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A many-body formalism utilizing a tunneling operator is proposed for the photoemis-
sion process, thereby avoiding the artificial separation of the process into distinct steps.
The lowest-order term in the formalism, corresponding to surface scattering, is devel-
oped in detail for simple metals. Energy-distribution curves from this “surface term”
are presented for both free and interacting electrons. Many-body effects, including
plasmarons, are prominent in the latter and have tentative experimental support.

The standard model of photoemission repre-
sents the emission process as a sequence of
three steps wherein the electrons are first opti-
cally excited, then proceed to the surface, pos-
sibly scattering en route, and finally escape over
a surface barrier.! While the model has greatly
facilitated interpretation of data it is, nontheless,
phenomenological and does not include the possi-
bility of many-body interactions. Several au-
thors®™ have discussed the importance of such
interactions in the first step, the optical excita-
tion, although they have not departed essentially
from the three-step viewpoint. In contrast, the
model below incorporates many-body interaction
throughout the photoemission process, inseparab-
ly intertwining the three steps. It is, I believe,
the first model to treat the whole photoemission
process from a unified, many-body viewpoint
with results for interacting electrons.® In this
Letter the lowest-order term in the formalism,
corresponding to a surface-aided process, is de-
veloped.

Volume processes rather than surface process-
es are generally considered to be most signifi-
cant for photoemission in metals.**” However,
it has become clear that the emitted-electron en-
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ergy-distribution curves (EDC’s) are very sensi-
tive to the condition of the surface and, further-
more, that electrons emitted when the incident-
photon energy is on the order of or greater than
the (volume) plasmon energy w, originate from a
very shallow mean depth, estimated to be less
than 20 A in alkali metals™ and nickel.? It thus
becomes interesting to investigate the lowest-or-
der, surface term in the model.

The basic Ansatz in the model is that the es-
cape of an electron from the metal into the vacu-
um can be mathematically represented by a tun-
neling operator, or transfer Hamiltonian, much
as is done in superconductor and semiconductor
tunneling.’® Specifically, let H,, be the (exact)
Hamiltonian of a metal of infinite extent, and H,
the Hamiltonian for free particles in a vacuum of
infinite extent. The respective eigenstates occu-
py separate Hilbert spaces. The emission of an
electron from the metal is represented as a per-
turbation on H,=H ,, +H , + (electromagnetic inter-
action with incident light) in the form

H=H +T,
T=73,T{K,K)a,b, +H.c., (1)
kK"
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where a, and b, annihilate one-electron, plane-
wave states of momentum K in the metal and in
the vacuum, respectively. 7 may be viewed as a
surface scattering due to overlap between the
wave functions for electrons inside and outside
the metal. No further Ansitze, aside from sim-
plifying approximations, are needed in order to
calculate EDC’s. Physically, the approximation
of using T and a metal of infinite extent neglects
modifications to the photoemission which are due
to the changes in the single-particle spectrum in-
troduced by the existence of a surface. These
changes include a possible peak from surface-
plasmon interaction which will be discussed be-
low, and local variations in the spectrum in the
immediate vicinity of the surface; these varia-
tions should have negligible effect when the mean
depth of origin of the emitted electrons is 2 2-5
j&, and can be considered in any case to have
been largely included by appropriate modification
of the matrix elements of 7.

For simple metals, H, may be approximated
as the Hamiltonian of a homogeneous, interacting
electron gas, H.;, perturbed by a static disorder
potential, U=3;,U (q)qu, representing the ef-
fects of the crystal lattice (bands, phonons, lat-
tice defects) and of impurities. The electromag-
netic interaction with the incident beam is

A=e —iwtz;k )l?&int : l~;ak.rakqu +—Aext . Ekabluq}

ze‘_I‘(‘Jt{—AA'int' §int+xext'§ext}° (2)

w and g are the photon frequency and momentum
(n=1), A;,, (A,,,) is the vector amplitude of the
electromagnetic A field inside (outside) the metal,
and P, (P.,,) is the total momentum inside (out-
side) the metal. Because of smallness of q/ky,
we put ¢~0 and get the second expression above.
To compute the electron emission, it is conven-
ient to work in the interaction representation,
taking H.,+H, as the unperturbed Hamiltonian
and U+A +T as the perturbation. When the evolu-
tion operator is expanded in the standard way'' in
the perturbation, the lowest order nonzero con-
tribution to the emission rate is second order in
A and T, and does not depend on U. The only
nonzero time ordering is that in which the action
of A follows that of T'; the reverse ordering
gives a zero contribution, because a homogene-
ous system cannot undergo optical excitation
without an intermediary interaction to supply mo-
mentum.'? (Recall that A is proportional to the
total-momentum operator, and the ground state
of a homogeneous system is an eigenvector of the

total momentum with eigenvalue zero.) Here,
the surface serves as the intermediary, scatter-
ing an electron into a virtual state outside the
metal, with photon absorption following. For this
reason, the lowest-order contribution may be
thought of as a “surface term.” Its importance
relative to “bulk” terms (those which do depend
on U, so that U can serve as the intermediary,
as in direct transitions, for example) increases
as the average depth of origin of the emitted elec-
trons decreases.®

The energy distribution of electrons is obtained
from the emission rate by multiplying the latter
by the density of states for the emitted particle.
A straightforward calculation yields the following
expression for the surface-term energy distribu-
tion:

-

I(K, w)= constlﬁlzkllT(}?, E’)IZ[KEXt . E—Kim- k]2
X (1/w?)AK E i, -w + @), (3)

where E;, =k*/2m. The work function is denoted
by ¢, and A is the negative-frequency part of the
spectral density of the electron gas (proportional
to the imaginary part of the one-particle Green’s
function). The formula is transparent, for it
simply states that the emission is proportional to
the square of each of the acting perturbations,

the square of the intermediate-energy denomina-
tor, and the density of states of the electron gas
at its residual energy and momentum.

In order to evaluate the above expression, an
appropriate form for T(K, k’) must be chosen.
Two possible limiting forms, corresponding to
uniform specular and uniform diffuse transmis-
sion, respectively, are

T (k, k') = const x 6(—12“-E||’), (4)
and
T (k, k') = const. (5)

(E” is the component of} lying in the plane of the
surface, similarly for kj’.) Specular transmis-
sion is usually assumed.®* However, the mea-
surements are generally performed on samples
prepared by evaporation onto a polished-copper
substrate. The rms surface roughness of such
evaporated films is most probably greater than
30 10\; the reflection of electrons at the surface is
expected to be diffuse (specularity parameter p
~0)."* Transmission, therefore, may very well
be closer to diffuse than to specular. I have con-
sequently used the diffuse limit, Eq. (5), in nu-
merical computations.
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FIG. 1. EDC’s, referred to initial electron energy,
calculated from Eq. (3) for a free-electron gas at pho-
ton energies 2 and 4 times the Fermi energy. Ep=Fer-
mi energy, I| and I, are the EDC’s for electrons emit-
ted parallel and perpendicular to the photon A vector,
respectively. and /-AVG is the appropriate hemispheri-
cally averaged EDC.

Fquation (3) has been evaluated for light at nor-
mal incidence for the cases of free and interact-
ing electrons. For free electrons,

A, w+@)ocd(w=Fk2/2m). (6)

Typical EDC’s are shown in Fig. 1 for electrons
emitted parallel to and perpendicular to the pho-
ton A vector.’® The width of a free-electron EDC
can be no wider than the conduction band of the
metal, as there is no method for the electrons to
lose energy.

The general expression for A is'?

Alk,w+@)cImlw=-(?/2m)-M(k,w)] "1, (7)

where M is the mass, or proper-self-energy op-
erator. EDC’s for interacting electrons were
evaluated by using the Hubbard modification of
the random phase approximation (RPA) dielectric
function'® in the RPA expression for the mass op-
erator.!” Typical results!® are presented in
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FIG. 2. EDC’s calculated from Eq. (3) for an interact-
ing-electron gas at a photon energy w =2E. Notation
is the same as in Fig. 1. Vertical scales for /| and /,
are different.

Figs. 2 and 3. The parameters used were those
appropriate to sodium.

At low photon energies (Fig. 2) the emitted
electrons are all concentrated in a primary peak
near the maximum energy. Scattered electrons
are absent. But the shape of the peak is qualita-
tively different from that obtained in the free-
electron case (Fig.kl): It resembles an isosceles
triangle (i.e., maximum emission does not occur

ENERGY DENSITY OF
EMITTED ELECTRONS (arbitrary units)
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FIG. 3. EDC’s calculated from Eq. (3) for an interact-
ing-electron gas at a photon energy w =7Er. Notation
is the same as in Fig. 1. Vertical scales for 7 | and I ¢
are different.
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at the maximum energy); further, it has only ~3
the width of the conduction band and is displaced
toward the high-energy edge, as if the electrons
near the bottom of the conduction band contribut-
ed negligibly. The isosceles shape and the nar-
rowing of the peak are both due to the 2’2 weight-
ing that multiplies A in Eq. (3) and to the modifi-
cation of the free-electron dispersion relation.
Both the shape and the narrowing have been ob-
served in the alkali metals.!® (Hopfield® and
Smith® have also suggested explanations for the
narrowing.)

At higher photon energies (Fig. 3) a broad peak
of low-energy electrons is seen. It arises from
the “plasmaron” structure in the spectral densi-
ty,® which is due to the coherent motion of a hole
and a plasma oscillation. The peak moves up-
ward linearly with photon energy, has a (con-
stant) width ~4 times that of the conduction-band
peak, and is displaced from the latter by ~1.2w,.
(The leading edges of the two peaks are displaced
by w,, but the plasmaron dispersion causes the
maxima to be somewhat further apart.) The ra-
tio of the area under the plasmaron peak to the
area under the conduction-band peak increases
with increasing photon energy, corresponding to
the experimentally well-known fact that the pro-
portion of scattered electrons increases with fre-
quency. However, this peak is not due to scat-
tererd electrons, but is a true many-body effect
that does not arise in a single-particle theory; it
is quite similar to the polaron structure predict-
ed theoretically and seen experimentally in met-
al-semiconductor tunneling.?® The shoulder re-
ported by Callcott and MacRae?! at 2.8 eV below
the leading edge in EDC’s of Ni covered with >3
monolayers of Cs lends support to the calcula-
tions presented here.

It is of interest to note that recently, plasma-
ronlike structure in the spectral density of a de-
generate semiconductor has been seen both at the
volume-plasmon energy® and at the surface-plas-
mon energy® in tunneling experiments. One is
thereby tempted to postulate a “surface plasma-
ron” peak in the spectral density of an electron
gas with a boundary. The EDC’s from such a
peak would presumably resemble the broad peak
in Fig. 3, but the leading edge would be separat-
ed from the leading edge of the high-energy peak
by wg, the surface plasmon energy. The postu-
late has physical interest, because the photo-
emission data on the alkali metals show just such
a broad secondary peak displaced by wg from the
leading peak.’ (A peak displaced by w, was not

seen,)

In the photoemission data, not only the leading
edges are separated by w; but the maxima also
are separated by wg, rather than ~1.2w;. Simi-
larly, the plasmaron peaks in the tunneling ex-
periments (Refs. 22, 23) occur at biases equal to
the plasmon energies, contrary to the theoreti-
cal prediction, at least for the volume-plasmon
case, of a somewhat larger separation. It has
been suggested that the shift may be due to non-
zero plasmon damping (reducing the effective
critical wave vector, thus the dispersion) and to
small electron mean free paths.?? The same ex-
planations, if correct, would also apply to the
photoemission data; however, it is questionable
whether damping mechanisms would shift the
structure all the way from ~1.8w, to w, in the
tunneling experiment. A possible alternative ex-
planation is that an improved calculation of the
spectral density would show the plasmaron peak
shifted by exactly w, from the quasihole peak,
rather than by a somewhat greater amount.?*
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work was carried out, for his constant guidance
and interest. I also wish to thank W. E. Spicer
and N. V. Smith for many helpful discussions and
B. Lundqvist for making his results available in
tabular form.
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Calculations of the rf surface impedance of a thin metal plate as a function of a dc
magnetic field applied parallel to the faces of the plate reveal that one can measure ex-
perimentally the critical angle of collision with the surface, if such an angle exists, be-
low (above) which electron surface scattering is mostly specular (diffuse).

The influence of surface scattering on the re-
sponse of thin metal plates to external fields has
been described by a phenomenological model,
first proposed by Fuchs in the study of the static
conductivity of thin films,' in which a single
specularity parameter p is supposed to describe
the surface-scattering mechanism. In this mod-
el, p is the probability that an electron will be
specularly scattered at the surface (the compo-
nent of the velocity normal to the surface chang-
ing sign upon reflection), while 1-p is the prob-
ability for diffuse scattering. Diffuse scattering
means that for any given angle of incidence the
angle of reflection is random so that the drift
velocity of the electron after collision with the
surface is zero on the average and the subse-
quent contribution of that electron to the conduc-
tivity vanishes.

It is desirable to generalize the Fuchs specu-
larity parameter into a specularity function?*?
S(6) which will depend on 6, the angle of colli-
sion with the surface (see Fig. 1), for the follow-
ing reason. Even if the surface is rough on the
atomic scale only, electrons with large angles
of collision will be expected to be diffusely scat-
tered as their wavelength normal to the surface
is comparable with the scale of roughness. On
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the other hand, electrons with small angles of
collision have wavelengths normal to the surface
which can be much larger than the scale of sur-
face roughness. These “grazing incidence” elec-
trons are expected not to “see” the details of
the surface and thus have a high probability of
being specularly reflected.® On the basis of
these arguments we have extended the path-in-
tegral solution of the Boltzmann equation® to in-
clude specularity functions S(6) which will be
nearly equal to unity (zero) below (above) a criti-
cal angle 6,. The correct functional form of
§(6), if indeed this phenomenological description
of surface scattering is at all valid, will have to
be settled by experiment in the absence of a de-
tailed microscopic theory of surface scattering.
In this Letter we propose the following simple
experiment by which one can probe the angular
dependence of surface scattering. An rf coil
wrapped around a metal plate of thickness d sets
up (antisymmetrically) surface-current layers,
7 =j(z)e "%, of effective thickness 0 just inside
the two plate surfaces which are normal to the
z axis.® An external dc magnetic field is applied
in the plane of the plate and in the transverse di-
rection with respect to the rf current, H=Hz.
This magnetic field curves the trajectories of



