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The characteristic energy-loss spectra were measured for fast (30 keV) electrons penetrating right
through thin Zn and Cd films. Although these metals belong to the same group in the periodic
system, their spectra are strikingly different: in the case of Cd a narrow plasma-loss peak at 9.07
eV is typical of ordinary simple metals, whereas a plasma resonance exhibited by Zn begins from a
threshold-type singularity near 9.3 eV and is followed by a wide peak at 14.3 eV. A theoretical
analysis of the dielectric functions of Zn and Cd is carried out using the pseudopotential frame-
work and also on the basis of the electron band structure of these metals calculated with allowance
for the presence of narrow d bands. It is shown that the pseudopotential method describes correct-
ly the width of the plasma resonance of Cd, but cannot account for the shift of the plasmon energy.
In the case of Zn this approach is quite unsuitable. A calculation of the loss function carried out
using a microscopic theory ensures a good agreement with the experimental data for Cd and
predicts correctly the threshold nature of the onset of the plasma resonance of Zn. However, the
overall agreement between the calculated and experimental spectra of Zn is only qualitative. The
factors which might be responsible for the insufficient accuracy of theoretical calculations in the

case of Zn are considered.

1. INTRODUCTION

Zinc and cadmium follow directly the noble metals cop-
per and silver in the periodic system of elements and their
ground-state atomic configurations are [Ar]3d '%4s> and
[Kr]4d 19552, respectively; they are polyvalent metals with
the hexagonal close-packed (hcp) structure.

Experimental and theoretical investigations have estab-
lished that near the Fermi surface of the conduction band
both Zn and Cd are described quite satisfactorily by the
model of almost-free electrons with a density of two elec-
trons per atom. On this basis, both Zn and Cd are currently
regarded as simple divalent metals with properties that de-
pend weakly on the dynamics of the filled d bands and which
satisfy ideally the necessary condition for the successful ap-
plication of the pseudopotential formalism.! In this formal-
ism the degrees of freedom of electrons of ionic cores are
eliminated and an analysis is made of the problem of behav-
ior of a gas of almost-free conduction electrons for which the
effective periodic potential of the ions (i.e., the pseudopoten-
tial) is a weak perturbation. In the case of Zn and Cd there is
a free electron gas with the parameters listed in Table I.
Here, n, is the density of conduction electrons, r, = (3/
4arn,)'?/ag, ay is the Bohr radius, Ep = # %(37*n, )*>/2m
is the Fermi energy, and w, = (4mn,e*/m)"/? is the classical
frequency of plasma oscillations.

The correctness of the hypothesis that Zn and Cd are
simple metals can be judged, for example, on the basis of the
experiments involving excitation of plasma oscillations. The
spectral distribution of the collective density of conduction
electrons in simple metals can be described satisfactorily by
a theory of Sturm (for a review see Ref. 2) and it is character-
ized by a strong resonance line located at a frequency close to
w,. Attempts to determine the characteristics of a plasma
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resonance of conduction electrons in Zn and Cd have been
made frequently over a period of more than three decades,
but the net result of these investigations carried out by a
variety of methods is very unsatisfactory because of the con-
siderable discrepancies between the data obtained by differ-
ent authors. This is made clear in Table II which lists the
results of some of the most careful investigations. In this
table the energy position of the plasma resonance is denoted
by E, and AE,, is the full width at half-maximum of this
resonance. The abbreviation CEL is used for the characteris-
tic energy losses observed when a sample is penetrated right
through by an electron beam (the primary electron energy is
given in parentheses). The observed scatter of the experimen-
tal results seems to us a direct evidence of the difficulty en-
countered in the preparation of thin-film Zn and Cd samples
of sufficiently high quality. Although Table II contains some
fairly similar values of E,, neither these correlated results
nor the other data on the plasma oscillation energies agree
with the values of #iw,, listed in Table I. This is unusual for
simple metals and it shows that the nature of Zn and Cd is
much more complex.

It would therefore be desirable to analyze thoroughly
the role of the d electrons in these post-transition metals.
According to Ref. 10, the results of x-ray photoelectron
spectroscopy indicate that the binding energies of the 3ds,,

TABLE I

Zn Cd
Ne,cm ™3 1,315-10%2 0,926-1022
Ts 2,306 2,591
Ep, eV 9,428 7,467
fwp, eV 13,463 11,302
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TABLE IL

Zn cd
Meth
Ep, eV AEq3, eV Ep, eV AEy, eV ethod, reference
- - 78 3 CEL (1.5 keV), Ref. 3
8,6 2,8 7,5 2,6

17.0 5 154 4 CEL (1.5 keV), Ref. 4

Shcs))u;der near 9.; eV 9,1 1,2 Plasma radiation®

S 8 - - Optical reflection®

ois | o 5,68 08 Photoemission’

Resg;uénce ml)t observed 9,4 0,8 CEL (40 keV), Ref. 8

K - 19,2 — g :

and 3d;,, subbands in metallic zinc are 9.23 and 9.77 eV,
whereas the binding energies of the 4ds,, and 4d; ,, subbands
in metallic cadmium are 10.20 and 11.15 eV, respectively.
The same method was used in Ref. 11 to find the binding
energies of the 44 subbands in metallic Cd and this gave
similar values: 10.47 eV (4d;,,) and 11.46 eV (4d, ;). There-
fore, in Zn and Cd there are relatively narrow d bands locat-
ed at relatively small depths below the Fermi surface near
the bottom of the conduction band, and in the case of Zn it is
very likely that the 3d band intersects the conduction band.
Investigations carried out on atomic vapors of Zn and Cd
demonstrated!? that the spin-orbit splitting of the d states in
these elements is 0.37 eV (Zn) and 0.7 eV (Cd). These values
are somewhat smaller than the corresponding splittings of
the d bands in the metallic state, which indicates some
“band” broadening of the d levels in metallic Zn and Cd.
This raises the question of the validity of the classification of
thed electrons in these metals as strongly bound (i.e., belong-
ing to the individual ionic cores).

A direct confirmation of the collective nature of the 3d
states in metallic Zn was obtained by Himpsel ef al.,"* who
used the method of photoelectron spectroscopy with angular
resolution to determine the dispersion curves for the 3d sub-
bands in the [0001] direction (along the hexagonal axis) and
who showed quite definitely that the higher of these sub-
bands is characterized by a dispersion of 0.17 eV [the rel-
evant critical points are separated from the Fermi energy by

—9.60eV (I's")and — 9.77 eV (I'¢").] The results of Himp-
sel et al.'? are in reasonable agreement with the results of
theoretical calculations of the energy band structure of zinc
reported in Refs. 14 and 15. According to these calculations
the narrow 3d band of Zn should lie within the conduction
band slightly above its bottom (located, as estimated by Juras
etal.,'* at 11 eV below the Fermi level), but already at ener-
gies slightly higher than the region occupied by the 3d states
the electron band structure of this metal should assume the
form typical of the model of almost-free electrons.

Since the excitation energies of the d electrons in Zn and
Cd are close to 7w, , both the d electrons and the s electrons
exhibit a strong polarizability at frequencies of w,, which
may give rise to interesting effects in the spectra of collective
plasma oscillations of electrons in these metals.

In this situation we decided that it would be desirable to
investigate experimentally once again in full detail the spec-
tra of characteristic energy losses of electrons in metallic Zn
and Cd. In addition, calculated the expected spectra in two
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variants: assuming that both Zn and Cd are simple metals,
and also using the calculated energy band structures found
with the s and d electrons taken into account simultaneously
and on a par. The results are reported below.

2. SAMPLES AND EXPERIMENTAL RESULTS

Our experiments were carried out on a spectrometer
designed to measure the energy distribution in an electron
beam after it has crossed a thin film of the investigated sub-
stance. The spectrometer and its characteristics were de-
scribed in detail in Refs. 16 and 17. The primary electron
beam incident on the sample had an energy 30 keV; the elas-
tic peak in the CEL spectra was well approximated by a
Gaussian distribution with the rms deviation o = 0.275
+ 0.005 eV. The measurements were carried out at room
temperature in the forward scattering regime.

One of the principal experimental difficulties was the
preparation of high-quality thin Zn and Cd metal films.
They were prepared by the method of thermal evaporation
and deposition on a substrate kept at liquid nitrogen tem-
perature. This procedure took place in 5X 10~7 Torr vacu-
um using sufficiently pure (99.9%) initial metals, which were
heated in tantalum helical evaporators. Initially the sub-
strates were polished rock salt single crystals and glass plates
with evaporated NaCl films. The investigated films were
floated off these substrates in water and placed on a fine-
mesh copper grid acting as the sample holder. However, this
widely used method was unsuitable for Zn and Cd. The pro-
cedure of floating a sample in water resulted in considerable
deterioration of the quality of the films which initially were
characterized by a strong metallic luster, and the corre-
sponding CEL spectra consisted of just broad resonance
lines more characteristic of the oxide state of the investigated
elements'® than of their metallic phase.

Oxidation of the samples was avoided by constructing
three-layer sandwiches in which the Zn or Cd film was cen-
tral and protected on both sides by thin (50-100 A) Al films.
These sandwiches were evaporated in a vacuum chamber
without exposure to the atmosphere. Plasma excitations in
Al and Al,0; have been thoroughly investigated (see, for
example, Ref. 9) so that in principle we could separate from
the background of these excitations the contribution made to
the CEL spectrum by Zn or Cd. It was unexpectedly found,
however, that when such a three-layer film was separated
from the NaCl substrate it rolled into a tube and it could not
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be flattened without damaging the film. Therefore, we had to
forgo the use of soluble NaCl substrates and prepared sam-
ples with a permanent substrate.

The latter was a thin collodion film which was deposit-
ed directly on a fine-mesh copper grid of the sample holder in
accordance with the method described in Ref. 19. The CEL
spectrum due to the collodion film (before the deposition of a
metal film) is shown as the inset in Fig. 1. The first promising
result obtained for a sample of the Al-Cd-Al-collodion type
is shown in Fig. 1a. In addition to a strong elastic peak (from
which the lost energy was reckoned), we observed clearly
two narrow resonance lines located at energies of about 9
and 15 eV against the background of the continuous contri-
bution by the collodion substrate. The second of these reson-
ances had all the parameters corresponding to the excitation
of plasmons in Al, so that we assumed that the peak at 9 eV
was due to the energy losses as a result of creation of plasma
excitations in metallic Cd.

This hypothesis was confirmed by the following experi-
ments. A gradual reduction in the thickness of the protective
Al coatings made it possible to prepare samples with the
CEL spectra practically free of the resonance lineat 15eV. A
spectrum of this kind is shown in Fig. 1b for Cd. The domi-
nant feature of this spectrum is a strong and narrow plasma
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FIG. 1. Characteristic energy loss spectra of three-layer sandwiches de-
posited on a thin collodion film: a), b) Al-Cd-Al; ¢) Al-Zn-Al. In the last
two cases, (b, c) the thickness of the protective film is selected so that the
resonance line of Al at 15 eV is effectively suppressed. The inset shows the
characteristic energy loss spectrum of the collodion substrate before the
deposition of a metal film.
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resonance at 9 eV standing out clearly from the background
due to the contribution of the collodion substrate (and that
due to thin protective Al,O; films with the CEL spectra ap-
proximately of the same kind as that of collodion). A weak
resonance line near ~ 6 eV is most probably due to the exci-
tation of surface plasmons. In the case of a Zn multilayer
sample prepared by a similar technology we obtained the
spectrum shown in Fig. lc, quite different from that ob-
served for Cd. In the case of Zn the strongest feature in the
CEL spectrum is a threshold near 9.3 eV. As we pass
through this threshold, the absorption intensity rises steeply
within an energy interval less than 1 eV and this is followed
by a small plateau and then by a relatively weak and broad
resonance line centered at ~14.3 eV.

Selection of the evaporation conditions enabled us to
dispense with a protective aluminum film and deposit direct-
ly (on collodion substrates) films of Zn and Cd of sufficiently
high quality and about 500-600 A thick in which the metal-
lic layer predominated over the oxide film on the surface.
This was confirmed by suitable electron photomicrographs
and electron-diffraction patterns. According to the results,
the grain size in the Cd films varied within the range ~ 700
1900 A, whereas in the Zn films it was within the range
~300-750 A. The electron-diffraction pattern of Zn exhibit-
ed a weak diffraction ring which could be attributed to zinc
oxide. There was no clear indication of the presence of an
oxide film on Cd in the electron diffraction pattern of the
latter. The CEL spectra recorded for these samples are
shown in Fig. 2. We can easily see that all the characteristic
features of the spectra obtained earlier for samples with alu-
minum protective coatings (Fig. 1) appeared also in the spec-
tra of Fig. 2, but even more clearly. The spectrum of Cd
exhibited a clear peak of double plasma losses at the energy
of 18.15 eV, which was practically absent from the spectrum
of a thinner Cd film in a sandwich.

An analysis of nine CEL spectra of Cd carried out for
the main plasma resonance gave the parameters

E,=9,07+0,01 eV, AE,=0,89:0,02 eV, (1)

where AE, |, is the total observed width of the plasma peak at
its half-amplitude, uncorrected for the finite energy resolu-
tion of the measuring apparatus. The values given in Eq. (1)
arein satisfactory agreement with the corresponding param-
eters listed in Refs. 5, 7, and 8. If we ignore the fact that the
value of E, is strongly shifted downward relative to the ini-
tial plasmon energy #iw, = 11.3 eV (Table I), we can say that
(taken as a whole) the plasma resonance of electrons in Cd is
still very characteristic of the family of simple metals and,
moreover, it is one of the narrowest resonances of this type.

As for the plasma resonance of Zn, it is outwardly very
different from the simple single peak exhibited by Cd (and
resembles a shoulder also reported in Ref. 5). It should be
pointed out that the steep rise of the energy losses in the
region of 9-10 eV observed in the Zn spectrum is practically
discontinuous (threshold). This follows from the observation
that differentiation of this part of the spectrum gives a peak
of approximately Gaussian profile located at E; = 9.30
=+ 0.05 eV with an rms deviation 0 = 0.28 4- 0.01 eV, i.e., it
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FIG. 2. Characteristic energy loss spectra of Cd and Zn samples deposited
on collodion substrates.

is practically as narrow as the elastic scattering peak. An-
other feature of the CEL spectrum of Zn is the presence of a
relatively wide but nevertheless strongly pronounced reso-
nance peak at E, = 14.30 + 0.05 eV, which is only slightly
higher than the energy #iw, = 13.5 eV of the corresponding
“bare” plasmon. The first of these features has been tenta-
tively recorded by other methods in Refs. 5, 6, and 7, where-
as the second feature has not been observed before.

A more detailed discussion of the results obtained and
of their possible physical meaning is given in the next sec-
tion.

3. THEORETICAL ANALYSIS OF THE RESULTS

Interpretation of the spectra of the inelastic scattering
of fast electrons in a solid is based on theoretical ideas on its
permittivity; the latter governs the collective response of the
charged interacting particles of the investigated substance to
introduction of an external charge. A considerable contribu-
tion to the cross section of such scattering in metals is made
by conduction electrons, in which a plasma resonance may
be excited in the form of high-frequency collective oscilla-
tions of the electron density. These oscillations involve the
passive participation of the discrete lattice formed by the
positive low-mobility ion cores, which taken together exert a
restoring force to the electron subsystem.

In the simplest theoretical model of a metal its conduc-
tion electrons are regarded as a homogeneous gas of charged
fermions, which move against the background of a uniform-
ly distributed (over the bulk of the metal) total positive ion
charge. The spectrum of the CEL of such a hypothetical
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system is described in terms of the loss function
L(q, o)=Im [—1/e(q, ®)], (2)

where #iw and #iq are the energy and momentum transferred

to the system by a scattering event; £(q, o) is its dielectric

function and depends on the wave vector and on frequency

(see, for example, the review?®). A plasma resonance in the

CEL spectrum corresponds to a pole of the loss function (2),

located at q = O at the classical plasma oscillation frequency

o, . The general features of the characteristic losses predict-

ed by Eq. (2) are exhibited by simple metals in which the

conduction-electron subsystem approaches closest a homo-

geneous electron gas. However, even in these simplest ob-

jects many details of the CEL spectra can only be explained if
we allow for the intraction between electrons and the crystal
potential.

The presence of the periodic potential of the ions has the
effect that one-electron states are no longer plane waves but
are described by Bloch functions. This results in qualitative
changes in the dielectric properties of the electron subsys-
tem. These changes are manifested primarily by the fact that
instead of one dielectric function £(q, ®), we now have a di-
electric matrix

e(k+G, k+G, 0)=¢cc' (k, 0), (3)

which is defined in the space, of macroscopically large di-
mensionality, of the vectors of a reciprocal lattice { G}. Here
and later k is the wave vector within the first Brillouin zone.
(The properties of the dielectric matrix of Bloch electrons
are considered in Ref. 21 with allowance for the exchange-
correlation effects.) More difficult to describe is the CEL
spectrum of a crystalline substance, which is now described
by a loss function of the type

L(q, o)=—Imecc~!(k, ©), (4)

where q = k + G, and which contains a corresponding diag-
onal element of a matrix that is the inverse of Eq. (3). When
the electron band structure of a metal is known, calculation
of its dielectric matrix meets with no fundamental difficul-
ties, at least in the most frequently used random-phase ap-
proximation,?>~2* although in practice it represents a time-
consuming numerical problem. The subsequent inversion of
the dielectric matrix needed to find the response function (4)
has no general solution (in particular, there is no such solu-
tion for transition metals).

In the case of simple metals when the pseudopotential
of the electron-ion interaction is weak and the nondiagonal
elements of the dielectric matrix are correspondingly small,
inversion of this matrix can be performed analytically by
perturbation theory. The relevant theoretical treatment
based on the random-phase approximation was developed in
detail by Sturm and it has been confirmed by a number of
experiments (for a review see Ref. 2). To within terms of the
second order in the electron-ion pseudopotential, Sturm’s
theory gives the following expression for the loss function (4)
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in the case of interest to us when the transferred momentum
q—0

Lio)=lim | el ___], (5)

k-0 - &2 (k, @) te.’ (k, 0)

where ¢,(k, ) and ,(k, @) are the real and imaginary parts of
the macroscopic dielectric function &,, (k, @), which in the
case of small values of k is given by

g’ 1
en(k,0) 1l —— ———
© m*e

% é(%)ﬁammn{ s(Gir,m) - e(é,O)]'

(6)

Here, £(G, w) is the dielectric function of a homogeneous
electron gas of appropriate density and ¥V, (G) is the Fourier
component of the lattice potential and can be represented in
the form

Vi(G)=N.V(G)S(G), (7)

where N, is the total number of atoms, ¥ (G) is the form
factor of the pseudopotential of the electron-ion interaction,
and

8(G)= Vi Yoo
s=1

is the structure factor ( p, is the radius vector of the sth atom
and v is the total number of atoms in a unit cell).

We calculated the macroscopic dielectric function (6)
and the loss function (5) for the cases of Cd and Zn using the
local Heine-Abarenkov model potential:

Ze*
To

—Ze/r,

u, I<<r,

V()= (8)

r>T,

and using the dielectric function of a homogeneous electron
gas considered in the random phase approximation. The val-
ue of Z was taken to be 2 and the parameters 7, and u were
assumed to be the same as in Ref. 25, where a calculation of
the phonon spectra of Zn and Cd was reported. The Fourier
component of the model potential (8) was used as the form
factor ¥ (G) in the lattice potential (7). It should be pointed
out that although the function (6) considered in the long-
wavelength limit is independent of the absolute value of the
wave vector k, in the case of the hcp lattice it is anisotropic,
namely it depends on the orientation of the vector k relative
to the hexagonal symmetry axis c¢. For each fixed angle
between the vector k and the ¢ axis the curve representing the
loss function (5) is a resonance peak with a nearly Lorentzian
profile and its position as well as the total width at half-
amplitude depend on the angle 8 in accordance with the for-
mulas
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E,=hop,— (A, cos® 0+A, sin® 0),
AE,,=T cos® 6+T, sin*6. 9)

The calculated values of the parameters A and I', which de-
termine the shift of a plasma resonance relative to the “bare”
plasmon energy %o, , and its width are listed in Table III (all
the values in this table are in electron volts). In the case of
polycrystalline samples, which were investigated by us, we
are interested in the loss function averged over the spatial
orientations of the vector k. It is clear from Eq. (9) and Table
III that the anisotropy of the resonance parameters predict-
ed theoretically for Cd and Zn is weak so that the plasma loss
peaks of polycrystalline samples of these metals should not
be broadened too much. The broadening can be reproduced
analytically. The resultant loss functions then assume the
form shown in Fig. 3 and they are in the form of narrow
resonance peaks.

A comparison of Figs. 2 and 3 demonstrates above all
that the profile of the observed CEL spectrum of Zn cannot
be described even approximately by Sturm’s theory. In the
case of Cd the experimental results do correspond to the
theoretical predictions.

Thus, the pseudopotential approach to the electron
band structure accounts satisfactorily for the width of the
plasma resonance observed in Cd and estimated by us to be
0.44 + 0.03 eV [this is the width of the Lorentzian curve
which, on convolution with a Gaussian distribution charac-
terized by o = 0.275 + 0.005 eV, transform into a resonance
peak with the experimentally observed given in Eq. (1)]. This
accounts for the main channel of plasmon decay in Cd,
namely creation of electron-hole pairs in the conduction
band involving umklapp processes (in a homogeneous elec-
tron gas with £ =0 such a decay is forbidden by the laws of
conservation of energy and momentum).

The pseudopotential approach predicts for Cd a plas-
ma-resonance shift due to the additional polarizability
which an electron gas acquires in the presence of electron-
ion interaction, but this shift is almost an order of magnitude
less than the experimental value. Hence, we may assume that
in the case of Cd the reduction in the plasma oscillation ener-
gy from 7w, = 11.3 eV to E, = 9.07 eV is mainly due to the
polarizability of the 4d electrons. This effect has been dis-
cussed qualitatively on many occasions (see, for example,
Refs. 2 and 17). In particular, a renormalization of the plas-
mon energy to lower values shows that the 4d band of Cd
should (in full agreement with the results of Refs. 10 and 11)
be separated from the Fermi level by more than 9.07 eV.
However, a quantitative description of this effect requires a
microscopic calculation of the contribution of the 4d elec-
trons to the dielectric matrix (3) and a subsequent accurate

TABLE IIL
l Ay Ay Ty \ Ty
cd ‘ 0,316 0,159 0,478 l 0,687
Zn 0,106 0,007 0,310 0,475
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FIG. 3. Loss functions of polycrystalline Cd and Zn samples, calculated
from Eq. (6) using the local Heine-Abarenkov potential of Eq. (8).

calculation of the loss function (4). As pointed out above, this
is a very difficult task, so that we carried out some simplified
calculations both for Cd and Zn, allowing nonetheless for
the contribution of the d electrons. The results will be given
below after a preliminary qualitative analysis of the CEL
spectrum observed in the case of Zn.

Allowing for the threshold nature of the singularity ob-
served at E; = 9.3 eV in the spectrum of Zn, it is natural to
assume that in the vicinity of this energy an interband ab-
sorption mechanism begins to act and excites the 3d elec-
trons to vacant states above the Fermi surface. We can esti-
mate qualitatively the influence of such interband
transitions on the behavior of collective electron oscillations
by employing the simplest expression for the frequency-de-
pendent dielectric function:

4 fows®
e(w)=1 —-—-—m(m-i-i'yg) +ei(w), (10)
where
f;05°

ei(w)=— Z

i

(11)

—_—r
o’—o/tive

The first two terms in Eq. (10) represent the usual Drude-
Lorentz expression for the intraband contribution to £(), in
which £, and y, are, respectively, the oscillator strength and
the reciprocal of the relaxation time for electron states near
the Fermi surface. The additional term ¢, (w), given by the
classical expression (11), descibes the contribution made by
the interband transitions with frequencies w;, oscillator
strengths f;, and widths y;. In the case of interest to us the
value of w; varies continuously from E;(=~E,) to «, so that
in Eq. (11) we can go over from summation in respect of j to
integration with respect to ;. We can then assume that the
oscillator strengths f; decrease on increase in o; in accor-
dance with the relation f; « l/wf, and assume also that
¥; = const = y,. Consequently, the contribution (11) be-
comes

=)

- I
ea(@) =fo 'E[I g’ (e*—o*—iy,m)

ft(’)pz I- E:? 1 ( E:?
= n <
2m(m+i*{1)'- o (otiy,) Eif—o*—iv,0

de

)—1]. (12)
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It should be pointed out that in the case of sufficiently small
damping 7, the real part of the function (12) has a sharp peak
at w =~ E|, whereas the imaginary part has a steep step.

Figure 4 shows the loss function L () calculated using
the model dielectric function of Egs. (10) and (12) for the set
of parameters listed in the caption of this figure. It is clear
from Fig. 4 that the calculated curve L (w) is a fairly unusual
resonance consisting of a wide line centered at an energy
~*iw, and a very sharp peak in the left wing of this line near
the energy E,. The steep rise of this peak in a narrow range of
energies to the left of the interband absorption edge is due to
the rapid approach of the real part of £,(w) to the abscissa
when the values of the imaginary part £,(w) are still small (the
behavior of these functions is shown in Fig. 4 by chain and
dashed curves, respectively). The slope of the right-hand side
of the narrow peak is governed by a complex interplay
between the functions €,(w) and &,(w).

The calculated loss function can be compared with the
observed spectrum by convolution of L () with the instru-
mental resolution function. Near the threshold energy E,
there is a steep rise of the potential, whereas the wide peak is
not greatly affected. We must remember that at energies
slightly higher than E, the 3d band of Zn is split by the
crystal-field and spin-orbit interaction effects, so that we
cannot expect an exact reproduction of the form of the spec-
trum in this range of energies without appropriate precise
calculations. However, since the width of the 3d band of Zn
does not exceed 1 eV, it is clear that on the whole a plasma
resonance of electrons in this metal is of two-humped nature,
like the L (w) curve of Fig. 4, and this is indeed observed
experimentally.

We were able to provide a more realistic interpretation
of the CEL spectra of Cd and Zn by microscopic calculations
of the loss function (5) starting from the expression for the
permittivity of a crystal considered in the self-consistent

FIG. 4. Loss function L (w) of Zn calculated using the model dielectric
function of Eqgs. (10) and (12) with the following set of parameters:
w, =13.5eV,y,=0.5¢eV, f,=0.8,E, =9.6eV,y, =0.1¢eV, f; =0.25.
The dashed and dash-dot curves represent respectively the imaginary and
real parts of the dielectric function of Egs. (10) and (12).
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field approximation®®:

fﬁ.k_f;.’k+q

ﬁ(l)—E;,'k+q+Eu(+i6

£(q, 0)=1—20(q) 3|

Ak

X |\k+q|ee Ak |?, (13)

where |Ak) is a Bloch state with a band index A and a
quasiwave vector k, which corresponds to the energy E,,;
S 1s the Fermi occupancy function of one-electron states;
v(q) is the Fourier component of the Coulomb potential.

The energy band structures of Cd and Zn were calculat-
ed by the LMTO (linear muffin-tin orbital) method devel-
oped by Andersen.?” We used the self-consistent crystal po-
tentials given in the book by Moruzzi et al.,'> but we
modified somewhat the constants of the exchange-correla-
tion contributions in order to ensure coincidence of the
centers of the d bands with the experimental positions. (A
similar procedure was used in Ref. 13 to reproduce success-
fully the spectrum of the 3d band of Zn in good agreement
with the experimental data of the authors.) We simplified the
calculations by replacing the real hcp structures of Cd and
Zn with the more symmetric fcc structures. This replace-
ment was not very important in the calculation of many
characteristics of metals associated with the d electrons be-
cause in both hep and fcc structures the atoms have the same
number of the nearest neighbors right up to the third coordi-
nation sphere. The satisfactory results obtained on replace-
ment of the hcp with the fcc lattice in calculations of the
energy band structure were demonstrated in Ref. 13.

We used the energy band structure to calculate directly
the imaginary part of the interband (4 #4’') contribution to
the dielectric function (13) in the long-wavelength limit
g = 0 and then we found the corresponding real part from
the dispersion relationship

o'e; (o)

-
£ (0) =1+ — [ do’ 22 . (14)
4 0 —®

In the case of the intraband (1 = A’) contribution to the di-
electric function of Eq. (13) at ¢ =0 we used the Drude-
Lorentz formula [first two terms in Eq. (10)]. An explicit
expression for the quantity @’ = f,w? deduced from Eq. (13)
can be found in Ref. 17. The detailed procedure used in the
calculation of the energy band structure and the values of
&,(w) and @} were taken from Ref. 28.

The functions €,(w), £,(w), and L (w) calculated in this
way for Cd and Zn are plotted in Figs. 5a and 5b, respective-
ly. It is clear from Fig. 5a that the loss function of Cd repre-
sents a fairly narrow peak at E, = 8.98 eV with a width
AE,,, =0.62 eV, in very good agreement with the experi-
mental results. In the case of Zn the agreement between the
calculated loss function and the observed spectrum could be
better. Possible reasons for the discrepancy will be discussed
at the end of the present section, whereas now we shall turn
to a more detailed discussion of Cd.

A microscopic calculation allowing for the contribu-
tion of the 4d electrons to the polarization gives practically

404 Sov. Phys. JETP 61 (2), February 1985

the same width AE |, of the plasma resonance of Cd as the
perturbation-theory calculation using the pseudopotential.
However, the renormalization of the energy of plasma oscil-
lations in accordance with the microscopic theory is greater
and amounts to 2.3 eV. The reason for such a large shift can
be understood if we write down, using Egs. (10) and (14), the
expression for Re £(w) separating deliberately the contribu-
tions from ranges of the energy below the interband transi-
tion E; and above it:

Eg
2 2 ’ ’
e(0)=1—22 4+ 2 [ gor 07220@)
(L 2 )

2 o'e (o)
+ 2 ) dor L5800 )
= do 220D (15)

Eq

It is clear from Fig. 5a that in the range of energies up to 10
eV the quantity ¢,(w) assumes larger values at low o, so that
at the energy 7iw =9 eV, i.e., near the plasma resonance, the
denominator of the third term in Eq. (15) can be simplified by
dropping the quantity »'> compared with w?. Therefore, at
fio ~E,, we have approximately

=~ 2 “ ’ ’
e (0) =1 ——2 +—2-j do’ 252297 ?2((’) )
b4
Eq

. s (16)
where
~ 2 ’
co,,2=ﬁ'>,,z+—q— Sdco’(o’ez(co'). (17)

0

A direct calculation shows that Eq. (17) is approximately
equal to @3, i.e., to the square of the frequency of classical
plasma oscillations of the s electrons in Cd. This means that
in the absence of the influence of the d electrons the plasma
oscillations in Cd would have been of the same nature as in
any other simple metal. The effect of the d electron polariza-
tion is contained in the last term of Eq. (16) and the calculat-
ed value of this term at fiw =9 eV is 0.58. It then follows
trivially from Eq. (16) that because of the d-electron polar-
ization the energy of plasma oscillations in Cd is renormal-
ized to the value #iw,/\1.58 =9 eV. This means that the
plasma-frequency shift in Cd is mainly due to the influence
of the d-electron polarization and not due to the effects of the
weak crystal potential in the conduction band.

In the case of Zn the present precision of the theoretical
calculations of its dielectric properties is clearly insufficient
for a correct reproduction of the experimental CEL spectra.
First of all, as already pointed out in Ref. 28, the variational
nature of the solution of the Schrodinger equation in the
LMTO method gives for electrons less accurate wave func-
tions than energies. This gives rise to errors in the determina-
tion of the matrix elements of the transitions and, conse-
quently, to errors in £,(w). These errors are less important for
Cd, in which case—as demonstrated above—only certain
integral characteristics of £,(w) are important. However, in
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the case of Zn the precision in the determination of &,(w)
becomes very important already at energies in the interband-
resonance region. Moreover, our calculations of the loss
function ignore the local-field effect, which again may have
its negative consequences in the delicate situation that is en-
countered in Zn. In this connection it would be very interest-
ing to consider the experimental data on the optical absorp-
tion in Zn in a wide range of frequencies. When such data are
available, it will become possible to compare directly the
calculated and experimental €,(w) curves and thus draw
some conclusions on the accuracy of the calculations of the
matrix elements of the transitions and of the functions &,(w)
as a whole.

4. CONCLUSIONS

We shall now formulate briefly the main results of our
investigation and the problems that require further study.
First of all, we obtained clear experimental data on the char-
acteristic energy losses (CEL) experienced by fast (30 keV)
electrons that penetrate right through thin Zn and Cd metal
films. The corresponding CEL spectra are strikingly differ-
ent for these two metals. Our theoretical analysis shows that
in the range of excitation energies corresponding to plasma
oscillations of electrons neither investigated substance can
be regarded as an ordinary simple metal. In this range of
energies the filled narrow d bands play an important role in
Zn and Cd. In the case of Cd the 4d band is located below the
Fermi level, the separation is greater than the energy of plas-
ma excitation of the s electrons, and a plasma loss peak is
very pronounced. However, this peak is shifted considerably
in the direction of lower (compared with #iw,) energies be-
cause of the 4d-electron polarization. In Zn, however, the 3d
band is separated from the Fermi level by a gap less than #iw,,
so that the energy of the plasma excitation of the s electrons
lies in the range of intensive interband transitions and the
plasma resonance acquires a complex spectral distribution.
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However, plasmons of the kind observed in ordinary simple
metals (i.e., quasimonochromatic weakly damped collective
oscillations of the electron density) do not existin Zn at all. It
would be of considerable interest to investigate experimen-
tally several other metals (for example In and Hg) which may
manifest similar effects. We are still facing the problem of a
more satisfactory theoretical description of the experimental
data for Zn, for which we need a more accurate calculation
of the energy band structure and of the dielectric function.

The authors are grateful to L. A. Elesin for electron-
diffraction analysis and photomicrographs of the samples,
andto Yu. A. Uspenskii and I. I. Mazin for a valuable discus-
sion of the results.
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