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It is shown that quasielastic knockout (e, 2e) of electron by a fast electron from a thin
solid film presents direct information about both the k and ~ dependence of the single-
particle, spectral-weight function A(k, ~) of target electrons. We discuss the expected
manifestation of Mahan-Nozieres edges and their plasmon satellites in an (e, 2e) experi-
ment side by side with that of plasmaron hole states.

The high-energy, quasielastic knockout of nu-
cleons or nucleon clusters [(p, 2p), (p, pd), etc. ]
is a powerful tool for nuclear-structure research. '
Several years ago the (e, 2e) quasielastic knock-
out process was proposed by Smirnov and one of
the authors' for the investigation of electron wave
functions in atoms, molecules, and thin solid
films. Its advantage in comparison with the
methods of positron annihilation and Compton
scattering profiles' consists in the possibility of
obtaining the momentum distribution of the tar-
get electron for the fixed value of its binding en-
ergy side by side with the fixed orientation of its
quasimomentum in a monocrystal. The disadvan-
tage of the (e, 2e) method is that it cannot be used
for the investigation of thick solid (d & 250 A) or
liquid targets.

Subsequent papers have exhibited both various
theoretical aspects of the problem mentioned' '
(in particular the manifestation of the band struc-
ture of solids'-"') and the first experimental re-
sults for solid' and gas' targets (with the best en-
ergy resolution at present' ~ =1-2 eV). Rather

rapid further experimental progress is to be ex-
pected.

The first problem considered in the present pa-
per concerns the Mahan-Nozihres edges' and
their plasmon satellites. " The main difference
between the (e, 2e) process and x-ray absorption
considered earlier'" is that the final electron is
not near the Fermi surface but is ejected into
the high-energy (a few keV) continuum described
by plane waves. Thus only the polarization of the
degenerate electron gas by the suddenly appear-
ing deep hole is present as a collective effect
(high-energy x-ray photoemission would be, of
course, similar in this respect). In terms of
Ref. 9 we obtain information about singularities
of the deep-electron spectral-weight function
Z((u} itself.

For describing this effect we should generalize
the formulas of our previous papers. " Namely,
we should replace the quantity fI(& ~ —e-) 5&- en-
tering into equations for the Sommerfeld model
of a degenerate electron gas-' by the general
electron spectral-weight function A(k, & )."We
obtain

d'0 2 Pr'F2 Cl 0
A V5(E, E, —E, —( }A(k, u:-)

a.s the (e, 2e) cross section for a unit crystal volume containing A electrons (V is the volume of the
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elementary cell of the crystal) .Here k= —k, +k, +k, is the momentum of the target electron fixed by
both the geometry of experiment and the chosen values of the energies E, and E,, of the two final elec-
trons; ~ is the binding energy of the knocked-out electron.

We can see that the quantity A(k, ~) represents nothing else but a general expression for the (e, 2e)
form factor —the (e, 2e) method gives us information just about true particles (not quasiparticles), i.e.,
about the single-particle spectral-weight function A(k, ~).

For the case of a deep hole we obtain from Eq. (1)
d'v do= const &k, — 5(E, E, E-, —-~)

~ V. ,(k) ~'Z(~),
lab

where y, (k) is the wave function of the deep hole.
The shapes of a deep-hole level maximum and
its plasmon satellites are determined by the ~
dependence of the function '

Z(~) =Q „(e 'a "/n!) A((u —(u, n(u-, )

(the plasmon dispersion is omitted here for the
sake of brevity),

A(&) -I Xl " '&(X), Q =2P,(21+1)(5,/~)',
(4)

a=(u, ' Q ~
V-, j'q'/ewe',

self should also be investigated. The most inter-
esting phenomena here are probably the plasma-
ron states" which appear as both k and w singu-
larities of A(k, &u) in Eq. (1). They are separated
from the bottom of the conduction band by an en-
ergy = 1m~ and should be easily seen in the (e,
2e) experiment.
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where co~ is the plasmon energy and q is a plas-
mon momentum (we assume (q') «(k')). The
values of 1 —e are 0.80, 0.87, and 0.98 for Li, "
Na, "and Cu, " respectively.

If we compare the singularities (4) with those
of x-ray absorption (in fact, they are finite sharp
maxima" of asymmetrical shape), '"

B((d) ~Q)
~

~~ Q)=25(/w —Q', (5)

we see a noticeable difference even if both values
1 —e and n, are positive. But the difference be-
comes drastic if 1 —e & 0 but e, & 0, as happens,
say, in the s-p transitions in lithium, sodium,
and some other metals. " Here the threshold
singularity of x-ray absorption enters as a thresh-
old suppression (u, = —0.1).

The experimental check of predictions concern-
ing Mahan-Nozi0res edges would require an ener-
gy resolution in the (e, 2e) method of QE =0.5 eV
which is comparable to the best present experi-
mental resolution for gas targets. The intensity
of plasmon satellites in comparison with that of
the ground state should not depend on the initial
energy value E, . In a (e, e ') or (y, y') scattering
experiment on a Li or Na target it is possible to
observe a true singularity extending measure-
ments to relatively large scattering angles";
however, the physics in this case is very differ-
ent.

Of course, we should not limit ourselves to the
deep holes. The holes in the conduction band it-

~Work supported in part by the National Science Foun-
dation.

$0n leave of absence from the Institute of Nuclear
Physics, Moscow State University, Moscow, U.S.S.R.

G. Jacob and Th. A. Maris, Rev. Mod. Phys, 45, 6
(1973); V. V. Balashov, A. N. Boyarkina, and I. Rotter,
Nucl, Phys. 59, 417 (1964); D. H, E. Gross and R. Lip-
perheide, Nucl. Phys. A150, 449 (1970); I. V. Kurdy-
mov, Yu. A. Kudeyarov, U. G. Neudatchin, and Yu. F.
Smirnov, Nucl. Phys. A163, 316 (1971).

Yu. F. Smirnov and V. G. Neudatchin, Zh. Eksp.
Teor. Fiz. , Pis ma 3, 298 (1966) jJETP Lett. 3, 192
(1966)J; V. G. Neudatchin, G. A. Novoskol tseva, and
Yu. F. Smirnov, Zh. Eksp. Teor. Fiz. 55, 1039 (1968)
[Sov. Phys. JETP 28, 540 (1969)].

I. R. Epstein and W. N. Lipskomb„J. Chem. Phys.
53, 4418 (1970); P. Eisenberger„W. H. Henneker, and
P. E. Kade, J. Chem. Phys. 56, 1207 {1972); P. Eisen-
berger, Phys. Rev. A 2, 1678 (1970); P. Eisenberger
and P. M. Platzman, Phys. Rev. A 2, 4)5 (1970).

A. E. Glassgold and G. Ialongo, Phys. Rev. 175, 151
(1968); U. Amaldi and C. Chiofi degli Atti, Nuovo Ci-
mento 66A, 129 {1970);V. G. Levin, Phys. Lett. 39A,
125 (1972); T. B. Furness and I. E. McCarthy, J. Phys.
B: Proc. Phys. Soc., London 6, L204 (1973).

L. Vriens, Phys. Rev. B 4, 3088 (1971).
V. G. Levin, U. G. Neudatchin, and Yu. F. Smirnov,

Phys. Status Solidi (b) 49, 489 (1972).
F. R. Camilloni, A. G. Guidoni, R. Tiribell, and

G. Stefani, Phys. Bev. Lett. 29, 618 (1972).
E. Weigold, S. T. Hood, and P. J. O. Teubner, Phys.

Rev. Lett. 30, 475 (1973); E. Weigold, S. T. Hood,
I. E. McCarthy, and P. J. 0. Teubner„Phys. Lett.
44A, 531 (1973); S. T. Hood, E. Weigold, I. E. Mc-



VOl. t."ME )2, NUMBER 18 PHYSICAL RE VIE%' LETTERS 6 MAY 197&

Carthy, and P. J. O. Teubner, The Flinders University
of South Australia Report No. FUPH-B-83, 1978 {to
be published).

G. D. Mahan, Phys. Rev. 163, 612 (1967); P. Nozi-
eres and C. I. De Dominicis, Phys. Rev. 178, 1097
(1969); B. A. Ferrell, Phys. Bev. 186, 399 (1969);
C. A. Cumbescott and P. Nozieres, J. Phys. (Paris)
32, 918 (1971).

D. C. Langreth, Phys. Bev. B 1, 471 {1970);T. T.
Chang and D. C. Langreth, Phys. Bev. B 5, 8512 {1972).

T. R. Schrieffer, Theory of SuPerconductivity (Ben-

jamin, New York, 1964); P. Nozieres, Theory of In-
teracting Ie~E Systenis (Benjamin, New York, 1964).

G. A. Ausman and A. J. Glick, Phys. Bev. 183, 687
(1969).

M. J. C. Lee, Phys. Rev. Lett. 26, 501 (1971).
~4C. S. Ting, Phys. Rev. B 6, 4185 (1972), and J.

Phys. F: Metal Phys. 1, 945 (1971).
'S. Doniach, P. M. Platzman, and J. T. Yue, Phys.

Rev. B 4, 3845 (1971).
B. I. Lundqvist, Phys. Kondens. Mater. 6, 198,

206 {1967), and 7, 117 (1968).

Transition Probabilities and Overlap-Covalency Effects in the X-Ray Photoemission
Spectra of Transition-Metal Compounds: Re03

G. K. %ertheim, L. F. Mattheiss, and M. Campagna
Bel/ Laboratories, Murray Hill, ¹u~Jersey 07974

and

T. P. Pearsall
BelJ Laboratories, Holmdel, Neu. i Jersey 07733

(Received 20 March 1974)

Differences in photoelectric transition probabilities have an important effect on the
interpretation of x-ray photoemission spectra of transition-metal compounds with pro-
nounced overlap-covalency effects. It is shown that the apparent discrepancy between
the x-ray-photoemission valence-band data for BeO& and the theoretical density-of-
states curve is resolved if one considers only the 5d component of the density of states.

It is shown in this communication that valence-
band spectra of transition-metal compounds ob-
tained by x-ray photoemission spectroscopy
(XPS) may be grossly distorted by transition-
probability effects. These effects are so severe
that erroneous conclusions can be drawn from
straightforward comparisons between XPS data
and theoretical density-of-states curves. The
fact that, for example, the strength of a rare-
earth 4f-electron signai is strongly photon-en-
ergy dependent is, of course, well known. Sim-
ilarly, it has been suggested that the small dis-
crepancies which are found between theoretical
and experimental band structures of the noble
metals are due to increasing s admixture into
the lower part of the d band. ' As an example of
rather more drastic effects we consider ReO, .

The electronic structure of this cubic, metal-
lic compound' has been the subject of a number
of investigations. ' ' In Fig. 1 we show the Be03
density of states from Ref. 3, smoothed by a
0.55-eV Gaussian, which corresponds to the res-
olution function of the spectrometer used to ob-
tain the XPS data discussed below. This band
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FIG. 1. Calculated density of states of ReO& from
Bef. 8 smoothed by a 0.55-eV Gaussian. The shaded
area indicates the Re 5d contribution.

structure successfully accounts for both the op-
tical properties and the Fermi-surface dimen-
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