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Induced Work Function Changes at Mg-doped MgO/Ag(001) Interfaces: a Combined

Auger Electron Diffraction and Density Functional Study

T. Jaouelﬂ and P. Aebi

Département de Physique and Fribourg Center for Nanomaterials,
Université de Fribourg, CH-1700 Fribourg, Switzerland

S. Tricot, G. Delhaye, B. Lépine, D. Sébilleau, G. Jézéquel, and P. Schieffer
Département Matériaux et Nanosciences, Institut de Physique de Rennes UMR URI1-CNRS 6251,
Université de Rennes 1, F-35042 Rennes Cedezx, France
(Dated: September 8, 2014)

The properties of MgO/Ag(001) ultrathin films with substitutional Mg atoms in the interface
metal layer have been investigated by means of Auger electron diffraction experiments, ultravio-
let photoemission spectroscopy, and density functional theory (DFT) calculations. Exploiting the
layer-by-layer resolution of the Mg K LosgLas Auger spectra and using multiple scattering calcula-
tions we first determine the inter-layer distances as well as the morphological parameters of the
MgO/Ag(001) system with and without Mg atoms incorporated at the interface. We find that the
Mg atom incorporation drives a strong distortion of the interface layers and that its impact on the
metal/oxide electronic structure is an important reduction of the work function (0.5 eV) related to
band-offset variations at the interface. These experimental observations are in very good agreement
with our DFT calculations which reproduce the induced lattice distortion and which reveal (through
a Bader analysis) that the increase of the interface Mg concentration results in an electron transfer
from Mg to Ag atoms of the metallic interface layer. Although the local lattice distortion appears
as a consequence of the attractive (repulsive) Coulomb interaction between O~ ions of the MgO
interface layer and the nearest positively (negatively) charged Mg (Ag) neighbors of the metallic
interface layer, its effect on the work function reduction is only limited. Finally, an analysis of the
induced work function changes in terms of charge transfer, rumpling, and electrostatic compression
contributions is attempted and reveals that the metal/oxide work function changes induced by inter-
face Mg atoms incorporation are essentially driven by the increase of the electrostatic compression

effect.

PACS numbers: 79.60.Jv, 79.60.-i, 68.47.Gh

I. INTRODUCTION

Work function is one of the most fundamental elec-
tronic properties of a metallic surface. It is the mini-
mum energy needed to extract an electron from the solid
to the infinity. Measuring the work function provides a
straightforward method to monitor the state of a surface
because any adsorbed species or surface defect will gener-
ally induce changes in work function. This phenomenon
has been widely studied in the field of catalysis due to
its important consequences concerning reaction mecha-
nisms at surfaces because it can promote reactivityl:2.
In particular, interfaces between ultrathin oxide films and
metals are expected to play a pivotal role in controlling
the charging and adsorption behaviors of metal adatoms
on the oxide surface®?. Indeed, one of the major con-
sequences of the deposition of ultrathin oxide films on
metals is a shift in the metal work function resulting in a
reduction of the tunneling barrier and thus an increase of
the tunneling probability212. It is now well established
that these induced work function shifts can come from
three distinct mechanisms: one due to the charge transfer
between the oxide film and the metal substrate (A¢®T),
another due to the intrinsic dipole moment of the rum-
pled oxide (A¢°%), and finally that due to the compres-
sion of the metal electronic density upon oxide deposition

(A¢comP). This last contribution, the so-called electro-
static compression effect, appears at any metal/dielectric
interface and is the main mechanism governing the strong
reduction of the metal work function in the case of wide
band gap oxides such as MgO2 1L,

The theoretical understanding of the metal/oxide in-
terface electronic structure has thus naturally opened the
way to the manipulation and the control of cluster /metal-
oxide systems through interfaces engineering. By vary-
ing the kind of interface defects, it is possible to tune
the work function of the metal/oxide system in a desired
wayt3 17 For examples, recent theoretical studies of
doped MgO/Ag(001) interfaces, have shown that manip-
ulating the interface by inserting oxygen or magnesium
vacancies and impurities leads to an enhanced chemical
reactivity of the oxide surface with respect to the cat-
alytic dissociation of HoO®, and have further highlighted
the influence of interfacial oxygen vacancies and impuri-
ties on the MgO/Ag(001) work function!?2%. More re-
cently, in a layer-resolved study of Mg incorporation at
the MgO/Ag(001) buried interface, it has been experi-
mentally demonstrated that Mg atoms can be incorpo-
rated at the MgO/Ag(001) interface by simple exposures
of the MgO films to a Mg flux2!. A gradual reduction of
the metal/oxide work function upon Mg exposition (up
to 0.70 V) have been further observed and attributed to



band-offset variations at the interface and band bending
effects in the oxide film.

In this paper, we propose to target the underlying
mechanisms responsible for the MgO/Ag(001) work func-
tion variations induced by the incorporation of Mg atoms
at the metal/oxide interface. By using ultraviolet photoe-
mission spectroscopy (UPS) and Auger electron diffrac-
tion (AED) experiment, we show that the induced work
function changes are related to Fermi-level pinning mod-
ifications at the interface and we evidence a strong dis-
tortion of the Ag and MgO interface layers. The nature
of interactions at the Mg-doped metal/oxide interfaces is
then discussed by using density functional theory (DFT)
calculations through the disentanglement of the charge
transfer, rumpling, and electrostatic compression contri-
butions. In good agreement with our experimental ob-
servations, we found that the increase of the interface Mg
concentration leads to electronic and structural changes
essentially in the oxide interface layer. The strong MgO
lattice distortion at the interface upon Mg incorporation
is well reproduced by DFT and is found to be a structural
response to the interfacial charge transfer so as to com-
pensate almost exactly the charge transfer contribution
to the work function variations, demonstrating that the
metal/oxide work function changes are essentially driven
by the increase of the electrostatic compression effect.

II. EXPERIMENTAL DETAILS

All experiments were performed in a multi-chamber ul-
trahigh vacuum (UHV) system with base pressures below
2x 10719 mBar. The (001)-oriented Ag single crystal was
cleaned by several cycles of Art ion bombardment and
annealing at 670-720 K. The 3 monolayers (ML) thick
MgO films (one monolayer is defined as one half MgO
lattice parameter, i.e. 1 ML = 2.10 A) were grown on
the prepared Ag(001) surface by evaporation of Mg in
O, background atmosphere (oxygen pressure = 5x 1077
mBar) at 453 K with a cube-on-cube epitaxy with re-
spect to the Ag(001) substrate. In order to incorporate
Mg atoms at the MgO/Ag(001) interface, the MgO films
were exposed to an Mg flux (2.4x 103 atoms/(cm?s))at a
substrate temperature of 513 K. Under these conditions
most of Mg atoms reaching the surface desorb and only
a small portion of atoms is adsorbed at the film surface
or incorporated.

The measurements were carried out using x-ray and ul-
traviolet photoelectron spectroscopy (XPS-UPS). A two
axis manipulator allowed polar and azimuthal sample ro-
tations with an accuracy better than 0.2°. Auger Elec-
tron Diffraction (AED) measurements were performed for
the Mg K LasLos Auger transition which leads to elec-
trons with kinetic energies around 1177 eV and AED
profiles were recorded during polar sample rotations (the
polar angle is defined with respect to the surface normal)
between -5° and 60° for the (010) and (110) inequivalent
emission planes of the cubic structure of the MgO(001)

film. The kinetic energy of the emitted electrons has
been measured by employing a hemispherical analyzer
(Omicron EA125) with a five-channel detection system.
Al Ka was used as the x-ray source and He-I resonance
(hv =21.22 eV) line provided the UPS source for photoe-
mission experiments. The total energy resolutions were
respectively 0.80 and 0.15 eV for XPS and UPS. The
work function of the dielectric system (¢*,), defined as
the energy of the vacuum level (Ey ) with respect to the
Fermi level of the MgO/Ag(001) system (Er), is deter-
mined from the low-energy cutoff (E.,;) of the secondary
photoelectron emission: ¢, = hv — (Ep — Ecyt). To this
end, the samples were biased at —8 V to make the mea-
surements of the very low-energy region of the spectrum
reliable.

III. COMPUTATIONAL METHOD

The multiple scattering spherical wave cluster cal-
culations have been performed in the Rehr-Albers
framework?2, by using the MsSpec program?324 for clus-
ters containing up to 409 atoms. The multiple scattering
expansion of the photoelectron wave function was carried
up to the fourth order which appeared to be sufficient
to achieve convergence for the considered configurations.
Due to the strongly peaked shape of the scattering fac-
tor, the multiple scattering paths implying more than one
scattering angle greater than 30° were neglected. Consid-
ering various experimental works2>2¢, we assumed pseu-
domorphic ultrathin MgO films on Ag(001) with interface
Mg atoms occupying the substrate hollow sites and an in-
terfacial distance between Ag and O atoms of 2.51 A. The
phase shifts have been calculated within the muffin-tin
approximation by using a real Hedin-Lundqvist exchange
and correlation potential??, with muffin-tin radii of 1.02
A for O and Mg atoms and of 1.42 A for Ag atoms.
The thermal vibrations were introduced by means of the
isotropic mean square displacements (MSD). The MSDs
for the Mg?* and O?~ ions of the different layers have
been assumed identical and have been considered close
to those of the MgO(001)surface ions2®. The theoretical
MSD values of the Mg?* and O?~ ions at the MgO(001)
surface have been then averaged over all directions and
both cations and anions. From this procedure we ob-
tained a value of 0.006 A2 which has been introduced
in our multiple scattering calculations. For the Ag bulk
atoms, the MSD was 0.024 A2, corresponding to a De-
bye temperature of 225 K. The MSD of the interface Ag
atoms were calculated by scaling the MSD bulk value
with 1.82939 The electron inelastic mean free path was
set equal to 19 A as calculated from the Seah and Dench
formula3!. Finally, a broadening of the AED peaks due
to the formation of mosaic observed during the growth of
the MgO films on Ag(001)32 was taken into account by
averaging the calculations over directions filling a cone of
2.5° half angle.

The DFT calculations have been carried out in
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FIG. 1: (color online). (a) Photoemission spectra of the Mg K La3 Las Auger transition of the 3 ML MgO film obtained before
and after exposition to an Mg atomic flux. Best fit and layer-by-layer decomposition are also shown. The inset shows the
evolution of the intensity of the Cy component as a function of the Mg exposure time. (b)-(c) Experimental AED polar scans
of the C1, C2, and Cs Auger components in the (010) emission plane, for the reference sample (b) and of the Cy, C1, C2, and
C3 Auger components in the (010) emission plane, after Mg exposure (c).(d)-(e) Calculated Mg K L23L23 AED profiles in the
(010) emission plane for a 3 ML MgO system (d) and with Mg atoms occupying substitutional sites of the Ag substrate (e).

the generalized gradient approximation (GGA) using
the Perdew-Burke-Ernzerhof (PBE) exchange-correlation
functional 22 All calculations were performed within the
Projector-Augmented Wave (PAW) formalism3#, imple-
mented in a real-space grid in the GPAW code22:2¢, with
a grid spacing of 0.18 A. The MgO/Ag (001) system
was modeled with one, two or three-layers of MgO de-
posited on three Ag layers with lattice parameter ag =
4.16 A and Ag interface atoms below the oxygen anions.
The DFT-optimized Ag lattice constant (ag =4.16 A)
being 2% smaller than the MgO one (ag = 4.25 A), the
MgO layers are slightly contracted with respect to their
bulk distance when supported on the Ag metal. During
geometry optimization of the MgO /metal interface, all
atoms in the MgO film and in the two-interface nearest
Ag layers were relaxed until the atomic forces are less
than 0.02 eV.A~! per atom while the remaining metal
layer was frozen at bulk positions. In order to study the
impact of the Mg incorporation on the physical properties
of the MgO/metal system, Ag atoms were replaced by Mg
atoms in the substrate interface layer (structure labeled
MgO/Ag-Mg in the remainder of the paper). Surface unit
cells with (v/2 x v/2)ag dimension were used for calcula-
tions and Brillouin zone integration was performed using
4x4x1 Monkhorst-Pack meshes®’ To improve the con-
vergence we used a Methfessel-Paxton occupation func-
tion with kT =0.2 eV. The vacuum region between
adjacent slabs was set to ~20 A and dipole correction
was applied in order to calculate the work functions. The
convergence study of the work function has been done
for a clean Ag(001) surface as a function of the Ag slab
thickness and has shown that the work function value

was converged within ~3 % between 3 and 8 Ag layers.
The charges of the different atoms have been obtained
through a Bader analysis.38

IV. AUGER ELECTRON DIFFRACTION AND
PHOTOEMISSION ANALYSIS

A. AED

Figure[ll(a) shows normal-emission Mg K Loz Log Auger
spectra (vertically shifted for clarity) of the 3 ML MgO
sample before and after an exposition to a Mg atomic flux
(2.4x10*® atoms/(cm?s)) during 12 minutes at a sub-
strate temperature of 513 K. The 3 ML reference spec-
trum is fitted by three Auger components Cy, Co, and
C3, with maxima situated at 1179.1 eV, 1177.8 ¢V, and
1176.8 eV and reveals a layer-resolved shift for the Mg
K LosLos Auger transition. Indeed, as demonstrated in
Ref. 21, the C7, C5, and C3 components correspond re-
spectively to Auger electron emission from the first, sec-
ond and third MgO plane above the metal-oxide interface
for a 3ML thick MgO film. After Mg exposure, a fourth
component (labeled Cy) grows at higher kinetic energy in
the Mg K LasLog Auger spectrum (1180.8 €V). This com-
ponent whose intensity is comparable to the other contri-
butions and the kinetic energy very close to that obtained
for a fraction of a Mg monolayer deposited on Ag(001), is
a spectroscopic fingerprint of electron emission from Mg
atoms located in a metallic environment. More precisely,
the component Cj is related to an electron emission from
Mg atoms incorporated in the Ag substrate during the



Mg exposureZ!. As it can be seen in the inset of Fig.

Il its normal-emission intensity gradually increases as a
function of the Mg exposition time. This suggests that
the incorporation mechanism takes place throughout the
Mg exposure.

Figures[I[b) and[l(c) respectively show the experimen-
tal AED polar scans in the (010) emission plane asso-
ciated with each fitting component of the Mg K LogLog
Auger spectra for the reference sample and the same sam-
ple after the Mg exposure. The curves were obtained
from the intensities extracted from the fitting procedure
and divided by the same factor which has been chosen
such that the C; AED curve is normalized with its in-
tensity equal to 1. As the C1, Cs, and C5 components of
the as-grown Mg K LozLoz Auger spectrum correspond
respectively to Auger emissions from the first, second
and third MgO layer above the metal-oxide interface, the
intensity distribution of the Cj3 is isotropic whereas the
AED profiles associated with the C; and C5 contributions
show pronounced peaks at normal emission and at 45°.
In the forward focusing approximation3?, these maxima
correspond respectively to scattering events along the
[001] and [101] atomic directions of the rocksalt (NaCl)
structure of the MgO lattice.

We have then exploited the layer-by-layer resolution of
the Mg K Lo3La3 Auger transition to extract the struc-
tural parameters of the MgO film by means of multi-
ple scattering calculations with the MsSpec program?23:24,
For the calculations we have considered a pseudomor-
phic MgO film with an in-plane lattice parameter of 4.09
A that fully covers the Ag(001) surface, neglecting the
MgO rumpling distortion (the amplitude of the rumpling
is generally no more than few percent of interplanar dis-
tance in MgO) and fixing the distance dagz_o (= 2.51 A)
between Ag and O atoms at the MgO/Ag(001) interface.
By comparing the experimental and calculated intensi-
ties (averaged over all polar angles in the (010) emission
plane) (see Figll(b)-(d)), it is found that the real MgO
coverage is 2.6 ML with bilayer and trilayer occupancies
of ~37% and ~63%, respectively.

A quantitative comparison of the calculated and mea-
sured angular positions of the forward focusing peaks
along the [101] direction was carried out to determine the
inter-planar distance d;; between two successive ¢ and j
MgO layers (the index i=1 refers to the MgO interface
layer). The various parameters deduced from our analy-
sis are summarized in Table[ll The inter-planar distances
are very close to those found by Luches et al. (2.14-2.15
A) by using Extended X-ray absorption fine structure
(EXAFS) on a 3 ML MgO/Ag(001) sample28. The cal-
culated AED curves taking into account the structural
and morphological parameters given on the left hand side
of Table [l are shown in Figll{d). Note the remarkable
agreement between the positions and the shapes of the
experimental and calculated AED peaks for the different
Auger components.

Let us now discuss the differences between the AED
curves of the C, Cs, and C'5 components obtained before

TABLE I: Structural and morphological parameters of the
MgO(3ML)/Ag(001) samples before (3 ML MgO) and after
Mg exposition (After Mg expo.): distance between the incor-
porated Mg atoms and the O?~ ions of the MgO interface
layer darg—o0, inter-planar distances d;; between two succes-
sive ¢ and j MgO planes, proportion of bilayer, trilayer, and
quadrilayer in the MgO films (Occupancy), and coverage of
the Ag(001) surface.

3 ML MgO After Mg expo.

Bilayer  Trilayer  Trilayer Quadrilayer
darg—o(A) 2.44+0.08" 2.4440.08"
di2(A) 2.12£0.04 2.13£0.07 2.22+0.06“ 2.22+0.06“
das(A) 2.1440.04  2.14° 2.14°
dss(A) 2.14
Occupancy (%) 37+10 63£10 83£10 17+10
Coverage (%) 100 89

“The same distances were considered for the MgO trilayer and
quadrilayer
bFixed distances

and after the Mg exposure. The C; and Co AED curves
stay almost unchanged, while the post-growth Mg expo-
sure leads to an enhancement of the C3 contribution with
the appearance of weak intensity modulations at 0° and
45° (Fig. M(c)) indicating that the MgO film is slightly
reorganized with a small fraction of the oxide thicker than
3 ML. Assuming that the maximum thickness of the film
does not exceeds 4 atomic layers and comparing the ex-
perimental data with the calculated intensities, we find
that ~83% and ~17% of the MgO film are respectively in
trilayer and quadrilayer configuration and that the MgO
film covers ~89% of the Ag(001) surface. The Cy metal-
lic component curve in Fig. [li(c) shows a well-structured
pattern with forward scattering peaks along the [001] and
[101] directions similar to those observed for C; and Co
components. Also, we can note that the forward-focusing
peak along the [001] direction is sharper than those of
the C7 and Cs components. Considering the defocus-
ing effects related to the multiple scattering events, such
a narrowing is expected for electron emission from Mg
atoms located beneath the oxide film#%4!. This confirms
that the Cy component is associated with Auger electron
emission from Mg atoms in the Ag substrate.

However, the forward scattering peaks along the low
index directions at 0 and 45° are still well pronounced
indicating that the multiple scattering defocusing effects
are not sufficient to destroy them. In other words the Mg
atoms in metallic environment are located in the vicinity
of the MgO/Ag interface. In fact, the multiple scatter-
ing calculations show that the Cy component is related
to electron emission from Mg atoms preferentially incor-
porated in the substitutional sites of the Ag plane just
beneath the MgO lattice. For an Mg emitter located
in the second layer of the Ag substrate, the intensity of
the forward focusing peak around 45° is much smaller



than that of the peak at 0°. By varying the multiple
scattering order we have found that the defocusing effect
along the [101] direction is more efficient than along the
[001] direction because there is an additional Ag scatterer
along the [101] direction. A fortiori, the multiple scatter-
ing defocusing effects will destroy the forward-focusing
structure for the Auger emission from Mg atoms deeper
into the Ag substrate and lead to the emergence of dom-
inant structures in the intermediate directions which do
not correspond to low index directions of the system.

The structural parameters of the MgO film after the
Mg exposure have also been determined using multiple
scattering calculations. The inter-layer distances have
been deduced in the same manner as above, i.e. by a
quantitative comparison of the calculated and measured
angular positions of the forward focusing peaks along the
[101] direction. For these calculations, we have fixed the
inter-planar distances dps and dss to 2.14 A, we have
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FIG. 2: (color online). (a) R,-factor contour map using A
and Aj as parameters. These parameters are defined in (b)
which shows a sketch of our structural model. The red, green
and grey atoms correspond respectively to oxygen, magne-
sium and silver. The incorporated magnesium emitter atom
is shown in blue.(c) Comparison between experimental (bot-
tom curve) and calculated modulation functions (top curves)
associated with the Cy component in the (010) emission plane
for Mg emitter atoms located in the first substrate layer with
or without lattice distortion.

assumed a pseudomorphic MgO film on Ag(001) and we
have neglected the rumpling effects in the oxide film. For
the Mg atoms incorporated in the Ag substrate we have
considered that they occupy the substitutional sites of
the Ag plane in contact with the MgO film with an atomic
concentration of 25% and an (2x2) order. No rumpling
was introduced in the interface alloy plane and we have
assumed the same dy> and djrg—o distances for the tri-
layer and quadrilayer configurations (dasg—o is the dis-
tance between the incorporated Mg atoms and the 02~
ions of the MgO interface layer). The parameters de-
duced from our analysis are given on the right hand side
of Table [l We find, with our structural model, that the
inter-planar distances di2 are only slightly modified by
the Mg incorporation. As it can be seen in Fig. [[c) and
[M(e) we obtain a satisfactory agreement between the po-
sitions and the shapes of the experimental and calculated
AED peaks for the different Auger components.

A closer investigation of the Cyp modulations demon-
strates that we can improve the agreement between ex-
periments and multiple scattering calculations by taking
into account the lattice distortion of the interface layers.
Such a distortion upon Mg incorporation has been pre-
dicted by our DFT-based geometry optimization calcu-
lation (see section V) that shows that the MgO interface
layer undergoes a significant distortion when an Mg atom
is incorporated into the Ag interface plane. In particular,
we found that the O~ ions located directly above the Mg
atom are displaced towards the Ag substrate and that a
slight atomic corrugation appears in the Ag-Mg interface
alloy. The physical origins of the distortion effect will be
discussed in detail in section V.

Based on the previous simulations we have thus carried
out a study of the MgO lattice distortion upon Mg incor-
poration combining multiple scattering simulations and
reliability factor (R,-factor) analysis*? (Fig. [B)). The
calculations were performed with a substrate contain-
ing 50% of Mg atoms in the first substrate layer in a
checkerboard arrangement, and the R,-factor was calcu-
lated from AED data of the (010) and (110) emission
planes. Whereas the d 44— distance was fixed to 2.51 A,
the vertical position of the incorporated Mg atoms and
the nearest neighbor O%~ ions were modified in the op-
timization procedure. We find that the R,-factor can be
diminished by ~30% when the lattice distortion is taken
into account in the calculations.

The R, factor contour map is shown in Fig. P(a) (A,
and As parameters are defined in the sketch of our struc-
tural model Fig. BIb)). Integrating the morphological
parameters of Table [[ the best agreement between ex-
perimental and calculated AED profiles is obtained for
dyrg—0=2.0 A anda R,-factor of 0.15. The Mg atoms of
the interfacial alloy are displaced toward the oxide layer
by 0.1 A and the nearest neighbors O2~ ions are dis-
placed downward by 0.4 A relatively to the Mg?* ions
position. Fig. Bc) shows the Cy experimental modu-
lation function y in the (010) emission plane compared
with those calculated for Mg emitter atoms located in the



first substrate layer with or without lattice distortion and
taking into account the morphological parameters given
in Table[ll (the modulation functions y correspond to nor-
malized experimental or calculated AED curves forced
to have an amplitude between —0.5 and 0.5). Clearly,
the introduction of the lattice distortion in the multiple
scattering calculations improves the agreement between
experimental and simulated curves.

In the present work we demonstrate the possibility to
incorporate Mg atoms at the MgO/Ag interface by a sim-
ple MgO film exposure to a Mg flux. Through a quanti-
tative analysis of the AED data we find that the atomic
concentration of Mg atoms in the interfacial Mg-Ag alloy
is about 30% after an exposition of 12 minutes at a sub-
strate temperature of 513 K. A longer exposition time at
the same temperature leads to a progressive increase of
the Ag 3ds/, core level binding energy as a function of
the time indicating the formation of a bulk-like Ag-Mg
alloy. Besides, the Cy modulation curve shows simili-
tudes with the one obtained for the Ag 3ds/, core-level.
This indicates that the Mg atoms preferentially occupy
the substitutional sites of the Ag lattice. Taking as refer-
ence the x-ray photoelectron spectroscopy measurements
for ordered Ags-Mg and Ag-Mg alloys from Liu et al44,
and an Ag 3ds/y core level binding energy shift of 0.1
eV measured after an exposition of 38 minutes, we ob-
tain a mean Mg atomic concentration of ~10-15% for the
bulk-like Ag-Mg alloy.

Concerning the incorporation mechanism, it is unlikely
that Mg atoms go through non-defective MgO layers
at 513 K. Indeed, the diffusion coefficient associated to
Mg self-diffusion in bulk-MgO is expected to be very
low in this temperature range#>. Moreover, as shown
by first-principle calculations?®, Mg atoms are weakly
bound to oxygen on flat MgO(001) surface and can eas-
ily desorb at the temperature we used. In contrast, they
bind rather strongly to the low-coordinated sites of MgO
surfaces?’. Hence, we believe that Mg atoms arriving
at the MgO surface diffuse until reaching defect sites.
The Mg atom diffusion may then take place through low-
energy pathways such as dislocations before being incor-
porated within the Ag interface plane. We can also note
that after the Mg exposure at 513 K the MgO film cov-
ers only 89% of the Ag substrate. Thus, the Mg atoms
reaching the bare Ag substrate may also be incorporated
within the Ag surface and then could migrate to the
MgO/Ag interface.

During the annealing stage under an Mg flux we have
observed both a diminution of ~11 % of the substrate
coverage and the occurrence of MgO quadrilayers. Such
a morphological evolution could drive a structural evo-
lution of the film and considering the works of S. Valeri
et al#8, in which it has been found the onset of misfit
dislocations between 3 and 6 ML of MgO, we can ex-
pect to observe the strain relaxation through the inser-
tion of misfit dislocations within the MgO quadrilayer.
Note that the formation of dislocation-free islands also
could contribute to strain relaxation. However, as the

difference between the lattice parameters of MgO and
Ag lattices is small, the in-plane lattice parameter of the
MgO films must be close to the one of the silver sub-
strate for the considered MgO thicknesses (< 4 ML). At
this stage, additional studies based on scanning tunnel-
ing microscopy experiments could be highly desirable to
get more insights on the incorporation processes and on
the structural properties of the MgO films.

B. UPS

It is expected that the presence of Mg interfacial
atoms should lead to strong interface electronic struc-
ture changes. Fig. Bla) shows the low-energy cutoff of
the secondary photoelectrons emission for the Ag(001)
substrate and for the MgO(3ML)/Ag(001) sample be-
fore and after exposure to a Mg flux. The energy ref-
erence is taken at Fr and the low-energy cutoff posi-
tions were taken at the maximum slope of their rising
edges. The MgO deposition leads to a metal work func-
tion shift, A¢,,, of about -1.30 + 0.05 eV which results in
a metal/oxide work function value ¢, of 3.10 £ 0.05 eV
for our reference sample. This strong decrease is mainly
driven by the so-called electrostatic compression effect?,
and is in very good agreement with previous results of
the literature>7:8. After Mg flux exposure, we observe a
stronger decrease of the metal/oxide work function reach-
ing about A¢¥, = —0.70 = 0.05 eV. Fig. Bl(b) shows the
valence-band (VB) region of the He-I UPS spectra cor-
responding to the reference MgO/Ag(001) sample (top)
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FIG. 3: (color online).(a) Low-energy cutoff of the secondary
photoelectrons emission for the Ag(001) substrate and for the
MgO(3ML)/Ag(001) sample before and after exposure to a
Mg flux. A¢m and Agy;, correspond to the work function
variations of the metal substrate and of the metal/oxide sys-
tem, respectively. The inset shows the evolution of A¢;, as
a function of the Mg exposure time. (b) He-I UPS spectra
showing the valence band region of the MgO reference sample
(top) and after Mg exposure (bottom). The energy reference
is taken at the Fermi level Er. The method used for the VBM
position determination is also sketched.



and after Mg exposure (bottom). The experimental value
of the position of MgO valence band maximum (VBM)
with respect to Er is obtained by a linear extrapolation
of the leading edge of the VB spectrum and is determined
to be 3.90 £ 0.10 eV and 3.40 + 0.10 eV before and after
Mg exposure, respectively.

From our UPS measurements, we thus see that the
metal/oxide work function variation differs from the one
of the VBM. As shown in our previous paper?!, this
difference comes from an initial band bending of about
0.30 eV resulting from a positive charge accumulation on
the MgO surface. Indeed, during the treatment, the Mg
atoms which have been directly incorporated at defects
sites such as kinks or step edges lead to the creation of
color centers. As recently discussed by Ling et al. in
a DFT study of the MgO/Ag(001) interfacel®, the F°
and F'T color centers associated with oxygen vacancies
on low-coordinated sites at the surface are in fact highly
stable. The FT center creation at the surface thus in-
duces an electron transfer from the oxide layer to the
metal substrate and results in a downward band bending
in the MgO film. Then, further Mg exposition leads to
Mg diffusion up to the MgO/Ag(001) interface thereby
changing the Fermi level pinning position in the MgO
band gap over 0.50 £ 0.10 eV depending on the incorpo-
rated Mg concentration.

In addition to the work function variation of the
metal substrate caused by the interface alloy formation
(Agaliov) the work function variation of the metal /oxide
system (A¢},), defined as the difference between the
work functions of the MgO/Ag-Mg (¢M90/49=M3) and
MgO/Ag (¢M99/49) systems, can come from three dis-
tinct mechanisms that are the mechanism of charge
transfer (A¢©7T), the mechanism of structural relaxation
within the oxide film (A¢%), and the electrostatic com-
pression effect (A¢°™P). In the present paper, we pro-
pose to decompose A¢? in a similar manner as Prada et
al.:19

A, = ¢M90/A9—Mg _ ¢M90/Ag
:A(bcomp‘FA(bCT‘FA(bSR‘FAQb%lOy (1)

In order to determine the physical origin of the work
function change induced by the Mg incorporation at the
MgO/Ag(001) interface we will attempt, in the remain-
der of this paper, to quantify the relative importance of
these effects with the help of DFT calculations.

V. DISCUSSION AND DENSITY FUNCTIONAL
THEORY RESULTS

Figure M shows the evolutions of the calculated
MgO/Ag(001) work function ¢¥, as a function of the Mg
atom concentration in the Ag interface plane for oxide
thicknesses of 1, 2, and 3 ML. First, by focusing on the
case of the clean MgO/Ag(001) interface (see 0% Mg con-
centration in Fig. H), we can see that the DFT-calculated

—Bare Ag(001) work function (¢m)
40}
- —@— 1 ML MgO/Ag(001)
3.6 —— 2 ML MgO/Ag(001)
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FIG. 4: (color online).  Evolutions of the calculated

MgO/Ag(001) work function ¢, as a function of the Mg atom
concentration in the Ag interface plane for oxide thickness’s
of 1 ML, 2 ML and 3 ML.

Ag work function (¢, =4.17 eV) strongly decreases (to
3.31 eV, A¢,, =-0.86 €V') when adding 1 ML of MgO.
This reduction is lower after deposition of a second ox-
ide layer (A¢y,, =-1.16 e¢V), and no more changes are
observed beyond this thickness (A¢,, =-1.22 eV'). Most
of the variation of the work function is due to the ad-
dition of a single oxide layer (-0.86 e¢V) and is related
to the highly ionic character of MgO whose interaction
with the metal substrate is dominated, already for 1
ML, by electrostatic effects.t? Note that these work func-
tion reductions are in excellent agreement with previous
calculations,? 12:19:20,49,50 a1 very well reproduce exper-
imental results of the literature.-7-8

Next, whatever the oxide thickness, the incorporation
of Mg atoms at the interface leads to a decrease in the
MgO/Ag(001) work function. The variations are almost
identical for 2 and 3 ML MgO and very different from
those observed for 1 ML. This indicates that most of
the changes in electronic and structural properties of the
MgO/Ag (001) concern the two first MgO layers starting
from the interface. Note already that for SML MgO the
change in work function calculated for a 25% interface
Mg atom concentration (-0.55 €V') is very close to the
one determined experimentally by UPS.

A. Ag-Mg alloy work function

Let us first consider the impact of Mg atoms alloyed
with the Ag(001) on the work function ¢,, of the sub-
strate itself. In Table [[I are given the Ag(001) work
function variations A¢2°¥ induced by Mg atoms located
in the substitutional site of the first Ag layer for an Ag-
Mg substitutional surface alloy on Ag(001) after struc-
ture optimization (Ag-Mg relaxed) and for the same al-
loy with an atomic structure extracted from the geometry



TABLE II: Dependences of the Ag(001) work function vari-
ation Ag2™°Y on the alloyed Mg atom concentration for the
relaxed structure(Ag-Mg relaxed) and the fixed structure ex-
tracted from the optimization of the 3 ML MgO/Ag-Mg sys-
tem (Ag-Mg fixed).

AGH (eV)

Mg int.(%)
Ag-Mg relaxed Ag-Mg fixed
0 0 0
25 —0.05 —0.11
50 —0.09 —-0.17
75 —0.25 —0.29
100 —0.31 —0.35

optimization of a MgO(3ML)/Ag-Mg system, but after
removal of the oxide film (Ag-Mg fixed).

As we can see the changes associated with the two ge-
ometries are low and almost the same, i.e. they show
an identical quasi-linear decrease of low amplitude as a
function of the Mg concentration. Thus, the similarity
of the changes associated with these two structures indi-
cates that the structural changes related to the presence
of MgO play a small role in the variation of the work
function of the Ag(001) substrate induced by the alloy
formation. From the present analysis we thus conclude
that the work function reduction induced by the Mg in-
corporation cannot be simply explained by the modifica-
tion of the substrate work function ¢,,.

B. Charge transfer

Figure Bl shows the evolution of the mean charges per
MgO plane and unit cell of the interface, sub-surface,
and surface layers of the MgO(3ML)/Ag(001) system as
a function of the Mg atom concentration in the Ag in-
terface plane. The mean value has been obtained, after
geometry optimization, through a Bader analysis by the
determination of the total charge per MgO unit cell used
in our DFT calculation that includes four oxygen and
magnesium ions per layer. We note that depending on
the Mg concentration only the charge of the MgO inter-
face layer shows important variations.

The charge variations observed for the surface and sub-
surface layers are negligible and these layers are close to
the electrical neutrality. The charge transfer contribu-
tion to the work function variations is thus mainly ab-
sorbed by the MgO interface layer. The interface mean
charge decreases almost linearly with the Mg concentra-
tion and presents a sign change for a Mg concentration of
25%. In contrast to the clean MgO/Ag(001) interface for
which the relatively low charge transfer (electron trans-
fer) occurs from the oxide layer to the metal substrate,
the augmentation of the interface Mg concentration leads
to an increasing electron transfer from the metal to the
MgO which results in a negative net charge for the ox-

ide interface layer above Mg concentration of 25%. The
presence of these negative net charges above the metal
surface leads to an increase of the surface dipole and,
consequently, to work function augmentation, which does
not explain our observations (see below).

In an ab initio theoretical study, Goniakowski and
Noguera found that there is no charge transfer between a
metal substrate and MgO layer for a Pauling electroneg-
ativity of the metal substrate around 1.72. Given that
the Pauling electronegativity of Mg and Ag are 1.31 and
1.93 respectively, a sign change of the charge transfer is
expected with the increasing of the Mg concentration.
Assuming that the geometric mean of the Pauling elec-
tronegativities for the planar Ag-Mg alloy is sufficient to
describe the substrate electronegativity, we found that
the sign change must appear for a Mg concentration
around 30%, a value very close to that obtained in Fig.

In order to obtain the charge transfer contribution
to the total work function change, we have used the
procedure proposed by Prada et al. for MgO/Ag(001)
and MgO/Au(001) interfacesi® In their study, the
charge transfer contributions to the work function vari-
ations of the Ag(001) and Au(001) substrates have
been determined to be -0.23 eV and -0.61 eV, respec-
tively for charge transfer per unit of surface (CT/S)
of 0.65x102¢/A? and 1.46x107%e/A%. By consider-
ing a linear relationship between A¢“” and CT/S and
by using the values of Prada et al. to determine it,
we can obtain A¢®T for any Mg concentration at the
MgO/Ag(001) interface (Table [II).

One important result to be stressed at this stage is that
the increase of the interfacial Mg concentration results in
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FIG. 5: (color online). Evolutions of the mean Bader charges
(where e is the elemental charge) of the MgO layers of the
MgO(3ML)/Ag(001) system as a function of the Mg atom
concentration in the Ag interface plane.



TABLE III: Evolutions of the charge transfer per unit cell
CT, per unit of surface CT/S, and of the work function con-
tribution A¢®T as a function of the interface Mg atom con-
centration.

3ML MgO/Ag-Mg

Mg int.(%) o7 oT/S AgCT
(e/cell) (1072¢/A?) (eV)
0 +0.21 +0.59 0
25 +0.02 +0.04 +0.25
50 —-0.15 —0.43 +0.48
75 —-0.27 —-0.78 +0.64
100 —0.37 —1.06 +0.77

a charge transfer from the metal substrate to the oxide
which tends to increase the metal/oxide work function.
Therefore, the charge transfer mechanism is not sufficient
by itself to explain the reduction of ¢}, induced by the
Mg incorporation in the Ag substrate. We can already
argue that the work function changes related to the struc-
tural relaxation at the interface (A¢“%), and/or to the
electrostatic compression effect(A¢°°™P) must have to go
against the charge transfer mechanism at the interface,
i.e., must lead to a strong work function reduction of the
MgO/Ag(001) system.

C. MgO lattice distortion

As experimentally observed in section IV the incor-
poration of Mg atoms in substitutional sites of the Ag
interface layer can induce a strong local distortion of the
MgO interface layer. We expect that such a lattice defor-
mation causes a modification of the electrostatic dipole
in the MgO film which leads to work function changes of
the system. We have thus studied the structural changes
induced by the incorporation of interfacial Mg atoms in
the MgO(3ML)/Ag(001) system. Fig. [6(a) shows the
layer-by-layer evolution of the mean rumpling in each
MgO layer deduced from the DFT-optimized geometry
as a function of the Mg concentration. Here, the mean
rumpling is defined as the average height difference be-
tween cations and anions for a given MgO layer. It is also
shown on Fig. [B(b) the variations of the total rumpling
in the oxide film.

We can see on Fig. [fl(a) that the mean rumpling of the
MgO interface layer strongly varies for Mg concentrations
between 0% and 50% (+0.031 A) and then remains sub-
stantially unchanged. In the meantime, the variations
for the sub-surface layer are much lower (standard devi-
ation of 0.004 A around an average value of 0.015 A)
and those of the surface layer are negligible (standard
deviation lower than 0.001 A around an average value
of -0.05 A). Thus, the dependence of the total rumpling
on the interface Mg concentration is essentially related
to the structural changes at the interface (84% of the

whole variation between 0% and 50% of interfacial Mg
concentrations) (Fig. BI(b)).

For a non-zero rumpling in a given oxide layer, the
negative and positive ions centers of charge do not coin-
cide and this results in the presence of an electrostatic
dipole. Consequently, a variation of the total rumpling
within the MgO film leads to a change in the value of the
electrostatic dipole through the insulator film, thereby
modifying the work function. Therefore, since the total
mean rumpling of the oxide film is changing with the Mg
interfacial concentration, we expect a concomitant work
function evolution. In order to obtain the rumpling con-
tribution A¢°%, we have studied the modifications of the
MgO(3ML)/Ag(001) work function by varying the ampli-
tude of the rumpling in the MgO surface layer around the
equilibrium configuration. For a surface rumpling (SR)
ranging from -0.05 A to +0.05 A we obtained a linear
change of the work function as a function of the SR with
aslope of -9.90 eV.A~!. The contribution A¢S? has been
then obtained for all Mg atom concentrations by multi-
plying this slope value by the variation of the total mean
rumpling of the MgO film. The results obtained for each
Mg concentration are summarized in Table [V1

Let us now discuss the physical origin of the MgO lo-
cal lattice distortion induced by the Mg incorporation. In
Fig. [ we show a sketch of the DFT-optimized structure
for 3ML MgO/Ag(001) with an interfacial Mg concen-
tration of 25%, a value close to the one experimentally
obtained. We find that the essential of the local lat-
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FIG. 6: (color online) Evolutions of the mean rumpling of
the interface, sub-surface and surface layers of the 3 ML thick
MgO films (a) and of the oxide total rumpling (b) as a func-
tion of the interfacial Mg atom concentration.
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FIG. 7: (color online). Sketch of the calculated atomic struc-
ture of the MgO(3ML)/Ag(001) system for an interface Mg
atoms concentration of 25% obtained after optimization. The
inset shows the interface equilibrium distance dag—o =2.72
A, the distance between the incorporated Mg atoms and the
nearest O~ ions dyg—o =2.13 A, and the position varia-
tions of the Mg atoms contained in the Ag-Mg surface alloy
(green color), and of the O atoms in the oxide interface layer
(red color) with respect to their positions in the clean MgO(3
ML)/Ag(001) structure.

tice distortion appears in the MgO interface layer. Al-
though the equilibrium distance d44—o at the interface
remains almost unchanged after Mg incorporation (2.72
A against 2.67 A before incorporation), the distance be-
tween the incorporated Mg atoms and the nearest Q2
ions dyry—o is highly reduced (2.13 A) with respect to
dag—o. Note that the bond length darg—o is close to the
one experimentally found and to the Mg-O bond length
in an MgO crystal.

The very interesting point in this study is that the
02~ ions directly above the Mg (Ag) atoms are dis-
placed downwards (upwards) with respect to the other
Mg2*t ions by 0.29 A (0.09 A) in the MgO interface
layer. As long as one neglects the effects related to the
difference of polarisability of atoms and starting from a

TABLE IV: Dependence of the oxide film total rumpling
SRT° and of its work function contribution A¢*® to the
whole MgO(3ML)/Ag(001) work function variation on the in-
terface Mg atom concentration.

3ML MgO/Ag-Mg

Mg int. (%) Mean rumpling (SRT°") ASE
(A) (eV)
0 —0.056 0
25 —0.033 —0.23
50 —0.019 —0.37
75 —0.025 —0.31
100 —0.027 —0.29

10

non-distorted configuration for the MgO/Ag-Mg system,
this local structural deformation at the interface can be
viewed as a direct consequence of Coulomb interactions
between the positively charged Mg atoms (-1.5 electrons
per atom as obtained from a Bader analysis) located in
the Ag interface plane and the O%~ ions directly adja-
cent. Besides, the Ag atoms neighboring the incorpo-
rated Mg atoms are negatively charged (0.9 electrons per
atom as obtained from a Bader analysis) so that they ex-
ert a repulsive force on the nearest neighbors O%~ ions.
Together, the O?~ ions exert an attractive (repulsive)
force on the Mg (Ag) substrate atoms.

As aresult the Mg atoms in the Ag-Mg interfacial alloy
are located slightly above the Ag atoms. For example
the DFT-optimized geometry calculation gives an atomic
corrugation amplitude of 0.18 A for a Mg concentration
of 25%. It can be noted that the in-plane charge transfer
of the Mg atoms to the Ag atoms is also present even
without the oxide over-layer (-1.2 electrons per atom)
but in this case there is a very low corrugation in the
Ag-Mg surface alloy. What can be learned here is that
the local lattice distortion in the MgO interface layer is
mainly a result of a charge transfer between the Mg and
Ag atoms in the interfacial alloy2!

D. MgO-induced polarization effect

The polarization effect that appears at any dielec-
tric/metal interfaces is related to a reduction in the over-
spill electron density at the metal surface induced by the
strong electrostatic field of the dielectric and is respon-
sible for the strong reduction of the metallic substrate
work function.2 2! In the case of the MgO/Ag(001) sys-
tem, the so-called electrostatic compression effect, leads
to a reduction of the metal work function of -1.54 eV as
calculated with VASP program (with the GPAW code
we obtained -1.55 eV).2% In the present section, we de-
termine the importance of the electrostatic compression
effect in the work function reduction of the MgO/Ag-
Mg/Ag(001) system as a function of the Mg concentra-
tion at the metal/oxide interface.

Up to now we have calculated the A@CT,
A¢SE  and Ag¢tllov contributions to the calculated
MgO(3ML)/Ag(001) work function variation Ag¢},
induced by the Mg atoms incorporation at the di-
electric/metal interface. Knowing these different
contributions an estimation of the compression effect as
a function of the Mg concentration can be attempted
using the following relation:

MG = Ady, — (ACT + AGSE + Agpllev)  (2)

Figure Bl shows the evolutions of the calculated A¢CT,
APSE Apatoy and A¢°°™P contributions to the calcu-
lated MgO(3ML)/Ag(001) work function variation A¢,
as a function of the interface Mg atom concentration.
The A¢}, and A¢®°™P quantities decrease as a function
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FIG. 8: (color online). Evolutions of the calculated Ag2l'ov,
AT, Ag®T and A¢°°™P contributions to the calculated
MgO(3ML)/Ag(001) work function variation Agy,, as a func-
tion of the interface Mg atom concentration.

of the Mg concentration and they are very close to each
other in particular for the lowest Mg concentrations (<
50%), .i.e. the other contributions (A¢®T, A¢°F, and
A¢@llov) compensate each other. We can thus conclude
that the decay of the metal/oxide work function is mainly
governed by the progressive increase of the compression
effect as a function of the Mg concentration that explains
the work function reduction experimentally observed af-
ter the Mg incorporation at the oxide/metal interface.
As we can see in Fig. [§ the incorporation of 25% of Mg
in the first interface Ag layer results in theoretical work
function change of -0.55 eV in very good agreement with
our experimental findings.

In an ab initio study of LiF /metal systems, it has been
shown that the compression effect increases when the in-
terface distance between the insulator and the metal de-
creases (the effect on the work function is typically of
-1eV/A)22 For MgO(3ML)/Ag(001) we found that the
interface distance only diminishes by 0.1 A when the Mg
concentration of the interface Ag-Mg alloy varies from 0
to 100% suggesting that the distance reduction effect in-
duced by the Mg incorporation cannot itself explain the
increase of the electrostatic compression contribution. In
order to reach a deeper understanding of the observed ef-
fect with the MgO/Ag(001) system a more detailed anal-
ysis of the interface electronic structure is required as this
was done for the BaO/metal systems by M. Nunez and
M. B. Nardelli.23

11
VI. CONCLUSION

In the present paper we have studied the mechanisms
responsible for the work function changes induced by
the Mg atoms incorporation at the MgO/Ag(001) in-
terface by means of Auger electron diffraction exper-
iments combined with multiple scattering calculation,
ultraviolet photoemission spectroscopy, and density func-
tional theory calculations. In our experimental condi-
tions we demonstrate that Mg atoms are progressively
and preferentially incorporated in the substitutional site
of the Ag interface plane when the MgO films are exposed
to a Mg flux. The incorporation of Mg atoms leads to
a strong work function change (a reduction of 0.5 eV for
an Mg concentration of 30% in the Ag-Mg alloy) related
to band-offset variations at the dielectric MgO/metal in-
terface. We show that the Mg atoms in the interface
Ag plane induce a strong local lattice distortion in the
interface layers that mainly results in a charge transfer
between the Mg and Ag atoms (electrons are transferred
form Mg atoms toward Ag atoms) in the interfacial alloy
combined with the Coulomb interaction between these
atoms and their nearest neighbors O?~ ions. The analysis
of our DFT-calculation results indicates that this lattice
distortion has only a limited impact on the work function
reduction for the considered Mg concentrations. In fact
the interesting aspect of our DFT-based study is that the
work function reduction induced by the Mg incorporation
at the MgO/Ag(001) interface is mainly governed by the
electrostatic compression effect. This stems from the fact
that the other contributions compensate each other. We
believe that these findings give new insights for control-
ling the interfacial properties of dielectric/metal systems
thereby providing the possibility of modulating the work
function and the local structure of ultrathin oxide films
surfaces which are known to have a significant impact
on the reactivity properties of clusters/oxide systems in
catalytic applications.18:24
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