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Electroluminescence measurements have been performed with a scanning tunneling microscope (STM) to
study the growth of Au particles on thin MgO films prepared on Mo(001). With increasing Au coverage,
rapid quenching of the characteristic, defect-related MgO emission is observed, while a new peak emerges in
the optical spectra that is attributed to Mie plasmon resonances of the Au patrticles. The fast decline of the
MgO signal with metal exposure indicates that Au nucleation preferentially takes place at the optically active
centers in the MgO surface. The nucleation sites have been identified in STM measurements as being located
along the step edges of the MgO surface. A sputter-deposition of Au results in a significantly slower decline
of the MgO optical signal, manifesting the delayed blocking of optically active MgO centers due to Au
nucleation on artificial surface defects.

Introduction used the alteration of characteristic, defect-induced signals
during metal exposure to establish a relationship between
nucleation and defect sites in the oxide surface, such as the spin
signal from paramagnetic point defects or the infrared-absorption

The outstanding catalytic performance of metal particles on
oxide supports has been in the focus of research already for
hmanybdecggeésfq (fjar, Eeveral physllca;l ar;1d .chemlcal eﬁ;ﬁt.shyield of a defect-related adsorption proc&ss? Also theoreti-

ave been identified to be responsible for their unexpected high -, modeling contributed largely to the understanding of the
activity. Consensus is reached on the fact that low-coordinated

. - o —interplay between defect structure and nucleation behavior of
sites present at the particle surface and a modified electronlcoxiole surface810.15-17

structure due to confinement effects within the deposits play a . . .

major role for the catalytic activity:2 The chemical properties . In th's paper, we report. on a genuine optlcal approach .to
are also determined by interactions between the metal particles'nvesngate the - nuclgatmn on thin MgO films. The experi-
and the oxide support, making only selected metal/oxide ments exploit .changes in the I!ght emission characteristics of
combinations suitable for catalytic applications. The substrate MgO defe(_:t sites when exposing the surfacg to an Au _atqm
influence has been ascribed to several effects, such as (i) contro[_lux' The simultaneous appearance of an Au-induced emission
of the nucleation and growth behavior of the metal partitfes,

ine is used to monitor the growth of the metal aggregates. As
(i) storing/releasing oxygen during the chemical reactiéand the luminescence signal is stimulated by electron injection from
(i) activating the deposits via charge transfer from the oxide

the tip of a scanning tunneling microscope (STM), this latter
suppor1° The latter effect involves nucleation of the particles technique is available to characterize the local sample morphol-

at special oxide sites, e.g., oxygen vacancies, which are able tg®9Y after Au depositiod® The exploration of the Au nucleation
act as a trap for loosely bound electrons. For example, the PEhavior on MgO thin films via two independent channels
unexpected high reactivity of ultrasmall Au particles on MgO Provides the unique possibility to link optically active oxide
in the low-temperature CO combustion has been traced back toSit€S With those that are responsible for metal nucleation.
a charging of the Au deposits via electron transfer from MgO Comparab_le information cannot be acquired using conventional
color centerg. The catalytic performance of a metalloxide Surface science approaches.

system therefore often depends on the spatial correlation

between defects and preferential binding sites in the oxide Experiment

surface, and exact knowledge of the nucleation and growth

behavior is essential to understand the chemical properties of 1€ measurements are performed in an ultrahigh-vacuum
the system. (UHV) STM (p ~ 5 x 1071 mbar) operated at room

9 i :
Several techniques are available to investigate the nucleationtemper"?‘turé' The B_eetle type STM head is surrounded b_y a
parabolic mirror, which enables photon collection from the-tip

of metal atoms on an oxide surface. Attachment of adatoms to le uncti Outside th hamber. the light i
oxide defects has been concluded from the heterogeneou ampie junction. utside the vacuum chamber, the fignt IS
nucleation behavior observed in temperature- and flux-dependen OCUS?d onto the entrance slit of a grating spectrograph attached
growth studies on magnesia and alunfifd*Other experiments to a I|qU|d-n|trogen co_oled cCb detecto_r - The setup allows
recording of electroluminescence spectra in a wavelength range

- I o between 200 and 1200 nm. The photon emission is stimulated
* Corresponding author. E-mail: nilius@fhi-berlin.mpg.de. R S .
T Fritz-Haber-Institut der Max-Planck-Gesellschaft. by electron injection form the STM tip into well-defined surface
* Chinese Academy of Sciences. areas imaged before spectral acquisition. The spectra are taken
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Figure 1. STM topographic images of differently thick MgO films grown on Mo(001), before and after deposition of an increasing amount
of Au (50 x 50 nn¥, I = 0.05 nA). Oxide films in A-D and E-H are 7 ML thick (imaging bias:+3.0 V < Vgampe < +5.0 V); films in I-L

have a thickness of 14 MLH5.0 V < Vsampe < +8.0 V). The nominal Au coverage increases from the left to the right in each row, from 0,
0.06, 0.6 to 2.5 ML. While particles in BD are prepared by a sputter-deposition of Au, those-HFand J-L are grown in thermodynamic
equilibrium.

in the field emission regime of the STM, thereby adjusting the of Au™ ions formed in the evaporation process1@) is
tip—sample distance to approximately:h and applying a bias  accelerated toward the MgO surface and creates additional
of —150 to—200 V to the tip. Electron current and acquisition defects, acting as potential Au nucleation sites. In the second
time per spectra are limited to 1 nA and 60 s, respectively, to case, nucleation takes place exclusively on the preexisting
minimize the structural damage caused by the impact of high- adsorption sites of the oxide film. The coverage is calibrated
energy electrons. The spectral information obtained in this way via Au deposition onto clean NiAl(110), where gold grows in

is representative for a surface area of 5000 nn?. a layer-by-layer fashion and the coverage can directly be
The MgO thin films are grown on a Mo(001) single crystal.  determined from STM images. The growth experiments on MgO

The Mo surface is cleaned by repeated cycles ofgauttering, are performed with Au loads varying between 0.06 and 2.50

annealing to 1300 K in & and flashing to 2300 K in UHV. monolayers (ML).

The procedure results in a shafi x 1) low-energy electron Structural Properties. A series of STM topographic images,

diffraction (LEED) pattern and a surface exhibiting large terraces taken for MgO films of 7 ML (top and center) and 14 ML
(>200 nm) in the STM. Preparation of the MgO film proceeds (bottom) thickness and for increasing Au coverage (left to right)
via room-temperature deposition of Mg onto the Mo surface in is presented in Figure 1. The surface morphology of the clean
1 x 107" mbar Q and annealing to 1100 K for 10 min to induce oxide is characterized by rectangular-shaped islands 6620
crystallization of the amorphous oxide. Surface quality and nm diameter that slightly increase in size with increasing film
thickness of the MgO films are monitored by LEED and STM. thickness. The islands are delimited by grooves wid1]
To explore the influence of the oxide thickness on the Au orientation, which is the nonpolar step orientation of MgO(001).
nucleation behavior, MgO films containing 7 and 14 layers have The morphology reflects typical features of a strained oxide
been used in the experiments. Tunneling through these rathedayer, where a network of grooves is introduced to release the
thick MgO films is only possible at elevated positive bias, 5% lattice mismatch with the Mo support. On the basis of LEED
where electrons are injected into the MgO conduction band andstudies, mosaic formation has been identified as an additional
propagate in the tip-induced electric field toward the Mo support. means to relax stress and strain in the oxide #t#%23Details

The Au particles are prepared via vapor deposition from the of the structural evolution of MgO films on Mo(001) as a
gas phase onto MgO films held at room temperature. Two function of thickness are found in a separate paper.
deposition schemes are employed, (i) Au evaporation with a  Already small amounts of Au deposited onto the MgO surface
negative potential of-800 eV applied between sample and gold (0.06 ML) lead to the formation of aggregates, as revealed from
doser (referred to as “sputtered sample”) and (ii) deposition with the STM images shown in Figure 1. The Au nucleation density
doser and sample held at the same potential (referred to ass rather similar for sputtered (top) and nonsputtered samples
“nonsputtered sample®LIn the first procedure, a small amount  (middle and bottom) in this growth stage; however, the particle
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e 7 MLMAD, sl qucleation density_ rises only slowly and levels out at a four
- 7 ML MgO, non-sputtered ] times smaller maximum value of 16 10 cm™2.

-4- 14 ML MgO, non-sputtered | For even larger amounts of metal precipitated onto MgO/

] Mo(001) (above 1.0 ML nominal thickness), a third growth

1 regime becomes distinguishable. The initially oblate particles
Sy develop into large crystallites with hexagonal or polygonal
——j———: shapes, indicating the formation of (111) oriented facets. In
addition, the particle density starts to decline again as a result
of the coalescence between neighboring aggregates on the
surface (Figure 2). Coalescence is also responsible for a gradual
reduction of the particle’s aspect ratios. Due to intergrowth, the
lateral particle dimension drastically increases while their height
stays approximately constant.

Differences between sputtered and nonsputtered samples are
less apparent in the high-coverage regime, as the morphology
is not determined by details of the nucleation behavior anymore.
However, the particle geometry is still influenced by the MgO
film thickness: Particles on thick layers (14 ML) exhibit larger
aspect ratios and more 3D-like shapes than those grown on
thinner films (7 ML) (Figure 2C). This observation is attributed
to a slight increase of the AtMgO binding strength due to
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0.0 05 10 15 2.0 25 the residual influence of the Mo support, which induces a
Au nominal thickness (ML) flattening of the particle shapes according to Wulff's princiffle.
The contribution of the Mo support consists in a transfer of

Figure 2. Structural parameters of Au particles grown on differently . A
prepared MgO films as derived from STM measureme(#: particle electrons toward the Au deposits, thereby enabling enhanced
density,(B) averaged particle height, ag@) height to diameter (aspect) ~ polarization interactions with the MgO fild?.With increasing
ratio. Triangular and round symbols correspond to a nonsputtered Au oxide thickness, the Mo contribution vanishes and Au particles

deposition onto 14 and 7 ML thick MgO films, respectively. The squares take the 3D shapes expected for bulk MgO, as observed in the
show data foa 7 ML film after sputter-deposition of Au. The lines experiments.

are guides to the eye. . . . L .
Optical Properties. The investigation of the optical charac-

teristics of Au/MgO/Mo(001) provides an independent means

arrangement distinctively differs for the two preparation pro- v th loati q h of qold il he M
cedures. Whereas Au particles are nearly homogeneouslyt0 Study the nucleation and growth of gold particles on the MgO

distributed for a sputter-deposition with nucleation sites equally surface. The gpproagh gxplmts.the alteration of a defept-relz?\ted
located at steps, corners, and terraces, the particles are exclu'ylgo photan signal with increasing Au coverage, thus disclosing

sively found along step edges on the nonsputtered samples. Thé‘he inte_rrelation between optica_l emission sites, defects, and
difference can be attributed to the presence of artificial surface nucleat|on centers on the oxide film. The luminescence proper-

defects on sputtered samples that are created by the impact opes of MgO are Qetermlned by the_ radla_tlve decay of coupled
. . . " electron-hole pairs (excitons), excited via electron or photon
energetic Ad ions during deposition. On nonsputtered samples,

, ) injection20-27-29 MgO excitons are primarily created at 5-fold
heterogeneous nucleation takes place at the low-coordinated Ste%oordinated (5C) terrace sites and perform a random-walk type
and corner sites that already exist on the oxide surface. The P P

motion across the surface until they become trapped at defects
. . . . nd under-coordinated step (4C) and corner (3C) positions. The
point dgfects are either not available or unimportant for the Au trapping occurs as a result of the reduced Madelung potential
nucleation at room temperature. at sites with lower coordinatiof?. A small fraction of excitons

In the early growth stage, Au atoms assemble into small, flat decays via radiative recombination and emits photons of well-
islands, indicating enhanced metaixide adhesion due to the  defined energy, thus providing a fingerprint of the trapping
presence of the Mo suppdrtAs a consequence of the larger position involved. Exciton recombination at 3C corner and kink
film thickness, a formation of extended 2D islands as observed sjtes is commonly connected to the emission of-R@ eV
for 3 ML MgO on Ag(001) is not detecte®.With increasing  photons, while deexcitation at step edges produces photons of
Au coverage (0.51.0 ML), the aggregates quickly thicken to  4.0—4.5 eV. The optical characteristics of the MgO surface sites
compact three-dimensional particles, characterized by aspecthave been predicted by theory and verified experimentally for
ratios (height to diameter) of 0.5 and 0.7 for nonsputtered and MgO nanocrystals, smokes, and thin films via photo- and
sputtered samples, respectively (Figure 2). Following the Wulff electroluminescence spectroscapy’30

construction principle that predicts equilibrium shapes of metal  Figure 3 (bottom) presents two photon emission spectra
particles on oxide supports, the aspect ratio decreases withoptained via electron injection into bare MgO films of 7 and
increasing adhesion at the metalkide interfacé® The lower 14 ML thickness. The spectra exhibit an asymmetric emission
aspect ratio observed on nonsputtered samples therefore indifine centered at 415 nm (3.0 eV), which is typical for exciton
cates relatively strong metabxide interactions at MgO steps, recombination processes involving 3C corner sifehe
while the anchoring of particles at artificial defects is compara- intensity at lower wavelength relates to 4-fold coordinated traps,
tively weak. The more striking difference between sputtered while the origin of the high-wavelength shoulder cannot be
and nonsputtered samples is a drastic change in particle densitypecified at the moment. The emission spectra change consider-
(Figure 2A). For sputtered samples, the density sharply increasesably after gold deposition. Already in the low-coverage regime,
with metal exposure and peaks at approximately 630 the intensity of the 3.0 eV MgO peak dramatically declines,
particles/cr. For nonsputtered samples on the other hand, the while a new emission line emerges in the wavelength region of
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Figure 4. Relative contributions of the MgO- and Au-derived photon
signals to the integrated emission intensity as a function of Au coverage,

T —— ".“ .: S B derived from spectral series as shown in Figure 3. Triangular and round
200 300 400 500 600 700 800 900 1000 200 300 400 500 600 700 800 900 1000 symbols correspond to a nonsputter deposition of Au onto 14 and 7

Wavelength (nm) Wavelength (nm) ML thick MgO films, respectively. The squares show datad@ ML
film after sputter-deposition of Au. Closed symbols depict the relative

Figure 3. Normalized photon emission spectra measured for MgO  a intensities; open symbols, the MgO values. The lines are guides to
thin films covered by an increasing amount of A@A) sputter- the eye.

deposition of Au ord a 7 ML thick MgO film; (B) nonsputtered Au
deposition onto a 14 ML thick film. Spectra are fitted with a symmetric
and an asymmetric Gaussian to account for the Au and the MgO the total photon response into an MgO and an Au portion.
contribution within the spectra (as shown for first and fourth spectra Absolute emission yields cannot be determined from electrolu-
from the bottom). Solid and open arrows mark the maximum positions minescence experiments with an STM, as measured intensities
of the MgO and Au fit functions, respectively. vary between the experimental runs due to changes in the
microscopic tip shape and the excitation conditions. Therefore,
550-650 nm (2.2-1.9 eV). With increasing Au exposure, this  relative intensities are defined as the ratio between the fitted
peak gains intensity with respect to the MgO-related feature Au and MgO peak areas  Awmgo) and the integral inten-
and finally dominates the optical spectra for 2.5 ML nominal sity: Iay® = Aau/(AvgoTAau) andlmgo™ = Augo/(Amgot Aaud)-
Au thickness. The new emission line is attributed to the This kind of data analysis implicates that relative Au and MgO
radiative decay of Mie plasmons, excited in the Au particles intensities behave in a mirrorlike fashion and carry the same
by the electron injectioi! Mie plasmons can be viewed as information.
collective electronic excitations in the particle’s free-electron  The evolution of relative intensities with increasing Au
gas and determine the absorption and emission characteristickoverage can now be used to analyze the quenching of the MgO
of noble metal clusters due to their extremely high oscillator emission due to Au particles blocking the active sites (Figure
strength. The plasmon energy is given by the Au dielectric 4). The same general trend is found for sputtered and nonsput-
function, the particle shape, and the nature of the dielectric tered samples as well as for thin and thick MgO films. The
surrounding and can be estimated from calculating the energy-MgO-related signal drops from 1.0 (corresponding to bare oxide)
dependent polarizability of a metal sphere in a dielectric more or less rapidly to~0.4 for a surface covered with Au
medium3! Assuming a particle environment composed from particles. The nonzero MgO signal even at high coverage
30% MgO €mgo = 3.2) and 70% vacuum, the plasmon energy indicates that a fraction of optically active centers survives
computes to 2.2 eV, in reasonable agreement with the peakbetween the particles. The quenching rate of the MgO signal
position in the optical spectra. The assignment of the new is, however, rather different for the various preparation proce-
emission line to Mie plasmon excitations in Au particles is dures. The fastest decay is observed for thick MgO films and a
corroborated by the observation of similar features in the optical nonsputter deposition of gold, where the intensity decreases
response of Au particle ensembles on various dielectric roughly exponentially with Au coverage (Figure 4, dotted line).
supports??—34 For thin films and sputtered samples, the intensity declines more
While the general evolution of the luminescence with gradually and follows a roughly linear dependence on the Au
increasing Au exposure is rather similar for sputtered and load (dashed and solid lines).
nonsputtered samples, a more careful evaluation of the spectra This difference is easily understood on a qualitative base:
provides valuable insights into the growth characteristics of gold For Au deposition in thermodynamic equilibrium (nonsputtered
in both cases. The analysis is performed by deconvoluting the sample), the particles nucleate at intrinsic MgO binding sites
emission spectra into intensity stemming from low-coordinated (heterogeneous nucleation). These nucleation sites are apparently
MgO sites and intensity related to Au Mie plasmon resonances. identical to the optically active centers in the oxide surface, as
To model the MgO contribution, the photon emission of the manifested by the rapid decay of the MgO emission intensity
bare oxide is described by an asymmetric Gaussian peaking aiduring Au deposition. Edge, corner, and kink sites have been
415 nm (Figure 3). This spectral shape is kept constant duringidentified as the characteristic MgO emission centers before;
the following fitting procedure, modifying only the position and consequently these low-coordinated sites seem to play a decisive
intensity of the peak as a function of Au load. A second role in the Au nucleation process, too. The identity between
Gaussian with adjustable height, width, and energy position Au nucleation sites and low-coordinated sites of the MgO
(confined to a range between 500 and 700 nm) is used to accounsurface is corroborated by the STM measurements.
for the Au spectral contribution. The sum of both components  For decreasing oxide thickness, the Au nucleation charac-
reproduces the experimental spectra and allows a division ofteristic is altered by the influence of the Mo support and the
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resulting increase of the AtMgO adhesion. As a consequence, been predicted by theory and traced back to a dramatic increase
the nucleation process is not exclusively governed by low- of metal-oxide interactions at surface defedt8:1517

coordinated sites anymore but also takes place at MgO ted%ces.

Since 5-fold coordinated terrace sites are not relevant for the Conclusion

emission properties of MgO, the optical response declines less  Tyo independent techniques have been employed to study
rapidly with increasing Au load. This trend is further amplified  the nucleation behavior of Au on MgO films grown on Mo-
for a sputter-deposition of Au onto the MgO films. The impact (001). From STM measurements, the preferential nucleation sites
of high-energy Ad ions creates new binding sites in the oxide gare identified as the low-coordinated sites located along the
surface, which compete with the intrinsic nucleation centers and oxide step edges. Only for a sputter-deposition of Au, a relevant
diminish their importance in the particle formation process. fraction of particles resides on the MgO terraces. This finding
Consequently, low-coordinated MgO sites remain empty even js corroborated by optical measurements, which analyze the
for higher Au loads and continue to contribute to the optical quenching of the MgO photon signal stemming from exciton
signal, thus leading to the slower decline of the MgO emission decays at 3-fold coordinated sites. The MgO emission intensity
signal observed for sputtered samples. is found to rapidly decrease with Au exposure, indicating a
The general suppression of the MgO photon signal for blocking of the optically active centers during the nucleation
increasing Au load might be related to (i) an opening of process. This behavior suggests a spatial proximity or even
nonradiative decay channels for excitons involving the Au identity of the intrinsic emission centers and the Au nucleation
particles or (ii) a reduced trapping probability for excitons at Sites on the MgO surface.
low-coordinated MgO sites capped by Au. The second pos- )
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