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Abstract. Small Agy, (n < 13) and Cuy (n < 7) clusters, generated by sputtering with a new ultrahigh vac-
uum (UHV)-compatible Xe-ion gun and size-selected by a quadrupole mass spectrometer, are deposited
in situ in submonolayer quantities on a magnesium oxide film supported on a molybdenum single crystal.
At low substrate temperature (7' = 45 K), the measured electron energy loss spectra display characteristic
losses within the MgO band gap. These novel results are discussed in terms of electronic transitions and

plasmon excitations within the cluster.

PACS. 36.40.4-d Atomic and molecular clusters — 79.20.Hx Electron impact: secondary emission

1 Introduction

For recent emerging fields in surface science, such as thin
film growth and size-selected cluster deposition, oxides
have played an important role in the study of surface-
related phenomena, e.g., heterogeneous catalysis, diffu-
sion, and epitaxial growth [1-3]. Preparation procedures
and characterization of thin oxide films grown on vari-
ous supports have been studied intensively during the last
decade in an attempt to overcome the problem of sam-
ple charging, which occurs when spectroscopic techniques
are employed. In addition, for scanning tunnelling tech-
niques, thin insulating films will permit the probe cur-
rent to tunnel to the metallic support [4,5]. Particularly
thin MgO(100) films have attracted much interest because
of their structural and electronic properties [4—8]. Mass-
selected clusters are known to display properties that are
a function of their size [9—11]. Earlier experiments involv-
ing vapor-deposited Ag [12,13] and Cu [14, 15] atoms have
been performed on both MgO single crystals [12—14] and
thin films [15]. Recently, we have investigated these two
systems at low temperature with different spectroscopic
techniques [16, 17] at a much higher energy resolution than
in the former studies. For Ag on MgQO, the growth mode
(Volmer—Weber) at room temperature and the sticking
probability between 100 K and 500 K have been previously
determined [16]. Energy loss peaks have been identified as
silver plasmons, and a relevant experiment has permitted
researchers to attribute one of them unambigously to the
Ag-MgO interface plasmon [16]. For Cu on MgO, ther-
mally evaporated atoms have been investigated as a func-
tion of coverage and substrate temperature, and a diffusion
energy Eq = 0.50£0.05 €V has been determined [17] that is
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in good agreement with theoretical predictions [18]. In this
work, we show a spectroscopic electron energy loss (EELS)
study of size-selected Ag,, (n < 13) and Cu, (n <7) clus-
ters supported on an MgO(100) film.

2 Experimental

The experiments were performed in an ultrahigh vacuum
(UHV) chamber with a base pressure of 2 x 10710 mbar,
which allowed in situ characterization of the sample by low
energy electron diffraction (LEED), electron energy loss
spectroscopy (EELS, HREELS) [16,17] and photoemis-
sion spectroscopy (UPS, XPS) [19-21] (Fig. 1). For EELS,
monochromatized electrons of primary energy Ej, = 30 eV
and beam current I ~ 1nA were focused on the sample
with an angle of 50° with respect to the surface nor-
mal of the sample. The EELS spectra were obtained
under normal emission by the collection of secondary elec-
trons using a hemispherical electron analyzer (HA 150
from VSW). The total instrumental energy resolution
was set to 100 meV, and the angular resolution was £2°.
Tonized clusters were produced by Xe-ion bombardment
of a metallic target [22] with a new UHV-compatible
CORDIS ion source [19]. Subsequently they were mass-
selected by a quadrupole mass spectrometer (Extrel Model
4-162-8) and deposited at different kinetic energies [20] on
a thin 20 £ 2 monolayer (ML) MgO(100) film grown at
room temperature on an Mo(100) single crystal [6, 7]. The
quality and thickness characterizations of the MgO film
are shown elsewhere [16]. Briefly, sharp LEED patterns,
multiple phonon losses in the HREELS spectrum, and the
characteristic UPS emission from the O 2p valence band in-
dicate a well-ordered MgO(100) single crystal surface; this
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Fig. 1. Schematic view of the experimental setup for the pro-
duction, size selection, deposition, and in situ characterization
of the clusters with low-energy electron diffraction (LEED),
electron energy loss (EELS, HREELS), and photoemission
(UPS, XPS) spectroscopy. Coverage is monitored by the meas-
urement of the cluster current on the sample.

is in good agreement with previous studies [6, 7,23, 24].
Auger electron spectroscopy (AES) measurements, which
have been undertaken by our group on these MgO films,
show their one-to-one stoichiometry and the absence of
C impurities [25]. The substrate temperature measured
directly on the sample with a spot-welded W-26%Re/W-
5%Re thermocouple was maintained at T' = 45+ 5K with
a liquid helium flow cryostat.

3 Results and discussion

Figure 2 displays EELS spectra taken at T'=45K for
0.04 ML of Ag,, (n < 13) clusters deposited from the cluster
source at the lowest possible kinetic energy (Ex = 3—6€V)
to prevent their fragmentation [26]. Each deposition was
made on a freshly prepared film to avoid the creation of
defects that are known to act as pinning centers for de-
posited clusters [27,28]. We observed several distinct en-
ergy loss peaks appearing within the MgO band gap (be-
tween 1€V and 5.5€V energy loss [16]) as a function of
cluster size. These loss peaks cannot be assigned to low-
lying transitions in the atom or in the ion [29-32]. EELS
spectra of vapor-deposited Ag, which forms islands and
thin films via surface diffusion at sample temperatures be-
tween 7' =100 K and 500 K, have shown losses at 3.8 eV
and 3.2 eV that are attributable to the Ag surface plasmon
and to the Ag-MgO interface plasmon, respectively [16]. In
contrast, the present EELS spectra recorded at T'=45K
exhibit clearly a size dependence that reflects the change
in the electronic structure of the clusters. A similar behav-
ior has been observed in optical absorption spectra of Ag,,
(n <21) clusters deposited in rare gas matrices [33] and
has been interpreted as a manifestation of collective exci-
tations (Mie plasmons) of the s electrons influenced by the
ellipsoidal shape of the clusters. Some similarities in the
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Fig. 2. EELS spectra of the bare MgO(100) film and 0.04 ML
of size-selected Agn (n < 13) clusters deposited on the same
film held at T' =45 K.

general trend can be observed between the optical absorp-
tion data shown in [33] and our EELS experiment. We note
that EELS probes electronic excitations and transitions
which are dipole forbidden (Al # 1) in addition to those
observed by absorption spectroscopy (Al =1). A shift to-
wards lower energy loss (AE = 0.2-0.3 €V) in our case may
be due to a different environment, e.g., different dielectric
constants: MgO versus rare gas). Furthermore, changes in
the peak shapes may be attributed to the loss of cen-
tral symmetry in our experiment (surface versus matrix)
and/or to different cross sections of the emission process.
Figure 3 displays EELS spectra taken at T'= 45K for
0.04 ML of vapor-deposited Cu and Cu,, (n <7) clusters
deposited from the cluster source. The three characteristic
energy loss structures observed for the atom are attributed
to low-lying transitions in the Cu atom and Cu™ ion, as dis-
cussed in [17]. However, it is still unclear why some atomic
and ionic transitions in our EELS spectra are much more
intense than others in a given multiplet. The adsorption
site for Cu on the MgO(100) surface is predicted to be on
top of an oxygen atom [18]. The poor statistics of the clus-
ter data are due to the rapid decrease versus time in spec-
tral intensity observed for all Cu deposits. Electron stim-
ulated desorption (ESD) [34] has been excluded as an ex-
planation because of an unusually high cross section of the
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Fig. 3. EELS spectra of 0.04 ML of vapor-deposited Cu and
size-selected Cup (n < 7) clusters deposited on an MgO(100)
film held at T'=45 K.

phenomenon. We propose a modification of the Cu—MgO
interaction leading to Cu oxide formation (CuO or Cuz0).
On the other hand, EELS data show a strong dependence
upon oxygen adsorption that leads to a total extinction
of the initial Cu signal, while a very weak and relatively
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broad energy loss structure at 2.2eV and 4.2 €V emerges
that can be related to emission observed from thin cop-
per oxide films [35]. The positions and shapes of the three
main losses in the cluster spectra are almost unchanged;
this shows a strong similarity with the vapor deposition
of Cu atoms [17]. For Cus, two other energy loss peaks
appear at 1.8eV and 3.1eV. For Cu dimers, we observe
a similar spectrum (not shown). We note that these two ad-
ditional losses for the Cu dimers and trimers are located at
the same loss energy as that observed for the higher cov-
erage case (6 > 0.12ML) of Cu atoms [17]. By taking into
account the experimental value for the binding energy of
Cu dimers (Ep(Cuz) ~ 2 eV [36] as compared to the depo-
sition energy Fjx = 3—6¢€V per cluster), we conclude that
most probably a fraction of the clusters undergo fragmen-
tation on surface impact. In Table 1, we summarize the
electronic transitions in free and matrix-isolated Cu,, clus-
ters observed with optical absorption spectroscopy [37—-39]
those and of the present study. We note encouraging agree-
ment between the results obtained by the two methods.
However, we cannot exclude that charge transfer excita-
tions from the cluster to the MgO substrate or vice versa
are present in the spectra. We hope that in the future, ad-
ditional experimental data, especially from scanning tun-
nelling microscopy, will give a better insight into the role of
defects and into diffusion and island formation.

4 Summary

Atoms and size-selected Ag, (n <13) and Cu, (n<7)
clusters were deposited at T' = 45 K on a well-characterized
MgO(100) film. EELS measurements revealed size-depend-
ent energy losses within the MgO band gap that are as-
signed to plasmons and electronic transitions within the
Ag and Cu clusters, respectively. A comparison with ab-
sorption experiments of Ag clusters in a matrix reveals
similar structures. Energy differences between the two data
sets are attributed to the different cluster environments.

Table 1. Comparison of optical absorption data of Cu atoms in the gas phase [37], Cun (n < 3) clusters embedded in rare gas
matrices (Ar [38], an Xe [39]), and our EELS observations. Peak positions are indicated in €V.

Cuevap CU1 CU3 CU5 Cu7
EELS Absorption EELS EELS  Absorption EELS EELS
gas Ar Xe Ar
1.7
2.4 2.4 2.4 2.5 2.2
2.7 2.7 2.7
3
3.2 3.3 34
3.9 3.8—3.8 3.9 3.9 3.9
—4.13.9 4
——4.5 4.7 4.8
5.1 5.15.25.0 5.1 5.1 5.3 5
— 5.6 — 5.6
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For Cu clusters, in addition to size-dependent loss struc-
tures, we observe a similar spectroscopic fingerprint as for
the isolated vapor- deposited Cu atoms; this points to par-
tial fragmentation during the deposition process. These
data are encouraging, for they demonstrate the feasabil-
ity of detailed spectroscopic studies of size-selected clusters
supported on oxide films.

The authors would like to acknowledge the Swiss National Sci-
ence Foundation for financial support.

References

1. V.E. Henrich, P.A. Cox: The surface science of metal ozides
(Cambridge University Press, Cambridge 1994)

2. C.T. Campbell: Surf. Sci. Rep. 27, 1 (1997)

3. D.A. King, D.P. Woodruff (Eds.): The chemical physics of
solid surfaces, Vol. 8, Growth and properties of ultrathin
epitazial layers (Elsevier, Amsterdam 1997)

4. M.C. Gallagher, M.S. Fyfield, J.P. Cowin, S.A. Joyce: Surf.
Sci. 339, LI09 (1995)

5. C. Xu, D.W. Goodman: Chem. Phys. Lett. 263, 13 (1996)

6. M.-C. Wu, J.S. Corneille, C.A. Estrada, J.-W. He, D.W.
Goodman: Chem. Phys. Lett. 182, 472 (1991)

7. M.-C. Wu, J.S. Corneille, J.-W. He, C.A. Estrada, D.W.
Goodman: J. Vac. Sci. Technol. A 10, 1467 (1992)

8. S.A. Chambers, T.T. Tran, T.A. Hileman, T.A. Jurgens:
Surf. Sci. 320, L81 (1994)

9. W.A. de Heer: Rev. Mod. Phys. 65, 611 (1993)

10. U. Heiz: Recent Res. Devel. Phys. Chem. 2, 1029 (1998)

11. M.-H. Schaffner, F. Patthey, U. Heiz, W.-D. Schneider,
O. Kuffer, H.-V. Roy, P. Fayet, J.K. Gimzewski, R. Berndt:
Eur. Phys. J. D 2, 79 (1998)

12. P.W. Palmberg, T.N. Rhodin, C.J. Todd: Appl. Phys. Lett.
11, 33 (1967)

13. F. Didier, J. Jupille: Surf. Sci. 307-309, 587 (1994)

14. J.-W. He, P.J. Mgller: Surf. Sci. 180, 411 (1987)

15. M.-C. Wu, W.S. Oh, D.W. Goodman: Surf. Sci. 330, 61
(1995)

16. M.-H. Schaffner, F.Patthey, W.-D. Schneider: Surf. Sci.

417, 159 (1998)

17

18

19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.

37.

38.

39

. M.-H. Schaffner, F. Patthey, W.-D. Schneider, L.G.M. Pet-
tersson: Surf. Sci. 402-404, 450 (1998)

. V. Musolino, A. Selloni, R. Car: J. Chem. Phys. 108, 5044

(1998)

M.-H. Schaffner, J.-F. Jeanneret, F. Patthey, W.-D. Schnei-

der: J. Phys. D: Appl. Phys. 31, 3177 (1998)

P. Fayet, F. Patthey, H.-V. Roy, Th. Detzel, W.-D. Schnei-

der: Surf. Sci. 269/270, 1101 (1992)

H.-V.Roy, J. Boschung, F. Patthey, P. Fayet, W.-D. Schnei-

der: Phys. Rev. Lett. 70, 2653 (1993)

R. Keller, F. Nohmayer, P. Spadtke, M.-H. Schénenberg:

Vacuum 34, 31 (1984)

M. Liehr, P.A. Thiry, J.J. Pireaux, R. Caudano: Phys. Rev.

B 33, 5682 (1986)

L.H. Tjeng, A.R. Vos, G.A. Sawatzky: Surf. Sci. 235, 269

(1990)

U. Heiz, F. Vanolli, L. Trento, W.-D. Schneider: Rev. Sci.

Instrum. 68, 1986 (1997)

K. Bromann, C. Félix, H. Brune, W. Harbich, R. Monot,

J. Buttet, K. Kern: Science 274, 956 (1996)

A.M. Ferrari, G. Pacchioni: J. Phys. Chem. 100, 9032

(1996)

M.J. Stirniman, C. Huang, R.Scott Smith, S.A. Joyce,

B.D. Kay: J. Chem. Phys. 105, 1295 (1996)

J.M. Dyke, N.K. Fayad, A. Morris, I.R. Trickle: J. Phys. B:

Atom. Molec. Phys. 12, 2985 (1979)

K.J. Taylor, C.L. Pettiette-Hall, O. Cheshnovsky,

Smalley: J. Chem. Phys. 96, 3319 (1992)

H. Handschuh, C.-Y.Cha, P.S.Bechthold, G. Gantefor,

W. Eberhardt: J. Chem. Phys. 102, 6406 (1995)

A.A.Radzig, B.M. Smirnov: Reference Data on Atoms,

Molecules and Ions (Springer-Verlag, Berlin 1985)

S. Fedrigo, W. Harbich, J. Buttet: Phys. Rev. B 47, 10706

(1993)

T.E. Madey: Science 234, 316 (1986)

M.-C. Wu, P.J. Mgller: Phys. Rev. B 40, 6063 (1989)

K.A. Gingerich: Farad. Discuss. Chem. Soc. 14, 109 (1980)

D.H.W. Carstens, W. Brashear, D.R. Eslinger, D.M. Gruen:

Appl. Spectrosc. 26, 184 (1972)

M. Moskovits, J.E.Hulse: J. Chem. Phys.

(1977)

. L. Brewer, G. King: J. Chem. Phys. 53, 3981 (1970)

R.E.

67, 4271



