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Lithium adsorption on MgO(100) and its defects: Charge transfer, structure, and energetics
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The adsorption energetics and growth of lithium vapor on MgO(100) at 300 K was studied using micro-
calorimetry, in combination with low-energy electron diffraction (LEED), low-energy ion scattering (ISS),
Auger electron spectroscopy (AES), and work-function measurements. The MgO(100) samples were films of
~4 nm thickness grown on a Mo(100) single crystal. The initial sticking probability of lithium was ~0.97,
reaching unity by 0.5 monolayer (ML). The AES and ISS signals vary with Li coverage up to 3 ML as expected
if the Li atoms stay within the layer where they initially hit (i.e., with no interlayer transport). Initially, lithium
adsorbs strongly at the intrinsic surface defects and as two-dimensional (2D) lithium clusters, with a heat of
adsorption of 260 kJ/mol. The heat approaches the heat of sublimation of bulk Li (159 kJ/mol) by 0.4 ML, due
to the growth of 2D and then three-dimensional (3D) Li islands. Argon-ion sputtering of the surface increases
the defect density and the probability for adsorbing Li to find a defect, and thus the heat of adsorption at
low coverages. When defects only are being populated, Li exhibits a heat of adsorption of 410 kJ/mol.
Comparing heats with recent density functional theory (DFT) calculations suggests that the defect sites are
under-coordinated O atoms at steps or kinks, or related structures at dislocations. The work function decreases
by ~1.8 eV within the first 0.5 ML and then increases to near the value of bulk Li(solid), ~2.6 eV, by 3 ML.
These results support recent DFT calculations predicting stronger electron transfer from Li to the MgO when
at steps and kinks than at terraces, and decreasing charge transfer as 2D Li clusters grow. The work function
starts to increase when the growth mode becomes dominated by growth of 3D Li(solid). In spite of a large
amount of electron transfer from Li to MgO, Li adatoms have attractive interactions that lead to 2D clustering.
For 1-nm-thick MgO films, the heat of adsorption was higher by 60-20 kJ/mol than for 4 nm films in the entire

range from 0O to 0.7 ML, where adsorption in the first layer dominates.
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I. INTRODUCTION

The production of chemicals from natural gas is a poten-
tial application of heterogeneous catalysts that can help to
offset or ameliorate the environmental impact of fossil fuel
usage. The partial oxidation of methane to higher alkenes
(olefins, chemical feedstocks for alcohol, and aldehyde pro-
duction) is under investigation and lithium-promoted magne-
sium oxide was found to catalyze such reactions. Many years
of fundamental research has been devoted to studying the
catalytic mechanism and performance of this catalyst to en-
able its use in technological applications.'™ Catalytic inves-
tigations found that lithium reacts with oxygen sites on MgO
forming ionic species that can abstract hydrogen from
alkanes.?

Surface science investigations of alkali metal adsorption
(K, Na, and Cs) on MgO(100) observed that alkali atoms
bind weakly to terraces, with surface defect sites acting as
nucleation centers for three-dimensional (3D) particle
growth.*® Huang er al® observed partial wetting of
MgO(100) by K at low coverages and then a switch to 3D
particle growth. Brause et al.’ observed a specific Cs me-
dium energy ion scattering peak at low coverage for Cs on
MgO(100) (<0.1 ML), and assigned it to Cs adsorption at
steps or kinks on the MgO(100) surface. Kendelewicz et al.*
studied Na adsorption on MgO(100) and interpret their data
as Na adsorbing at defect sites, which act as nucleation cen-
ters. These studies also observed electron-density transfer
from the alkali metal to the metal oxide surface. Lithium
adsorbates on MgO(100) were found to follow similar
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growth patterns, and were found to exhibit charge transfer
characteristics on MgO(100) by electron paramagnetic reso-
nance and by theoretical density-functional calculations.” !0

We report here single-crystal adsorption microcalorimet-
ric measurements, supported with Auger electron spectros-
copy (AES), low-energy ion scattering (ISS), and work-
function measurements of Li adsorption on MgO(100) thin
films (1 and 4 nm thick) grown on Mo(100), and on ion-
sputtered MgO(100) surfaces. The ISS measurements and
some of the microcalorimetry measurements presented here
for Li adsorption were reported elsewhere, see Ref. 11, in an
article that compared and contrasted those measurements
with our earlier results for Ca adsorption on MgO(100).'? In
that article, it was shown that combining microcalorimetric
measurements with DFT and kinetic modeling provides a
way to learn about the nature of oxide surface defects, their
concentrations, and the probability distributions of local de-
fect concentration across the surface. Here we present AES
measurements that prove the structural model proposed pre-
viously based on ISS and heat of adsorption measurements,
and we present work-function measurements that probe the
electronic aspects of Li binding to MgO(100). We correlate
these structural and electronic measurements with microcalo-
rimetric adsorption energy measurements. Work function
versus metal coverage has not been measured previously for
such a well-characterized alkali-on-oxide system where step-
site adsorption was known to play such an important role as
here and where adsorption energy measurements could iden-
tify the strength of bonding at defects. The rich coverage
dependence of the work function is unusual, and careful
analysis of the results, when compared with recent DFT cal-

©2009 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.80.035418

FARMER et al.

culations of charge transfer and bonding energy at the same
types of defect and terrace sites,'">!* and our heat of adsorp-
tion measurements, provide unique understanding of alkali-
induced work function changes on oxide surfaces and alkali-
oxide bonding that is of generic interest. Finally, we present
measurements that reveal how the heats of adsorption of Li
on thin MgO(100) films depend on film thickness.

A key emphasis in this paper is the nature of the binding
of Li to defect sites on the MgO(100) surface. For MgO(100)
films grown on Mo(100), as we do here, these defect sites
have been extensively studied.'*?! In the range of MgO film
thicknesses from 1.5 to 4 nm, scanning tunnel microscope
(STM) studies show a similar film morphology, with the
strongly predominant defects being extended defects similar
to step edges and associated kink sites, although they appear
to also include domain boundaries and screw dislocations
that probably arise from the Ilattice mismatch between
Mo(100) and MgO(100).'4-!7 These edges offer under coor-
dinated O sites similar to those at step and kink sites. Since
the DFT calculations of Li adsorption to which we can com-
pare were only done on step and kink sites and not on such
edges,!""13 we discuss our results here mainly as if the defects
are steps and kink sites only, but we wish to emphasize that
these comparisons might be more appropriate if also made to
their analogous sites at domain boundaries and dislocations
instead. We find here that Li binds rather cationically to such
defects. In that respect, is interesting to note that these step-
like defects have been observed to have a very high-local
work function,'® which will facilitate stronger bonds to Li in
its cationic bonding, consistent with what we observe here
by calorimetry and work function.

II. EXPERIMENTAL

The microcalorimetry experiment and apparatus has been
described in detail previously.?? The calorimeter was housed
in an ultrahigh vacuum chamber, with a base pressure of
~2X 1071 mbar (rising to ~1X 10~ mbar, which was
mainly H,, during Li deposition). It was equipped with low-
energy electron diffraction (LEED), AES, and ISS, a quad-
rupole mass spectrometer (QMS) and a quartz-crystal mi-
crobalance (QCM).

The calorimeter consists of a pulsed metal atom beam and
a pyroelectric polymer (PVDF) ribbon, as described
elsewhere.?? Different from this previous calorimeter, here
we used a so-called double PVDF ribbon assembly, whereby
a back ribbon of opposite polarity was placed against the
front ribbon to serve as a reference signal which is subtracted
from the signal on the ribbon contacting the sample. This
eliminates some of the noise signal that originates from the
ribbon’s piezoelectric response to mechanical vibrations,
similar to the double ribbon assembly as described
previously,?® but without the Kapton ribbon between the
PVDF ribbons. The voltage output (heat signal) is calibrated
by using light pulses of known energy as described
previously.?? The typical calorimeter sensitivity was 120—160
V/J (volts at peak maximum per adsorbed joule in the pulse)
for these experiments. This is higher than previous values
(typically 10-100 V/J),> which we attribute to the better
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thermal/mechanical contact between the detector and the
sample due to the additional force provided by the back rib-
bon.

A 4 mm diameter, chopped Li atom beam is produced
from a high-temperature effusion cell, as described
previously.?> The metal atom beam is chopped to provide
100 ms pulses containing 0.006-0.01 monolayer (ML) Li
(purchased from Alfa Aesar with 99% purity) every two sec-
onds. 1 ML of Li was defined throughout as 1.12
X 101 atoms/cm?, which is the MgO(100) unit-cell density.
The absolute beam flux is measured by using a calibrated
QCM. The sticking probability is measured by a modified
King-Wells method, using a line-of-sight QMS at the magic
angle’* to measure the fraction of metal atoms which strike
the surface but do not adsorb. The mass spectrometer signal
was calibrated by measuring the integrated desorption signal
from a known amount of Li reflected from a hot Ta foil (750
to 950 K), which was located at the same position as the
sample and corrected for average velocity.

The typical operating temperature of the effusion cell was
~775 K, which generated some thermal radiation that im-
pinged on the sample and also was detected by the calorim-
eter (0.03 wJ/pulse or ~17 kJ of absorbed radiation per
mole of dosed Li). This radiation was measured by blocking
the metal beam with a BaF, window, which blocked the
metal atoms from impinging onto the surface of the sample
but passed a known fraction of the radiation, which was sub-
tracted from the total measured signal. The radiation contri-
bution can change if the sample’s optical reflectivity changes
due to metal adsorption. We measured the sample reflectivity
as described in Ref. 25 and in the coverage range of interest
(0-5 ML of Li) the reflectivity remained constant at 57%.

To convert these measured internal energy changes into
standard enthalpy changes at the sample temperature (300
K), the excess translational energy of the metal gas atoms at
the oven temperature, above that for a 300 K Maxwell-
Boltzmann distribution (~0.05 uJ/pulse), is subtracted, and
a small pressure-volume work term (RT per mole) is added,
as described elsewhere.?? The corrected enthalpy of adsorp-
tion is thus the standard molar enthalpy of adsorption at 300
K, which at high coverage, where the atoms are adding to
bulk-like sites, can be compared directly to the standard heat
of sublimation of the metal. The measured heats are ex-
pressed as the enthalpy of adsorption on a “per mole of ad-
sorbed Li” basis by correcting for the sticking probability.??

The preparation and characterization of the 1 um-thick
Mo(100) single-crystal sample and the MgO(100) thin films
were described elsewhere.? The cleanliness and order of the
Mo(100) and MgO(100) surfaces were characterized using
AES and LEED. The MgO(100) films were grown to thick-
nesses of 1 and 4 nm, measured using AES and the mean-
free path of Mo electrons. AES experiments were carried out
using 1.6 keV electrons from a PHI LEED system (15-120)
and a Leybold-Heraeus EA11 hemispherical energy analyzer.
ISS experiments were carried out using He" ions with 1 keV
primary energy using a focused ion gun (Leybold-Heraeus
IQE 12/38). Work function changes (A®) were measured by
the shifts in the low-energy onset of the secondary electrons
in the Auger spectra with the sample negatively biased, using
a very low-pass energy (AE=3 eV) for high resolution, and
a very low electron beam current.
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FIG. 1. The sticking probability of Li onto MgO(100) at room
temperature as a function of the total amount of Li dosed.

II1. RESULTS AND DISCUSSION
A. Sticking probability

The sticking probability of Li gas onto a MgO(100) sur-
face at 300 K as a function of coverage is shown in Fig. 1.
The gas here is at the source temperature, 775 K. The stick-
ing probability is very high. It starts at ~0.97 and increases
to unity by ~0.5 ML and thereafter remains constant.

B. Li growth morphology

The growth mode of Li on MgO(100) at 300 K was in-
vestigated using LEED, AES, and ISS. At Li coverages of
0.25, 0.5, 0.75, 1, 1.5, 2, and 5 ML, the surface was checked
for ordering by LEED. No new LEED spots due to the ad-
sorption of Li were seen, with only an increasingly diffuse
background for the MgO(100) LEED spots.

Figure 2 shows the AES results for the growth of Li on
MgO(100) at 300 K. The open circles represent the inte-
grated intensity of the Li Auger peak at 43 eV, normalized to
the signal from a thick, bulk-like Li film on MgO(100)
(>15 ML), as a function of Li coverage at 300 K. The
closed circles show the integrated intensity of the Mg Auger
peak at 32 eV, normalized to the Mg signal from pristine
MgO(100).

High noise levels are apparent in Fig. 2 due to the overlap
of the large and changing low-energy secondary electron
background with the Li and Mg peaks. Due to Li-induced
work function changes, this baseline changes with Li cover-
age, making integration of these peak areas less precise.

With increasing Li coverage, the normalized AES inten-
sity for Li approaches unity and that for Mg approaches zero.
The gray and black lines show the calculated results for a
layer-by-layer growth model.”’” Above ~1 ML, the signal
for Mg stays above this model and changes more slowly with
Li coverage. The Mg data above 1 ML are better fit by the
“no down-step/up-step model” shown in Fig. 2, wherein the
Li atoms are assumed to stay in the layer into which they
initially land, without any diffusion between layers (no down
stepping to the layer below nor up stepping to the layer
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FIG. 2. The integrated Li (O) and Mg (®) AES intensities nor-
malized to bulk Li and the clean MgO(100) surface, respectively,
versus coverage for the room temperature growth of Li on a thin
MgO(100) film grown on Mo(100). The solid curves correspond to
what is expected if the Li film grows in a layer-by-layer manner.
Dashed curves correspond to what is expected in the “No down-
step/up-step model,” wherein diffusion between layers is kinetically
forbidden (see text). The inelastic mean-free path used for calculat-
ing the curves was 0.43 nm for Mg and 0.47 nm for Li, obtained
from Ref. 67, and the detection angle was 45°. The definition of one
ML (1.12X 10" atoms/cm?) and the bulk density of Li(solid) give
the ML thickness of 0.25 nm used here.

above). That is, the fraction of incoming Li atoms that add to
layer N at any time is equal to the fraction of the surface that
has vacant sites in layer N-1. This model was propagated by
a simple iterative computational method using incremental
increases in Li coverage. It gave the same results as calcu-
lated using the equations in Ref. 28 if one uses in their equa-
tions the full expression for the transmission coefficient [i.e.,
the probability that an electron escape through a single
atomic layer, exp(—d/(\ cos 6)), where d is the monolayer
thickness, N\ is the inelastic mean-free path, and 6 is the
detection angle] instead of its less accurate approximation as
the first term in its Taylor series expansion used in Ref. 28.
While this model includes no explicit assumptions about dif-
fusion within layers, the model is physically reasonable only
when there is at least limited transport within each layer (but
not between layers) that allows significant two-dimensional
(2D) clustering, since atoms which land on top of monomers
and dimers would rapidly move to the layer below, but the
same would not happen on larger clusters (according to DFT
calculations).!! As described below, the measured heats of
adsorption indicate a high probability of populating defects
at very low coverages, which also requires rapid diffusion
across MgO(100) terraces (i.e., within the first layer diffu-
sion is rapid, but diffusion between layers is kinetically for-
bidden). This is consistent with DFT calculations.!! This
model fits the Mg data well up to ~2 ML coverage, above
which the data deviate above this model slightly, which
could be explained by including some limited Li atom up
stepping, perhaps driven by the greater stability of larger
Li(solid) particles. Within the noise of the AES measure-
ment, this same growth mode was observed on both 1 and
4-nm-thick MgO(100) films.

Distinguishing these two models on the basis of the Li
AES data alone is not reliable, since it is complicated by the
fact that the normalization of the Li signal to 1.0 could be too
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FIG. 3. Evolution of the normalized Mg (O) ISS signal as a
function of Li coverage on a thin MgO(100) film grown on
Mo(100) at room temperature. The solid curve shows the ISS signal
for a layer-by-layer growth. The dashed curve shows a fit to the data
using the no down-step/up-step model, whereby Li atoms stick in
the layer in which they hit, with no diffusion between layers.

high by 10% (due to an inability to reach a truly “bulk-like”
Li signal at high Li coverage).

The growth mode was further characterized by monitor-
ing the Mg substrate signal using He* ISS. This provides
more direct evidence on the growth mode at low coverage,
due to the greater surface sensitivity of ISS, and the simplic-
ity of the spectra (only Mg and O peaks are visible). Figure
3 shows the integrated ISS intensity of the Mg peak normal-
ized to the clean MgO(100) Mg peak, as a function of Li
coverage at 300 K. To minimize surface damage during ISS
measurements the spectra were acquired over a small kinetic
energy range. In addition, experiments were performed with
larger coverage increments, which yielded results that over-
lapped the results of the longer experiments. This indicated
that beam damage did not impact the result of the growth
measurement within the precision of the ISS experiment.

The ISS measurement shows that the Mg signal decays
nearly linearly with Li coverage to ~0.5 ML, followed by a
slower decrease in intensity until the signal reaches <0.1 at
~2 ML. The solid line indicates the expected growth behav-
ior for layer-by-layer growth, which decays too quickly com-
pared to the data. The exponential fit to the data, plotted as a
dashed line, is the result expected for the same “no down-
step/up-step model” that fit the AES data well below 2 ML,
which assumes that interlayer Li transport is prohibited.
Within this model, if we define y as the fraction of free sites
in layer 1, then the probability that an incoming Li atom
lands (and stays) in layer 1 is y. If we define 6 as the total Li
coverage (in monolayers), then dy/d#=-y, which integrates
to give y=exp(—6). The fit to the data using this model is
nearly within the scatter of the data and certainly better than
the layer-by-layer model. Within the noise of the ISS mea-
surements, this same growth mode was observed on 1 and
4-nm-thick MgO(100) films.

C. Work function measurements

The measured work function (WF) of the pristine
MgO(100) thin film was 1.1 eV below the clean Mo(100)
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FIG. 4. The change in the work function versus Li coverage on
MgO(100). The line is a guide to the eye. The inset shows the low
coverage region.

value, which has a work function of ~4.4 eV (4.53,% 4.3,30
and 4.40 eV).3! The difference between the observed change
and the Mo(100) work function sets the MgO(100) value to
~3.3 eV. Other experimental values for the WF of clean
MgO(100) thin films vary widely between and within
groups, and have been reported to be: 3.25,3% 2.7,3% 3,553
and 3.9 eV.!? This highlights the poor reproducibility of work
functions for thin films of insulating oxides. For a discussion
on the lack of reproducibility of oxide WF values, see also
Ref. 12 and 35.

Figure 4 shows the change in the MgO(100) work func-
tion versus Li coverage. Upon adsorption of Li, the work
function decreased rapidly to a minimum of ~1.9 eV below
that for the starting MgO by 0.5 ML. Thereafter the WF
increased rapidly by ~0.7 eV by 2 ML. At the high-
coverage limit (~10 ML of Li, not shown), the work func-
tion increased by ~1.2 eV from the minimum or a net de-
crease of ~0.7 eV with respect to the starting MgO(100)
film. This sets the final work function for 10 ML of Li at
~2.6 eV. This is within 0.1 eV of the average of reported
measurements of the work function of bulk Li(solid) sur-
faces, which range between 2.3 and 3.1 eV with an average
of 2.7 eV.3-#

One can evaluate this coverage dependence of the work
function change using the Helmholtz equation, whereby the
slope at any coverage gives the dipole moment associated
with adsorption of a differential amount of adsorbate.*3 The
initial slope of —7.0 to —8.4 eV/ML gives an initial dipole
moment of 1.7-2.0 Debye per Li atom—surface complex.
This is consistent with a large extent of charge transfer or
polarization (movement of electron density from Li toward
the MgO). Both EPR and DFT studies of alkali metals on
MgO have observed such charge transfer and/or polarization
of alkali adatoms and small clusters.”%*45 One recent cal-
culation of Li adatoms on MgO(100) surfaces was inter-
preted as only polarization, with no evidence for real charge
transfer.! However, the most recent DFT slab calculations of
Li on MgO(100) by Xu and Henkelman'? concluded a trans-
fer of 0.35 electron to MgO for Li on terraces, 0.75 electron
for Li on steps, and 0.87 electron for Li on kinks. Since kinks
and steps are mainly populated initially (see below), these
last DFT results seem most appropriate to explain the large
initial slope seen here. At step sites, the calculated charge
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FIG. 5. The heat of adsorption versus Li coverage at room tem-
perature on (@) a 4-nm-thick MgO(100) film and on (O) a 1-nm-
thick MgO(100) film. Each data point is due to a pulse of 0.006—
0.01 ML of Li (pulsed at 1/2 Hertz), and is the average of four
experimental runs. 1 ML is defined as 1.12X 10" atoms/cm?,
which is the MgO(100) unit-cell density.

lost from the Li atom goes to the four nearest O atoms, three
of which are below it and thus give downward-pointing di-
poles. Interestingly, those DFT results show that the Li ada-
toms on terraces and defects are still strongly attracted to
each other on MgO(100), in spite of these large charges.

The slope of the work function decreases until it reaches a
minimum and then the work function increases above
~0.5 ML. This indicates a decrease in the extent of this
ionic bonding as the dominant adsorption mode shifts, first
from bonding at defects to terrace sites at the edge of 2D
clusters and islands, and finally to 3D Li growth, and the
consequent approach to the bulk Li value. The Li-Li bonding
probably also causes depolarization of some of the Li-MgO
bonding, which is supported by the aforementioned DFT
calculations.'® A Li, cluster on a terrace has much less down-
ward charge transfer than a Li atom at a step. The Li atoms
in Li, transfer charge instead to the volume between the four
Li atoms (above a Mg ion), which does not lead to a down-
ward dipole. Those calculations also include estimates of the
work function changes associated with different periodic Li
structures which are consistent with this picture and our mea-
sured trend with coverage. The work function reaches a
minimum and starts to increase above 0.5 ML, which is just
where the growth of Li switches from Li mainly populating
MgO sites to Li mainly populating sites in the second and
higher layers of 3D Li clusters. Thus, the increase in work
function is associated with 3D Li growth and the simple
approach to the value for bulk-like Li(solid).

D. Heat of adsorption: Li on pristine MgO(100)

Figure 5 shows the differential heat of adsorption of Li on
pristine MgO(100) at 300 K as a function of Li coverage.
This is actually a plot of the (negative) standard enthalpy of
adsorption at 300 K, with the energy of the Li gas corrected
to 300 K (see experimental section). The curve shows an
average of four experimental runs. The pulse-to-pulse stan-
dard deviation at high Li coverages (where the heat of ad-
sorption was constant) was 1.4 kJ/mol, and the experiment-
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to-experiment standard deviation was less than 9 kJ/mol
(5.7%). In order to rule out possible effects on the heats of
adsorption of surface damage by electrons (from doing AES
after growth of the MgO(100) film), a calorimetric control
experiment of Li adsorption on MgO(100) was performed,
with the MgO film prepared in exactly the same way, but
without doing AES or LEED. No significant difference was
observed in the initial heat or the heat change versus the
coverage.

The experiment-to-experiment standard deviation was ob-
served to change with Li coverage. As mentioned, at high
coverage (when the heat of adsorption was constant at the
heat of sublimation) the standard deviation was <9 kJ/mol.
However, at low-coverage (<0.4 ML) the standard devia-
tion changed significantly (~30 kJ/mol in the first 0.1 ML,
which decreased with coverage till above ~0.4 ML where it
was constant again at <9 kJ/mol). It is likely that this was
due to differences in the initial defect concentration on the
MgO(100) film, since we observed a steady rise in the initial
heat of adsorption by ~135 kJ/mol with the amount of Ar*
ion dosage (see below).

On the pristine 4-nm-thick MgO(100) film, the heat of
adsorption starts at 260 kJ/mol. By ~0.25 ML the heat of
adsorption fell to 160 kJ/mol and reached a minimum of 153
kJ/mol by 0.4 ML. Following this, the heat increased slightly
to the heat of sublimation of Li (159 kJ/mol, see Ref. 46) by
~1.5 ML.

These heat data for the 4 nm film have been analyzed in
detail previously based on similar measurements of Ca ad-
sorption energies on identically-prepared MgO(100) sur-
faces, and DFT calculations of the adsorption energies and
migration barriers for both Li and Ca atoms and clusters on
MgO(100) terrace and defect sites.!! These data (as well as
those for MgO surfaces with higher defect densities created
by Ar-ion sputtering, see below) were semiquantitatively re-
produced with a kinetic model described in detail in Ref. 11.
In that model, the initially high heat of Li adsorption at low
coverage was attributed to Li adatoms populating strong-
binding intrinsic defect sites (mainly steps and kinks) and the
simultaneous formation of some 2D Li clusters, starting at
those defects but growing out onto the terraces. The intrinsic
defects were estimated to have an average heat of adsorption
of ~400 kJ/mol and the Li on terrace sites in 2D clusters or
in small 3D clusters to have a heat of adsorption very near
the bulk sublimation energy. The rapid decrease in the heat to
a minimum was attributed to the saturation by Li of a low
concentration of MgO defect sites which are intrinsic to the
as-prepared MgO(100) thin film (which cover only 4% of the
surface), and the consequent increase to 100% in the prob-
ability of populating terrace sites within 2D clusters or sites
on top of 3D clusters. This model also required Li monomers
on terraces to be highly mobile, consistent with DFT.!!

The small rise in adsorption heat from this minimum to
the heat of sublimation can be attributed to the formation of
larger and larger 3D Li particles on the surface, a particle
size effect whereby metal atoms in larger particles have
greater stability, eventually reaching the bulk cohesive en-
ergy, as has been observed for other metals on the MgO(100)
surface.?>20
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E. Heat of adsorption at surface defects: Li on Ar*
sputtered MgO(100)

We assume that the main intrinsic defects on the as-
prepared MgO(100) surface are steps and kinks, since STM
images of similarly-prepared MgO(100) thin films'® show
these defects to be common. Such sites are often nucleation
centers for 2D and 3D metal clusters on MgO(100).4743
Point defects on MgO(100) surfaces also have been found to
act as nucleation centers of metal particles.?'**=3 The de-
fects include O vacancies on terraces, Mg vacancies, and
MgO divacancies. The most common of these defects is
thought to be O vacancies, although previous studies have
found that their concentration is tiny (less than a few percent
of a ML) using our preparation technique,?'3* and that they
mainly exist at step edges.>*>>

To confirm the effect of MgO(100) surface defects on the
heat of Li adsorption, we created extra defects by lightly
sputtering the pristine MgO(100) surface at 300 K with Ar*
ions (1000 eV). Experiments studying the impact of argon
ion bombardment of MgO(100) have shown that the surface
stoichiometry does not change during bombardment,’*-8 and
that the dominant structural unit removed from the oxide
surface was clusters of MgO, leaving divacancy clusters on
the surface.’® Other studies done using electron-energy-loss
spectroscopy on sputter-damaged MgO(100) films showed
that band-gap states produced by sputtering could be
“healed” by oxygen dosing, but this study did not rule out
other type of defect formation from sputtering.®

Our studies of the heats of adsorption of Ca on pristine
and sputter-damaged MgO(100) surfaces prepared in the
same way showed that the initial heat of adsorption of Ca did
not change with the extent of sputtering.!'> Combined with
DFT calculations which showed that Ca is very mobile ex-
cept when trapped at defects, but immobile at defects, this
led us to conclude that the defect types and their ratios of
concentrations did not change much with sputtering.'! Thus,
even on the sputter-damaged surface, the main defects are
assumed to be similar to steps and kinks, consistent with the
observation of MgO clusters as the dominant species re-
moved by sputtering (see above).

Figure 6 shows the heat versus Li coverage for the
pristine 4-nm-thick MgO(100) film (closed circles) along
with two experiments with different amounts of Ar* dosed to
identically prepared films: a low dose (~1X 10'* Ar* ions/
cm?) and a high dose (~7 X 10'* Ar* ions/cm?). We mention
that these estimates of the magnitude of the ion doses are
very crude both here and in our paper about Ca
adsorption.!"!? This is because these ion currents were mea-
sured without biasing the sample to prevent escape of low-
energy electrons and with the ion beam irradiating not only
the MgO but also a much larger area of sample holder whose
surface was not cleaned. Thus, the secondary electron emis-
sion yields could have been very different from case to case,
easily causing relative errors greater than threefold. On the
low ion dosed films, the initial heat of adsorption was 315
kJ/mol, ~50 kJ/mol above the pristine surface value. The
higher ion dose yielded an even higher initial heat of adsorp-
tion, 400 kJ/mol.

Both ion doses in Fig. 6 gave substantially higher heats of
adsorption than pristine MgO(100) at all Li coverages below
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FIG. 6. The heat of adsorption versus Li coverage at room tem-
perature; on (@) pristine 4-nm-thick MgO(100), (O) a film irradi-
ated with a small Ar* ion dose, and (@) a film irradiated with a
larger Ar* ion dose.

~0.7 ML. This is the same coverage range where Li is ad-
sorbing mainly in the first layer (see above). These sputter
induced increases in heat of adsorption are attributed to more
Li atoms adsorbing at defect sites. The continual increase in
the initial heat of adsorption with increasing ion doses im-
plies that not all Li atoms are adsorbing at defect sites in the
first pulse; therefore, some Li atoms are trapped in adsorp-
tion sites that keep them from reaching the more favorable
defect adsorption sites. Based on DFT calculations, we can
attribute these “trap” sites to the edges of 2D Li islands
nucleated at steps and kinks.!' A difference between Li and
Ca adsorption is that these same sites do not trap Ca ada-
toms, which quickly move from them at 300 K.!' Sputtered
films also took longer to approach the bulk heat of sublima-
tion than pristine MgO(100), 0.25 ML versus 0.8 ML for
sputtered films.

The same DFT-based kinetic model described above that
fit the heat data for the pristine surface was also able to
semiquantitatively reproduce these heat data for the sputtered
surfaces as well.!! The fraction of surface sites that are de-
fects was a parameter in that model, and found to be 14% for
the less-sputtered surface and 22% for the more-sputtered
surface, compared to 4% for the pristine MgO(100). That
model is also consistent with the ISS data above.!!

F. Effect of MgO(100) film thickness on Li heat of adsorption

As shown by the gray circles on Fig. 5, the 1 nm
MgO(100) films had a higher initial heat of adsorption for Li
than the 4 nm MgO(100) films (315 vs 260 kJ/mol), and took
much longer to reach the heat of sublimation (1.5 versus 0.25
ML).

Two possible reasons for the difference between 1 and 4
nm MgO(100) films are that 1 nm films might have more
intrinsic defects than 4 nm films, or that 1 nm films allow
electronic interactions to occur between the Li adsorbate and
the underlying Mo support that are not allowed for the 4 nm
MgO. Recent STM work on MgO(100) thin films grown on
Mo(100)'4-18 have shown that 7 ML (1.5 nm) films have
similar morphology and defect density as 18 ML (3.8 nm)
MgO(100) films. Thus, we expect that that our 1 and 4 nm
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films have similar defect types and densities. We should
point out that 2 ML (0.4 nm) MgO(100) films on Mo(100)
show quite different appearance in STM,'*!617 but differ-
ences are expected to arise when approaching so near to the
1 ML limit.

Although theoretical calculations have shown that films of
3-4 ML (~1 nm) thickness have electronic properties al-
most identical to bulk MgO(100),°>¢162 both experimental
and theoretical investigations have shown that the binding of
adsorbates on 2—4 ML MgO(100) films can be different than
these same adsorbates on bulk MgO(100) or very thick
MgO(100) films, depending on the nature of the underlying
metal substrate.®>-% The explanation provided by theory is
that tunneling of electrons occurs from or to the underlying
metal, through the thin oxide film, either from or to the
adsorbate.*>03% Depending on the work function of the un-
derlying metal and the electronic properties of the adsorbate,
electron transfer can become energetically favorable for
some metal substrates but not others. For example, DFT
calculations®® show that K binds weakly to a free-standing
MgO(100) slab (~14 kJ/mol), but much more strongly to
an ultrathin (2 ML) MgO(100) layer supported on Ag(100)
(~40 kJ/mol), where it donates charge to the underlying Ag
substrate. It may be that a similar effect is operating here,
whereby electron transfer from the Li to the underlying Mo
is energetically feasible at a certain coverage, but kinetically
allowed by tunneling only through the thin (I nm) MgO
spacer, but not through the 4 nm spacer.

IV. CONCLUSIONS

Lithium adsorbs on MgO(100) at defect sites (mainly
steps and kinks and analogous sites at screw dislocations)
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with a heat of adsorption as high as 410 kJ/mol. The binding
at these defects is rather cationic, with electron transfer to
nearby oxygen atoms and a large work function decrease. As
the Li coverage grows, Li makes 2D islands which nucleate
at step edges and grow out onto the terraces. The Li in these
2D islands is still partially cationic, but much less so, and it
binds much less strongly to the MgO (~160 kJ/mol). There
is a kinetic competition between Li finding defects and Li
getting trapped at terrace sites on the edges of these islands,
with the latter becoming more rapid as the coverage grows.
Sputtering the MgO with Ar* ions leads to more defects and
a higher probability that these stronger-bonding defects sites
populate at low coverage. Recent DFT calculations support
these results and predict stronger electron transfer from Li to
the MgO when at steps and kinks than at terraces, and de-
creasing charge transfer as 2D Li clusters grow. The film
morphology as probed by AES and ISS evolves with increas-
ing Li coverage in the way expected if Li gas atoms which
impinge onto existing Li islands stay on top of Li islands, but
Li atoms which impinge on free MgO sites stay attached to
MgO (i.e., cannot down step or up step).
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