
PLASMON COHESIVE ENERGY OF VOIDS AND VOID LATTICES. . .

the energy loss at 6~~ due to excitation of the void
breathing mode should gradually broaden as a re-
sult of the smearing out of the breathing-mode den-
sity of states. Such broadening could be observable
for aluminum, where the unperturbed plasmon en-
ergy is fairly sharp. Unfortunately, the plasmon
structure of bulk transition metals where the void
arrays have been produced is already so ill defined
that it might be difficult to detect even the few-eV

broadening of the spectrum, which would corre-
spond to the bandwidth of the breathing mode.
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Optical Properties of Single-Crystal Be from 0.12 to 4.5 eV
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Measurements of the optical absorptivity of single crystals of Be have been carried out in the energy

range 0.12—4.5 eV with polarized light. The infrared absorptivity is considerably lower than previously

reported. Evidence is presented for the onset of interband transitions for both polarizations beginning

near 0.4 eV. A shoulder is noted in the absorptivity for Elc at about 1.3 eV. The absorptivity data

are Kramers —Kronig analyzed and the optical constants are determined. An interpretation based on the

band structure of Tripp, Everett, Gordon, and Stark is presented.

INTRODUCTION

The optical properties of beryllium have been
the subject of a number of experimental studies. '"

Early workers studied Be films but either per-
formed the evaporation in poor vacua or exposed
the samples to contaminating atmospheres before
or during the measurements. Tungsten contamina-
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tion was suspected in at least one case. More re-
cently, the optical constants have been measured
at 82 and 290 K from 0. 11 to 1.5 eV by Shklyarev-
skii and Yarovaya, and in the vacuum ultraviolet
from 10. 5 to 26 eV by Toots, Fowler, and Marton. '
Swanson determined the line shape of the charac-
teristic electron-energy-loss peak of Be; LaVilla
and Mendlowitz subsequently Kramers-Kronig-
analyzed Swanson's data to obtain the optical con-
stants and the ref lectivity in the 12-28-eV range.
A comparison of the ref lectivities of Toots, Fow-
ler, and Marton and of LaVilla and Mendlowitz
shows reasonable agreement. Thus, while infrared
and vacuum uv data were available, no reliable
optical measurements existed in the 1.5-10.5-eV
range prior to this study. Further, without excep-
tion, the existing data were obtained with films
rather than single crystals; no optical data existed
to show the anisotropy for E II c and Elc.

Band structures for Be have been calculated by
Herring and Hill' [orthogonalized plane wave

(OPW)], Cornwell" (local pseudopotential), Loucks
and Cutler' (OPW), Terrell' [augmented plane
wave (APW) j, and Tripp et al. ' (local and nonlocal
pseudopotential). The resultant bands are in gen-
eral agreement, but the Fermi surface given by
the local-pseudoyotential model was poor and a
nonlocal model was needed to describe the Fermi
surface accurately. A comparison of nonlocal and
local pseudopotentials was carried out for Mg by
Kimball et al. '; the two models gave nearly iden-
tical Fermi surfaces. The poor result for Be with
the local model was discussed by Terrell, ' who

showed that the lack of P-like core states in Be
makes the cancellation theorem invalid for p-like
conduction states, while it should be operative for
s-like conduction states. It has been shown' that
if a local-pseudopotential model is valid, with only
a few Fourier coefficients V~ of the pseudopoten-
tial, the optical conductivity will consist of edges
at photon energies of 2 t V~ ) with decaying tails
toward higher energies. Such behavior has been
observed in Al. ' ' The local-pseudopotential
coefficients of Tripp et a/. ' predict edges at 1.56
and 2. 67 eV (K J.c) and 2. 42 and 2. 67 eV (E ~~ c).
Such edges were not observed, as was expected
since the same model gave poor Fermi-surface
results. In the nonlocal model, the parallel bands
giving rise to the absorption edges exist only below
the Fermi level and do not cross it at many places
in k space. We reproduce the bands of Tripp et al.
and base our interpretation on them. To date,
there have been no calculations of the interband
conductivity e2/A, corresponding to those of
Kasowski" for Zn and Cd. These would be most
useful, of course, when comparing optical con-
stants with theory.

In this paper wepresent the measuredabsorptiv-

ity of oriented single crystals of hcp beryllium.
Our data extend from 0. 12 to 4. 5 eV and show very
clearly the characteristics for Ell c and E l 8,
where E is the electric field vector of the incident
radiation.

RESULTS AND DISCUSSION
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FIG. 1. Absorptivity of Be at 4.2 K, 15' angle of
incidence. The insert shows smooth interpolations
joining our results to those of Ref. 7. The interpola-
tions were used only for KK analysis, and should not be
taken seriously.

Absorptivity measurements were carriea out
using a calorimetric technique which has been de-
scribed elsewhere. The data were obtained at
4. 2 K and a 15 angle of incidence. Single crystals
of Be were syarkcut so that the c axis was in the
face; by using yolarized radiation we were able to
measure the absorptivity for both E II c and E Lc,
thus providing identical sample treatment for both
polarizations. The dimensions of the samples
were about 8x12 mm.

Since Be is highly toxic, considerable care was
taken when preparing the sample. Mechanical
polishing was performed while the sample was im-
mersed in glycerin. By using progressively finer
abrasives, an excellent mirrorlike surface was
obtained. To remove the work-damaged layer,
an electroyolishing techniquea' was used. The
sample was electropolished for about 90 sec in a
vigorously stirred solution of perchloric acid,
ethyl alcohol, and butylcellosolve (20: 70: 10 by
volume at about 0 C). The sample was then
washed in boiling alcohol, dried in a nitrogen
stream, and mounted in the calorimeter sample
chamber. .An estimated 15 min elapsed during the
mounting process and before the chamber was at
10 Torr. Within 1 h the cooling to VV K was
initiated. While the effects of atmospheric con-
tamination are significant in the vacuum ultraviolet,
we believe that, since the band gap of BeO is about
10. 5 eV, the effects should be less important
below 4. 5 eV. Nevertheless, attempts have been
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I20 angle of incidence). To Kramers-Kronig analyze
the data and obtain the optical constants, it was
necessary to know the absorptivity between 4. 5 and
10.5 eV. The dashed lines represent smooth
structureless interpolations which were used for
Kramers-Kronig (KK) analysis only; they should
not be taken seriously. We have found that the
principal change which results from altering the
interpolation is an adjustment in the height of the
conductivity peaks which appear at about 5. 0 eV for
both polarizations, as well as a shift in the magni-
tude of the optical constants at higher energy. No
appreciable effect was noted in g below 4. 0 eV, and
we consider our results to be reliable below this
energy. Reliable information at higher energies
must await further experimental work.

The optical conductivity is shown for both polar-
izations in Fig. 2. Both curves drop from lar e
f

rge,
ree-electron values before turning up at about 0. 5

and 0. 7 eV for E tl c and Elc, respectively. While
the rise in the conductivity does herald interband
effects, it is not reasonable to say that such effects
do not exist at lower energies. In fact, from the
slope of the absorptivity curves, we must say that
such effects do play a significant part in the ab-
sorption process at energies as low as 0. 12 eV. It
should be noted that the influence of the interpola;
tion is beginning to be felt at about, 4 eV and that
the magnitude of the conductivity should not be
taken seriously above 4 eV. This is indicated b
dashed lines in Fig. 2. Since an altering of the in-
terpolation does not change the position of the peak
which persists for all interpolations used, we con-
tinue the spectra to 6 eV, noting that E~l c peaks at
5. 1 and E I.c peaks at 4. 7 eV.

The real and imaginary parts of the dielectric
function are shown in Fig. 3. For E II 8, l' ht
bump occurs in q~ at 1.6 eV, corresponding to the
shoulder in the absorptivity at about 1.3 eV. The
&3 curves reach "minima" at about 2. 9 and 3. 1 eV
for E ll c and KJ.c, respectively. The real part of
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FIG. 2. Optical conductivity for Be. Above 4 eV, the
magnitudes are not reliable, owing to the interpolation
from 4. 5 to 10.5 eV. The peaks persist for all interpola-
tions used.
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FIG. 3. Dielectric function. for Be.

made to minimize the exposure of the sample.
Residual- resistivity- ratio measurements were

performed to determine the anisotropy in the re-
sistivity. It was found that for E II c phoo/p4 2 was
41.6, while for E J.c it was 56. 2. (Reference 14
reported a value of approximately 1000. ) Pub-
lished results on single crystals of Be by Gruneisen
and co-workers indicated that at 273 K, pII =3 58
and p, = 8. 12 p. A cm, which gave (p, jp„)„,= 0. 88,
while at 4. 2 K we found the ratio to be 0. 65.

The absorptivity of Be is shown in Fig. 1. The
high-energy limit is 4. 5 eV for E Ilc and 4. 3 eV for
E i c. The absorptivities rise sharply from about
0. 2 eV, the E t~ c rise being the more precipitous.
Even in the range 0. 12-0.20 eV, both curves dis-
play a steady rise. At 0. 9 eV the difference A„
—A, is nearly 21/p. For E ~l e, A levels off at 1.8
eV, but begins to rise again at 1. 5 eV. This
shoulder has no counterpart in E lc, which rises
continuously to a maximum at 3.0 eV. Above 3.0
eV, the absorptivities drop off gradually.

Despite the relatively poor residual-resistivity
ratios for our samples, at 4. 2 K and 0, 12 eV &v
=42 and 35. 5 for E II c and Eic, respectively, as
calculated using the dc values of the resistivity
given in Ref. 23. The free-electron absorptivities
are then 0.00031 and 0. 00037, independent of fre-
quency. The positive slope of the curves of Fig. 1
can then be attributed to interband absorption
rather than a small value of ur7, which would also
cause A to rise as ~ increases. If the absorptivity
at 0. 12 eV is taken to be 0. 019, it is clear that in-
terband effects and the anomalous-skin-effect ~'

corrections to the free-electron term are impor-
tant.

The insert of Fig. 1 shows our data and the data
of Toots, Fowler, and Marton' (obtained at a 20
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FIG. 4. Band structure for Be from Ref. 14.

q rises from large negative values, passes through
zero at 1.0 (E II e) and 1.36 eV (E 1c), with broad
maxima at about 2. 2 and 2. 4 eV.

The band structures of Tripp, Everett, Gordon,
and Stark' are reproduced in Fig. 4. A glance at
this figure shows that the only filled bands which
are parallel or nearly parallel and which cross the
Fermi level are separated by at least 7 eV (Z, —Z,
and T, —T2); so we expect no parallel-band absorp-
tion (which was important in Al) in our data. There
are no flat bands as in the noble metals, and few
critical points separated by low energies. We
thus expect that the dielectric constants mill be
rather devoid of structure. Of interest are the
bands near Hy and &3 F3 and I"

4 and L],
the crossing of T, and T4, and the position of the
Fermi energy. Interband transitions are possible
near these symmetry points and, from the band
scheme, they would be expected to occur at ener-
gies below about 5 eV. The strength of the transi-
tions would be determined by the joint density of

states with selection rules forbidding certain tran-
sitions. Specifically, the transitions H, -II, and

L, are a,llowed for E l c, and I"~- 1 4 and Ly-L, are allowed for E Il c. Only the L,-L, tran-
sition seems to have an appreciable volume of
nearby k space contributing to absorption near it.
We might then expect an anisotropy to appear in
the dielectric constants, with E lc displaying low-
energy features corresponding to H, -HB [E(H,)
—E(H, ) = 1.6 eV]. This anisotropy has not been
observed. Indeed, while E II c shows slight struc-
ture in g~ near 1.6 eV, E l. c is featureless; the
absorptivity of E ~Ic has a shoulder at 1.3 eV,
while Eic is smooth. From Fig. 2, the similarity
in the conductivities is apparent, E lc having the
larger magnitude. Both show' a minimum below
0. 8 eV and a kink near 1.6 eV. It is apparent,
then, that while H, -H3 transitions may be playing
a part in absorption between about 1 and 2 eV,
other transitions are also important. Since the
features are broad and washed out, it is possible
that weaker effects may be entering in, e. g. , T&- T4 for E il c. It is not possible to say with con-
viction that our data confirm any features of the
band structure. A calculation of the conductivity
is required to determine the contributions of differ-
ent transitions to the absorption processes.

In Fig. 2, we have speculated about structure
near 5 eV. This can probably be associated with
the points L and 1. L,-L, transitions are allowed
for both polarizations; E(L,)- E(L,) =4. 6 eV. Near
L the bands are seen to be nearly parallel over a
considerable region of k space and the resulting
absorption mould be strong. Transitions from F
would also contribute to absorption for E ll c near
5 eV. It must again be stress that the height of the
conductivity peaks is dependent upon the choice of
interpolation. It seems unwise to do more than
note that theory predicts structure near 5 eV and
that a smooth interpolation from 4. 5 to 10.5 eV
produces it.

The partial sum rule giving fV„,(E), the number
of electrons per atom contributing to absorption
below energy E, was calculated from our g~ data.
Between 0. 12 and 4. 0 eV, N,«was 0. 48 electrons
per atom for E II c and 0. 62 electrons per atom for
E lc.
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This paper contributes to the theory of the electron density distribution induced at a metal surface by
a small static external charge distribution. As a first application, profiles of the charge induced by a
uniform external electric field are obtained for metals of different bulk electron densities. A quantity of
particular interest is the position of the center of mass, xo, of these profiles, for which we present
numerical values. (The x axis is taken along the surface normal. ) Next, the case of a small point
charge q with x coordinate x, well outside the surface is treated. It is shown that the image potential
experienced by such a charge has the form —q'/[4(x, -x )],wherex is the above-mentioned

quantity. We locate xo, the effective position of the metal surface, relative to the last lattice plane of
the crystal. We discuss the implications of these results for alkali adsorption on metal substrates, the
capacitances of small-gap condensers, and field-emission experiments.

I. INTRODUCTION

In two previous papers '~ we have developed a
theory of metal surfaces, based on a density-func-
tional formalism. 3' We have applied this theory
to calculations of the electron charge-density dis-
tributions, surface energies, and work functions
of metal surfaces. These are all properties of
unperturbed surfaces. In the present paper we add
a discussion of the screening charges induced in
a metal surface by the application nf a uniform
electric field or by the presence of an external
point charge. These induced charges are familiar
from elementary electrostatics. However, there
they are idealized as being located on a mathemat-
ical surface of zero thickness. In reality they are
of course spread out, extending over a thickness of
the order of 2 A. The detailed nature of these in-

duced charge densities and its physical implica-
tions are the subject of the present paper.

The main contents of the paper are the following.
(i) We formulate the general linear-response

theory.
(ii) We present the profiles ot the additional

surface-charge distributions induced by a uniform
perpendicular electric field in metals of different
bulk electron densities. In particular, we note the
positions of the center of mass xo of these density
distributions, relative to the positive charges, for
various bulk electron densities.

(iii) We show that, to a good approximation, the
results of classical elementary electrostatics are
valid, provided the idealized mathematical metal
surface is taken to pass through xo. Thus the
image potential for a charge q located at xq is given
by


