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By means of angle-resolved photoemission, the unoccupied band structure of Be along the
has been determined. While the data are in generally good agreement with the results
of a self-consistent pseudopotential calculation, additional structure near the threshold for
plasmon production is seen. It is argued that this structure is a many-body distortion caused
by the electron-plasmon interaction.

5 axis

PACS numbers:

71.25.Pi, 71.45.Gm, 79.60.Cn

It is common in photoemission studies of solids
to identify spectral features with ordinary band energies. At the same time, it is well known that
many-body effects can complicate and even invaliThese complications have
date this identification.
been observed, for example, in narrow-band metals, where atomiclike correlation effect can reduce
bandwidths and generate extra peaks. It has also
been predicted' that the band structure of simple
metals should be distorted from its free-electronlike behavior at energies near the threshold for
plasmon production. The origin of this effect is the
electron-plasmon interaction. The one-electron effective potential and the excited-state lifetime are
closely related to the real and imaginary parts of the
electron self-energy, respectively, and thus coupled
' Whenever a
type relation.
by a Kramers-Kronig
new decay mode appears, e.g. , creation of plasmons, additional structure in the energy-momentum relation for the electrons is also generated.
We have recently performed an extensive photoemission study of the electronic structure of Be.2
In this Letter, we describe our results for the unoccupied states along b up to 22 eV above the Fermi
level. While our data are in generally good agreement with the results of a recent self-consistent
band calculation, 3 we see additional sharp structure
near the threshold for plasmon production. We interpret these results as being the first observation of
the distortion of electronic band structure due to
the electron-plasmon interaction.
There are several reasons why this effect has not
been observed previously. First, the effect occurs
in the unoccupied part of the band, and attention
has typically focused on the occupied part. Second,
the material studied must meet two seemingly contradictory requirements.
On the one hand, it must
have strong interband transitions to final energies
near the plasmon energy, or else photoemission
into the band of interest will not be observed. On
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the other hand, interband transitions dampen the
plasmon excitation, and obscure the interesting
structure. Thus a metal intermediate between transition metals and free-electron metals is required.
Finally, very accurate band calculations must exist,
so that deviations can be clearly identified. This
identification is easiest if the calculated bands are
smooth in the region of interest.
Beryllium meets these requirements.
The plasmon energy is4 approximately
19 eV and strong
direct transitions along b, to final energies in the
range 10—22 eV above Ef exist. It is a wide-band
sp metal, and recent self-consistent pseudopotential
calculations have very successfully described its
electronic structure. A single smooth band along 5
is predicted for the energies of interest. 3
The experiments were performed at the Synchrotron Radiation Center of the University of Wisconsin in Madison, Wisconsin. All data in this Letter
were taken with p-polarized light incident at 45'
from the sample normal, collecting electrons along
the normal. The experimental equipment as well as
procedures specific to Be are described in detail
elsewhere.
Total energy resolution is typically

0.2 eV.
Normal-emission spectra are presented in Fig. 1.
The stationary peak at 2. 8-eV binding energy is a
surface state in the I'3+-I'4 gap. The dispersing
peak at higher binding energies is the bulk transition, which is the subject o'f this Letter.
Conservation of momentum parallel to the sample surface restricts transitions to the 6 line in the
Brillouin zone. Our procedure for obtaining the
energy-momentum
relationship along this line is as
follows. First, we determine the top and bottom of
the occupied band by measuring the extrema in
binding energy of the bulk peak as a function of
photon energy. This determination, which is completely independent of the form of the final state,
gives the bottom of the band, I &+, at 11.1 + 0. 1 eV,
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FIG. 1. Normal-emission spectra of Be(0001). All
spectra have been scaled so that the dispersing peak
maintains a constant height.
and the top, I'3+, at 4. 8 + 0. 1 eV. These compare to
the calculated values of 11.16 and 4. 32 eV, respectively. The discrepancy at I'3+ is discussed extenWe then construct an empirical
sively elsewhere.
occupied band with the same shape as the calculated
band, but scaled to agree with the experimental
symmetry points. This scaling follows the expression

E ( k) = E„„(k) —0.07 [E„„(k) —E„„(k = 0) ],
where E„t,(k) is the calculated binding energy.
The resulting band is shown as a solid line in Fig.
2.3 Once the occupied band is determined, the
unoccupied band follows by subtraction of the binding energy from the photon energy at which a transition is observed. These experimental points, tak'-eV photon-energy intervals, are shown in
en at —,
the upper half of Fig. 2. s The solid line is the calculated band. The general agreement is clearly
good. Transitions to energies higher than those
shown are mostly broad and weak, due to small dipole matrix elements, until I'4 is approached at 92

eV.
Interesting structure in the experimental points is
visible near 15 eV. In Fig. 3, we present the difference between the experimental and theoretical unoccupied bands as a function of reduced momen-
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FIG. 2. Band structure of Be along A. The lower
curve is the empirically determined occupied band. The
upper curve is the calculated result from Ref. 3. The
dots are the experimental unoccupied band.
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FIG. 3. Difference between theory and experiment in
Fig. 2. The solid line is the predicted energy dependence
of the effective one-electron potential for a homogeneous electron gas with the Be average density (appropriately scaled from Ref. 9). kF is the free electron Fermi
momentum for the Be density, 1.94 A '. The dashed
line shows how the experimental points change under a
different data reduction (see text). The indicated uncertainties arise from the peak-position determination, and
get larger as the initial band gets flatter.
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turn. In this figure, point 2 is the wave vector of a
free electron at the Be plasmon energy, while point
8 is the wave vector of an electron propagating
along 5 in Be at an energy equal to the Fermi energy plus the plasmon energy. In an electron gas the
two points would be identical.
We believe that the structure shown in Fig. 3 is a
many-body
distortion
caused by the electronplasmon interaction. It is important, however, to
consider some other possible explanations. First, it
is not an experimental
artifact or caused by our
These are very simpeak-position determinations.
ple, one-component peaks, well separated from any
other structure. Second, it is not caused by our data
reduction. As an illustration, we show in Fig. 3
how the structure changes if the original, unscaled
occupied band is used to determine the momentum.
This curve still has all of the essential structure,

although its shape has changed slightly,
Finally,
this structure is too sharp to be explained as errors
in the calculation of the final state. Modifications
to the calculation that are expected to increase its
numerical accuracy in this energy range do not inWe conclude that the
troduce additional structure.
existence of the effect in no way is a result of the
particular theoretical states used.
A calculation of this effect for real metals would
be difficult. As an approximation to what is expected, we show in Fig. 3 the calculated results for the
electron gas.
This comparison
homogeneous
shows that the observed structure is close in magnitude, position, and width to what is expected. However, the experimental curve is clearly more complex, and begins at a smaller momentum, than pre-
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satellites in Al" and Be are smaller than calculated. Finally, the Be plasmon has a large (3—5 eV)
width. 4 These points are particularly relevant because of the Kramers-Kronig relation between band
distortion and plasmon generation.
In summary, we have observed anomalous structure in an unoccupied band of Be, and we have argued that this structure is caused by the electronplasmon interaction.
Electron-gas theory makes
qualitatively similar predictions, but a quantitative
description will require a calculation incorporating
the effects of charge inhomogeneity and interband
transitions. This phenomenon may also be observable in other electron spectroscopies that probe
unoccupied bands, such as low-energy electron diffraction or inverse photoemission.
We would like to thank D. Fowler, J. Blakely,
and B. Addis of the Cornell Materials Science Center for supplying the sample, the Tantalus electron
storage ring staff for their assistance, and M. Y.
Chou and M. L. Cohen for supplying unpublished
results of their band calculations. This research was
supported by the National Science Foundation Materials Research Laboratories program under Grant
No. DMR 82-16718. The Tantalus electron storage
ring is supported by the National Science Foundation under Grant No. DMR-80-20164.

'

dicted.
These disagreements could be due to errors in
the theory, which are expected in regions such as
these where the electron self-energy has a strong
' They could also be due to the
energy dependence.
electron-gas
theory explicitly ignores interfact that
band transitions which are an important decay mode
for plasmons. Finally, the electron gas is a poor approximation to Be in other ways. Be has large band
gaps, and a very small density of states at the Fermi
level. The difference between points A and B in
Fig. 3 shows the importance of these band-structure
effects and the difficulty of making a detailed comparison with electron-gas results.
There are other indications that the interaction
between plasmons and electrons in real metals is
inadequately described by electron-gas theory. For
example, final-state lifetimes in Be, which should
be dominated by plasmon generation, are significantly longer than predicted. 2 Also, plasmon loss
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0.2k/k& for r, = 2 in Ref. 9. We scaled to the Be density
(r, = 1.87) by the ratio of the Fermi energies. The curve
drawn is a smooth interpolation between the tabulated
points except for the minimum at k = 1.7kF, which is estimated from a plot in Ref. 9.
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