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these terms.

"The 8f,/0v term in Eq. (4) looks like it makes the in-
tegrand diverge for large imaginary v, but this term is
actually canceled by a similar term hidden in € (—ky,ikv).

5W. E. Drummond and D. Pines, Nucl. Fusion Suppl.
3, 1049 (1962).
" 50f course, ¥, +kys Pk +kys and ®p, + k, a1l have sec-
ond-order terms, but there is no echo associated with
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Recent photoemission studies of noble and transition metals show a predominance of
“nondirect” electronic excitations and indicate an anomalous density-of-states peak below
the expected d-band. We attribute these observations to second-order (and higher) pro-

cesses involving secondary phonon- and electron-pair excitations.

Photoemission studies of the noble and fran-
sition metals by Spicer and collaborators® im-
ply, contrary to the expected selection rule
for photon absorption, that the dominant absorp-
tion mechanism involves electron excitations
that do not conserve wave vector k. In addition
to this “nondirect” character of the excitation
process, an anomalous peak in the valence den-
sity of states is deduced to lie several volts
below observed d-band structure. The d-band
structure itself appears to be in good agreement

with theoretical computations. It has been shown,!

particularly for Cu and Ni, that the photoemis-
sion results, including the anomalous peaks,
are in agreement with optical-reflectance da-
ta. X-ray emission data on Ni have been inter-
preted by Phillips? to provide confirmation for
the photoemission results, but Cuthill, McAl-
ister, and Williams® dispute this interpretation.
They asscciate the observed large x-ray emis-
sion peak with the d-band density of states,
while Phillips identifies this peak with the anom-
alous peak observed several electron volts
below the d-band structure in optical and pho-
toemission data. Ion-neutralization spectra*

of Cu and Ni indicate prominent d-band densi-
ty-of-states peaks, with an anomalous peak in
Cu at the same energy as the anomalous opti-
cal peak, but with no second peak in Ni.

We shall not attempt to resolve the questions
raised by existing inconsistencies among exper-
imental data. However, we shall point out ad-
ditional evidence for the importance of nondi-
rect optical transitions in metals, and we pro-
pose a general mechanism for the appearance
of anomalous shifted peaks in effective densi-
ties of states deduced from optical data.
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If optical experiments on metals really mea-
sure nonlocal bulk properties and not surface
effects, then k conservation must be assumed
for the over-all absorption process. Observa-
tion of nondirect processes implies that second-
order (or higher) processes are involved, so
that nondirect electronic excitations are cou-
pled to secondary excitations that make up the
necessary k vector. If nondirect processes
are observed in any part of the spectrum, the
dipole sum rule implies that the observed in-
tensity is borrowed from first-order direct
electronic excitations. It follows from this that
any nondirect process has the effect of decreas-
ing the relative intensity of direct processes,
thus increasing the relative strength of other
nondirect transitions.

Any intrinsic absorption below the threshold
for direct excitation must be due to a nondirect
process. In particular, the well-known clas-
sical Drude theory of free electron absorption
corresponds in the quantum theory to a second-
order indirect process in which k is conserved
by phonon emission or absorption. The quan-
tum theory of such indirect processes has been
applied by Nettel® to describe not only the Drude
absorption but also the anomalous structure
observed in Na below the threshold for direct
one-electron excitation.® Similar structure
observed in other alkali metals shows temper-
ature dependence that is not yet accounted for,®
but, as pointed out above, such structure must
be attributed to a nondirect excitation process
because it lies below the direct excitation thresh-
old. It has been shown by Ferrell” that an in-
direct electronic excitation from the Fermi
surface to the Brillouin zone boundary would
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give a reasonable value for the energy of this
anomalous structure in potassium. Energy-
band calculations by Ham® indicate that Fermi-
surface to zone-boundary transitions are in

the same energy range as the anomalous struc-
ture observed for other alkali metals. Photo-
emission data on the alkali metals® are very
similar to the low-energy results of Spicer et
al. on the noble metals.

We conclude from this that indirect interband
transitions, as described by Nettel,® should
be a universal phenomenon in metals, just as
is the Drude absorption.

In addition to phonon processes, secondary
electronic excitations can also occur in the usu
al theory of metals. We attribute the nondirect
character of the transitions observed by Spicer
et al. to a combination of phonon indirect pro-
cesses and of secondary excitation of low-en-
ergy electron-hole pairs. The transfer of os-
cillator strength from direct excitations to non-
direct processes is apparently so extensive
that the nondirect processes predominate.

Secondary electronic excitations correspond
to inelastic scattering of an electron or hole
produced in a primary virtual direct excitation.
This is to be thought of as a second-order term
in perturbation theory, so virtual pairs of ar-
bitrary energy contribute to the transition am-
plitude. The final state describes a nondirect
one-electron excitation accompanied by a sec-
ondary excitation of the many-electron system.
In fact, a large background of low-energy elec-
trons is observed in photoemission experiments,
but it is attributed to single scattering of pri-
mary electrons.!»!® Hole scattering, similar
to the Auger effect, also occurs.! Much of this
observed low-energy background could be due
to secondary electrons excited in second-order
processes.

Since the inelastic scattering of an electron
or hole is involved in the intermediate virtual
state of a second-order process, the excitation
of secondary pairs or, more generally, of col-
lective excitations should lead to shifts of den-
sity-of-states structure by energies compar-
able with characteristic energy-loss peaks.

Spicer et al., after correcting for the background

of low-energy secondary electrons, analyze the
observed distribution N(E) of photoelectrons
at energy E in terms of the formulal’*°

N(E):CT(E)NC(E)NU(E-h‘w). (1)

Here C is a constant, T(E) is the escape func-

tion for emission from the surface of the met-
al, and N.(E) and N,,(E) are the inferred “op-
tical” densities of electronic states in the con-
duction and valence bands, respectively. If there
is a narrow characteristic loss peak at AE o’

it will contribute to N, (E-#w) by adding in a
contribution of N(E) from electrons originating
at E-fiw+ AE , rather than at the assumed E
-fiw. In general, this changes Eq. (1) to

N(E) =EaCaT(E)NC(E)NU ONE-fiw+ AEa), 2)

where N, is the true valence-electron den-
sity of states. Elastic scattering, direct exci-
tation, and secondary photon processes can

be included in a term with AE « =0. The opti-
cal density of states deduced from Eq. (2) would
be

N, (E-nw) =Z)a (Ca/C)NU ONE -Fiw + AEa). (3)

This formula shows explicitly the folding togeth-
er of the true density of states and the charac-
teristic loss spectrum, assumed here for the
sake of simplicity to consist of a number of
sharp lines at the energies AE o+ Only those
characteristic loss peaks due to volume effects
(excluding lowered plasma losses) should con-
tribute. Plasma excitations would have no spe-
cial significance compared with general inter-
band-loss peaks.

The energy-loss spectra of Fe, Co, Ni, and
Cu have been measured by Robins and Swan!!
and that of Ag and Pd by Robins.!? From Eq.
(3), anomalous peaks Ea might be expected to
occur in the optical densities of states for these
metals at energy values shifted below the high-
est-energy d-band peak E ;4 by the amount of
the lowest characteristic energy loss AE,. Ob-
served values of E;-E  and AE, are compared
in Table I. Since the second peak observed in
the d-band optical density of states of these
metals® might itself be an anomalous peak due
to low-energy secondary electron pairs, it would
not necessarily lead to corresponding structure
in the main anomalous peak. The agreement
between the last two columns of Table I is strik-
ing, both for those cases in which an anomalous
peak is observed in photoemission data (Fe,

Co, Ni, and Cu) and those in which it is not (Ag,
Pd). For Ag, the anomalous peak should appear
around -8.3 eV; however, the photoemission
data terminate above this energy. For Pd, an
anomalous peak is expected near -7.0 eV, if
the characteristic loss at 6.8 eV is a volume
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Table I. Comparison of the anomalous photoemis-
sion peak with observed low-energy characteristic
energy-loss peaks. E, refers to the energy of the
anomalous peak with respect to the Fermi level, Ej1
to the highest-energy d-band photoemissive peak,
and AE, to the lowest energy-loss peak. All ener-
gies are in eV.

Metal Ea Edl Edl_Ea AEl
Fe 5.5 —0.32 5.2 5.3+0.4°
Co -5.12 -0.3% 4.8 4,6+0,4C
Ni —4.62 —-0.3% 4.3 4.3+0.4¢
Cu —6.2b  _2.1P 4.1 4.5+0.2¢
Ag  <=7.0P  _g.2b >2.8  4.1:0.19
Pd ~_7.0?% _0.22 6.8 6.8+0.2
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to the result of folding the characteristic loss
spectrum into the true density of states. The
relative magnitude of these secondary peaks
depends on the strength of interactions that are
not directly related to the true density of states.
This is compatible with the observed wide vari-
ation of the relative strength of the anomalous
peaks in different transition metals.!

The authors are indebted to Professor W. E.
Spicer for several valuable discussions.
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effect and not a lowered plasma loss. Although
photoemission data do not extend to this ener-
gy, Yu and Spicer! indicate the presence of an
optical reflectivity peak at —7.0 eV and do not
rule out the possibility of a photoemission peak
at this energy.

It should be emphasized that our proposed
explanation of the observed anomalous peaks
does not attribute them directly to the electron-
ic density of states. On physical grounds, we
argue that such peaks should occur as a conse-
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and therefore that the observed “optical” den-
sity of states should correspond qualitatively
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DIRECT ELECTROMAGNETIC GENERATION OF ACOUSTIC WAVES*
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A recent Letter by Larsen and Saermark®
describes the electromagnetic generation of
acoustic waves in aluminum. They explain their
experimental results on the basis of the heli-
con-phonon interaction. The present paper
presents evidence that rf-ultrasonic coupling
can occur near the surface of a metal in the
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presence of a magnetic field, independent of
helicon propagation. The results of our exper-
iments are consistent with a model which as-
sumes that the external electromagnetic fields
couple directly with the electromagnetic fields
of the acoustic wave.

The experimental arrangement is shown in



