PHYSICAL REVIEW B 73, 054432 (2006)

Growth and electronic structure of alkali-metal adlayers on icosahedral Al,,sPd,;Mng s

A. K. Shukla, R. S. Dhaka, C. Biswas, S. Banik, and S. R. Barman*
UGC-DAE Consortium for Scientific Research, Khandwa Road, Indore, 452017, Madhya Pradesh, India

K. Horn
Fritz-Haber-Institut der Max-Planck-Gesellschaft, 14195 Berlin, Germany

Ph. Ebert and K. Urban
Institut fiir Festkorperforschung, Forschungszentrum Jiilich GmbH, 52425 Jiilich, Germany

(Received 25 October 2005; published 27 February 2006)

We report x-ray photoelectron spectroscopy (XPS) study of Na and K adlayers on icosahedral
AlyysPdy Mng 5 (i-Al-Pd-Mn) quasicrystal. The Na 1s core-level exhibits a continuous linear shift of 0.8 eV
towards lower binding energies (BE) with increasing coverage up to one monolayer (ML) saturation coverage.
In the case of K/i-Al-Pd-Mn, a similar linear shift in the K 2p spectra towards lower BE is observed. In both
cases, the plasmon related loss features are observed only above 1 ML. The substrate core-level peaks, such as
Al 2p, do not exhibit any shift with the adlayer deposition up to the highest coverage. Based on these
experimental observations and previous studies of alkali metal growth on metals, we conclude that below
1 ML, both Na and K form a dispersed phase on i-Al-Pd-Mn and there is hardly any charge transfer to the
substrate. The variation of the adlayer and substrate core-level intensities with coverage indicates layer by layer

growth.
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I. INTRODUCTION

Adsorption of alkali metals on metal surfaces has been a
topic of active research because of the interesting modifica-
tions in the electronic properties, for example, a decrease in
the work function of the substrate, a change in reactivity of
surfaces, etc.!2 Quantum well states and collective excitation
in alkali metal adlayers on metals have been extensively
studied.’™

Icosahedral Al-Pd-Mn (i-Al-Pd-Mn) is a complex ternary
alloy quasicrystal exhibiting unusual properties such as high
resistivity, high frictional constant, and a low sticking
coefficient.®” Scanning tunneling microscopy (STM) experi-
ments have shown that the surface corrugation of quasicrys-
talline surfaces is quite different from that of metals.3~'? Re-
cently, some groups have reported pseudomorphic growth of
elemental quasicrystalline films such as Cu, Sb, and Bi on i
-Al-Pd-Mn.!112

From a fundamental physics viewpoint, alkali metals form
the simplest adsorbate system, where one s electron is ex-
pected to participate in the bonding with the substrate. Weh-
ner et al. performed a thermal desorption spectroscopy study
of K adsorption on i-Al-Pd-Mn and Al(111). They found that
K binds weakly to i-Al-Pd-Mn and the density of the first
layer is lower than K/Al(111)."* However, so far no photo-
emission study of alkali metal adsorption on the quasicrys-
tals has been reported in literature. If the alkali metals when
deposited on i-Al-Pd-Mn were to transfer the s electron to
the substrate, this could be clearly indicated by change in the
core-level binding energy (BE). In fact, the nature of bond-
ing of the adsorbate alkali metal to the substrate has been
explained by charge transfer.'* On the other hand, there is a
large body of literature which suggests that there is almost no
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charge transfer from the alkali metal adsorbate to the metal
substrate and the change in work function results from a
dipole moment associated with the polarized adsorbate atom
itself.!>-18 Different studies on metal substrates have shown
that alkali metals grow as a dispersed phase or as condensed
islands for the first monolayer (ML).!>19-23

In this paper, we report on the growth and electronic
structure of alkali metal adlayers on the fivefold surface of an
i-Al-Pd-Mn quasicrystal using x-ray photoelectron spectros-
copy (XPS), since the core-level BE shift and line shape
depend sensitively on the local surroundings and charge
transfer. We find a decrease in the BE of the alkali metal core
levels and an absence of any plasmon related loss feature
until 1 ML saturation coverage. These show that alkali met-
als grow on the i-Al-Pd-Mn surface as a dispersed phase. We
do not find any evidence of charge transfer from Na or K to
i-Al-Pd-Mn, which supports the covalent picture of alkali
metal adsorption on metals. These results are compared with
alkali metal adsorption on other metals, and Al in particular,
since the top layer of i-Al-Pd-Mn is Al rich.?® The variation
of adlayer and substrate core-level intensities with coverage
indicates layer by layer growth.

II. EXPERIMENTAL

Single grain i-Al-Pd-Mn quasicrystal with composition
Al sPdy;Mng 5 was grown by the Czochralski method.?” The
base pressure of the experimental ultrahigh vacuum chamber
was 6 X 107! mbar. A commercial electron energy analyzer
(Phoibos 100 from Specs GmbH, Berlin, Germany) and a
nonmonochromatic MgKa x-ray source have been used for
the XPS measurements. A pass energy of 20 eV was used in
the medium magnification mode resulting in an overall in-
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FIG. 1. Na 1s core-level spectra for Na/i-Al-Pd-Mn as a func-
tion of coverage at 125 K. The spectra have been staggered for
clarity of presentation. The inset shows the shift in BE of the Na 1s
core-level peak in an expanded scale.

strumental resolution of 0.9 eV. The polished i-Al-Pd-Mn
surface was cleaned by repeated cycles of Ar* sputtering and
annealing up to 875 K. The surface composition and clean-
liness were checked by recording Al 2p, Pd 3d, Mn 2p,
and O KLL Auger signal. Na and K were deposited on
i-Al-Pd-Mn at 125 K by using well-degassed commercial
SAES getter sources for different deposition times. During
depositions, the chamber pressure rose to 9 X 107!'! mbar.
The thickness of the adlayers has been calculated from the
area under alkali metal (Na Is, K 2p) and substrate related
(Al 2p) core-levels after an x-ray satellite and Tougaard
background subtraction. These spectra are recorded under
similar conditions, for example, analyzer settings, X-ray
source intensity, sample position, etc. The intensity of the
substrate signal depends on the inelastic mean free path of
photoelectrons and the thickness of the adlayer. For layer by
layer growth, the substrate core-level intensity decays expo-
nentially due to adlayer coverage. The details of the equa-
tions used for the coverage calculation considering both
integral and fractional monolayer coverage are given in
Ref. 28. One ML refers to the saturation coverage.

III. RESULTS AND DISCUSSION

The coverage dependence of the Na 1s core-level spectra
for Na/i-Al-Pd-Mn is shown in Fig. 1. For the lowest 0.1
ML coverage, the Na 1s peak appears at 1072.8 eV BE. With
increasing coverage, the Na 1s intensity increases accompa-
nied by a monotonic decrease in BE until 1 ML saturation
coverage (see the inset in Fig. 1). Below 1 ML, satellite loss
features are not observed. On the other hand, for higher cov-
erages a clear feature is observed at 1077.8 eV with a weak
feature at 1083.8 eV, as indicated by arrows for the 2.2 ML
spectrum. Compared to the main peak at 1072 eV, these fea-
tures are at 5.8 and 11.8 eV higher BE, respectively and
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FIG. 2. K 2p core-level spectra for K/i-Al-Pd-Mn as a function
of coverage at 125 K. The inset shows the shift in BE of the K 2p5,,
core-level peak in an expanded scale.

correspond to the loss features related to one bulk plasmon
(1w,) and two bulk plasmon (2w,) excitations, respectively.
A surface plasmon related feature is also observed at 4.1 eV
loss energy with respect to the main peak, as shown by a tick
mark. The energies of the bulk and surface plasmon features
are in good agreement with the literature.*?° We find that the
plasmon loss energies do not change significantly with cov-
erage above 1 ML.

In Fig. 2, we find that for 0.1 ML, the K 2p5,, peak ap-
pears at 294.5 eV BE. A monotonic shift of the BE for sub-
monolayer coverages is clearly observed (as shown in the
inset). Above 1 ML coverage, the loss features corresponding
to the 2p,,, peak (297.2 eV) appear at 300.9 and 304.6 eV
BE (as marked by the arrows in Fig. 2). These are related to
lw, and 2w, excitations and the corresponding loss energies
are 3.7 and 7.4 eV, respectively, as reported in the literature
for K439 A shoulder at 297.9 eV is visible in the 3.8 ML
spectrum (arrow) because of the lw), loss feature related to
the 2ps,, peak. A surface plasmon feature corresponding to
the 2p;/, peak is also observed at 2.6 eV loss energy which is
shown by a tick mark.

The variation of BE with coverage is shown in Fig. 3 for
both Na and K. Since the BE variation is clearly different
below and above 1 ML, we have fitted the data with different
straight lines for these two regimes. A reasonably good fit
within the experimental error indicates that the BE shift is
indeed linear. Between 0.1 and 1 ML, the BE changes by
0.8 eV for Na 1s. On the other hand, between 1 and 2.2 ML,
the shift is quite small (0.1 eV). For K/i-Al-Pd-Mn, the
overall BE shift is 0.33 eV between the lowest and 1 ML
coverage. However, by normalizing the spectra to the same
height, we find that there is hardly any change in the line
shape or full width at half maximum for neither Na 1s nor K
2p with coverage. Thus, the overall behavior of Na and K
alkali metal core-levels grown on i-Al-Pd-Mn is quite simi-
lar.
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FIG. 3. Variation in the BE as a function of coverage for (a) Na
Is and (b) K 2p for alkali metals grown on i-Al-Pd-Mn at 125 K
substrate temperature.

The i-Al-Pd-Mn surface consists of a topmost dense Al-
rich layer followed by a layer with 50% Al and 50% Pd, and
the lateral density of these two layers together is similar to
that of A1(111).% The adsorption of Na, K, Rb, and Cs on the
AI(111) surface at 100 K has been investigated by high reso-
lution core-level spectroscopy by Andersen et al.?? It was
found that initially the alkali atoms adsorb at surface defect
sites. At higher coverages up to about one third of the maxi-
mum submonolayer coverage, the adsorbed alkali metal at-
oms exist as a dispersed phase. At higher coverages, a con-
densed island formation occurs in most cases.?? Formation of
islands on the Al(111) for such coverages at 140 K is sup-
ported by the change in work function and observation of
plasmon loss features at submonolayer coverages.'>> Based
on density functional theory calculations, Neugebauer and
Scheffler showed that below 0.1 ML, the Na atoms on
Al(111) are homogeneously dispersed, and the adsorbate-
substrate interaction dominates.?* On the other hand, above
0.1 ML, condensation occurs and attractive adsorbate-
adsorbate interaction dominates.

In contrast to this, island growth has not been reported for
Al(100), rather a continuous increase in adsorbate density
corresponding to a dispersed phase is observed.” In fact, a
similar dispersed phase has also been observed in other sys-
tems like K/Ag(001),° alkali metals on Ru(001),>' and
W(110),’> Na on Cu(111) and Ni(111),2 etc. For
Na/Cu(111) and Na/Ni(111), a monotonic shift of 0.93 and
1.1 eV, respectively, towards lower BE is observed for the
first monolayer.”® Shi et al. related the BE shift to the change
in electrostatic potential at the Na atom. They calculated the
electrostatic potential and found that it decreases with in-
creasing coverage, which results from the change in the va-
lence charge distribution in Na and supports the covalent
picture rather than the charge transfer. Another possible rea-
son for the BE shift is related to more efficient screening of
the Na core-hole in the photoemission final state with in-
creasing coverage. Modesti et al. observed a dispersed phase
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of K/Ag(001) at 90 K, while at 220 K they observed a con-
densed island formation.2? In fact, the criterion for existence
of the dispersed phase as against the condensed island phase
is that the total energy gain by formation of alkali metal
bonds does not compensate for the energy cost of repulsion
due to the formation of a strong dipole moment and over-
coming of the surface corrugation potential. Since the adsor-
bate dipole moment decreases with increasing coverage, the
surface corrugation potential primarily dictates the formation
of the dispersed phase.??

The XPS data (Figs. 1-3) indicate that the formation of a
dispersed phase occurs for alkali metals on i-Al-Pd-Mn be-
low 1 ML. The linear shift in BE for the first monolayer
supports this proposition. Furthermore, features related to
plasmon excitations are observed below 1 ML coverage
when a condensed island phase is formed.”® So, in the
present case, the absence of plasmons below 1 ML indicates
that indeed the formation of a dispersed phase occurs. Al-
though the atomic density of the i-Al-Pd-Mn surface is simi-
lar to Al(l111), where condensed phase formation is
reported,?? the formation of a dispersed phase for i-Al-Pd
-Mn might be related to the characteristic quasicrystalline
surface morphology. It has been reported that the i-Al-Pd
-Mn surface is characterized by terraces of two types; void-
rich and void-free. The voids are surrounded by S-type steps
of height 2.4 A.8 STM studies have shown different motifs
on the surface resembling up and down white flowers. The
down flower patterns have a hollow center which could be
the nucleation center for the alkali metal atoms.’ Relatively
rough steps exhibiting local facets have also been reported.'”
Our results indicate that the alkali metal atoms are adsorbed
on i-Al-Pd-Mn at sites that are homogeneously dispersed.
From the present work, it can thus be inferred that the i-Al
-Pd-Mn surface has a large surface corrugation potential that
makes the formation of the condensed island phase energeti-
cally unfavorable. Indeed, a surface corrugation potential as
large as 50 meV has been calculated for Xe on the decagonal
quasicrystal, Al-Ni-Co.3! On the other hand, jellium based
theoretical calculations show that the corrugation potential
felt by alkali metals on Al(111) is quite small (<1 meV) and
this explains the formation of the condensed phase on
Al(111).3

We have recorded Al 2p core-levels from i-Al-Pd-Mn for
the different Na coverages (Fig. 4). For i-Al-Pd-Mn, the Al
2p BE turns out to be 73.1 eV, which is in good agreement
with the literature.3® The bulk (arrow) and surface (tick) plas-
mon related features are observed at 16 and 10.4 eV loss
energies, respectively. The plasmon energies are in agree-
ment with the electron energy loss spectroscopy data.* The
bulk plasmon energy in i-Al-Pd-Mn is higher than Al (w),
=15.4 eV) because of higher electron density due to Pd. In-
terestingly, a weak surface plasmon appears at the same en-
ergy as Al because the topmost surface layer resembles
Al(111), as mentioned earlier. A comparison of the Al 2p
core-level main peak for different Na coverages shows that
there is hardly any shift in the peak position. The comparison
of the line shape of the Al 2p peak normalized to the same
height between the clean and 3.0 ML Na deposited surface in
the inset shows that both the BE and line shape remain simi-
lar. The Mn 2p and Pd 3d core-level peaks also remain un-
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FIG. 4. Al 2p core-level spectrum of i-Al-Pd-Mn as a function
of Na coverage in ML. The inset shows the comparison of Al 2p
peak normalized to same height for clean (0 ML) and 3 ML Na
coverage.

changed with the alkali metal deposition, as in Al 2p. The
behavior of the substrate core-levels is similar for K/i-Al
-Pd-Mn.

A decrease of the substrate core-level BE is expected if
there is a transfer of charge from the alkali metal to the
substrate. In fact, in many different metallic substrates, it has
been reported that the physically appealing picture of charge
transfer from the electropositive alkali metal to the metallic
substrate does not hold.!>-1820-25 Riffe er al. showed that
there is almost no shift between the clean and 1 ML alkali
metal covered substrate core-level peak for W(110). The au-
thors argued that if the induced dipole moment is due to
charge transfer, the shift would be higher for lower cover-
ages. However, no such shift has been observed indicating
that there is hardly any charge transfer from the adsorbate to
the substrate. If there is a charge transfer, the alkali metal
core-level BE should shift to higher values. On the contrary,
we find a shift to lower BE (Figs. 1-3). Moreover, the linear
decrease in BE also does not support the charge transfer
model, but rather indicates a covalent nature of alkali metal
bonding as  suggested by different theoretical
calculations.'6-18:23

To ascertain the nature of adlayer growth beyond 1 ML,
we have plotted the area under the adlayer Na 1s and K 2p
and the substrate Al 2p peaks as a function of the coverage
(Fig. 5). The data are fitted with standard exponential
expressions.”® In both cases, the fitting is quite good over the
studied coverage range. Moreover, the alkali metal to sub-
strate core-level intensity ratio shows a monotonic increase
until the highest coverage studied. These observations indeed
indicate the occurrence of layer by layer growth for both Na
and K on i-Al-Pd-Mn.
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FIG. 5. Area under (a) Na 1s and (b) K 2p (filled circles) core-
level peaks compared with area under Al 2p (unfilled circles) core-
level peak for alkali metal/i-Al-Pd-Mn as a function of coverage.
The data are fitted with exponential curves (dashed lines). The ratio
of adlayer to substrate signal (unfilled squares) and the ratio of the
two exponential curves (solid line) are also shown.

IV. CONCLUSIONS

The linear shift of the adlayer Na 1s and K 2p core-level
peaks towards lower BE and the absence of any plasmon
related loss feature until 1 ML saturation coverage show that
alkali metals grow on the i-Al-Pd-Mn surface as a dispersed
phase at 125 K. While the atomic density of the i-Al-Pd
-Mn surface is similar to Al(111), where condensed phase
formation is reported,”? the formation of a dispersed phase
for i-Al-Pd-Mn is probably related to the characteristic qua-
sicrystalline surface morphology and the large corrugation
potential of the quasicrystal surface compared to Al(111).
There is almost no shift in the core-level BE of the substrate
i-Al-Pd-Mn, which indicates the absence of charge transfer
from the alkali metal adlayer to the i-Al-Pd-Mn substrate.
The variation of adlayer and substrate core-level intensities
with coverage indicates layer-by-layer growth up to the high-
est coverage studied. It would be interesting to perform STM
and related experiments to study whether the alkali metal
layers exhibit pseudomorphic growth on i-Al-Pd-Mn.

ACKNOWLEDGMENTS

This work has been supported by Department of Science
and Technology, Government of India, Max Planck Gesell-
schaft, Germany, and the European Union under the Network
of Excellence “Complex Metallic Alloys”. A.K.S. is thankful
to the Council for Scientific and Industrial Research, Gov-
ernment of India for support. Dr. P. Chaddah and Professor
A. Gupta are thanked for constant encouragement.

054432-4



GROWTH AND ELECTRONIC STRUCTURE OF ALKALI-...

*Electronic address: barman@csr.ernet.in

' Physics and Chemistry of Alkali Metal Adsorption, edited by H. P.
Bonzel, A. M. Bradshaw, and G. Ertl (Elesvier, Amsterdam,
1989).

2R. D. Diehl and R. McGrath, Surf. Sci. Rep. 23, 43 (1996).

3L. Walldén, Phys. Rev. Lett. 54, 943 (1985).

4K. D. Tsuei, E. W. Plummer, A. Liebsch, K. Kempa, and P. Bak-
shi, Phys. Rev. Lett. 64, 44 (1990).

5S. R. Barman, P. Haberle, K. Horn, J. A. Maytorena, and A.
Liebsch, Phys. Rev. Lett. 86, 5108 (2001); S. R. Barman, C.
Stampfl, P. Haberle, W. Ibanez, Y. Q. Cai, and K. Horn, Phys.
Rev. B 64, 195410 (2001).

%D. Shechtman, I. Blech, D. Gratias, and J. W. Cahn, Phys. Rev.
Lett. 53, 1951 (1984).

7 Physical Properties of Quasicrystals, edited by Z. M. Stadnik
Springer Series Solid State Science (Springer, Berlin, 1999).
8B. Unal, T. A. Lograsso, A. Ross, C. J. Jenks, and P. A. Thiel,

Phys. Rev. B 71, 165411 (2005).

9L. Barbier, D. Le Floc’h, Y. Calvayrac, and D. Gratias, Phys. Rev.
Lett. 88, 085506 (2002).

107, Ledieu, E. J. Cox, R. McGrath, N. V. Richardson, Q. Chen, V.
Fournee, T. A. Lograsso, A. Ross, K. J. Caspersen, B. Unal, J.
W. Evans, and P. A. Thiel, Surf. Sci. 583, 4 (2005).

7. Ledieu, J. T. Hoeft, D. E. Reid, J. A. Smerdon, R. D. Diehl, T.
A. Lograsso, A. R. Ross, and R. McGrath, Phys. Rev. Lett. 92,
135507 (2004).

12K J. Franke, H. R. Sharma, W. Theis, P. Gille, Ph. Ebert, and K.
H. Rieder, Phys. Rev. Lett. 89, 156104 (2002).

3B. I. Wehner, J. W. Anderegg, C. J. Jenks, A. R. Ross, T. A.
Lograsso, R. D. Diehl, and P. A. Thiel, Mater. Res. Soc. Symp.
Proc. 643, K11.4.1 (2001).

14R. W. Gurney, Phys. Rev. 47, 479 (1935).

15D, M. Riffe, G. K. Wertheim, and P. H. Citrin, Phys. Rev. Lett.
64, 571 (1990).

6, Wimmer, A. J. Freeman, J. R. Hiskes, and A. M. Karo, Phys.

PHYSICAL REVIEW B 73, 054432 (2006)

Rev. B 28, 3074 (1983).

I7H. Ishida and K. Terakura, Phys. Rev. B 38, R5752 (1988).

I8H. Ishida, Phys. Rev. B 39, R5492 (1989).

19A. Hohlfeld and K. Horn, Surf. Sci. 211/212, 844 (1989).

208, Modesti, C. T. Chen, Y. Ma, G. Meigs, P. Rudolf, and F. Sette,
Phys. Rev. B 42, R5381 (1990).

2IM.-L. Shek, J. Hrbek, T. K. Sham, and G. Q. Xu, Phys. Rev. B
41, 3447 (1990).

22]. N. Andersen, E. Lundgren, R. Nyholm, and M. Qvarford, Surf.
Sci. 289, 307 (1993).

23X. Shi, D. Tang, D. Heskett, K.-D. Tsuei, H. Ishida, Y. Morikawa,
and K. Terakura, Phys. Rev. B 47, 4014 (1993).

24]. Neugebauer and M. Scheffler, Phys. Rev. Lett. 71, 577 (1993).

2D. Heskett, E. Lundgren, R. Nyholm, and J. N. Andersen, Phys.
Rev. B 52, 12366 (1995).

26M. Gierer, M. A. Van Hove, A. I. Goldman, Z. Shen, S.-L.
Chang, C. J. Jenks, C.-M. Zhang, and P. A. Thiel, Phys. Rev.
Lett. 78, 467 (1997).

27Ph. Ebert, F. Kluge, B. Grushko, and K. Urban, Phys. Rev. B 60,
874 (1999).

28M. P. Seah and W. A. Dench, Surf. Interface Anal. 1, 2 (1979); A.
K. Shukla, S. Banik, R. S. Dhaka, C. Biswas, S. R. Barman, and
H. Haak, Rev. Sci. Instrum. 75, 4467 (2004).

29p. H. Citrin, G. K. Wertheim, and Y. Baer, Phys. Rev. B 16, 4256
(1977).

30C. Kunz, Z. Phys. 196, 311 (1966), T. Kloos, ibid. 208, 77
(1968).

31S. Curtarolo, W. Setyawan, N. Ferralis, R. D. Diehl, and M. W.
Cole, Phys. Rev. Lett. 95, 136104 (2005).

321.. M. Kahn and S. C. Ying, Surf. Sci. 59, 333 (1976).

3V. Fournee, P. J. Pinhero, J. W. Anderegg, T. A. Lograsso, A. R.
Ross, P. C. Canfield, I. R. Fisher, and P. A. Thiel, Phys. Rev. B
62, 14049 (2000).

34E. Schmithusen, M. de Boissieu, M. Boudard, J. Chervrier, and F.
Comin, Mater. Sci. Eng., A 294, 867 (2000).

054432-5



