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Plasmon behavior of Zn from electron-energy-loss spectroscopy
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(Received 24 April 1997

The momentum-dependent dielectric function of Zn was measured using electron-energy-loss spectroscopy
(EELS) in transmission. The loss function in the low-energy region is found to be a superposition of a sharp
absorption feature due to the excitation of electrons from tthde®el at a binding energy of 9.4 eV and a
broad not well pronounced feature at about 14 eV, which is attributed to the collective plasmon excitation of
the free charge carriers. This latter feature becomes more pronounced with increasing momentum transfer due
to a strong decrease of the core-level oscillator strength. The decrease of oscillator strength leads to an initially
vanishing dispersion of the plasmon, and to a reduction of the plasmon line width with increasing momentum
transfer. This behavior can qualitatively be understood in the framework of a Drude-Lorentz approach.
[S0163-182697)06540-3

I. INTRODUCTION within a Drude-Lorentz model, in which the plasmon fre-
quency is given bys? = (4mne?/m)*2 Investigations of the

The dielectric properties of electrons in a metal are determomentum dependence of the dielectric properties, however,
mined by the free charge carrier plasmon, interband transiare rather scarce. The dispersion coefficients published by
tions, and core-level excitations, and their mutual interacdifferent authors for post-transition metals have often been
tions. The excitation of plasmons in nearly free-electronfound to be higher than the predicted RPA valfes—a
systems, i.e., in simple metals, has been investigated sin¢gehavior which is in striking contrast to simple metals such
1950" In the beginning, interest was focused on the influ-as the alkali metals or Al, where dispersion coefficients have
ence of the band structure on the plasmon properties. Abeen found to be significantly smaller than the RPA predic-
extensive overview of these influences was given by Sturm.tions due to correlation and exchange effects.
Later, the influence of correlation and exchange effects was In a series of publications, Sturmt all9 established a
investigated by studying deviations of the plasmon dispermicroscopic theory which explains the behavior of the di-
sion from mean-field theories, such as the random-phase aptectric properties in the long-wavelength limit for electron
proximation (RPA).2 As a result it was found that the low- systems in the presence of shallow core levels. The polariza-
ering of the dispersion coefficient compared to RPA valuesion of the valence electron was calculated as for free elec-
could quantitatively be described by local-field corrections introns in the framework of the RPA, and the core electrons
the case of simple metatdn the case of heavy alkali metals, were taken into account via a model of finitely extended
however, where exchange and correlation effects should bdipole moments placed on a cubic lattice, comparable to a
most pronounced, a negligible and even negative dispersioglausius-Mossotti ansatz. The microscopic reason for the
was found for Rb and Cs, respectiv@lfhese findings have redshift of the plasmon energy with respect to the conven-
stimulated much discussion and controversy, up to theional Drude value was found to be not only a simple screen-
present timé. ing due to the dielectric background, like in a conventional

In most simple metals, plasmons and core-level excitaDrude-Lorentz approach as described above, but also to in-
tions are well separatedi o, <E,9. The polarization of volve a subtle interplay between an upward shift, due to an
the cores is taken into account by introducing an energy- anfhcrease of the effective electron density and a decrease due
momentum-independent dielectric constant, which shifts théo the polarization of the dipole lattice. The decrease over-
free-electron plasmon energy to lower values, but does natompensates for the increase, hence leading to a net redshift
influence its dispersion. In the case of the post-transitiorof the plasmon energy. This theory also describes quantita-
metals, systems with shallow core levels having binding entively the edgelike shape of the core-level excitations in the
ergies comparable to the plasmon energy can be found. llong-wavelength limit. The predictions of this theoretical ap-
these cases, a strong interaction between plasmons and theach are found to be in reasonable agreement with experi-
core levels is to be expected, which should lead to significaninental data for Cd, In, and Sn, i.e., for metals where the core
deviations from predictions of the nearly free-electron apdevels lie slightly above the plasmon energy. A detailed
proach. The plasmon energy of such metals has been invetheory for the momentum dependence of the plasmons and
tigated by several techniques, in particular by electronthe core polarization has not been established up to now, to
energy-loss spectroscofl)ELS). Most of the investigations our knowledge. It has only been speculated that the high
up to now have been restricted to the long-wavelength limitdispersion coefficients found in the relevant metals could be
i.e., to the case of vanishing momentum transfer. It has beegaused by a dynamic interaction of the free carriers with the
found that the experimental plasmon enen”gy‘gxpt is often  core polarization.
significantly lowered® compared to the plasmon energy  From this point of view, Zn is one of the most interesting

0163-1829/97/5@.6)/101547)/$10.00 56 10 154 © 1997 The American Physical Society



56 PLASMON BEHAVIOR OF Zn FROM ELECTRON. .. 10 155

post-transition metals. In many experimental and theoretical

studies it has been shown that near the Fermi surface its band

structure can be described quite satisfactorily within the I f

model of almost free electrons with a density given by two H

electrons per atorht On the other hand, it has been shown I/
\

q A

by band-structure calculations that the lower part of the con-
duction band is intersected by thel dands? This brings

into question the classification of the electrons as being
tightly bound, i.e., as belonging to individual cores. Experi-
mental evidence for the delocalized naturelaflectrons was
given by Himpsel etal, who showed, with angular-
dependent photoemission spectroscopy, a dispersion of the
3d band along the hexagonal axisThe intersection of the

3d bands with the conduction band should lead to a strong
dynamic interaction between the free charge-carrier plasmon
and the core-level excitations, and hence to significant devia-
tions from a description of collective processes within a free- I"/
electron model. Though there are many interesting effects to h

be expected, the experimental situation regarding the dielec- J

tric response of Zn is still not clear. Up to now there is no T L
consensus in the literature as to whether a collective plasmon 0 5 10 15 20
excitation of the free charge carriers can be observed in Zn energy (eV)
or not, even in the long-wavelength limit. In recent decades,
plasmon energies for Zn between 9 and 17 eV have been
reported®4~°To our knowledge, no momentum-dependent
investigations can be found in the literature up to now.
Therefore it seems desirable to us to investigate the momen-

. . . . The spectrum of hcp Zn is not isotropic, even in the long-
tum dependent dlelectrlc_ response of _Zn n deta_ul. A metho%avelength limit. The spectra measured from a polycrystal-
well suited for such an investigation is EELS in transmis-

) i : . > "> line sample are therefore the result of an averaging over all
sion. The cross section for inelastic electron scattering '%patial orientations of the wave vectprHowever, it is gen-
pro portional to the so-called loss-function(ki/ E(q’“’)]'.m .__erally accepted that the anisotropy of the plasmon properties
this paper we present results from such EELS investigation

‘ donf tandi | talline Zn fi R rather small in pure metalsso that the averaging only
performed on free-standing polycrystailine zn fiims. leads to an additional small broadening of the present struc-

tures. A detailed estimate of the expected anisotropy in Zn
IIl. EXPERIMENT can be found in Ref. 8, where a difference of the plasmon
positions parallel and perpendicular to a hexagonal axis of
Polycrystalline Zn films with a thickness of about 1000 A |ess than 0.2 eV has been calculated.
were prepared by evaporating high purity me@9.999%
under'high—vacuu.m corjditions. In order to avoid oxidation' of IIl. RESULTS AND DISCUSSION
the highly reactive films and to prepare free-standing
samples without any substrate, we followed a method out- In Fig. 1 we show selected EELS spectra of Zn for dif-
lined by Imbusci for the preparation of thin Pb films. As ferent momentum transfecs Let us start with the discussion
substrate for the film preparation, frozen methanol on a fineof the lowest momentum-transfer spectrgps0.1 A2 It
mesh copper grid at a temperature of about 100 K was usediffers significantly from what is expected for a simple free-
To remove the methanol, the samples were carefully heateglectron metal. It is dominated by a narrow and sharp absorp-
to the melting point of the methan@l80 K), and kept at this tion feature at about 9.4 eV. Its steplike behavior can clearly
temperature until the methanol evaporated. The low temperde seen by differentiation of the loss function, which leads to
ture prevents any degradation of the films. Subsequently, the Gaussian-shaped peak centered at 9.38 eV with a full width
films were quickly transferred into the spectrometer after theat half maximum of 0.11 eV, i.e., it is as narrow as the
temperature had been raised to room temperature. The phageergy distribution of the incoming beam. Comparing the
purity of the films was checked by elastic electron scatteringneasurements of several films with different thickn@&g0—
where no signs of other phases, in particular ZnO, could b4000 A), we exclude the possibility that this structure is re-
detected. A very thin unavoidable surface oxide layer is ofated to a surface excitation. The thinner films show a weak
negligible importance, as it does not influence the bulk propadditional surface contribution at about 6 eV, which was
erties and leads only to minor surface contributions in theédentified as the surface plasmon by theependence of the
EELS spectra, which were taken in transmission geometry.scattering cross sectidnln Ref. 8 a qualitatively similar
The measurements were performed with a spectrometapectrum of Zn forg=0 has been reported, but the lower
described in detail elsewhefeThe primary electron-beam resolution therein smeared out the sharp peak of the absorp-
energy was set to 170 keV. The energy and momentum resdion structure. The thresholdlike behavior of the structure
lution were chosen to be 110 meV and 0.05 Arespec- suggests an interpretation involving an excitation from a
tively. shallow core-level to the conduction band. The shoulder on

intensity (arbitrary units)

FIG. 1. Electron-energy-loss spectra of Zn for different momen-
tum transfergy.
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FIG. 2. Dispersion of the charge-carrier plasmon. The inset F|G. 3. Full width at half maximum of the plasmon line vs the
shows data for low momentum transfer on an expanded scale. momentum transfeq. These values have been obtained by fitting a
symmetric Lorentzian to the plasmon peak as described in the text.
the high-energy side of this absorption peak results probably
from slightly deeper-lyingl bands. It turns into an individual that the core-level excitation intensity decreases dramatically
peak with increasing momentum transfer. The determinatio@nd reappears for higher momentum transfers. The position
of the onset energy for the second absorption structure ca®f the volume plasmon stays nearly constant at about 14 eV,
not be done in the same exact way as for the first one. Whehut shifts to higher energies when the momentum transfer is
taking the turning point directly after the sharp absorptionincreased above 0.5&. Additionally, the plasmon feature
feature, a value of 10 eV is derived. becomes more pronounced, and dominates the spectrum for
The values of the two core-level excitation energies carintermediate values ofl. For momentum transfers higher
be compared with binding energies of thd Bands, which than 0.8A"%, the plasmon significantly broadens. It disap-
have been determined by x-ray photoelectron spectros@opy.pears in the background of multiple-scattering processes at
There, a value of 9.40 eV was found for the Zth Band, and momentum transfers higher than 1.4 & Additionally, with
a second peak at 9.95 eV, which is attributed to the spin-orbithe reappearance of the absorption edge in the high momen-
split-off band. These results agree very nicely with the excitum spectra, a weak, plasmonlike feature appeares at 14 eV.
tation energies derived in this work. This can be explained by a double-scattering process which
Besides the features in the loss function which were atis a well-known effect in EELS measurements: elastic scat-
tributed above to core-level excitations, a relatively wide buttering of the electrons by imperfections or by phonons in-
nevertheless well-pronounced structure can be observed @olving a change of direction and additional inelastic scatter-
about 14.2 eV. This value is only slightly higher than theing without considerable momentum transfer. Such double-
Drude plasmon energy of 13.5 eV. So it seems straightforscattering processes become more and more important for
ward to identify this feature as the volume plasmon of thehigher momentum-transfer spectra, and hence lead to these
free charge carriers. A discussion of the momentum depergdditional structures.
dence of the structure will confirm this interpretation. A Let us consider the position and the shape of the volume
comparable plasmon feature is also found in the work oflasmon in more detail. The position of its peak as a function
Gorobchenkovwet al.® while in other experimental work it of the momentum transfer, i.e., its dispersion, is shown in
has not been detected or discussed. For higher energi€$g. 2. The position of the plasmon was determined by fitting
(20 eV=fiw=30 eV) the intensity of the loss function de- a Lorentzian to the spectral region of the plasmon. Because
creases. In the measured energy range, no sharp and welhe plasmon excitation is the dominant absorption process in
defined additional features appear. The energy losses areetals in this energy range, we fitted this curve without any
mainly caused by double-scattering processes which beconf@ickground within the energy interval where the plasmon
more and more important for higher momentum transfers. Ashows its peak structure. The low momentum-transfer region
very low energies an increase of intensity with decreasin@f the dispersion is shown in the inset of Fig. 2 in an ex-
energy can be observed, which is due to quasielastic scapanded scale. Here it can be seen that there is a vanishing or
tered electrons. The weak structure at about 1.5 eV is mosiven a slightly negative dispersion for momentum tranfers
likely caused by low-lying interband transitions, as can beup to 0.3 A", Then the dispersion becomes slightly posi-
argued when taking into account the band structurdive, but it is not before 0.5 A' that the plasmon energy
calculation? for Zn. Such interband transitions are of minor significantly differs from 14.2 eV. The full width at half
importance for the topic of the present work due to theirmaximum(FWHM) of the Lorentzian, which we used for the
small oscillator strength. evaluation of the plasmon peak, decreases with increasing
When the momentum transfer is increased, the spectrurmomentum transfers from about 9 eV at 0.08%to 5 eV at
successively changes its shape. Qualitatively it can be seéh8 A~1, as can be seen in Fig. 3. At higher momentum
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FIG. 4. Energy position of the absorption onset of tiecre- FIG. 5. Oscillator strength of the core-level excitations as deter-
level excitations. mined via the sum rule as a function of the momentum trarsfer

The values are normalized to the oscillator strength gat
transfers the width of the curve rapidly increases, a behavioe 0.1 A1

which is attributed to the onset of the strong decay of the

plasmon. It should be remarked that the determination of th%erformed for momentum transfers up to 0.6%in order to
FWHM of the loss peak is rather problematic for such ayig contributions from the double-scattering processes de-
broad structure as the plasmon in Zn. The influence of othegcriped above. Figure 5 shows the effective electron number,

account. Thus the absolute values must be interpreted Withyoye given sum rule. The values are normalised togthe
care because it is very likely that we have overestimated the. 5 1 A=1 gscillator strength. The error bars result from the

intrinsic linewidth to some degree. Nevertheless, it can bgncertainties in the normalization procedure. A quadratic de-
stated that the plasrlnon narrows with increasing momenturgrease of the effective electron number to about 50% of the
transfer up to 0.8 At _ o _ q=0.1 A~ ! value can be detected. In order to determine the
The sharpening of the plasmon line with increasing mo-nfiuence of this decreasing oscillator strength on the plas-
mentum transfers is quite unusual, because usually @ quUion pehavior, we performed a model calculation within a
dratic increase of the linewidth with increasing momentumy,qgified Drude-Lorentz model. As outlined in Ref. 8. the
transfer is observed in metaisyith the exception of Li,  ahsorption of the core-level excitations cannot be described
where a sharpening of the plasmon I'E/e with increasing Mopy 5 simple Lorentz oscillator model alone, since the transi-
mentum transfer has also been observed. tions take place into the energetically wide conduction band

For a better understanding of the unusual dispersion angtarting from a threshold energ§y. A more appropriate
behavior of the plasmon line shape we have to consider thgegcription can be given by an infinite sum of Lorentzians:
core-level excitations, which also show an unusual behavior

when the momentum transfer is increased. Figure 4 shows

the onset of the core-level absorption as determined from the fi
turning point of the steplike feature with increasing momen- Gd(w)ZE 2 2
tum transfer. It can clearly be seen that a slight shift to higher kK Ok 0"y

energies takes place when the momentum transfer is irl- th | f the eigent . i
creased up to 0.6 AL. Then the onset energy apruptly re- I Our case the values o the eigenfrequencies vary continu-

turns to its original value. This behavior can be explained b)pusly fromE, to =, so that we can convert from a summa-

the double-scattering process described above. So we c4fn in K to an integration with respect @y . Furthermore
argue that for momentum transfers higher than 078 don- W€ assume the damping parametgsto bek independent

tribution from the spectrum aj=0 are significant and can- (¥ andz the oscillator strength to be given by the refation
not be separated. Hence we will restrict ourselvesqto 'k~ 1/@i. Theney becomes

@

<06 AL
For a quantitative estimation of the decrease in intensity
o : o dx
of the core-level excitations, we calculated the effective elec- (w)=Tf4E? f 2)
: €4l w dE=d 3y2_ 2 )
tron number Ngz by applying the sum rule Neg Eg X (X~ 0 —iyw)

~[w Im[—1/e(w)]dw to the energy region where these ex-

citations take place, i.e., from 9.4 to 11.4 eV. The spectravheref, is a measure of the total oscillator strength of the

were normalized using the well-known decrease of the crossore-level excitations. The above given integral can be
section of inelastic electron scatterihghich varies as . evaluated analytically, hence leading to the complete dielec-
The calculation of the effective electron number was onlytric function
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FIG. 6. Comparison of experimental spectieft side and
model calculationgright side based on a modified Drude-Lorentz FIG. 7. Dispersion of the bare plasmon energy of Zn, corrected
model as described in the text. The dotted line gives the energfor the effects of decreasing core-level oscillator strength. The

position of theq=0.1 A~ plasmon at 14.2 eV. dashed line gives the dispersion expected from the RPA.
2 . . . .
)=1— @p n fq Besides the shift of the central position and the underesti-
e(w)= 0’+iTw 20(w+iy) mated linewidth, a qualitative similarity with the correspond-

ing experimentat;=0.6 A~ spectrum is found. It should be
remarked that the shift of the plasmon position is not only a
consequence of the above given model. A simple Drude-
Lorentz model, where one Lorentzian with strendthde-
The first two terms describe the usual Drude expressions fascribes the core-level excitations, leads to a similar redshift
the free charge carriers with a plasma frequeagyand a  of the plasmon energy. But with such a crude model, not
scattering ratd'. even a qualitative agreement between measured and calcu-
Figure 6 shows the result of our model calculation for thelated loss functions can be achieved.
loss function Ini—1/e(w)] on the right hand-side, compared  The shift of the plasmon line to negative energies due to
to experimental spectra on the left-hand side. For the firsthe decrease in the oscillator strength of the core-level exci-
model curve(upper panglwe have chosen the set of param- tations reduces the usual plasmon dispersion, which in gen-
eters hw,=12.7eV, #il'=05eV, Eg=94eV, fy4 eral for metals leads to a quadratic increase in the plasmon
=7.5 eV, andiy=0.1 eV in order to achieve a qualitative position with increasing momentum transfer, i.e., to a posi-
similarity to the measured spectrum fqe=0.1 A1 It is tive dispersion. Thus the slightly negative dispersion of the
obvious that such a crude model cannot describe the EELBieasured plasmon line at low momentum transfer can be
spectrum in full detail, but the qualitative agreement is evi-explained by a superposition of two effects: a positive dis-
dent. Note the low value of the damping paramekdt  persion as usual for metals and the shift to lower energies
=0.5 eV. The broadening of the structure in the model funcinduced by the decrease of core-level oscillator strength. In
tion is caused by a complex interplay between the real andrder to obtain the intrinsic dispersion of the bare plasmon in
imaginary parts of the dielectric function in this energy re-Zn, we calculated the plasmon position by shifting the mea-
gion. It is not possible to increase the model plasmon widttsured plasmon energy to higher values, in accordance with
alone without destroying the good qualitative agreement bethe results of our model calculations. Figure 7 shows the
tween the experimental and the model curves. But it shouldesulting dispersion plotted as a function of the squared mo-
be remembered that the value of the experimental plasmomentum transfer. A clear positive quadratic dispersion
width is somewhat overestimated because the finite resoll[mp(q)=wp(0)+(ﬁ/m)aq2] is obtained with a dispersion
tion of the spectrometer and the background absorption havepefficienta=0.5, which is slightly higher than the theoret-
not been rigorously taken into account. In the lower panel ofcal value agpp=0.42. The absolute value of the above dis-
the simulation, only the value for the core-excitation oscilla-persion must be interpreted with care, because its value may
tor strengthf 4 has been reduced by 50% in order to simulatebe influenced somewhat by the model’s assumptions and the
the behavior of the experimental oscillator strength whichdetermination of the core-level oscillator strength. However,
has been derived from the sum-rule argument. The other pan general it can be stated that the dispersion parameters for
rameters were kept constant. A strong decrease of the corgietals having shallow core levels are often higher than the
level feature can be seen as well as a strong shift of thpredicted RPA values. The underlying reason is still unclear,
plasmon peak to lower energies. Furthermore, the moddiut most likely it is related to the presence of the core-levels.
plasmon feature has significantly sharpened; the plasmon With the same argument for the plasmon dispersion, the
width is lowered in the model curve by about a factor of 2.5.decrease of the measured plasmon linewitkig. 3) can be

Eq

2
d
—1In - -1
o(w+iy) (Eg—a)z—lyw)

©)
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explained. It decreases by a factor of 1.5 when increasing theerms of core-level excitation for the lower-energy peak is
momentum transfer from 0.1 to 0.6 A. The decrease of the somewhat problematic. The two structures should be seen
oscillator strength causes a sharpening of the plasmon featumeore as a coupled system, i.e. as belonging to one type of
in the model by a factor of 2.5. This means that the intrinsicexcitation/ Nevertheless we analyzed data for the
linewidth independent of the influence of the core-levelsmomentum-dependent loss function of Agef. 24 in order
would increaseby a factor of 1.6, a similar value to that to investigate the momentum dependence of the spectral
obtained in AI* This result supports the considerations ex-weight of the peak at 3.8 eV in Ag, and found no significant
pressed above—the plasmon in Zn is quite normal and conthanges, in contrast to the behavior found in Zn.
parable to that of simple metals, but it is screened by the This means that the situation in the case of Zn seems to be
effects of a drastically momentum-dependent oscillatorquite unique and unusual: a theoretical explanation of the
strength of the core-level excitations. behavior of the core-level oscillator strength is necessary.
The most important question remains unanswered: whaProbably, calculations of the dielectric properties using an
causes the strong decrease in the oscillator strength of tleccurate band-structure for Zn could give more insight into
core-level excitations? The small dispersion in théand this problem.
which was measured by angular dependent photoemission
spectroscopy to be 0.17 eV along the hexagonaltdigsoo V. SUMMARY
small to account for such a reduction of the combined den- '
sity of states. Thus the strong decrease must be explained by We have investigated the momentum-dependent dielectric
a strong decrease of the transition matrix elements with infesponse of Zn by measuring the loss function of polycrys-
creasing momentum transfer. The decrease of the oscillatdalline thin films. It is shown that a collective plasma oscil-
strength is unusual insofar as it has not been obseérved lation exists at 14.2 eV in this metal despite the presence of
several other metals having shallow core levels such as, fa@hallow core levels with an excitation energy just below the
example, Sn and Cd. One interesting point which may probplasmon energy, which could offer a possible decay channel
ably have a significant influence is the hybridization of thefor the plasmon. The plasmon line is significantly broadened,
3d bands with the lower part of the conduction band. In theand thus not as narrow as in other post-transition metals.
case of post-transition metals this kind of intersection is With increasing momentum transfer, the oscillator
found only for Zn and Hg. The loss function of Hg is differ- strength of the core-level excitation decreases strongly,
ent insofar as the experimental plasmon energy is below th&vhich compensates for the plasmon dispersion at low mo-
core-level excitation energy. Thus the plasmon in the longmentum transfer. Additionally, with increasing the plas-
wavelength limit is shifted to significantly lower energies mon feature becomes more pronounced in the spectra. We
compared to the free-electron value, but it is well pro-have shown that upon deconvoluting the effects of changes
nounced as in the case of other metals with shallow corén the core-level oscillator strength a quite usual behavior of
levels® Unfortunately, no experimental data regarding thethe plasmon characterized by a dispersion coefficient slightly
plasmon dispersion in Hg and the momentum dependence digher than the RPA value and an increase in the linewidth
the core-level excitations can be found in the literature.  with increasing momentum transfer can be found. The values
Another case in whickl bands cross the conduction band obtained are similar to those obtained elsewhere from mea-
can be found in the case of the noble metals. The most insurements on other post-transition metals.
tensively investigated member of this family is Ag. The
proximity of the free-carrier plasmon and the core-level ex- ACKNOWLEDGMENTS
citation leads to two plasmonlike features in the loss
function’—one at 3.8 eV and the other at 8 eV. Both of these  This work was supported by the Deutsche Forschungsge-
features show a strong dispersion, so that the classification imeinschaft under Contract No. Fi439/3-1.
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