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Adsorption and electronic structure of submonolayer Ca on Ag(111)
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By frequency-time spectroscopy, microscopy, and electronic structure theory, we investigate the low coverage
adsorption and electronic structure of Ca on an Ag(111) surface. The chemisorption of alkaline-earth Ca
atoms starting from their closed 4s* shell electronic configuration differs from that of the open ns' shell
alkali-metal atoms because they retain some 4s electron charge and can involve hybridization with low-lying
unoccupied 3d orbitals. Spectroscopic investigation of the unoccupied electronic structure of Ca on Ag(111) by
three-photon photoemission (3PP) reveals the electronic states with dominant 3d-orbital character, as confirmed
by electronic structure theory. Coverage-specific spectral features enable attribution to two distinct chemisorption
phases at submonolayer coverages, which are confirmed at the atomic scale by scanning tunneling microscopy
and spectroscopy measurements. Furthermore, time-resolved 3PP spectroscopy reveals a resonant two-photon
transition between occupied (~—0.3 eV) and unoccupied (~2.7 eV) states with dominant s- and d-orbital
character. Interferometric time-resolved measurements probing this resonance reveal a dephasing time of
~21 fs and population lifetime of ~52 fs for the transiently populated d-like state at ~2.7 eV above Er. Contrary
to alkali-metal atom chemisorption, the characteristic development of the chemisorption and electronic structure
of Ca reveals the importance of Ca adsorbate and Ag substrate interactions that cause a low-coverage atomic
condensation into compact islands. Discovery of the long-lived d-character state informs on the catalytic and
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optoelectronic applications of the alkaline-earth element Ca.
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I. INTRODUCTION

The structural and optical and/or electronic properties of
single-atom adsorption on metals defines surface chemical
and physical properties. The chemisorption of single atoms
on a metal substrate modifies the local composite electronic
properties via hybridization of atomic, electronic orbitals
and charge transfer. As the most electropositive elements,
the alkali-metal and alkaline-earth (AE) metals are some
of the simplest species for describing the transformation
of electronic structure upon chemisorption, which neverthe-
less exhibit complex interactions. Alkali-metal atoms have
been extensively studied to describe the adsorption behav-
ior and the consequent electronic structure modification that
is induced by the interaction of their single (s') valence
electron with supporting surfaces. This has made the ad-
sorption of alkali-metal atoms on various metal surfaces the
primary theoretical and experimental topic since the begin-
ning of surface physics [1-8]. Such studies have concluded
that alkali-metal atoms chemisorb on metals by dominantly
transferring their single s electron, leading to characteristic
alkali-metal-induced spectral features above the Fermi level
(EF). Spectroscopic studies by multiphoton photoemission
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(mPP) spectroscopy and electronic structure theory have at-
tributed these states to hybridization of their s and p orbitals
[9-16].

Despite the fundamental role of alkali-metal atoms in un-
derstanding of surface physics, only a few studies have been
extended to exploring the complexities of electron correlation
in AE atoms that is associated with their closed s*-orbital
electronic configuration [15,17]. As a simple model of elec-
tron correlation, significant studies have been performed on
the electronic structure of Be metal, for which the d orbitals
are too high in energy to play a significant role [18-20]. AE
atoms exhibit some similarities to alkali-metal atoms, such as
their low ionization potentials, and transfer of nearly one elec-
tron upon chemisorption, which consequently decreases work
functions of the composite surfaces [21]. Like alkali-metal
atoms, they also form intercalation compounds with graphite,
and are found in an important family of d-wave supercon-
ductors, where their easy charge donation, electron-phonon
interaction, ionic interactions, and particularly low-lying d
orbitals play important roles in imparting superconducting
properties [22-25]. Whereas alkali-metal atoms at submono-
layer coverages chemisorb predominantly into hexatic liquid
overlayers that are defined by dipole-dipole repulsion [7,26—
29], similar structural studies of AE atoms on various metal
surfaces, by contrast, have revealed the importance of the in-
teratomic as well as the atom-substrate interactions that lead to
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island formation even at a fraction of a monolayer (ML) cov-
erage [30-32]. Unlike alkali-metal atoms, the higher atomic
number (Z) AE atoms, e.g., calcium (Ca), strontium (Sr), and
barium (Ba), gain additional complexity in their electronic
structures in their (n—1)d orbitals being close in energy to
their valence ns orbital. This enables facile s-p/d hybridiza-
tion that impacts their chemical and electronic properties in
molecular and solid-state forms [33—37]. Such hybridization
can give rise to appreciable d-orbital character in the bond-
ing properties of AE solids, contributing to their cohesive
energy, as well as defining the properties of their low-lying
electronic states [21]. Furthermore, it has been suggested that
high-Z Ca, Sr, and Ba AE atoms may engage their d orbitals
in chemical bonding to other adsorbates, enabling them to
act as “honorary transition metals” [35,38-43]. The d-orbital
participation in chemical properties is notably evident in the
calcium carbonate cycle where the interaction with CO; to
form CaCOj; is thought to act as negative feedback on atmo-
spheric CO, accumulation [44,45]. Ca, being one of the most
earth-abundant metals, makes its environmental chemistry a
significant potential sink for atmospheric CO, sequestration.
Moreover, it has been proposed that AE solids can exhibit
topological nodal line semimetal band structures involving
overlap between dispersive bands of their ns and (n—1)d
orbitals [18,46]. These complex electronic interactions and
high chemical activity invite closer scrutiny of the physical
and chemical properties of chemisorbed AE atoms with high
Z, and in particular how the proximity of (n—1)d orbitals af-
fects their intrinsic structural, chemical, optical, and electronic
properties.

Calcium stands at the boundary between s- and d-orbital
blocks in the periodic table. While the 3d orbitals of free
Ca atoms are not occupied in the atomic ground state, in
the metallic form or when chemisorbed on a metal sur-
face, hybridization between the 4s and 3d orbitals must
occur for Ca-Ca bonds to form, leading to an observable
d-electron-like character near Er [21,34,47,48]. Here, we
investigate the fundamental adsorption behavior of Ca on
Ag(111) at submonolayer coverage and explore its distinct
character with respect to alkali-metal atoms. We examine
the low-energy excitations of chemisorbed Ca atoms by mPP
(m = 3) spectroscopy and find excitations of electronic states
having strong d-orbital character, which are further con-
firmed by coverage-dependent scanning tunneling microscopy
(STM) and scanning tunneling spectroscopy (STS), and den-
sity functional theory (DFT). Three-photon photoemission
(3PP) spectroscopy, in conjunction with DFT calculations,
reveals a partially occupied 4s state of Ca appearing just
below Er and two unoccupied states of different Ca phases
with predominant 3d-orbital character. This suggests that
chemisorbed Ca exists in valance of +1 in chemisorbed
form, retaining approximately one valance electron. In-depth
analysis of the spectral properties provides evidence for the
crucial contribution of the 3d-orbital character even in the
initial stage of condensation causing aggregation starting at
~0.05 ML coverages. Finally, we employ the interferomet-
ric time-resolved 3PP spectroscopy (ITR-3PP) to explore the
photoinduced electron dynamics in resonant excitation. Res-
onant two-photon electronic transition populating an empty
3d state at ~2.7 eV measures a ~21-fs dephasing time and

~52-fs excited state population lifetime, suggesting the pos-
sibility of coherent optical manipulation of optoelectronic
and photocatalytic properties of Ca-atom-decorated metal
surfaces.

II. METHODS

A. Experiment

Experiments are performed under ultrahigh vacuum
(UHV) conditions with a base pressure of <3 x 107'° mbar.
A clean Ag(111) surface is prepared by several cycles of
sputtering and annealing. Ca atoms are evaporated onto pre-
pared Ag(111) under a constant flux by Ohmic heating of a
commercial getter source (AlfaVakuo e.U.). During the evap-
orative deposition, the pressure does not exceed ~6 x 107'0
mbar. The sample preparation and measurements are con-
ducted in the same UHV chamber without exposure to air.
For static mPP spectroscopy, tunable excitation light (w; =
1.33 — 1.82 eV) with ~20-fs laser pulse is generated in a
noncollinear optical parametric amplifier (NOPA) pumped by
the second harmonic of a Clark MXR Impulse laser oscillator-
amplifier system. The excitation laser is operated at a 1-MHz
repetition rate. The p-polarized excitation light pulses are
focused onto the sample surface at an incident angle of 45°.
Photoemitted electrons are collected by a hemispherical en-
ergy analyzer (SPECS Phoibos 100) with an acceptance angle
of £15° and electron counting delay line detector. The detec-
tor records photoelectron counts versus photoelectron energy
(Efin) relative to Er and parallel momentum (k). For interfer-
ometric pump-probe delay scanning, two identical pump and
probe pulses are generated in a Mach-Zehnder interferometer.
The relative pulse delay, 7, is interferometrically scanned
while recording three-dimensional Egy,(kj, T) interferograms
in ~100-as scan delay steps [49]. Low-temperature (LT) STM
and STS measurements are performed in a separate Omi-
cron LT-STM vacuum chamber to characterize the sample
chemisorption and electronic structure with atomic resolution.
STM images are obtained at ~77 K in the constant current
mode. STS measurements are performed by a lock-in tech-
nique with a sinusoidal modulation voltage. Specific sample
bias voltages are reported in each figure. The negative and
positive bias tunneling probes the occupied and unoccupied
states of the Ca/Ag(111) surface, respectively.

B. Theory

DFT calculations of the crystalline lattice and electronic
structure of Ca on the Ag(l111) surface are performed
using the Vienna Ab initio Simulation Package (VASP)
[50,51]. The Perdew-Burke-Ernzerhof exchange-correlation
functional [52] along with projector-augmented wave po-
tentials [53] is employed. The atomic geometry of each
superlattice is optimized until the residual force on each atom
is below 0.01 eV A~!. A 20-A vacuum layer is included in
the supercells to model surfaces in periodic intervals. For the
static electronic structure calculations, only the I" point of the
first Brillouin zone is used, as it is found to be sufficient. The
dimension of the hexagonal supercell for the close-packed
monolayer of Ca on Ag(111) is a = 11.64 A, with a Ca layer
of 3 x 3 x 1 and Ag(111) layers of 4 x 4 x 4.
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FIG. 1. Ca-coverage-dependent 3PP spectroscopy on Ag(111). (a) 3PP spectra obtained by &w; = 1.79 eV excitation for increasing Ca
coverage on Ag(111); Ca atom is deposited until the work function decreases by A¢ = —1 eV, whereupon the lower-nonlinear-order 2PP
signal starts to dominate. (b) Deconvolution of the spectra into two Ca state-induced Gaussian peaks, labeled Y (yellow) and G (green), and
the hot electron 2PP background (black dotted line) at four different Ca coverages (<0.02, 0.08, 0.12, and 0.18 ML). (c) The change of Ef,
for the Ca-induced peaks Y and G versus work function energy at different coverages. The peak energy of Y is not resolved from the SS of
Ag(111) at low coverages of <0.05 ML. The broad peak, G, appears clearly above ~0.05 ML and is highly sensitive to the coverage.

III. RESULTS

A. 3PP and STM spectroscopy of Ca adsorption on Ag(111)

We first investigate the 3PP spectral features induced by
Ca adsorption on an Ag(111) surface at submonolayer cov-
erages (<~0.18 ML). Note that we define a ML as one Ca
atom per Ag atom, which has a surface density of 1.38 x
10'5 atoms/cm?. Because the atomic diameter of Ca (0.394
nm) is larger than that of Ag (0.288 nm), a full, close-packed
layer of Ca on Ag(111) is expected at a coverage of ~0.53
ML, according to the above definition. Representative 3PP
spectra in Fig. 1(a) are obtained during sequential deposition
of Ca on Ag(111) using excitation at fiwy, = 1.79 eV. The
gray shaded spectrum shows the initial 3PP spectrum of the
clean Ag(111) surface; it is defined by a work function of
~4.57 eV and a peak due to the partially occupied Shock-
ley surface state (SS), which appears at Eg, ~ 5.3 eV. Other
features such as the image potential states or the bulk sp
band of Ag(111) are not observed because they can only
appear in higher nonlinear order four-photon photoemission
(4PP) [49,54,55]. While the excitation laser power is kept low,
Ca adsorption greatly increases photoelectron counts in 3PP
and continuously decreases the work function (¢) due to the
adatom charge-transfer-induced dipole moment between Ca
and Ag(111), as described in Supplemental Material Fig. S1
[56] (see also Refs. [15,21,57-64] therein). To estimate the Ca
coverage during its deposition, we monitor ¢ (Fig. S1 [56]) as
it converges to a constant value of ~3.2 eV at ~0.5 ML. The
asymptotic value of ¢ ~ 3.2 eV corresponds to that of Ca film
grown on Si(111) (~3.2 eV) and the theoretical value of the
close-packed Ca monolayer (3.13 eV) [21,65,66].

As Ca is deposited, a peak just below the SS in 3PP
spectra is substantially enhanced (peak Y), and another sep-
arate peak appears at an energy below Y (Es, < 5 eV; peak
G). To characterize the new Ca-induced spectral features, in
Fig. 1(b) we show fitting of the spectra at four different Ca
coverages (<0.02, 0.08, 0.12, and 0.18 ML) to two Gaussian

line shapes and a tailing exponential background attributed
to hot electrons that are detected after deposition of the Ca
overlayer [67]. Although the energy position of Y is very
close to the SS of Ag(111), angle-resolved spectra in Fig. S2
[56] indicate that it is distinct from the SS in that its band is
dispersionless, whereas the SS has a very low band mass of
0.39m, (m, is the free electron mass). Nevertheless, the two
electronic features coexist and are likely to be related. Consid-
ering that the Y intensity increases with Ca coverage, and its
coverage dependence is different from the alkali-metal-atom
chemisorption-induced decrease in SS energy [15,68,69], we
consider Y to have specifically a Ca-derived electronic origin.
Based on the analysis in Fig. 1(b), the change of Eg, for
Ca-induced peaks (Y and G) at kj; =0 A~!is plotted against
¢ in Fig. 1(c). In the process of Ca deposition, the initial
peak energy shifts are towards lower energy in accordance
with the change of ¢. This initial shift can be attributed to
reduction of the surface potential, which reduces the energies
of surface states that are defined by it. The shift becomes more
pronounced as the state energy approaches the vacuum level.
Such shifts are known from previous studies of deposition of
alkali-metal and AE atoms onto noble metals [9-11,15,70].
The analysis of Ca-induced peaks Y and G allows a nu-
anced interpretation of Ca adsorption behavior on Ag(111).
Figure 2(a) shows the work function change as a function
of Ca coverage, where the x axis (coverage) is displayed
in a logarithmic scale to show the difference in the ini-
tial work function drop at a rate of —11.56 eV/ML below
~0.05 ML. Above ~0.05 ML coverage, however, the work
function change rate suddenly decreases to —2.16 eV/ML,
while the peak G begins to appear. The rate change suggests
that adsorption behavior of Ca changes above ~0.05 ML, such
that the polarization of the surface per adsorbed Ca atom de-
creases (inset in Fig. S1(a) [56]). In Fig. 2(b), top and bottom
data report the FWHM linewidth and final state energy (Efy,)
as a function of Ca coverage for both peaks Y and G, respec-
tively. In contrast to Y, which has a relatively constant Eg,, and
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FIG. 2. Early stage Ca growth on Ag(111). (a) Work function change versus Ca coverage. The Ca coverage (note x axis in logarithmic
scale; for linear scale, see Fig. S1 [56]). At the initial stage of growth, the work function dramatically decreases with a slope of —11.56 eV/ML,
implying strong polarization at the atom-substrate interface (yellow shaded area). Above ~0.05 ML, the work function slope changes to
—2.16 eV/ML and peak G begins to appear. (b) The change of spectral properties [final state energies (Ef,; solid symbols) and full width at
half maximum (FWHM; open symbols)] of Y and G as a function of Ca coverage at iw;, = 1.79 eV in Fig. 1. (c) Differential conductance
(d1/dV) spectra in the range of V; = —1 to 3 V taken at two distinct Ca adsorption positions on Ag(111). The dI/dV measurement for Ca
atoms at the step edges is performed at the interface between Ag and the Ca island, and the d1/dV spectrum for the Ca island is acquired from
the center of the condensed Ca island. Bottom spectra (red and yellow): LDOS for Ca atoms adsorbed at the step edges. Top spectra (green,
pink, and blue): LDOS for Ca islands. Inset: LDOS of the clean Ag(111). (d) Large-scale (100 x 100 nm?) STM images at the different Ca
coverages (~0.03, ~0.06, and ~0.32 ML, respectively). Right: Line profiles along the gray line at ~0.03 ML and the red line at ~0.32 ML.
All STM images are scanned at a sample voltage, V; = 2 V, with a set current /,,, = 0.1 nA at ~77 K.

FWHM, G shows a decrease of Eg, by ~0.3 eV at ¢, > 0.05
ML, while its FWHM continuously increases with the cov-
erages. This distinct behavior of Eg, and FWHM of peak G
suggests energy stabilization and delocalization of electrons
by band formation [71,72]. The k band dispersion of peak G
in 3PP spectra (Fig. S2 [56]) supports that it forms a dispersive
band defined by an effective mass meg = (0.47 &= 0.04)m,
whose energy and width are likely to be affected by the
degree of in-plane band localization as well as disorder. The
distinct spectral behavior of G reflects the unique nature of Ca
adsorption compared to alkali-metal atoms on various noble
metal surfaces. Unlike alkali-metal atoms, which experience
repulsive dipole-dipole interactions hindering condensation
into close-packed structures, Ca adsorption exhibits different
character that favors island formation, because dipole-dipole
repulsion is weak [9-11,26,73-75].

To provide further understanding, we record a series of
LT-STM images of the dominant overlayer structures after the
sequential Ca deposition at ~300 K, as shown in Fig. 2(d). At
initial Ca growth (~0.03 ML), Ca atoms adsorb preferentially
at the step edges or point defects on Ag(111). Such defects
act as nucleation centers, leading to Ca island growth. As Ca
coverage increases, Ca atoms coalesce into two-dimensional
(2D) islands with irregular shapes having a uniform height of
~(.28 nm [see a line profile in Fig. 2(d)]. A study of Ca on

graphene reported a height of ~0.27 nm for Ca monomers
[76]. This similarity supports the conclusion that Ca atoms
undergo layer-by-layer growth starting with 2D islands at the
submonolayer stage. In addition, a clear contrast at the bound-
ary between the step edges and the Ca islands is interpreted as
evidence that a surface Ag-Ca alloy does not form at ~300 K
[77-79].

We also record d1/dV spectra of distinct structural features
in Fig. 2(c). Although the irregular size and shape of Ca
islands cause local density of states (LDOS) to depend on the
measurement positions, two consistent features stand out: a
broad peak with a position-dependent energy appears at ~2.5
eV and a much sharper peak appears at ~1.7 eV. Whereas
the broad peak at ~2.5 eV can be recorded at most Ca island
areas, the position-dependent 1.7-eV feature is confined to Ca
atoms specifically at step edges or point defects (see dI/dV
mapping images in Fig. S3 [56]). From this we conclude that,
at the early stage of growth, Ca atoms diffuse across terraces
until they adsorb at stronger binding sites such as steps, kinks,
and other defects, where they give rise to the sharp peak at
~1.7 eV. At higher coverage, Ca atoms condense into small
islands seeded by interaction with Ca atoms at the primary
adsorbed sites. The interaction between Ca atoms forming is-
lands dramatically reduces the net change in the work function
at a higher coverage (>0.05 ML), as shown in Fig. 2(a) and

075404-4



ADSORPTION AND ELECTRONIC STRUCTURE ...

PHYSICAL REVIEW B 110, 075404 (2024)

(@)

Normalized Intensity

Final State Energy (éV)

Wavelength (nm)

(c)

R s ot LR [t
S'5.4 Efin=1.93h0,+1.73 7 i
O, ] po
~5.2 o 5
> ] e EVac A
55.04 g S 4l i
50 ’ Syt e I
€ 4.87 L 34 OV{lgML Ca
Ll > ’
© 4.6 2,
T, ] 2
b 4.4 : w
iR 14 A L,
© 4.2 - SS
MY F® Ep1Mhw27| EF=0 e LA
L 409y OEmn=315hw,-0.3 :

e RAas T
14 15 16 1.7 1.8

0.0
Photon Energy (eV) ky (A7)

FIG. 3. Electronic structure of Ca on Ag(111). (a) Series of 3PP spectra for ~0.18 ML Ca on Ag(111) with p-polarized light in the
range fiw;, = 1.36 — 1.82 eV. All spectra are normalized at the secondary electron cutoff (work function). Because the photon energy above
~1.8 eV is near the onset of 2PP, both spectra at 1.82 and 1.8 eV are multiplied by 4 to display the weaker 3PP spectral features. Inset: Enlarged
spectrum near the Fermi edge in the dotted box for fiw;, = 1.77 — 1.82 eV. (b) Final state energy (Ep,) versus photon energy (/iw; ) measured
in 3PP spectra. The slopes of 1.93 for Y and 1.11 for G are consistent with unoccupied states with binding energies (y intercept) of 1.73 and
2.7 eV above Ef, respectively. In (a) and (b), another spectral feature (red, denoted R) with a slope of 3.15 belongs to an occupied state with
a binding energy of ~—0.3 eV below Er. (c) The energy diagram of Ca-related states on the surface-projected electronic band structure of
Ag(111). The red arrow shows two-photon resonant R— G excitation for Ziw; = 1.48 eV. This resonant excitation enhances the most intense

3PP signal in (a) at Eg, = 4.33 eV.

Fig. S1 [56]. Once Ca islands form, the broad peak appears at
~2.5 eV, but its energy and width reflect the inhomogeneity
of the island structure.

To directly test the occupation of valence electrons on Ca
atoms, we also measure the LDOS near Er. Figure S4 [56]
shows the measured LDOS of a clean Ag(111), Ca atom
adsorbed at a defect and Ca island near Er. Contrary to the
LDOS of Ag(111) and Ca atom showing only a (modified)
surface state feature of underlying Ag(111), the Ca island
shows a broad LDOS feature across Er centered at ~—0.25
eV, indicating valence electron occupation. Therefore, our
analysis with STM and STS measurements suggests the two
phases of adsorbed Ca: (1) the partially ionized Ca atoms
on steps or defect sites at the initial growth (< ~0.05 ML)
and (2) the 2D condensed Ca islands with a high occupied
electron density. We also note that Ca single atoms are likely
to be present on Ag(111) terraces, as necessary for the island
growth, but are too mobile to image by STM at 77 K. Indeed,
STM measurements at ~4.5 K reveal single Ca atoms on
Ag(111) terraces (Fig. S4 [56]).

To correlate the spectroscopic and microscopic data, we
investigate the electronic structure of Ca on Ag(l111) by
wavelength-dependent 3PP spectroscopy. The peak shift of
spectroscopic features with /iw; enables assignment of peaks
to the occupied or unoccupied states and defines their energy
relative to Er [80]. Figure 3(a) shows 3PP spectra normalized
at the secondary electron cutoff (i.e., work function edge),
where Eg, (k) spectra are drawn for k| = 0A~! for increas-
ing fiwy. As hiwp is tuned from 1.36 < hiwy, < 1.82 eV, the
peaks Y and G participate in specific resonances revealed in
3PP spectra. According to hw;, dependence of the final state
energies (Eg,) of these features in Fig. 3(b), the slopes of
1.93 £ 0.06 and 1.11 +£ 0.03 identify states Y and G as being
excited by two and one photon photoemission processes from
unoccupied states with binding energies of 1.73 and 2.7 eV
above Er, respectively, given by their intercepts. The energy

assignments of states Y and G are consistent with LDOS
measurements by STS in Fig. 2(c), though the STS can give
modestly different energies because of a tip-induced Stark
effect [81]. In addition to Y and G, peak R is the dominant
spectral feature for iw; < ~1.5 eV, indicated by red symbols
in Fig. 3(b); it has a slope of 3.15 4 0.09 and intercept (bind-
ing energy) of —0.3 eV. For /iw;, < 1.6 eV peak Y disappears
because the excitation photon energy is insufficient to popu-
late it. In a 3PP process, a state with a slope of ~3 indicates
excitation from an initial state below Er. This suggests that a
valence electron remains on Ca or is donated to the modified
SS near Ca atoms in condensed islands on Ag(111), in agree-
ment with STS measurement in Fig. S4 [56]. Investigation
of Ba chemisorption on Cu(111) by single-photon photoe-
mission has already reported that a valence electron remains
just below Er in agreement with a partial electron transfer
to the substrate [15]. Therefore, our analysis with micro-
scopic and spectroscopic tools is consistent with the previous
study. Finally, based on the analysis of wavelength-dependent
3PP spectra for the entire excitation range (1.36 < hiw, <
1.82 eV), the energy levels of three Ca-related states are
drawn on the surface-projected band structures of Ag(111)
in Fig. 3(c). Because the 3PP measurement produces an en-
semble average value over the excitation beam <50 pum in
diameter, an atomically nonuniform surface provides mul-
tiple features with inhomogeneous broadening that can be
attributed to the different phases of Ca. Thus, we assert that
the band structure in Fig. 3(c) contains two Ca unoccupied
induced features: states G for the condensed Ca islands and
state Y for Ca atoms decorating the Ag(111) step edges.
From this analysis, we conclude that Ca adsorption intro-
duces an initial state (R) below Er, from which the Y and
G states are excited at specific photon energies. As the res-
onant excitation maximizes the photoelectron yields, a sharp
increase of intensity at Ziw;, = ~1.48 eV establishes that two-
photon resonance enhances transition from occupied state R
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to unoccupied state G. The resonant transition from R to Y
is not obviously enhanced based on the photoemission yield
at hwp = ~1.75 eV, although the inset in Fig. 3(a) displays
their distinct spectral overlap at the same Ej,. This lack of
enhancement can be attributed to the weak wave-function
overlap between the delocalized R state over the Ag surface
and the Y state originating from Ca atoms at the Ag step
edge. In addition, the spectral feature of Y appears at the
energy edge where both two-photon photoemission (2PP) and
3PP contribute to the signal, resulting in a low photoelectron
intensity. This is further influenced by the inhomogeneous
adsorption on the Ag(111) surface, which mainly consists
of terrace areas with only a small portion of steps. Since
photoelectron spectra measure the average signal from this
inhomogeneous surface, the low intensity and the minimal en-
hancement at the resonance can be attributed to the relatively
small number of Ca atoms adsorbed at the step edge.

B. The calculated electronic structure
for Ca adsorption on Ag(111)

Next, we consider the DFT-calculated electronic structure
of isolated and monolayer Ca on Ag(111) in relation to the
observed electronic structure that is reported in the previous
section. We specifically investigate how the s-p-d mixing
affects Ca-atom aggregation on metal surfaces. Because the
unfilled d orbitals of noninteracting single Ca, Sr, and Ba
atoms are energetically closest to their filled s shell, and even
below their p shell, upon chemisorption the s-p-d mixing is a
strong factor for d orbitals becoming partially filled [40,48].
Thus, the participation of 3d orbitals affects the electronic, ad-
sorption, and chemical structure of chemisorbed Ca [82—84].

The coverage and %iw;-dependent 3PP spectra and STM
and STS measurements identify two unoccupied states (Y and
G) and one occupied state (R) depending on the phases of Ca
chemisorbed on Ag(111) at submonolayer coverage. Compar-
ison between the experiment and theory identifies the main
orbital character of the Ca-induced spectral features. Fig-
ures 4(a) and Figs. S5 and S6 [56] show the DFT-calculated
density of states (DOS) for a single Ca atom on Ag(111),
and its s-, p-, and d-orbital components, respectively. In the
Ca/Ag(111) (6 x 6) structure, there is minimal interaction
among neighboring Ca atoms, so it is taken to represent the
isolated atom electronic structure. Significantly, most of the
prominent states for a single Ca atom near Ep possess a
significant d-orbital character, while the s state is below Ep
and experiences significant electron transfer to Ag(111) (see
Fig. S5(a) [56]).

For a Ca atom adsorbed on Ag(111) in Fig. 4(a), a sharp
peak at ~1.7 eV, which corresponds to the unoccupied state Y,
has contributions from two degenerate states with dominant d
character belonging to the d,, and d,, orbitals. The spatial or-
bital distributions at ~1.7 eV depicted in the inset of Fig. 4(a)
show that they lack surface normal nodal structure as expected
for linear combinations of the d,, and d,, orbitals with some
s and p character (o symmetry). We note that the additional
sharp feature at ~1.9 eV belongs to an in-plane 3d,, orbital
(Fig. S5(b) [56]), which is oriented parallel to the surface.
This feature has a node in the direction of the surface nor-
mal, resulting in the minimum intensity for normal emission
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0 : — Ca-p orbital
o — Ca-d orbital
o
- -1 0 1 2 3

Energy (eV)

FIG. 4. Density functional theory (DFT) calculations. (a) DFT-
calculated projected DOS of Ca single adatom on 6 x 6 Ag(111).
Inset: The spatial orbital distributions of yellow shaded area denoted
by d,., ,. at ~1.7 eV. The gray spheres are Ag atoms of the substrate,
and the red sphere is a single Ca adatom. The z axis is perpendicular
to the surface. (b) DFT-calculated projected surface DOS of a close-
packed Ca(111) layer on Ag(111) where the Ca-Ca bond length is
0.39 nm. The black curve shows the DOS of Ag(111), while the red,
blue, and green are the Ca DOS curves decomposed into s-, p-, and
d-orbital components, respectively.

such as  resonance of an alkali-metal-induced feature [16].
Although this state may be optically active, the photon energy
range (fiw;, = ~1.36 to ~1.82 eV) that could be applied is
insufficient to populate the 3d,, state at its predicted energy of
~1.9 eV. In our 3PP experiment, thus, we do not find evidence
for the 3d,, feature. The DFT-calculated DOS of a single Ca
atom in Fig. 4(a) also does not provide clear evidence of the
unoccupied state G at ~2.7 eV. In Figs. 2 and 3, we find the
distinctly different spectral features between two unoccupied
states (Y and G) depending on Ca coverage, suggesting that
a broad feature of state G at ~2.7 eV can be specifically at-
tributed to condensed Ca islands. Thus, we calculate the DOS
of the close-packed Ca(111) layer on Ag(111) where Ca-Ca
bond length is 0.39 nm to explore the origin of the G state
in Fig. 4(b) and Figs. S7 and S8 [56]. Similar to the DOS of
noninteracting Ca atoms, the 3d-orbital character is dominant
in the electronic bands of the close-packed Ca(111) layer on
Ag(111). The DFT-calculated DOS exhibits a prominent fea-
ture with a peak at ~2.5 eV (see Fig. S7 [56]). Its calculated
effective mass of mer = ~0.52m, is in good agreement with
the measured value of (0.47 & 0.04)m,. This DOS feature is
likely associated with the state G of condensed Ca islands.
Notably, the calculated DOS shows that the 3d orbitals also
significantly contribute to the occupied states below Ep. We
also observe that the chemical interaction between Ca atoms
is primarily composed of 4s orbitals with some contribution
from 3d. orbitals below the Er. Thus, theoretical calcula-
tions for single Ca atoms and the close-packed Ca(111) layer
on Ag(111) consistently show that the low-lying unoccupied
states of Ca have significant 3d-orbital character. Although
the occupied Ca state is also predicted to have 3d character,
it nevertheless retains dominant 4s electron density that is not
transferred to Ag(111).
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FIG. 5. Interferometric two-pulse correlation (I2PC) measurement.

(a) ITR-3PP data for ~0.18 ML Ca/Ag(111) with a photon energy of

hiwes =148 eVatk; =0 A=, (b) 2D photoelectron spectra obtained by Fourier analysis of interferogram in (a). (c) The experimental I2PC
trace (blue, left) is obtained as the horizontal line profile in (a) and its optical Bloch equation simulation (black, right). Inset: Energy diagram
for the four-level excitation. The measured signals are decomposed into the phase average (Ow), 1w, 2w, and 3w component envelopes to fit

the polarization and population decay parameters [49,89].

C. Ultrafast photoexcitation dynamics

Having established the spectroscopy of Ca on Ag(111),
we further explore its photoexcitation dynamics. Specifically,
we investigate the electron dynamics following the resonant
two-photon photoexcitation state G. We record ITR-3PP in-
terferograms by scanning the delay between identical pump
and probe pulses with attosecond precision while recording
the energy- and momentum-resolved photoemission spectra
related to state G [85]. Figure 5(a) shows a photoemission in-
terferogram of ~0.18 ML Ca on Ag(111) taken with fiw;es =
1.48 eV at kj = 0A~'. The pulse duration (~19 fs) of the
ultrafast laser pulse at fiw,s = 1.48 eV is established by
interferometric third-order autocorrelation taken by record-
ing the 4PP signal from a polycrystalline Mo sample holder
(Fig. S9 [56]). As the delay time increases from O fs, the
hyperbolic angle tilting of interferometric fringes with respect
to the delay time within the magnified image in Fig. 5(a)
signifies the induced coherence in the 3PP excitation pathway
at the resonance transition [49,86,87]. By Fourier transform-
ing the interferogram, we obtain a more direct signature of
coherence in the 3PP process where Fig. 5(b) shows 2D
photoelectron spectra, bottom to top, for the zero- (0fiw),
first- (1/iw), and second-order (2/iw) polarization frequencies.
The zero-order component follows the incoherent population
dynamics of excited electron populations, while the first- and
second-order components record the linear and second-order

nonlinear coherences, respectively. The tilting of 1/iw and
2hw components confirms that the two-photon transition from
state R to state G is a coherent process [49,86]. By taking
the horizontal line profile at Eg, = ~4.33 eV in Fig. 5(a), we
obtain an experimental interferometric two-pulse correlation
(I2PC) trace for the resonant excitation in Fig. 5(c). Corre-
sponding simulation with an optical Bloch equation (OBE)
approach is also shown in the right-hand panel. Here, we use
a four-level 3PP excitation scheme as depicted in the inset,
where T2 is the coherent dephasing time between states R
and G, and T?? is the G-state resonance decay time. The col-
ored lines overlapping the experimental and simulated 12PC
traces show signal decompositions into the phase average
and lw, 2w, and 3w component envelopes, respectively. The
OBE simulations are performed until the calculated envelopes
reproduce the experimental ones. The best-fit parameters
obtained thereby correspond to a dephasing time (7%%) of
~21 fs and a population lifetime (7%%) of ~52 fs, respec-
tively. Such a long lifetime is comparable with chemisorbed
Cs atoms on noble metal substrates [14,88], suggesting
the possibility of coherent manipulation of optoelectronic
properties of Ca surfaces. For the comparison, we also per-
form I2PC measurement at off-resonant excitation (fiw =
1.63 eV) in Fig. S10 [56]. Contrary to resonant excitation,
the I2PC trace is comparable with the autocorrelation trace in
Fig. S9 [56].
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IV. DISCUSSION

The structuring of adsorbates on surfaces is defined by a
balance between the adatom substrate and competing elec-
trostatic repulsive or attractive lateral interactions between
adsorbates. The STM results in Fig. 2(d) provide the direct
evidence for the preferential atomic binding of Ca atoms to
substrate steps followed by condensation and growth into
2D islands. The total energy calculations for single Ca atom
adsorption on Ag(111) in Fig. S11(a) [56] reveal the adatom-
substrate potential with an extremely low diffusion barrier
(~1 meV) through bridge site maxima, suggesting that free
diffusion occurs even at 77 K (~7 meV), and subsequent
2D island condensation starts from step edges or point de-
fects, which apparently have a larger lateral binding energy,
explaining the STM finding of step-edge-dominated growth.
It is likely that atoms on terraces experience a long-range
Coulomb repulsion that suppresses their condensation into
islands. Nevertheless, the less pronounced terrace growth can
occur if Ca atoms encounter point defects or other Ca atoms
to seed island nucleation. Figure S11(b) [56] (upper panel)
depicts the potential energy pathway experienced by a single
Ca atom as it interacts with decorating Ca atoms along the step
edge. The calculated barrier to a bond formation (0.11 eV) is
noted to be comparable to the bond strength (0.1 eV), resulting
in the formation of the Ca-Ca interatomic bonding at step
edges. Furthermore, the potential energy pathway for 2D Ca
tetramer formation on Ag(111) (Fig. S11(b) [56], lower panel)
confirms that the smaller potential barrier (0.04 eV) and larger
bond strength (0.06 eV) for Ca tetramer formation facilitate
the subsequent growth of 2D planar structures as Ca coverage
increases. This condensation behavior has been predicted to
have larger cohesive energy for heavy AE elements such as
Ca, Sr, and Ba, as compared with Mg and Be, on account of
the d-orbital density near Er. The consequent cohesive ener-
gies of roughly 1 eV [21,90,91] agree with our DFT-calculated
value of ~1.14 eV/Ca atom. Especially in the case of Ca at
the threshold between s- and d-block elements, there are no d
core states and therefore the d-like states near Er experience
a strong attractive potential leading to a small interatomic
distance and a larger cohesion energy compared to Sr and Ba
[21]. As shown in Fig. 4 and Figs. S5-S8 [56], our finding
that the electronic structure of single-atom and condensed
island Ca phases near Er has significant d-orbital character
relative to that of s and p largely explains the condensation
behavior and larger cohesive energy for Ca, as compared with
alkali-metal atoms [21,92].

With experiment and theory, we have also examined the
valence electron charge on single Ca atoms by calculating
the partial charge transfer of ~1.2¢~ for a 6 x 6 overlayer
on Ag(111) in Fig. S1 and Table S1 [56]. The remaining 4s
electron density can participate in metallic Ca-Ca bonding.
As the Ca coverage increases, especially in a condensed Ca
island, the valence electron transfer is reduced to ~0.9¢~
(for a Ca tetramer) due to enhanced interatomic interaction
among Ca atoms, which further stabilizes the valence elec-
tronic states by promoting charge delocalization. Contrary to
alkali-metal-atom chemisorption, where metallization occurs
upon condensation at a critical coverage (6,) between half
a monolayer and two monolayers [7,93], the coverage that

favors condensation of Ca at terrace edges is significantly
lower (~0.05 ML), suggesting that it does not involve a
coverage-dependent phase transition but a defect-dependent
attraction that drives entropy reduction at a low cover-
age. Similar condensation behavior has been reported for
Ca/Cu(100) after 6. < 0.05 ML [94]. Therefore, the differ-
ent aggregation behavior of Ca with respect to chemisorbed
alkali-metal atoms is a joint outcome of a small surface corru-
gation potential, strong d-orbital interaction between adjacent
Ca atoms, and weak corrugation atom-substrate interaction.
From the observed Ca monolayer condensation, we conclude
that the interaction between Ca adatoms and the Ag(111) sur-
face is dominated by mutual ionic interaction, which leads to
low corrugation in the adatom-substrate interaction, whereas
the Ca-Ca interaction has appreciable covalent d-orbital
character.

The weak Ca-Ag(111) interaction persists to dynamics
of the G-state electronic dynamics as evidenced by the rel-
atively slow dephasing and population decay at ~2.7 eV
above Er. Similarly slow electronic relaxation processes have
been observed for alkali-metal atoms on noble metals and the
Ru(0001) surface. Although the Ca atom retains a 4s electron
upon chemisorption, it is unlikely that the photoexcitation
process involves interatomic promotion to an excited state,
followed by photoemission. The interaction of an electron
with the doubly ionized hole charge would likely have a strong
transient exciton band profile [85]. Therefore, for both alkali-
metal and Ca atoms, the excitation predominantly involves
charge transfer excitation where an electron is transferred
from the substrate back to the alkali-metal atom. The G state
lies within the projected band gap of Ag(111), so the relatively
slow decay implies that the electron density is effectively
confined to the surface. This is anticipated to be consistent
with the dy, character of the unoccupied Y state. The long
effective dephasing is further surprising because of the rough
step-edge structures, probably caused by strong electron 2D
confinement leading to significant inhomogeneous broaden-
ing, as can also be surmised from its width in 2PP spectra,
as well as site-dependent STS resonances. Given its energy
position at ~0.9 eV below Ey,. [see Fig. 3(c)], which is near
the image potential (IP) state of the Ca island, the G state may
hybridize with it. This hybridization could significantly con-
tribute to the observed long dephasing and lifetime because
the IP density is delocalized into the vacuum. The excited
state lifetimes further suggest that the coupling to the substrate
is weak even at step edges. These ultrafast studies suggest
that ultrafast photocatalysis on Ca/Ag(111) surfaces where the
electronically excited Ca species induce chemistry could be
effective.

V. SUMMARY AND CONCLUSIONS

The adsorption of proto-transition-metal Ca on Ag(111)
exhibits interesting electronic and structural properties that
arise from its intermediate position between alkali metals and
transition metals that lends it unique electronic configura-
tion and complex orbital hybridization. Whereas the “light”
alkaline-earth elements, Be and Mg, lacking d orbitals tend
to exhibit a neutral or covalent character between anionic and
cationic adsorbates akin to He atoms (with closed ns? shell
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configuration) [48], the similarity to the alkali-metal atoms
favors ionic chemisorption that engages d orbitals in its inter-
atomic interactions.

In this study, we report the diverse electronic properties
of Ca atoms that affect its adsorption on a noble metal,
Ag(111), surface, by complementary surface-sensitive mi-
croscopic and spectroscopic techniques. Using static 3PP
spectroscopic measurements, we record the electronic struc-
ture of ~0.18 ML Ca on Ag(111) to find an occupied state R
and two unoccupied states G and Y. DFT calculations show
that, upon chemisorption, Ca atoms transfer about one 4s
electron (~1.2¢~ for Ca atom and ~0.9¢~ for Ca tetramer)
to the substrate, similar to alkali-metal atoms. Despite this
charge transfer ionization, the remaining electron forms the
occupied state R near Ef, consistent with Ca still possessing a
metallic character even at the smallest coverages. According
to DFT calculations, the observed occupied R and unoccu-
pied G states possess significant 3d-orbital character. This
proto-transition-metal character is probably responsible for
Ca forming one-atomic-layer-thick islands where the 3d-
orbital character favors formation of covalent bonding despite
the dipole-dipole repulsion that is common to ionized ad-
sorbates on metal surfaces. The discovery of an occupied
state suggests not only the partial charge transfer to the
Ag(111) surface, but also the evidence of early-stage metallic
condensation of Ca atoms. Additionally, a strong coverage
dependence of spectral line FWHM and the spatial-position-
dependent STM and STS measurement of the unoccupied
state energy G indicates the atomic condensation occurs at a
deep submonolayer coverage (=0.05 ML), forming a rugged
structure. In contrast to the chemisorbed alkali-metal atoms
which adopt a dispersed phase on noble metal surfaces, the
early condensation of the Ca atom is explained by a significant
involvement of 3d orbitals to the electronic structure, which
induces the strong 4s-3d mixing and consequently stabilizes

the Ca-Ca bond. Finally, the real-time observation by ITR-3PP
spectroscopy of electron dynamics upon two-photon induced
resonance reveals a charge transfer to the 3d state of the
Ca island. Electronic transition by the resonant excitation to
the 3d state drives the coherent electron excitation with the
dephasing time of ~21 fs and a long lifetime of ~52 fs, which
is comparable to the 5s state of Cs on Cu(111) [95-97]. Such
a long-lived electronic state of alkali-metal atoms has been
found to drive frustrated desorption on account of its Coulomb
repulsion with the substrate [96]. Contrary to Cs, chemisorbed
Ca on Ag(111) partially transfers its 4s valence electron to
the substrate. Thus, the photoexcitation likely transfers an
electron to the 3d-orbital-derived bands of Ca islands. Be-
cause of the strong Ca interactions within the islands, the
photoexcited electron is probably delocalized over neighbor-
ing atoms, as is evident from the free-electron-like G-state
dispersion, and therefore does not induce strong adsorbate-
substrate repulsion as in the case of single Cs atoms. The
delocalization of electrons also likely hinders their decay back
to the conduction band of Ag(111) on account of the projected
band gap, that inhibits hybridization between adsorbate and
substrate bands. Therefore, the observation of photoinduced
long-lived resonance involved in 3d orbitals provides further
evidence supporting the transition-metal-like properties of Ca
and offers the possibility to induce and control various pho-
tocatalytic processes involving excited electrons, such as the
photocatalytic reduction of CO, [65,98]. The electron delocal-
ization within the excited state can promote its trapping and
chemistry at sites of chemisorption.
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