in the conduction
bands of the noble metals is virtual d-s excitation.


