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We investigate the electronic structure and photoexcitation dynamics of alkali atoms (Rb and Cs) chemisorbed
on transition-metal Ru(0001) single-crystal surface by angle- and time-resolved multiphoton photoemission.
Three- and four-photon photoemission (3PP and 4PP) spectroscopic features due to the σ and π resonances
arising from the ns and np states of free alkali atoms are observed from ∼2 eV below the vacuum level in the
zero-coverage limit. As the alkali coverage is increased to a maximum of 0.02 monolayers, the resonances are
stabilized by formation of a surface dipole layer, but in contrast to alkali chemisorption on noble metals, both
resonances form dispersive bands with nearly free-electron mass. Density functional theory calculations attribute
the band formation to substrate-mediated interaction involving hybridization with the unoccupied d bands of the
substrate. Time-resolved measurements quantify the phase and population relaxation times in the three-photon
photoemission (3PP) process via the σ and π resonances. Differences between alkali-atom chemisorption on
noble and transition metals are discussed.
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I. INTRODUCTION

Alkali-atom chemisorption on metals has been a source
of seminal ideas in surface science [1–12]. The dominant
interaction leading to chemisorption of alkali atoms is between
their valence ns electron and the free electrons of the metal
substrate that is mediated by the Coulomb field. At a surface-
atom distance of a few angstroms, the Coulomb image-charge
interactions lift the alkali ns electron above the Fermi level;
this causes the ns electron to transfer from alkali atom into
the unoccupied levels of the substrate on the femtosecond
time scale and, consequently, the atom to chemisorb in a
predominantly ionic state [9,11,13]. The strong surface dipole
formed by the ionic alkali atoms and their displaced electrons
creates a surface potential, which causes a characteristic
decrease of the surface work function [14]; this character-
istic of alkali-atom-modified metal surfaces has found many
applications in thermionic emission, catalysis, etc. [8,15].

The nature of the alkali-atom–metal surface bond, specif-
ically, whether it should be described as ionic or covalent,
however, has been a subject of a long-standing debate
[7,16–18]. The lack of a distinct occupied electronic structure
that could be diagnostic for the nature of the surface chemical
bond has frustrated consensus [16]. Spectroscopic signatures
of alkali-atom chemisorption were revealed, however, by
methods that probe the unoccupied surface electronic struc-
ture such as the inelastic electron scattering [19], inverse
photoemission [20,21], and two-photon photoemission (2PP)
[22–24]. These techniques found a pronounced and sharp
resonance approximately 2 eV below the vacuum level in the
limit of zero alkali coverage, which has been assigned to the
unoccupied ns state [11,23,24].
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The spectroscopy and dynamics of the ns state (σ reso-
nance) has been particularly interesting because of its excep-
tionally long lifetimes (∼50 fs) for a strongly chemisorbed
species [24–26]. On the (111) surfaces of noble metals,
the restricted phase space as well as large polarizability
stabilize the σ resonance with respect to decay by the elastic
charge transfer from alkali atoms into the resonant bands of
the substrate. The L projected band gaps on the Cu(111) and
Ag(111) surfaces restrict the penetration and decay of the σ

resonance into the resonant bulk bands that exist only for large
values of parallel momentum k|| [26–28].

The photoinduced charge transfer excitation of the σ

resonance creates a neutral alkali atom at the nuclear distance
of the chemisorbed ion [29]; this turns on strong Coulomb
repulsion with the electrons in the Fermi sea that triggers the
nuclear motion of alkali atom on the repulsive, antibonding
potential surface [29–33]. In the case of Cs on Cu(111)
and Ag(111) surfaces, the long lifetimes enabled surface
femtochemistry of frustrated desorption to be observed and
controlled on the sub-picosecond time scale [25,30–33].

In addition to the σ -resonance electronic structure theory
predicted and 2PP experiments found another higher-lying
state with predominantly npx and npy character (π resonance)
about 0.3–0.7 eV above the σ resonance [34,35]. On Cu(111)
and Ag(111) surfaces the atomic orbital character of this state
was revealed by angle-resolved (AR) 2PP spectroscopy [34]:
the two resonances appeared as nondispersive features with an

intensity for k|| = 0 Å
−1

being the maximum for the σ reso-
nance and a local minimum (node) for the doubly degenerate
π resonance. The angular photoelectron distributions were
defined by m, the projection of the orbital angular momentum
l onto the surface plane, where m = 0 for the σ resonance and
m = ±1 for the π resonance. For coverages of <0.1 ML [we
define one monolayer (ML) with respect to the substrate atom
density], the nondispersive photoelectron angular distributions
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indicated that the interadsorbate orbital overlap was too small
to form a delocalized band [11,34,36].

Until now, most electronic structure studies of alkali-atom
chemisorption have been performed on noble-metal surfaces
[37]. Because the d bands of noble metals are 2–4 eV below
the Fermi level, the electronic structure and dynamics of
chemisorbed alkali atoms are primarily determined by interac-
tions with the free-electron-like sp bands. The question of how
the electronic structure of chemisorbed alkali atoms changes
on the catalytically important transition-metal surfaces has
hardly been addressed [38,39].

In this paper, we employ multidimensional multiphoton
photoemission (mPP) spectroscopy to explore the unoccupied
electronic structure of Rb and Cs at �0.02 ML coverage on a
transition-metal surface Ru(0001). Because of its interesting
properties in catalysis and surface femtochemistry, as well
as substrate for graphene growth, the electronic structure
and dynamics of alkali-atom-modified Ru(0001) surfaces are
particularly interesting [40–46]. The electronic structure of
Ru(0001) surface has been characterized by photoemission
and inverse photoemission spectroscopy [47–49]. The bonding
of alkali overlayers on Ru(0001) surface has been investigated
by a variety of structural and spectroscopic techniques [10,44–
46,50]. The chemisorption of Cs on Ru(0001) surface was
found to stiffen the Cs-Ru bond as the coverage was increased,
although the origin of this effect has not been fully explained
[49]. To the best of our knowledge, however, the electronic
structure of low-coverage alkali-atom-modified Ru(0001) sur-
faces has not been addressed by experiment or theory.

Using a broadly tunable femtosecond laser excitation
source, we selectively detect the alkali-atom resonances in
three- and four-photon photoemission (3PP and 4PP) processes
(Fig. 1). Two-photon photoinduced electron transfer from the
occupied d bands of Ru excites the σ and π resonances [29],
which serve as the penultimate states in the 3PP process.
Interferometric time-resolved (ITR) 3PP measurements pro-
vide information on the phase and energy relaxation times of
the σ and π resonances. Surprisingly, AR-3PP spectra find
strong dispersion of the σ and π bands at coverages where
interatomic hybridization is unexpected based on the previous
studies of alkalis on noble metals [11]. Ab initio calculations
of the alkali-atom/Ru(0001) electronic structure attribute the
dispersion to hybridization of the ns and npx,y orbitals of
alkali atoms with the d bands of the substrate. Thus, our
joint experiment-theory studies provide new information on
the nature of alkali-atom–metal chemical bond.

II. EXPERIMENTAL METHODS

Multidimensional coherent multiphoton photoelectron
spectroscopy experiments [52] are performed in a commercial
ultrahigh vacuum chamber (UHV) with a base pressure of
<10−10 mbar. The Ru(0001) surface is prepared by repeated
cycles of Ar ion sputtering and annealing at 1100 K in UHV.
After preparation, the sample is cooled to ∼90 K by liquid
nitrogen and then exposed to an effusive Cs or Rb atomic
beam from commercial alkali-atom getter sources (SAES).
The alkali-atom coverage is estimated from the observed
work function decrease during the deposition using published
calibration data [44,45,50].

FIG. 1. The surface-projected band structure as a function of k||
showing the 3PP and 4PP excitation processes through the alkali-
induced resonance intermediate states. The yellow arrows show the
possible transitions from d band of substrate Ru to m = 0 and ±1
states with �ω = 2.17 eV light and the red arrows give the excitation
processes with �ω = 1.64 eV light. The dashed or dotted horizontal
lines indicate the d bands of Ru(0001) that have been observed or
predicted by theory [47,48,51].

mPP spectra are excited with a noncollinear optical para-
metric amplifier (NOPA), which is pumped by a Clark MXR
Impulse fiber laser oscillator-amplifier system. The NOPA
operates at a 1.25-MHz repetition rate with ∼20 fs pulses and
typical pulse energy of <60 nJ [52]. The fundamental output
of the NOPA and its second harmonic can be tuned from
900 to 270 nm corresponding to 1.38–4.59 eV photon energy
[53]. The pulse is compensated for positive dispersion in the
optical path using multiple bounces from a pair of matched
negative dispersion mirrors. The pulse duration is measured
and optimized at the position of the sample by autocorrelation
measurement using ITR-3PP signal from a polycrystalline Ta
sample, which has a nearly instantaneous response (see Fig. S1
in the Supplemental Material [54]) [55].

AR-mPP spectra are recorded with a Specs Phoibos 150
electron energy analyzer, which is used in the ±15◦ angular
acceptance mode. The images of photoelectron energy versus
momentum [E(k)] are acquired in an electron counting mode
using a delay-line detector. During the alkali-atom deposition,
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mPP spectra (a combination of 3PP and 4PP) are recorded se-
quentially to characterize the σ and π resonances and the work
function decrease. The deposition is terminated when the work
function is reduced to the point where the signal from 2PP starts
to overwhelm that from 3PP and 4PP. After the spectroscopic
characterization, the photodynamics of alkali-atom excitation
and relaxation are investigated by ITR-3PP. In this experi-
mental mode, the delay between identical pump-probe pulses,
which are produced in a self-made Mach-Zehnder interferom-
eter (MZI), are scanned with a <50 as time-step resolution;
at each step an E(k) image is acquired [52,56,57]. Multiple
pump-probe scans are acquired and accumulated for signal
averaging to generate three-dimensional (3D) E(k,t) movies
of the coherent electron dynamics at alkali/Ru(0001) surfaces.

III. RESULTS AND DISCUSSION

Figure 1 shows the surface-projected band structure for

Ru(0001) surface for a range of momenta around k|| = 0 Å
−1

that we investigate. Based on electronic structure calculations,

inverse photoemission, and 2PP spectroscopy, at the � point
the Ru(0001) surface has a projected band gap that opens
at ∼2 eV and extends to at least 6 eV above the Fermi level
EF [47–49,58]. Near EF , d bands have been reported at
−0.1 and 1 eV also at the � point [48,59,60]. Band-structure
calculations also predict a d band at 1.3 eV: these various
features may have a role in mPP processes [48,51]. The work
function of Ru(0001) is reported to be 5.4–5.5 eV [48,58].
Because the alkali-atom σ resonances are expected to occur in
the low-coverage limit at ∼2 eV below the vacuum level Ev ,
their coincidence with the band gap is favorable for studies
of alkali-atom spectroscopy and dynamics. Figure 1 also
shows some possible excitation pathways for 3PP and 4PP
via the n = 1 image potential state (IP) on the bare Ru(0001)
surface, as well as the σ and π resonances in the limit of
low-alkali-atom coverage.

A. Analysis of mPP via alkali-atom resonances

Figures 2(a)–2(d) show two-dimensional E(k) distribu-
tion images measured with 571 nm (2.17 eV) three- and

FIG. 2. (a)–(d) 3PP and 4PP spectra of the Ru(0001) surface excited �ω = 2.17 eV during the continuous deposition of Cs atoms starting
from zero coverage. The spectra show the penultimate state energy (left axis) and the final photoelectron energy relative to EF (right axis)
versus the parallel momentum k||. �� gives the work function change before and after the deposition. The dashed straight or parabolic lines
give the best fitting dispersions of specific bands. In (a) the fitting of the IP state gives m∗ = 1.1 ± 0.02me and in (d) the masses obtained for

m = 0 and ±1 are m∗ = 1.8 ± 0.05me and −0.65 ± 0.05me, respectively. (e) The line profiles of (a)–(d) that are taken at k|| = 0 Å
−1

. (f) The
3PP spectrum with �ω = 2.29 eV excitation of Cs/Cu(111) surface is given to contrast with the Cs/Ru(0001) surface. SS indicates the occupied
Shockley surface state of Cu(111).
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four-photon excitation during deposition of Cs onto Ru(0001)
surface. Cross sections through the E(k) distributions for the

normal emission (k|| = 0 Å
−1

) are shown in Fig. 2(e) for more
quantitative visualization of the data. The momentum resolved
measurements are taken along the �-K direction.

Before alkali deposition, an mPP spectrum from the clean
Ru(0001) surface is recorded [Fig. 2(a)]. The work function
� of the clean Ru(0001) surface is found to be 5.37 eV. The
mPP spectrum is dominated by two spectroscopic features:
(i) the n = 1 image potential state (IP), which is the penulti-
mate level in 4PP; and (ii) a d band [59], which is an initial
state in 3PP −0.1 eV below EF . When the Ru(0001) surface
is clean and well ordered, the strongest feature in the mPP
spectrum [Fig. 2(a)] is the IP state: its intensity is stronger
than the occupied d band, even though the d band is excited
by a lower-order process. The IP state binding energy with
respect to the vacuum level is ∼0.58 ± 0.04 eV, which is
slightly smaller than the literature value of ∼0.64 ± 0.03 eV
[58], and its dispersion is consistent with the effective mass
m∗ = 1.1 ± 0.02me, where me is the free-electron mass.

Cs adsorption causes substantial changes in the mPP spectra
[Figs. 2(b)–2(d)]; the work function progressively decreases
as the coverage of Cs atoms increases [marked as �� in
Figs. 2(b)–2(d)]. The work function is reduced by formation of
a surface dipole layer, which introduces an additional attractive
potential [14,15,61]. Furthermore, adsorption of Cs also causes
the IP state intensity to wane and the σ and π resonances
to wax. By comparing the work function change with the
literature calibration curves for Cs/Ru(0001) [44,45,50], we
estimate the maximum coverage in our measurements to
approach 0.02 ML. Because Rb+ has approximately the same
size as Cs+, we expect it to have very similar calibration
curve [45,50]. For comparison with noble metals, we also
show a single 3PP E(k) image for Cs/Cu(111) with <0.01 ML
coverage that is obtained under similar conditions as for Cs on
Ru(0001) substrate [Fig. 2(f)].

By contrast with the previous 2PP spectroscopic measure-
ments of alkali atoms on noble metals, which were obtained
with 3.1-eV excitation, the 3PP and 4PP schemes with visible
light (1.54–2.17 eV) enable both the σ and π resonances to be
observed within the same nonlinear order of excitation in the
zero alkali-atom coverage limit. Moreover, higher-order mPP
spectra appear to select coherent excitations of surface states
over bulk hot electron processes [52].

Because we are detecting the alkali resonances via an
mPP process, it is important to establish their position in the
multiphoton absorption ladder. This is done by plotting the
measured final-state energy of the resonance versus the photon
energy and evaluating the resulting slope and intercept from a
linear fit to the data. For reference, in Fig. 3 we first consider
the n = 1 IP state on the clean Ru(0001) surface because being
close to Ev it always takes one photon to detect in both the 3PP
and 4PP schemes. In Fig. 3, we also plot the final-state energies
of the σ and π resonances for the excitation with 1.54–2.27 eV
photon energy pulses. In the 5–7 eV range of the final states,
the resonances are detected in either 3PP or 4PP. In the case of
3PP (�ω > 1.8 eV), the excitation photon energy is sufficient
to excite the σ and π resonances by a two-photon transition,
followed by single-photon photoemission. Hence, the plots
have a slope of ∼1. In the case of excitation for 1.54 < �ω <

FIG. 3. The final states energy plotted as a function of photon
energy with the linear fit. The slopes from fitting are marked in the
figure correspondingly and the intercepts are summarized in Table I
for m = 0 and ±1 states. For the reference, the IP state of Ru(0001)
is plotted.

1.8 eV, the photoemission occurs by 4PP and their detection
requires two-photon adsorption; hence, the slope in Fig. 3
is ∼2. Based on this analysis, we can estimate that the σ

and π resonances of Cs participate in the mPP processes as
intermediate states at 3.22 and 4.35 eV for the 0.015-ML alkali
coverage of the measurements in Fig. 3 (Table I).

To remove the effect of the surface dipole potential on
the σ - and π -resonance energies, we must extrapolate the
results to zero alkali coverage [11,36,62]. The change in
the σ resonance with increasing coverage is evident in
Figs. 2(b)–2(d). In the case of Cu(111) and Ag(111) surfaces,

TABLE I. The energies of σ and π resonances relative to EF . m∗

denotes the effective masses for the states from experiments and DFT
calculations for the 6 × 6 Rb overlayer structure on Ru(0001). The
binding energies are in the parentheses.

E 0.015 MLa E Zero limitb m∗
experimental m∗

theoretical

m = 0 Rb 3.12 eV 3.33 (−2.04) eV 1.8me 2.1me

m = 0 Cs 3.22 eV 3.59 (−1.78) eV 1.8me 1.5me

m = ±1 Rb 4.07 eV 4.13 (−1.24) eV −0.7me − 0.7 me

m = ±1 Cs 4.36 eV 4.32 (−1.05) eV −0.65me −0.8me

aIntercepts from linear fitting in Fig. 3.
bIntercepts from linear fitting in Fig. 4.
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FIG. 4. The binding energies of m = 0 and ±1 σ and π

resonances relative to the vacuum level of the clean Ru(0001) surface
(left axis) and EF (right axis) for Rb and Cs on Ru(0001) surface,
plotted versus work function change to the power of 3

2 (��3/2).
Dashed lines are linear fits to the data.

we have shown that the σ -resonance energy decreases linearly
with respect to ��3/2 [11,14,36,62,63]. In Fig. 4, we plot
the σ - and π -resonance energies for Cs and Rb on Ru(0001)
surface versus ��3/2, and indeed find a linear trend. The
dependence of the π -resonance energy on the alkali-atom
coverage has not been measured previously: here we find it
to decrease in energy but with a much weaker dependence on
the coverage than the σ resonance. Because we expect that it
should also respond to the dipole potential, this result suggests
that another factor has a counteracting influence, as we will
explain in the following.

From the linear fits to the data in Fig. 4 (dashed lines),
we can extrapolate the σ - and π -resonance energies for
Cs/Ru(0001) at the zero coverage limit to be 3.59 and 4.32 eV
with respect to EF , and −1.78 and −1.05 eV with respect to
Ev . The corresponding analysis for Rb/Ru(0001) gives 3.33
and 4.13 eV with respect to EF , and −2.04 and −1.24 eV with
respect to Ev . Therefore, σ -π splittings for Cs and Rb are 0.73
and 0.80 eV on the Ru(0001) surface. For comparison, the zero
coverage σ -π splitting for the Cu(111) surface in Fig. 2(f) is
0.87 ± 0.02 eV. The observed σ -π splittings for the Ru and
Cu substrates in Figs. 2(f) and 4 are also comparable to the
calculated zero-coverage splittings for noble-metal surfaces
[34,35], although they are higher than 0.3–0.7 eV that we
reported for higher alkali coverages on the Cu(111) and
Ag(111) surfaces [34,36]. This discrepancy can be attributed
to the overlap between the alkali resonances and the bands
of the substrate, as well as lower experimental resolution
of the previous experiments [34,36]; the mPP excitation and
photoelectron imaging used in the present experiments provide
more accurate splittings. For reference, the free atom ns to
np excitation energies, i.e., the D lines of Cs and Rb in the
absence of surface perturbation, are 1.39 and 1.56 eV. Thus,
the larger splitting for Rb may be due to the larger s-p the
atomic splitting. The resonance energies from the excitation

wavelength and alkali-coverage-dependent measurements are
reported in Table I.

B. Alkali resonance band formation

An unexpected feature of the σ - and π -resonance spectra
in Figs. 2(b)–2(d) is that they form dispersive bands with
effective masses that depend on the coverage. The dashed
lines in Figs. 2(b)–2(d) indicate the band dispersions that
are obtained by fitting parabolic curves to the peak maxima
for different values of k||. Similar dispersions are observed
for the Rb/Ru(0001) surface. Fitting of σ and π bands
in Fig. 2(d) gives effective masses of m∗ = 1.8 ± 0.1me

and −0.65 ± 0.05me, respectively. At lower coverages, in
Figs. 2(b) and 2(c), the σ band is still nondispersive, whereas
the π -band effective mass is −1.1me.

The observation of highly dispersive alkali-atom bands at
low coverages on Ru(0001) surface is surprising because for
noble metals the corresponding resonances are nondispersive
even for coverages up to 0.1 ML [34]. Clearly, the alkali
orbitals are able to interact at very low coverages on the
Ru(0001) substrate. We observe a transition with coverage
in the 2D spectra of Fig. 2 from where the angular intensity
distributions reflect the localized orbital character of the m = 0
and ±1 σ and π resonances, to a regime where angular
band dispersion portend the delocalized orbital character.
Specifically, in Figs. 2(b)–2(d) there is a progression where the
node and antinode in the angular photoemission distributions
for the π and σ resonances, respectively, disappear and are
replaced by the band dispersions, which become stronger as
the alkali coverage is increased. Thus, the orbital parentage
of the two resonances is manifested in the spectra through
a transitional regime where they change from the localized
to a delocalized character. In the case of Cu(111) substrate,
we observe the localized character under similar experimental
conditions. Thus, the comparison between angular distribu-
tions for Ru(0001) and Cu(111) surfaces in Figs. 2(d) and
2(f) shows that the properties of the substrate significantly
influence the σ - and π -resonance orbital interactions.

The observed effective masses are consistent with charac-
teristics of bands formed by the in-plane σ bonding of s and p

orbitals [64,65]. The m = 0 orbitals are bonding, have the band
minimum at the � point, and their Bloch wave function has

no nodes at k|| = 0 Å
−1

. By contrast, the m = ±1 orbitals are
antibonding, have the maximum at the � point, and their Bloch
wave function has the maximum number of nodes. Thus, the
band dispersions of alkali-induced states on Ru(0001) surface
provide consistent evidence for the orbital origin of the σ

and π resonances as the photoemission angular distributions
for alkali-covered noble-metal surfaces, except for the former
the electronic wave functions are delocalized, whereas for the
latter they are localized. We will address the origin of these
differences through electronic structure calculations.

In our analysis of the band dispersions, we assume that
the interaction between alkali atoms at low coverage is purely
repulsive due to dipole-dipole interaction, for which there is
overwhelming evidence based on real and reciprocal space
measurements [10,44,45,50,66,67]. Although Cs and Rb are
bound by more than 3 eV at low coverage by ionic forces,
the barriers for surface diffusion are in a few meV range
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[50,68]. All measurements of the work function change versus
alkali-atom coverage for Ru(0001) surface show a smooth
change that is characteristic of increasing density of a hexactic
liquid, rather than coverage-dependent order-disorder phase
transitions that have been documented in a few cases for
alkali chemisorption [10,69]. Moreover, we do not believe that
there is preferential decoration of step edges at low coverage,
based on STM measurements of Cs on noble-metal surfaces at
comparable coverages [66,67].

Based on the above analysis, we note that there are two
factors affecting the σ - and π - resonance energies at finite
alkali-atom coverages. First, the increasing strength of the
dipole potential as the alkali-atom coverage increases should
lower the σ - and π -resonance energies by approximately
the same amount. Second, the band formation at the �

point stabilizes the bonding σ resonance and destabilizes the
antibonding π resonance. The orbital interactions increase
with the coverage because the magnitude of the effective mass
decreases and the band curvature at the � point increases.
Therefore, the two factors should enhance the stabilization
of σ resonance and counteract the stabilization of the π

resonance. We believe that the strong negative dispersion of the
π resonance explains the different coverage-dependent tunings
of the σ - and π -resonance energies in Fig. 4.

Another aspect of 3PP spectra in Figs. 2(b)–2(d) is the large
width of the σ resonance for both the Cs and Rb/Ru(0001)
surfaces. The origin of the width could be the coupling of
the surface resonance to the resonant bulk bands for finite
values of k||, as can be expected from Fig. 1. For example,
such broadening was found for Cs/Cu(100), where the σ

resonance is similarly close to the bulk band edge [33,58,70].
An additional factor that may influence the σ -resonance width
are possible resonances in optical transitions involving the
d bands of the substrate. Specifically, an unoccupied d band
with significant width has been reported at 0.9–1.0 eV above
EF in both the inverse photoemission and 2PP spectra of clean
and graphene modified Ru(0001) surface [59,60]. It is likely
that the σ resonance is excited by a one-photon transition from
this intermediate d band, as suggested in Fig. 1, and therefore,
the observed spectral width has contributions from the joint
density of the coupled states in the 3PP process.

C. Theoretical analysis of the alkali-Ru bonding
and band formation

The band formation of the σ and π resonances at coverages
where through space interactions are expected to be too weak
for electron delocalization suggests that the substrate could
mediate the interactions. This points to a different character
of alkali atom bonding to a transition-metal surface Ru(0001)
than was found for noble metals [12,35,71,72].

To further understand the differences in alkali-atom inter-
actions with Ru(0001) and Cu(111) surfaces, we performed
first-principles electronic structure calculations for both Rb
and Cs on Ru(0001) surface. The results of both alkali
atoms are essentially the same and we will use the model
of Rb on Ru(0001) to explain the details in the following
text. DFT calculations are not expected to predict accurately
the resonance energies of alkali atoms on metal surface
because the image potential is not included [11,73]. Because

FIG. 5. (a), (b) The spatial orbital distributions of the m = 0 and
±1 σ and π resonances of Rb atom on Ru(0001) surface. (c) The
calculated electronic band structure of Rb on Ru(0001) using a 6 × 6
supercell. The red and blue dots and lines indicate the calculated σ -
and π -resonance bands.

the image potential is homogeneous within the 2D surface,
however, we expect the errors in predicting band dispersions
to be insignificant. Therefore, DFT calculations provide useful
information on the comparative tendency of the σ and π

resonances to form bands on the Ru(0001) and Cu(111)
surfaces. The calculated effective masses for both Rb and Cs
on Ru(0001) surface are in Table I and the band structure for
Rb/Ru is in Fig. 5.

DFT calculations are carried out using plane-wave basis
sets with cutoff energies of 250 eV for both Rb and Cs
on Ru(0001) surface and 340 eV for Rb/Cu(111) using the
generalized gradient approximation with PBE functional [74]
as implemented in VASP [75–77]. The projector augmented
wave method is used to describe the electron-ion interaction
[78]. A six-layer slab model is used with a vacuum of 26 Å
to avoid the interlayer interaction. Because the unit cell is as

large as 16.2 ×16.2 Å
2
, the Brillouin zone is sampled only at

the � point.
We use a 6 × 6 supercell to simulate the surface, which

contains 36 Ru atoms per layer: this corresponds to 0.03 ML
Rb coverage. Rb atoms are in the hcp position, as dictated by
previous low-energy electron diffraction studies [10]. Relative
to the clean Ru(0001) surface, the calculated work function
decrease is 1.0 eV, which is comparable to experiments. In
Fig. 5(c), we show the surface projected band structure of
Rb/Ru(0001). By comparing the projected density of states
to the Rb covered Ru(0001) surface with the clean one, we
identified the bands with contributions from the s and px,y

orbitals of Rb around the � point; these bands are marked with
red and blue dots in Fig. 5(c). The σ and π resonances are
located at 2.5 and 3.3 eV above EF . As we discussed above, we
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expect these energies to be only in qualitative agreement with
experiment. The dispersion, however, is meaningful and in
agreement with the experiment. As expected, the σ resonance
has a positive dispersion and the π resonance a negative one.
We obtain the theoretical effective masses from parabolic fits
to the band dispersions. For the σ resonance, the effective
mass is 2.1me, whereas for the π resonance it depends on
momentum. Specifically, it is −0.7me along �-K and −1.9me

along �-M , whereas in Fig. 2 we measure along the �-K . For
comparison, we have also calculated the band structures of Rb
in a top position on Cu(111) using a 6 × 6 supercell, and find
both the σ and π resonances to be nondispersive (see Fig. S2 in
the Supplemental Material [54]). The same result is obtained
when Rb is placed in a hollow site on Cu(111) surface.

The surface band structure results obtained by DFT cal-
culations confirm that there is substrate-mediated interaction
between low-density alkali atoms for the Ru(0001) but not
for the Cu(111) surface. To understand this substrate effect, in
Figs. 5(a) and 5(b) we plot the spatial distribution of orbitals
that contribute to the σ and π resonances of Rb/Ru(0001)
system. As in the case of alkali atoms on noble metals, the σ

resonance has main contributions form the 5s and 5pz orbitals,
which hybridize in the presence of the surface. For the π

resonance, the dominant contributions are from the Rb 5px and
5py orbitals, which hybridize with the Ru 3dxz and 3dyz. The
hybridization of Rb with the Cu(111) and Ru(0001) surfaces
is different, however. For the adsorption of Rb on Ru(0001)
one can see significant contribution from the d orbitals of
Ru(0001) to both the σ and π resonances [Figs. 5(a) and 5(b)].
By contrast, for Cu(111) there is only small contribution from
the s and p orbitals (Fig. S1b). For both surfaces, we expect
that the resonant sp bands of the substrates interact weakly

with the adsorbates due to presence of the band gaps. The
difference between Ru(0001) and Cu(111) are the energies
and bandwidths of the d bands. For Ru, the 4d bands extend
from −6.0 eV to as high as 1.5 eV relative to EF according
to our DFT calculations. In the case of Cu, the 3d bands
spread from −5.0 to −2.0 eV below the EF ; they are fully
occupied and have a narrower bandwidth than for Ru(0001)
[79]. Therefore, the empty 4d bands on Ru(0001) are much
closer in energy to the alkali-induced resonances, and are more
diffuse than the 3d bands of Cu(111). This enables more
effectively hybridization of the σ and π resonances via the
interactions with the d bands of the Ru(0001) substrate. This
explains the strong substrate-mediated dispersion of the σ and
π resonances, and points to a different character of alkali
chemisorption on transition metals.

D. Ultrafast photoexcitation dynamics

Furthermore, we explored the photoexcitation dynamics for
both the alkali-induced resonances of Cs and Rb by recording
interferometric two-pulse correlation measurements (I2PC)
[52]. Figure 6(a) shows an experimental 2D interferogram

for k|| = 0 Å
−1

, which is extracted from a 3D E(k,t) movie
for the Cs/Ru(0001) system under approximately the same
conditions as in Fig. 2(d) using 2.14-eV excitation. Figures
7(a) and 7(b) show cross sections through the data in Fig. 6(a)
at the energies of the σ and π resonances, which are indicated
by the red and blue lines through Fig. 6(a). These I2PC scans
reflect the electron dynamics associated with the coherent and
incoherent 3PP excitation pathways involving the σ and π

resonances.

FIG. 6. (a) An interferogram representing a cut through a 3D movie [E(k,t)] of mPP from Cs/Ru(0001) surface for k|| = 0 Å
−1

. The
measurement is performed with �ω = 2.14 eV for ∼0.015 ML Cs/Ru(0001) at 90 K. The red and blue lines indicate the energies of m = 0 and
±1 σ and π resonances where cuts through the interferogram give the I2PC scans in Fig. 7. (b)–(d) The 2D photoelectron spectra obtained by
Fourier transforming interferometric scan in (a) showing individually components at zero frequency (b) and first (c) and second (d) harmonics
of the laser frequency �ω. The horizontal dashed lines indicate the laser energy �ω with different polarization orders. The vertical dotted lines
indicate the final energy of σ and π resonances.
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FIG. 7. (a), (b) I2PC scans for the σ and π resonances obtained from the interferogram in Fig. 6(a) for Cs/Ru(0001). The signal
is decomposed into envelopes of components oscillating with different frequencies (see text in details), which are used to fit the
polarization and population decay parameters. (c), (d) The simulated I2PC signals for these two resonances form a fit to an OBE model.
(e) The diagram of four-level excitation.

A graphic way to evaluate the polarization and population
dynamics associated with the 3PP process in Fig. 6(a) is by
performing a Fourier transform (FT) of the data with respect
to time. The result of this analysis gives the 2D FT images
of the coherent linear and nonlinear polarization involved
in the 3PP process versus the final-state energy, which are
shown in Figs. 6(b)–6(d). The FT signal has components from
the incoherent population dynamics (0 ∗ �ωl), the coherent
polarization at the fundamental frequency (1 ∗ �ωl), and at its
second harmonic frequency (2 ∗ �ωl), which are plotted versus
the photoelectron energy. The 3 ∗ �ωl component, which also
contributes to the 3PP process, is too weak to consider in
the present analysis. The 0 ∗ �ωl component is sensitive to
the incoherent population dynamics of electrons promoted
to the intermediate states, whereas the 1 ∗ �ωl and 2 ∗ �ωl

components reflect the linear and second-order nonlinear
polarizations that contribute to the coherent pathways in the
3PP process.

The 2D plots give a correlation between populations and
polarization frequencies excited in the sample and the final
photoelectron state spectra where the mPP process terminates
[52]. In a purely coherent process, the slope by which a 2D
spectral feature tilts should reflect the order of the coherent
process. For example, in a 3PP process from an initial state
that is localized in energy, we expect a coherent three-photon
absorption to have a slope of 1

3 in Fig. 6(e) because three
photons corresponding to polarization at a particular energy
(abscissa) sum to generate the signal at the corresponding
final-state energy (ordinate). In the case of inhomogeneous
broadening, however, for example if the initial state is a d band,

which disperses with perpendicular momentum, different
polarization energies within the laser pulse can contribute to
the same final-state energy. As a result, the 2D spectra do
not tilt and a vertical cross section through a 2D spectrum at
1 ∗ �ωl just reflects the laser spectrum. The 2D spectra can also
be influenced by dephasing in the intermediate states, which
leads to loss of phase memory in the mPP process. In this case,
the 2D spectra have tilted and horizontal contributions from
the coherent and the dephased processes [52].

Examining the 2D spectra for the linear and second-
order polarizations in Figs. 6(c) and 6(d), we find them
to be essentially flat except for the π resonance at the
highest final-state energies. Based on the projected band
structure in Fig. 1, we can assert that the σ resonance is
excited from d bands at <1 eV below EF possibility via
a resonance with an unoccupied d band at 0.9–1 eV above
EF . These bulk contributions probably contribute to the
inhomogeneous broadening and hence explain in part the
lack of tilting of the σ -resonance signal in the 2D spectra
in Figs. 6(c) and 6(d). In the case of the π resonance, the
slight tilting of the 2D spectra can be attributed to excitation
from a narrow region about EF . Because the phase space
for electron-electron (e-e) scattering goes to zero at EF and
T = 0, and it grows rapidly with (E − EF )2 dependence
away from EF [55,58,80], the polarization associated with
excitation form or to EF is expected to dephase relatively
slowly. Similar reduced dephasing rate for initial states near
EF is commonly observed in I2PC scans [81]. Therefore, we
expect the two-photon coherence excited from the substrate
bands at EF to the π resonance to be somewhat protected
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from the effects of inhomogeneous broadening and e-e
scattering.

In Fig. 7, we analyze the alkali resonance photoexcitation
dynamics with an optical Bloch equation (OBE) approach.
We note that the OBE approach is only rigorous for an
isolated system where local field effects are not important,
and that it is difficult to treat inhomogeneous broadening
that is inherent to a solid state or surface system [52,82].
Therefore, here we assume a minimal system for OBE
simulation with the understanding that the extracted dephasing
times are effective parameters, and should not be taken as a
precise measurement of dephasing of the alkali atom σ and
π resonances. The excited-state population lifetimes are more
meaningful, except that the parameters could be associated
with either the intermediate d band or alkali resonance states,
which are excited by one or two photon processes. In this
case, we assume that the bulk d-band lifetime is shorter than
the alkali surface state lifetime; this assumption is grounded
in extensive literature on the electron relaxation in metals and
metal surfaces [25,57,60,83].

The OBE simulation is based on the data for Cs/Ru(0001)
in Figs. 7(a) and 7(b), which corresponds to the I2PC cross
sections from Fig. 6(a) at the σ - and π -resonance energies

for k|| = 0 Å
−1

. The I2PC results are similar for other
photoemission angles. The corresponding simulated I2PC
simulation results are given in Figs. 7(c) and 7(d). The energy
level scheme and the key parameters for the simulation are
given in Fig. 7(e). We use a four-level scheme, where “0”
and “3” are the initial and the final states, “1” is virtual, and
“2” is the alkali-atom resonance. Treating “1” as a virtual
state is reasonable if the intermediate d band dephasing a
population decay is much faster than for the alkali resonances.
The main parameters in the simulation are T 2, the alkali
resonance population decay time, and T 23, T 02, and T 03, the
dephasing times of the linear, second-order, and third-order
polarizations. The simulation is performed using a similar
analysis method as in Ref. [57], where the I2PC signal
is decomposed into the phase average, and the envelopes
of the ω, 2ω, and 3ω oscillating. In order to simulate the
experimental I2PC scans, the OBE calculation is performed
until the calculated envelopes reproduce the experimental
ones. In the simulation, the autocorrelation of the laser pulse
is decomposed with the same method as described above,
and the pulse duration is ∼20 fs based on the analysis from
the envelopes for the polycrystalline tantalum sample holder
(Fig. S1 in Supplemental Material [54]). For the nonoscillating
wings in the autocorrelation trace, we consider that the laser
has a liner chirp. To obtain the information of the population
and coherent decay of the alkali resonances more precisely,
we include linear chirp term into the electric field of our laser
pulse. Table II presents the best-fit parameters for Cs/Ru(0001)
data in Fig. 7 and that obtained for Rb/Ru(0001) under similar
coverage and laser excitation conditions.

The fitting results give approximately 40- and 20-fs lifetime
for the Cs and Rb σ and π resonances on Ru(0001). With
the caveat that these lifetimes could contain a contribution
from the d bands of Ru(0001), we believe that these results
are determined with an uncertainty of ∼10 fs based on
the sensitivity of the values on how the simulations are
performed. The lifetimes of the σ resonances are similar,

TABLE II. The polarization and population decay parameters
from the OBE simulation in Fig. 7.

T 2 (fs) T 23 (fs) T 02 (fs) T 03 (fs)

m = 0 Rb 40 11 10 16
m = 0 Cs 39 8 6 4

m = ±1 Rb 24 3 14 17
m = ±1 Cs 22 3 9 13

though faster, than those measured for the Cu(111) surface
where a nonexponential decay due to the nuclear motion on
the excited-state potential surface was consistent with a 50-fs
lifetime [25,30]. We expect a shorter lifetime for alkali atoms
on Ru(0001) surface because the large density of states of the
occupied and unoccupied d bands can enhance decay channels
via inelastic electron scattering with respect to the Cu(111)
[84]. As far as the dephasing times are concerned, we cannot
exclude that the parameters are not significantly affected by
systematic errors, such as the incomplete characterization of
the laser pulse. Further experiments, such as the temperature
dependence of the dephasing rates, would be necessary to
confirm their physical significance.

IV. CONCLUSIONS

Using 3D angle- and time-resolved 3PP spectroscopy
and electronic structure theory, we described the electronic
structure and lifetimes of Cs and Rb at <0.02 ML coverage
on the transition-metal Ru(0001) surface. We found the σ and
π resonances at comparable binding energies with respect to
the vacuum level as the same resonances on the Cu(111) and
Ag(111) noble-metal surfaces. This similarity suggests that
the ionic interactions between the alkali ions and Ru(0001)
surface dominate the alkali chemisorption as on noble metals
[11]. The energy separation between the σ and π resonances is
larger than previously reported in 2PP measurements for noble
metals, and in better agreement with the theoretical predictions
[34–36]. This difference between previous measurements can
be attributed in part to a lower alkali coverage used in the
present experiments, the more favorable detection of the alkali
resonances with 3PP and 4PP excitation schemes, and to a
higher photoelectron spectroscopic resolution. The larger σ -π
splitting than previously reported is confirmed for Cs/Cu(111)
surface resonances.

Although the σ - and π -resonance binding energies in the
zero-coverage limit are consistent with the ionic bonding,
we find strong differences in the interaction among alkali
atoms that are mediated by the Ru(0001) surface and point
to significant hybridization with the d bands of the substrate.
The σ and π resonances exhibit strong dispersions at coverages
as low as <0.02 ML, which reflect their m = 0 and ±1
orbital character. DFT calculations confirm the tendency for
band formation and attribute it to hybridization of alkali-atom
orbitals with the d bands of the substrate. Such interactions
are expected to be stronger for transition metals than for noble
metals because of higher energy and larger bandwidths of the
d bands.
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With increasing alkali-atom coverage, the binding energy
is linearly proportional with ��3/2 due to the formation of the
dipole potential. The tuning of the energies is different for the
σ and π resonances most likely due to additional influence of
the band formation, which shifts their energies in the opposite
direction at the � point.

Finally, we measured ITR-3PP data for the Cs and
Rb/Ru(0001) surfaces in order to characterize the photoexci-
tation dynamics and alkali resonance lifetimes. The observed
lifetimes of 40 and 20 fs for the σ and π resonances of Cs and
Rb are consistent with a stronger inelastic decay channel due
to the presence of d band near the Fermi level as compared
to noble metals. Overall, the character of the alkali-atom
transition-metal interactions shows strong influence of the

d bands on the alkali-atom band dispersions and resonance
lifetimes.
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