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Abstract. We have measured the dispersion of plasmon excitations in polycrystalline Sn, Pb, Cd and Zn
using electron energy-loss spectroscopy (EELS) in transmission. These metals show a remarkable deviation
of their plasmon behaviour from standard theoretical expectations which can be attributed to the presence
of shallow core levels in the energetic neighborhood of the plasmon energy. The position of the plasmon
resonance in the long wavelength limit is in line with predictions from model assumptions taking into
account the core level polarization effects. We show that not only the plasmon energy in the optical limit
but also the plasmon dispersion is altered by the interaction of the charge carrier plasmon and the core

level excitations.

PACS. 71.45.Gm Exchange, correlation, dielectric and magnetic functions, plasmons

1 Introduction

It is well-known that the core polarization may influence
the dielectric properties of a metal in the energy range of
the free charge carrier plasmon excitation [1]. Neverthe-
less, metals have mainly been described in the nearly free
electron approximation within the random phase approx-
imation (RPA) [2] and deviations thereof were mostly at-
tributed to exchange and correlation effects between the
conduction electrons [3] or to band structure effects [4].
The influence of core polarization has usually been de-
scribed as an energy and momentum independent back-
ground dielectric constant because it is small as long as
Ecore > Ep, where Ep is the plasmon energy of an elec-
tron system with density n and E.,. denotes the energy of
the core level excitation. This assumption fails for several
simple metals, especially for the post transition metals, as
their most weakly bound d-electrons have binding energies
of the order of 10 eV, i.e. they are energetically close to
the charge carrier plasmon and a dynamic interaction of
the two excitations is to be expected.

A theoretical description of the influence of such core
excitations onto the plasmon properties in the long wave-
length limit has been established recently [5]. This ap-
proach could in principle be extended to finite momen-
tum transfers, but the numerical effort has hindered a
detailed calculation up to now. Concerning the momen-
tum dependent plasmon properties of post transition met-
als only scarce and sometimes wide-spread experimental
data can be found in the literature. Therefore, it seemed
desirable to us to investigate the momentum dependent di-
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electric properties of a selection of post transition metals
with high resolution. We have chosen Sn, Pb, Cd and Zn
because in these metals the ratio Ecore/Ep; is near unity.
Hence, these metals offer the possibility to study the in-
teraction of plasmons and core polarization in detail. Ad-
ditionally, the four metals chosen show quite flat d-bands
[6,7], with a bandwidth smaller than 0.2 eV, which makes
their classification as shallow core levels reasonable. A de-
tailed analysis of the Zn data has recently been presented
in a separate publication [8].

2 Experimental

Polycrystalline films of Sn, Pb, Cd and Zn with a thick-
ness of about 1000 A were prepared by evaporating high
purity metal (99.999%) under high vacuum conditions. In
order to avoid oxidation of the highly reactive films and to
prepare free standing samples without any substrate, we
followed a method outlined for the preparation of thin Pb
films by Imbusch [9]. As substrate, frozen methanol on a
fine-mesh copper grid at a temperature of about 100 K was
used. To remove the methanol, the samples were carefully
heated to the melting point of the methanol (180 K) and
kept at this temperature until the methanol had disap-
peared. This low temperature prevents any degradation of
the films. Subsequently, the films were quickly transferred
into the spectrometer. The phase purity of the films was
checked by elastic electron scattering and no signs of other
phases, especially metal oxides, could be detected.

The EELS measurements were performed in transmis-
sion with a spectrometer described in detail elsewhere [10].
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Fig. 1. The loss functlon of Sn, Pb, Cd and Zn for a momen-
tum transfer ¢ = 0.1 A~"' as measured by EELS. The Drude
plasmon energy hw,"** (see text) is marked by the dashed
lines and the onset of core level excitations F¢ore by the verti-
cal arrows.

The primary electron beam energy was 170 keV. The en-
ergy and momentum resolution was chosen to be 160 meV
and 0.06 A1 , respectively. EELS is a direct probe of the
loss function Im( 1/e(q,w)) in which plasmon excitations
appear as clear peaks at the plasmon excitation energy.
The investigated metal films were polycrystalline, hence
leading to an averaged information about the dielectric
response. The anisotropy of the response in different crys-
tallographic directions, however, is expected to be small in
metals due to their cubic or quasi-cubic symmetry, which
only gives rise to a small broadening of the plasmon exci-
tations.

3 Results and discussion
3.1 The long wavelength limit

Figure 1 shows the loss function of the selected metals Sn,

Pb, Cd and Zn at a momentum transfer of ¢ = 0.1 AL

ThlS momentum transfer is low enough to be considered as
the long wavelength limit because it is much smaller than
the size of the first Brillouin zone, which is typically of the
order of ~ 2 A=1 for these metals On the other hand, it
is still sufficiently high to avoid strong contributions from
surface excitations and the quasi-elastic line [1,10].
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The spectra can be divided into two groups. The spec-
tra of the first group including Sn, Pb and Cd, show the
typical shape which is expected for a simple metal [1]. The
spectra are dominated by a sharp and well-defined plas-
mon peak. The half width of these features is mainly de-
termined by interband transitions which offer a possible
decay channel [11]. The nature of these interband tran-
sitions can be quite different for the different metals as
they depend upon the details of the band structure of
the material under consideration. Therefore, we will not
further discuss the width of the plasmon peaks. In addi-
tion to the volume plasmon, a feature at lower energy can
be observed in the case of Pb and Cd which is due to
surface plasmon excitations. Its corresponding position is
not directly connected to the volume plasmon position ac-
cording to the free electron expectation Aiwgp = hwpl/ﬂ,
but it is found to be significantly lower. This deviation is
related to the unavoidable oxidation of the surface layer
during the preparation process. This very thin oxide layer
leads to a dielectric coating of the metal film and a shift
of the surface plasmon energy according to the relation
hwsp = hwpr/+/€ + 1 where € is the dielectric constant of
the surface layer [1]. We emphasize that this oxide surface
layer does not alter the information on the bulk properties.

At energies higher than the volume plasmon energy,
edge-like features can be observed which are related to
the excitation of electrons from the shallow core levels. In
Figure 1 the onset energy of the core excitation, E e, is
marked by vertical arrows. In Sn an additional feature in
the same energy region as the core excitations is related
to a double plasmon loss. On going from Sn to Cd, a sys-
tematic decrease of the core level energy with respect to
the plasmon position occurs. The decreasing energy dis-
tance of the two types of excitations is accompanied by an
increasing deviation of the plasmon energy from its free
electron (Drude) value hwl) = (h?ne?/eym)'/? to lower
energies (n is the electron density). When the core level
excitation is lower than the plasmon energy, as it is the
case for Zn, a qualitative change in the loss function can
be observed compared to the spectra described above. The
shape of the loss function of Zn has been discussed in de-
tail in a previous publication [8] and only the most impor-
tant results shall be summarized here: the sharp peak at
9.6 eV is related to the onset of core level excitations while
the broad feature at 14.2 eV is attributed to the charge
carrier plasmon. The spectral shape of the loss function re-
sults from a complex interplay between the real and imag-
inary part of the dielectric function in this energy range.
Compared to the results obtained for the other metals the
charge carrier plasmon is shifted to higher energy com-
pared to the Drude value.

The observed values for the plasmon positions are sum-
marized in Table 1 and Figure 2 where further results
are added which can be found in the literature for ele-
ments of the groups 1B-5B of the periodic table, i.e. for
elements with weakly bound d-bands in the same energy
region as the plasmon energies. In Figure 2 the experi-
mentally determined position of the plasmon is compared
to the onset energy of the core level excitations. In order
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Table 1. Plasmon energy of some post transition metals and semiconductors: Drude plasmon energy hw
plasmon energy fw,;” and the theoretically expected plasmon energy fw

theor
pl

Drude
pl
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, experimental
taking into account core polarization effects [5].

Also included is the onset energy of the shallow core levels, FEcore. The values determined in this work are underlined.

element  hwp"™"  hwp” hwht®”  Eecore

As 178 18.7 [13] _ 417 [7)

Sb 15.1 15.2 [14,15] - 32.1 [7]
15 [16]
15.3 [17,18]

Ge 156  16.0 [16,19,20] - 202[7]
16.5 [13,21]

Bi 14 14 [16,22] - 23.8 [7]
14.4 [23]

Sn 143 13.7 [16,24,25] 137 239 [1]

In 12.6 11.4 [12,26,27] 11.3 16.9 [7]
12.3 [15]

Pb 135 13.0 [1,28] - 18.1 [7]
13.25 [29]

Ga 145  13.8 [25] - 187 7]
14.2 [30]

Tl 109 9.6 31] - 125 [7]

Cd 113 901 85 105 [7]
9.07 [32]
9.2 [12]

Hg 151 6.3 [33] 8 78[1
7.3 [34]

Zn 135 142 [§] - 10.1 [7]
14.3 [32]

Ag 9.0 3.8 [12,35/7.8 [12] - 4.2 [6,36]

Au 9.0 2.95 [37]/58 [38] - 2.5 36,38

Cu 108 22 [37)/7 39] - 2 [36]

to compare the data for different elements, all values are
normalized to the corresponding Drude plasmon energy.
For completeness we have added the data for some noble
metals in which d-levels form bands several eV below the
Fermi level.

Analyzing the data from right to left, i.e. with succes-
sive lowering of the core level binding energy, the subse-
quent lowering of the plasmon energy from its Drude value
is demonstrated. Approaching the crossing point of the
two solid lines which represent the non-interacting case, a
non-crossing behaviour can be seen which is reminiscent
of the interaction of two quasiparticles and which follows
from quantum mechanical non-crossing requirements. In
other words, the energy shift is a consequence of the inter-
action of two electronic excitations, the free charge carrier
plasmon and the core level excitation, which then gives
rise to “new” eigenfrequencies of the system in question.
The noble metals obviously continue the behaviour given
by the post transition metals in spite of their different
type of core polarization. The fact that their plasmon en-
ergies all come to lie below the Drude value is a result of
a higher dielectric background in the noble metals [1,12]

arising from higher lying electronic transitions. We note
that the loss function of Cd and, to some extent, of Zn
shown in Figure 1 resemble a Fano line shape [40]. This
provides further indication that the two types of electronic
excitations discussed above significantly interact and can-
not be considered independently.

The experimental results summarized here are in qual-
itative and even quantitative agreement with refined the-
oretical calculations [5] (see also Tab. 1). These calcula-
tions, however, were only performed for the elements In,
Cd, Sn and Hg, i.e. for elements which lie on the lower
branch of Figure 2 where the plasmon energy is below the
core level excitation energy. The reason for the lowered
plasmon energy is found in the calculation to be not only
due to a simple screening by the core polarization but
to be caused by a complex interplay between an upward
shift due to an enhancement of the effective valence elec-
tron density and a downward shift due to the dielectric
screening of the core dipoles. This means that the under-
lying interaction mechanism, although it can qualitatively
be described in the framework of a simple Drude-Lorentz
approach, is more complicated.
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Fig. 2. Deviation of the experimental plasmon (solid circles)
and core (open circles) excitation energies (E°°P) from the ex-
pectation without interaction for different elements as a func-
tion of the onset energy of the core level excitations. All ener-
gies are normalized with respect to the Drude plasmon energy
of the respective material. The two solid lines depict the non-
interacting case.

3.2 Finite momentum transfers

We now turn to the momentum dependent loss function
of the metals discussed in this study. Figure 3 shows the
plasmon dispersion of Sn (Fig. 3a) and Cd (Fig. 3b) in a
wide range of momentum transfer. For both materials a
positive dispersion of the plasmon excitation can be ob-
served with increasing momentum transfer. Additionally,
the plasmon peaks become broader up to a critical mo-
mentum g, where they disappear completely. For Sn, this
critical momentum ¢, is about 1.4 A1, while in the case
of Cd the plasmon has already disappeared at 0.8 A~1. In
simple metals, this plasmon decay is caused by intraband
transitions within the conduction band which become pos-
sible above ¢.. Within a free electron consideration ¢. can
be estimated by g. ~ (mwpy)/(hgr) [1] which yields ~
1.3 A=! and 1.4 A~! for Sn and Cd, respectively. While
this simple approach provides a reasonable understanding
for the plasmon decay in Sn, it fails for Cd. The reason for
this difference lies in the shallow core level excitations. For
Sn their energy position is relatively far above the plas-
mon energy (see also Fig. 1) and they therefore do not
impact the lifetime of the charge carrier plasmon. In the
case of Cd, however, the dispersing plasmon enters the
energy range of the core level excitations at about 0.7-
0.8 A~! which then offer an additional decay channel and
cause the plasmon peak to essentially vanish. We note
that with increasing momentum transfer the loss func-
tion of Pb (not shown) closely parallels the behaviour of
Cd shown in Figure 3. In addition to the dispersive plas-
mon line, an undispersive feature becomes visible at higher
momentum transfers in Figure 3. This feature is due to
double scattering processes: quasielastic scattering of the
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Fig. 3. Momentum dependent loss function of (a) Sn and

(b) Cd.

Table 2. Comparison of the plasmon dispersion coefficients,
Qlexp, derived in this study to the values expected within RPA
(arpPA).

element Qexp QRPA  Qeap/QRPA
Sn 0.43 0.44 0.97
Pb 0.36 0.44 0.81
Cd 0.41 0.5 0.82
Zn 0518 0.39 13

primary electrons by imperfections or phonons and sub-
sequent inelastic scattering without considerable momen-
tum transfer, a phenomenon often present in EELS studies
in transmission. The plasmon dispersion of Zn has been
discussed in detail recently [8]. There, the dispersion itself
is strongly influenced by the shallow core level excitations
which are energetically located below the charge carrier
plasmon and exhibit a considerably momentum depen-
dent excitation intensity. Taking these intensity changes
into account within a simple Drude-Lorentz approach the
actual plasmon dispersion of Zn could be shown to be
positive and proportional to the square of the momentum
transfer. The dispersion coefficient is presented in Table 2.

The plasmon dispersion of the three other metals dis-
cussed here is shown in Figure 4 where the plasmon
peak positions are plotted versus the squared momen-
tum transfer, ¢?>. From Figure 4 it is clear that for all
three metals the plasmon dispersion is proportional to ¢
at low momentum transfers. The dispersion coefficients
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Fig. 4. Measured plasmon energies versus squared momentum
transfer, ¢2. The solid line is a fit to the low-q data.

have been derived by fitting a straight line to the low-
q data points, as it is shown in Figure 4. The resultant
dispersion coeflicients a as determined from the relation
fiwpi(q) = hwp(0) + (B /m)aq® + O(q*) which represents
the long wavelength expansion of the plasmon dispersion
are also included in Table 2, where we compare the mea-
sured dispersion coefficients to the value one would expect
within RPA: ORPA — 3EF6'r‘m’i/5hwpl(0)’

Interestingly, only the plasmon dispersion of Sn agrees
with the expectation from RPA, the other dispersion coef-
ficients, however, deviate significantly from the RPA pre-
diction. Moreover, the results shown in Table 2 again sug-
gest a splitting of the metals into two groups: for Pb and
Cd, where the shallow core level excitations occur at ener-
gies (Ecore) higher than the plasmon energy hw;fp , the dis-
persion coefficient a.yp, is considerably smaller than agpa
whilst for Zn the plasmon energy lies above E.... and
Qezp is much larger than arpa. This observation can be
qualitatively understood considering the results shown in
Figure 2 and discussed above. There, it has been demon-
strated that the nearer the core level excitations move
towards the charge carrier plasmon the more they exert
a repulsive impact. As the plasmon dispersion also alters
the energy distance between the two excitations it directly
experiences this repulsion. Consequently, the dispersion is
hindered, i.e. suppressed, when the plasmon disperses to-
wards Feore, as it is the case for Cd and Pb, and the
dispersion is enhanced, i.e. supported, when the plasmon
withdraws from the shallow core level like in Zn. Finally,
a core level which is at high enough energies (much higher
than fw;;”) does not visibly influence the plasmon disper-
sion as it is observed for Sn. We note that a full, quantita-
tive description of the momentum dependent interaction
of charge carrier plasmons and shallow core level excita-
tions is much more complicated. For the optical limit it
has already been shown [5] that the interaction leads to a
change of the effective valence electron density. Further-
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more, the plasmon dispersion might also be affected by
other parameters like the actual band structure of the ma-
terial or electronic correlation effects like local field cor-
rections.

4 Summary

We have investigated the momentum dependent dielectric
response of post transition metals, where the excitation
from the most weakly bound d-level is in the energetic
neighborhood of the free charge carrier plasmon. In the
long wavelength limit we find a systematic shift of the
plasmon energy from its free electron Drude value which
exhibits the mutual repulsion of electronic excitations in
the loss function. This also impacts the plasmon dispersion
depending upon the ratio of the plasmon and the core
level energy. A quantitative theoretical description of these
effects has not yet been achieved but could probably give
important insight in the electronic properties of various
systems and into the importance of different parameters
used in the model.

This work was supported by the Deutsche Forschungsgemein-
schaft under contract number Fi439/3-1.
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