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Site-specific laser modification of MgO nanoclusters: Towards atomic-scale surface structuring
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Direct neutral metal emission from MgO nanostructures is induced using laser light tuned to excite specific
surface sites at energies well below the excitation threshold of the bulk material. We find that near UV
excitation of MgO nanocrystalline films and nanocube samples desorbs neutral Mg atoms with hyperthermal
kinetic energies in the range of 0.1-0.4 eV. Our ab initio calculations suggest that metal atom emission is
induced predominantly by electron trapping at surface three-coordinated Mg sites followed by electronic
excitation at these sites. The proposed general mechanism can be used to control atomic-scale modification of

insulating surfaces.
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I. INTRODUCTION

Control over surface morphology and chemical reactivity
is a major challenge in developing new technologies. It is
desirable to modify the geometric and electronic structures
and hence the chemical reactivity of metal oxides, on an
atomic scale, to create tailored surface structures for techno-
logical, analytical, and catalysis applications. Nonselective
optical absorption at metal oxides, for example, MgO crys-
tals, induces a wide range of processes including desorption
of atoms, ions, and molecular species.l‘3 Controlled surface
modification requires better understanding of fundamental
mechanisms that convert photon energy into selective bond
breaking and desorption from particular surface sites. Such
mechanisms have been suggested for semiconductor* and
metal surfaces.’ Practical methods for controlling velocity
and electronic state distributions of halogen atoms desorbing
from alkali halide surfaces, by selective excitation of surface
excitons, have been reviewed recently.1 However, using la-
sers for controlled modification of metal oxide surfaces is
much more challenging.

To modify atomic-scale surface structures, one needs to
gain balanced control over desorption of both oxygen and
metal species. Previously, we demonstrated that hyperther-
mal emission of neutral O atoms from nanostructured MgO
films can be induced using 4.66 eV laser pulses.'® The
proposed desorption mechanism involves generation of
O~ species selectively at three-coordinated (3C) surface
sites—corners and kinks—followed by secondary excitation
and O-atom desorption."® To date, only thermal desorption
of neutral metal atoms from gently irradiated ionic materials
is reported.”” Here, we describe a process of site-selective
hyperthermal metal atom desorption from a metal oxide sur-
face. The details of the desorption mechanism, which we
refer to as the “electron plus exciton” mechanism, have been
established through theoretical modeling and experimental
verification.

Bulk MgO is transparent to UV light below 7.8 eV and
has a high radiation damage threshold. In contrast, rough
MgO surfaces and powders are sensitive even to low-fluence
radiation with photon energies as low as 3.5 eV.!? Ultraviolet
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(UV) excitation also leads to luminescence'®!! as well as the

selective formation of (O~) hole centers at 3C anion sites'?
and hyperthermal O-atom emission.'® We demonstrate that
similar photon energies can effectively induce neutral metal-
atom emission from 3C Mg sites. We apply low-fluence
4.66 eV nanosecond laser pulses to excite nanostructured
MgO samples and report neutral ground state Mg-atom
(Mg®) emission with hyperthermal kinetic energies—a signa-
ture of electronic surface excitation.! Thus, MgO surfaces
can be site selectively chemically activated, by formation of
O~ species, and structurally modified, by removal of O or
Mg atoms, using photon energies well below that of the bulk
band gap. Only low-fluence laser pulses are required and
surface modification can be achieved without significant ex-
citation or modification of the bulk material. These results
may lead to development of gentle and general methods for
laser modification of oxide surfaces.

The paper is organized as follows. In the next section, we
describe the experimental and theoretical methods used in
this work. The experimental results are presented in Sec. III
and the results of theoretical modeling in Sec. I'V. Discussion
and conclusions are presented in Sec. V.

II. EXPERIMENTAL AND THEORETICAL METHODS
A. Experiment

Hyperthermal Mg® emission can take place from any
MgO surface, but is most readily observed on samples with
large numbers of 3C sites, such as powders and nanostruc-
tured films. In our experiments, we study two types of inde-
pendently characterized MgO samples with high densities of
3C sites. One sample type, grown by chemical vapor depo-
sition (CVD), consists of cubic nanoparticles with edge
lengths ranging between 3 and 10 nm.'? Figure 1(a) shows
an atomically resolved transmission electron microscopy
(TEM) image showing MgO rocksalt crystal structure and
lattice spacing of 4.2 A. The nanocubes display shapes devi-
ating from the perfect cube geometry and a large number of
corner sites. The physical and optical properties of MgO
nanocubes are very well characterized.'0-14
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FIG. 1. Electron microscopy of MgO nanocubes grown by the
CVD technique and MgO thin films grown by the RBD technique:
(a) High-resolution TEM image of MgO nanocubes displaying the
crystalline structure and morphology with arrows indicating 3C cor-
ner sites. (b) SEM image showing the top view of an MgO film
(inset). The Bright-field TEM image of two MgO-columns demon-
strates that the film consists of highly porous columns with large
numbers of low-coordinated sites at the column surface.

As the second sample, we used ~600 nm thick films of
MgO grown at room temperature by reactive ballistic depo-
sition (RBD) (Refs. 15 and 16) on cleaved LiF crystals. This
growth technique creates very high surface area films. Figure
1(b) shows a scanning electron microscopy (SEM) image, of
a typical MgO film, revealing the columnar film structure
(inset), while the bright-field TEM image displays many
low-coordinated sites on two individual nanocrystalline col-
umns. The stoichiometry and crystallographic orientation of
RBD-grown films has been characterized by x-ray photoelec-
tron spectroscopy (XPS) and x-ray diffraction.!>16
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Laser excitation experiments are carried out under ultra-
high vacuum conditions (base pressure <10~ Torr) using
the output of a frequency quadrupled nanosecond Nd:yttrium
aluminum garnet (YAG) pulses to excite MgO surfaces with
low-fluence (2—4 mJ/cm?) 4.66 eV photons. Desorbed Mg"
atoms are ionized by a delayed probe laser focused approxi-
mately 0.4 cm above, and oriented parallel to, the sample
surface. The probe laser (a frequency doubled Nd:YAG
pumped dye laser tuned to the Mg 3s> 1S0—>3s3p 1P1 tran-
sition at 285 nm) efficiently ionizes Mg® atoms using a (1
+1) resonance-enhanced scheme for subsequent analysis by
time-of-flight mass spectrometry.

B. Theory

To model the Mg-atom desorption mechanism, we em-
ployed the same ab initio embedded cluster method as used
previously.® This method is implemented in the computer
code GUESS, which is described in detail elsewhere.!”-!8
Briefly, we consider a cluster of ions treated quantum me-
chanically [QM cluster as shown in Fig. 3(b)] embedded in a
cubic nanocluster of polarizable classical ions treated using a
shell model.'® An MgO nanocrystalline particle was modeled
using a cubic nanocluster of 10X 10X 10 ions. The nano-
cluster was divided into three regions: a QM cluster, a clas-
sically treated region, and an interface between them. All the
classical ions interact among themselves via interatomic po-
tentials. The interface atoms interact quantum mechanically
with atoms in the QM cluster and classically with other in-
terface atoms as well as with the classical atoms of the nano-
cluster. In addition, a short-range interaction between the
classical atoms and the atoms of the QM cluster is intro-
duced. All centers (i.e., nuclei of quantum ions and cores and
shells of classical ions) in the nanocluster are allowed to
relax simultaneously during the geometry optimization. The
stoichiometric QM cluster Mg;;05 shown in Fig. 3(b) was
used in all calculations. An interface layer between the QM
cluster and the classically treated ions is needed in order to
prevent an artificial spreading of electronic states outside the
QM cluster. The interface includes 36 Mg?* ions (hereafter
denoted as Mg"); these are represented using a semilocal
effective core pseudopotential (ECP).!”

The GUESS code!”-'® provides the shell model representa-
tion for the classically treated part of the system, and an
interface with the GAUSSIAN 03 package® for ab initio cal-
culations of the QM cluster. The calculation of the total en-
ergy has been described in detail previously.'®?! The GUESS
code allows one to calculate forces acting on all centers in
the nanocluster and simultaneously optimize their positions.
The total energy and the electronic structure of the QM clus-
ter are calculated by solving standard Kohn-Sham equations,
which include the matrix elements of the electrostatic poten-
tial due to all classical point charges in the nanocluster com-
puted on the basis functions of the cluster. We used a modi-
fied gradient corrected Becke’s three-parameter hybrid
exchange functional®” in combination with the correlation
functional of Lee, Yang, and Parr?® (B3LYP). The parameters
of the classical shell model potentials used in this work were
optimized to reproduce the properties of small MgO clusters
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FIG. 2. Velocity profile and kinetic energy
distribution of Mg atoms following irradiation
with 4.66 eV photons and a laser fluence of
4 mJ/cm? from: (a) MgO nanocube and (b) RBD
thin film samples. The insets show the corre-
sponding Mg® atom kinetic energy distributions
obtained by transformation of the velocity pro-
files; hyperthermal components at ~0.11, ~0.18,
and ~0.25 eV are evident. The dotted line in the
velocity profiles represents a Maxwell-Boltzmann
fit of the thermal emission component (7T
=300 K).
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calculated quantum mechanically.’* The standard 6-31 G ba-
sis set for QM cluster Mg and O atoms was used in most
calculations. No basis functions were set on the interface
Mg" atoms. The surface excitation energies were calculated
using time-dependent density functional theory (TD-DFT) as
implemented in the GAUSSIAN 03 code.?’

III. EXPERIMENTAL RESULTS

Velocity profiles are obtained by measuring the relative
Mg yield as a function of delay between pump and probe
lasers as displayed in Fig. 2. XPS spectra do not indicate any
metallization of the MgO-film surface under prolonged laser
irradiation at laser fluences typically used in our studies. As
an experimental test, measurements of Mg-atom desorption
are performed on Mg metal films with similar irradiation
fluences as on MgO samples. The resulting Mg-atom veloc-
ity distribution fits a thermal Maxwell-Boltzmann distribu-
tion. This result agrees with other studies reporting thermal
desorption from metal targets irradiated by nanosecond laser
pulses.”> Therefore, we attribute all hyperthermal Mg de-
sorption to excitation of stoichiometric MgO samples.

The RBD-grown thin films and CVD-grown nanocubes
readily photodesorb Mg atoms under low-fluence 4.66 eV
laser excitation. Figure 2 displays Mg" velocity profiles mea-
sured for MgO nanocubes and thin films. The velocity pro-
files can be transformed into kinetic energy distributions by
means of the instrument source function. The deconvolution
of the resulting kinetic energy distributions show significant
hyperthermal components with distinct peaks centered at
~0.11 eV, ~0.18 eV, and ~0.25 eV. The Mg0 velocity dis-
tributions also display a significant thermal component
whose origin is not yet understood. Here, we focus on the
hyperthermal Mg® emission mechanism. Hyperthermal emis-
sion must originate from the sample surface (or near surface)
as diffusion of Mg atoms from the bulk would lead to ther-
mal emission distributions.

At low laser power, it is possible to desorb Mg atoms
without simultaneously desorbing either Mg* or Mg?* ions.

For both thin films and nanocubes, the Mg-atom yield dis-
plays a nonlinear dependence on the excitation laser fluence,
P", of n=3—indicative of a three-photon process. The Mg-
atom detection threshold is ~1.1 mJ/cm? but varies with
surface morphology, i.e., it appears to depend on the concen-
tration of low-coordinated surface sites. The Mg-atom de-
sorption threshold is the lowest on RBD-grown MgO films
due to their large surface area [750—1000 m?/g (Ref. 15)]
and high 3C site density, o3¢, estimated to be in the order of
~10% g7!. In contrast, desorption studies on nanocubes re-
quire somewhat higher laser fluences than found for the RBD
MgO films. Typical cube sizes range between 3 and 10 nm
and surface areas are measured to be between
300—400 m?/g.'>"'* The value of o3¢ is expected to be at
least one order of magnitude lower for CVD nanocube
samples than that for the RBD-grown films (o3~ 10" g!
or 4X 10" g7! for 3 and 10 nm size cubes, respectively).
The suggested dependence of Mg-atom desorption threshold
on 3C surface-site density correlates well with optical ab-
sorption experiments?® where the intensity of the absorption
band at 4.6 eV, attributed to the excitation of 3C anion sites,
was determined to depend on the o3¢ value.

IV. THEORETICAL MODELING RESULTS

Desorption of Mg* and Mg?* ions with high kinetic ener-
gies has been observed following intense UV irradiation of
MgO.>3 However, the ion desorption mechanism is distinctly
different from the neutral desorption mechanism discussed
here. Recently, two mechanisms were suggested for the hy-
perthermal desorption of neutral oxygen atoms: a double-
excitation mechanism and a mechanism that requires sequen-
tial hole trapping and excitation at 3C oxygen sites.!

Since experiments and theory'%'%17.6 demonstrate that
4.66 eV photons can selectively excite 3C surface sites, and
cause desorption of neutral O and Mg atoms, we initially
focus on desorption from a simple Mg corner site formed by
the intersection of three (001) planes. Our results obtained
for this system suggest that two mechanisms could be re-
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FIG. 3. (Color online) Schematic representation of Mg-atom
desorption via biexciton mechanism: (a) the total energy levels of
many-electron states involved in the desorption mechanism, and (b)
a surface of constant spin-density value calculated for the states of
fully relaxed triplet exciton (Mg*-O~ configuration) shown on the
background of the QM cluster. Thick and thin horizontal lines show
the ground and excited states of the system respectively. The pro-
cesses involved are indicated with arrows.

sponsible for the hyperthermal Mg atom desorption. The first
mechanism, which we refer to as a “biexciton” mechanism
(see Fig. 3), involves two localized electron transfer transi-
tions caused by two sequential optical excitations at an Mg>*
corner. The lowest intense singlet— singlet transitions have
calculated energies of 4.7 eV and 4.8 eV (see also Ref. 6).
The corresponding excited state is due to electron transfer
from four-coordinated O ions at the cube edges to the 3C
Mg?* ion at the corner. The system then can relax to the
lowest triplet excited state. Both electron and hole compo-
nents in the lowest triplet excited state are localized at the
adjacent Mg corner and one of the edge O ions respectively,
so their electrostatic attraction lowers the total energy. The
relaxation of this state is accompanied by the 1.2 A displace-
ment of the corner Mg™* ion out of the surface along the (100)
axis forming an Mg*...O™ configuration [see Fig. 3(b)].
Without further excitation, this excited state will decay
through either radiative or nonradiative transitions to the
ground state. However, if the photon fluence is high enough,
yet another photon can interact with this excited state prior to
its decay. The calculated vertical ionization energy of the
lowest triplet excited state at the equilibrium configuration is
about 4.6 eV, roughly the laser photon energy. Our calcula-
tions show that a second excitation at ~4.8 eV should result
in the formation of an excited state, which relaxes with spon-
taneous desorption of Mg® with kinetic energy near 0.3 eV.
Thus, the second excitation may result either in ionization of
the first excited state or in its excitation into a higher excited
state and subsequent desorption [see Fig. 3(a)]. The likeli-
hood of exciton ionization over a second excitation process
suggests that the biexciton mechanism may not be very effi-
cient if one uses only 4.66 eV photons, as in the present case.
The alternative “electron plus exciton” mechanism, sche-
matically presented in Fig. 4, involves initial trapping of an
“extra” electron at a 3C Mg>" site. Electron trapping at MgO
surfaces and formation of 3C O~ species in MgO nanocrys-
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FIG. 4. (Color online) Schematic representation of Mg-atom
desorption via electron-plus-exciton mechanism: (a) the total energy
levels of many-electron states involved in the desorption mecha-
nism, and (b) a surface of constant spin-density value calculated for
the state of an extra electron trapped at the 3C Mg site (Mg* con-
figuration) shown on the background of the QM cluster. Other no-
tations are the same as in Fig. 3.

tals, by 4.7 eV photons, has been verified by EPR studies.'?
Our calculations show!$2! that 3C Mg?* sites have a positive
electron affinity and can serve as shallow electron traps. The
trapped electron is fully localized on the remote Mg corner
site [see the spin density plot in Fig. 4(b)] and its ionization
energy is about 1 eV. This state can be either ionized or
further photoexcited by an additional 4.7 eV photon, effec-
tively transferring an electron from a neighboring O~ ion.
The calculations demonstrate that such an excitation creates
an Mg® atom, which can be spontaneously desorbed with a
kinetic energy near 0.2 eV.

We note that the “extra” electron can originate either from
photoionization of a 3C O~ site"-® or from photoionization
of a 3C Mg*...O~ configuration formed as described in the
initial step of the biexciton mechanism. In either case, forma-
tion of the extra electron requires two 4.66 eV photons.

V. DISCUSSION AND CONCLUSIONS

Photo- and electron-stimulated desorption of insulators
has been studied for long time; this is a rare case where
desorption of metal atoms with hyperthermal velocities is
observed. We show that the hyperthermal Mg atoms origi-
nate from a dynamical process rather than thermal evapora-
tion. Desorption of both O and Mg atoms means that (i)
contrary to common perception, oxide surfaces are modified
during even mild irradiation with photons within the bulk
transparency range, and (ii) it may be possible to control the
surface desorption and engineer new structures on oxides if
one knows the photon energies required for desorbing par-
ticular surface features.

Both mechanisms described above predict hyperthermal
desorption of Mg atoms. However, since the 3C Mg* state is
short-lived, different yield versus power dependences are
predicted for them. The biexciton mechanism requires only
two photons while the “electron plus exciton” mechanism
requires three: two photons are required to create an extra
electron, and one to excite the Mg* corner. Therefore, the
measured yield versus power dependence of P? is most con-
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sistent with the “electron plus exciton” mechanism. There
exist a variety of 3C structural types, such as step corners
and kinks, beyond the simple geometry of a perfect Mg cor-
ner. We find that this mechanism also predicts the desorption
of these other types of 3C sites and that the kinetic energies
of desorbing Mg atoms depend on the 3C site structure.
Taken together, the electron-plus-exciton mechanism ex-
plains the multiple hyperthermal Mg® kinetic energy distri-
butions, the variation of Mg® yields between different sample
type, and the power dependence of Mg” desorption. We note
that the 3C O~ species left on the surface after the Mg atom
desorption serve as precursors for further O atom
desorption.® This suggests the possibility of correlated se-
quential Mg and O atom desorption.

To summarize, using selective 4.66 eV laser excitation of
RBD-grown MgO thin films and CVD nanocube MgO
samples, we have observed hyperthermal Mg desorption.
The experimental results are consistent with an electron-
plus-exciton desorption mechanism for 3C Mg surface sites.
The proposed elementary mechanism involves both sequen-
tial excitation and localization of excitons as well as elec-
trons and holes at 3C surface sites. This mechanism differs
from all previously suggested mechanisms for desorption in-
duced by electronic transitions.!*> The desorption process is
a remarkable demonstration of local rearrangement of the
electronic structure of ionic divalent material in which two
electrons are transferred to a single Mg?* site to break the
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ionic bond and initiate desorption. The Mg- and O-atom de-
sorption process provides an example of atomic-scale modi-
fication of a nanostructured metal oxide using laser light
tuned to excite specific surface sites at energies well below
the excitation threshold of the bulk material. The proposed
mechanisms are likely to be general to a wider group of
metal oxides as we recently observed UV laser desorption of
hyperthermal O atoms induced from RBD-grown CaO films.
Thus, the described desorption processes take place at other
oxide surfaces and could possibly be used for their modifi-
cation.
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