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Abstract

We present an experimental and theoretical analysis of the core-level binding energy
shifts in metal-supported ultrathin KCl films, i.e., a case from a broader class of few-
atom-thick, wide-bandgap insulating layers that is increasingly used in nanosciences and
nanotechnologies. Using synchrotron-based high-resolution photoemission spectroscopy
(HRPES) measurements, we identify the different contributions to the core-level binding
energy shifts for the CI™ anions and K™ cations of two to three atomic layer-thick KCl
films grown on Ag(100). The distances of the CI~ and K™ ions of the first two atomic
layers of the KCI film from the metal substrate are determined from normal incidence
X-ray standing wave measurements. We also calculate the core-level binding energy
shifts using an analytical electrostatic model and find that the theoretical results are in
agreement with the experimental HRPES results only when polarization and substrate-
induced image charge effects are taken into account. Finally, our results evidence the
effect of the third atomic layer of the KCI film, which partially covers and screens the

first two atomic layers of KCI wetting the metal substrate.

Introduction

Alkali halides (AH) are naturally abundant ionic crystals, which are increasingly used as
ultrathin insulating layers in nanosciences and nanotechnology. This is because, on the one
hand, AH films as thin as two or three atomic layers already exhibit a wide, bulk-like, elec-
tronic bandgap.? On the other hand, such films can be grown through simple techniques,
such as thermal evaporation from a crucible, on a variety of metal®>'2? and semiconduc-

r 13718 surfaces. Ultrathin AH films epitaxially grown on metals have been key in recent

to
breakthroughs in scanning probe microscopy experiments in nanophysics and nanooptics, to
probe and control the states of individual atoms and molecules electronically decoupled from

their substrate.!®2® AH thin films are also increasingly used as electronic buffer layers at the

electrode/semiconductor interfaces of organic-based optoelectronic devices, to engineer the



band-bending effects at these interfaces and thus to optimize the device performance.??36

In such applications, understanding the effects of the atomic-scale structure, low dimen-
sionality, and interfacial interactions of the insulating layer on its electronic properties is
crucial. Such effects are associated with core-level binding energy shifts, which can be mea-
sured using photoemission spectroscopy. In particular, the differences in core-level binding
energy between the atoms at the surface and the atoms in the bulk have been studied for
various materials,> ! also including AHs.***3 However, for ultrathin AH films, the record
on core-level binding energy shifts is very scarce.444°

In general, core-level binding energy shifts result from a change in both the initial and final
states of the photoemission process. In ionic insulators, the initial state where an electron
is localized on an ion at the crystal lattice site may shift in energy due to a modification of
the Madelung potential, e.g., surface ions have a different coordination number as compared
to the bulk.*? In the final state of photoemission, the hole created by the removal of an
electron from the crystal is screened by the polarization of the neighboring ions in the
lattice, which is also dependent on their atomic coordination. Moreover, in the case of
adsorbed species and supported thin films, the energy of the initial and final states are both
modified by the substrate polarization effects. The substrate polarization is often described
using model approach based on the electrostatic screening, such as e.g. method of the image
charges. 38:46-49

Recently, a new aspect of core-level binding energy shifts in supported manganese ox-
ide (MnO) overlayers has been reported,®® which may be extended to ultrathin AH films,
given that both MnO and AHs are ionic insulators. The authors modeled the core-level
photoemission line shapes of few atomic layer-thick MnO(100) films grown on Au(111) as
a superposition of contributions from interior, terrace and edge atoms, i.e., atomic sites
of different coordination geometry. They predicted the core-level binding energy for these

three types of atomic sites, based on analytical calculations of the Madelung potential and

the polarization effects. Such an analysis of photoemission spectra unravels the statistical



distribution of the different atomic sites in a thin film, which is key for applications, e.g.,
in heterogeneous catalysis. So far, such an analysis for ultrathin AH films has not been
reported.

In previous works, the core-level and Auger electron photoemission line shapes of the
alkali-metal cation in AH thin films on metals have been tentatively decomposed into first-

45 as well as interfacial, bulk and surface

layer, second-layer and multilayer contributions
contributions.** However, these decompositions were not accompanied with calculations of
the theoretical binding energy shifts. Moreover, in these studies, the core-level binding
energy shift for the halide anion either was not observed or was considered negligible for
the surface ions of bulk AH crystals.4? As recently pointed out for metal oxide thin films,*!
erroneous approximations or assumptions may lead to flawed interpretations of the core-level
binding energy shifts and a wealth of information that they contain about the physical and
chemical properties of low-dimensionality systems such as ultrathin films may be lost. Thus,
the question naturally arises as to whether the core-level binding energy shifts of ultrathin
AH films on metals could be modeled using analytical calculations of the Madelung potential
and the polarization effects. We attempt to address this question in the present contribution.

In this paper, combining experiment and theory, we investigate how the electrostatic
screening by the metal substrate and the polarization of the ionic lattice affect the core-level
binding energies of the Cl anions and K cations of ultrathin potassium chloride (KCl) films
grown on Ag(100). Figure 1 shows a schematic view of the experiment. Two to three atomic
layer-thick KCl islands are grown on Ag(100) in ultrahigh vacuum (UHV) and the CI 2p and
K 2p core level energies are measured using synchrotron-based high-resolution photoemission
spectroscopy (HRPES). The vertical distances of the ions in the first and second atomic
layers of KCI from the top Ag(100) atoms are retrieved using the normal-incidence X-ray
standing wave (NIXSW) technique.® Based on analytical calculations, we determine the
relative contributions of the image charge and polarization effects to the observed binding

energy shifts.
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Figure 1: (a) Schematic view of the photoemission experiment on a two atomic layer (2L)-
thick KCI film on Ag(100), featuring a three atomic layer (3L)-thick domain. hv, e~ and
ht stand for the incident X-ray photons, the photoemitted electrons and the resulting holes
in the core levels of the ions, respectively. (b) Vertical distances of the CI” and K ions
in the different layers from the metal substrate, as considered in the theoretical model.
These distances are experimentally determined using NIXSW for the first two KCI layers
and theoretically estimated using the lattice parameter of bulk KCl for the third KCI layer.
In the text, z and 2’ are defined as the vertical distances from the Ag(100) image plane and
surface atomic plane, respectively. (c¢,d) Schematic view of the proposed KCl film morphology
for deposited amounts of KCI corresponding to (c) one and (d) two monolayers (1 and 2 ML).



Experimental methods

The surface of an Ag(100) single crystal was cleaned by sputtering (Ar ions, 700 eV) and
annealing cycles (at 773 K) and its quality was checked using low energy electron diffrac-
tion. For all HRPES measurements, ultrathin KCI films were grown in UHV by thermal
evaporation from a crucible heated at 793 K and adsorption on the Ag(100) crystal kept
at room temperature. We used > 99.9995%-pure KCI purchased from Sigma Aldrich and a
temperature-controlled evaporator from Kentax. The deposition rate (= 0.2 A min~!) was
determined using a calibrated quartz microbalance and the amount of deposited KCl was
controlled via the deposition time. In the following, we express the amount of deposited KCI
in number of monolayers (ML), i.e., as the “nominal” thickness of the film. As a definition,
1 ML of KCI is deposited on the substrate when the density of atoms in the KCI film per
unit area equals that of the (100) atomic plane of bulk KCl. The nominal thickness of the
KCl films prepared for the HRPES experiments is 1 ML and 2 ML, respectively.

The core-level HRPES measurements were carried out at the TEMPO beamline of the
SOLEIL synchrotron facility (Saint-Aubain, France), using a high-energy-resolution Scienta
SES2002 photoelectron analyzer equipped with a delay-line detector. The accessible energy
range at the TEMPO beamline is from 50 to 1500 eV and the maximum resolving power is
E/AE > 10000.%? The analyzer was operated in the constant-pass-energy mode (20 eV) and
the energy step was 25 meV for K 2p and Cl 2p core-level regions. The sample was cooled
down to about 120 K during all HRPES measurements. The preparation of the sample
and the HRPES measurements were carried out in two connected UHV chambers. The
base pressure in both chambers was < 3 x 107! mbar. We used the CasaXPS software for
the HRPES peak fitting. The background caused by inelastically scattered photoelectrons
was modeled using a Shirley baseline. The core-level peaks were fitted using the product
of a Gaussian and a Lorentzian (i.e., a pseudo-Voigt function), with the Gaussian and the
Lorentzian contributing 70% and 30% to the peak width, respectively (i.e., the GL(30)

function in CasaXPS).



The NIXSW experiments® were performed at the 109 beamline of the Diamond Light
Source synchrotron facility (Oxfordshire, UK), on ultrathin KCI films grown on Ag(100) at
200 K. The measurements were carried out at energies close to the Ag(200) Bragg energy
(3.035 keV) and the K 2p and Cl 2p levels were recorded using angular integrated detection
of the photoelectrons. During the NIXSW measurements, the sample was kept at about
230 K. The K2p and Cl2p spectra were fitted by two doublets composed each of two lines
with a pseudo-Voigt profile of equal full width at half maximum (FWHM). The area ratio
of the two components of the doublet was constrained to 2. The coherent fractions and
positions were determined from the respective yield curves using the program Torricelli.??
We did not take into account non-dipolar correction parameters in the fit of the K2p and

Cl2p spectra, because these parameters are not well-established for 2p orbitals.®!

Theoretical methods

To analyze the experimental data and to elucidate the observed trends, we use an analytical
model based on the earlier developments for the description of the bulk and surface core-level

5457 and for the description of the polarization effects in molecular adlay-

shifts in ionic solids
ers deposited on metal substrates. 45859 More details on the model can be found in Ref.%® In
brief, we construct the lattice of ionic crystal films using large neutral supercells consisting
of halide anions and alkali-metal cations. In this way, the asymptotic electrostatic potential
of each supercell is given by the high-order multipole, which ensures the fast convergence of
the Madelung potential. The experimentally measured core-level binding energy shift of the
cation or anion located at a given lattice site jj of the KCI film corresponds to the difference
in the work needed to bring the hole from infinity to this particular ion either located in
vacuum or embedded in the ionic lattice. It can be approximated by the potential created

by the rest of the system (ion crystal film and metallic substrate) at the KCI lattice site jj,

with position vector R, in response to the +1 charge placed at the same lattice site. Using



atomic units, this energy shift can be expressed as
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The first two sums in Eq. 1 describe the point charge interactions (i.e., the Madelung
potential). We account for the field screening by the metal substrate, resulting in image
potential interactions with ¢; = —g; being the electrostatic image of the charge g; of the
lattice site j with position vector R;. The image charge ¢; is located at Rj =R,;—2¢,(é,-R;),
where €, is the unit length vector along the z-axis. We consider Cartesian coordinates with
z-axis perpendicular to the surface atomic plane of Ag(100) and pointing into the vacuum.
The origin of z-coordinates corresponds to the Ag(100) image plane defined with (z,y, z = 0).
It is located in the vacuum region at 2/ = 1.09 A (2.06 atomic units®') above the surface
atomic plane of Ag(100), as shown in Fig. 1(b). The second and third terms in Eq. 1 stand
for the interaction of the hole with electrostatic image of the charge ¢;, and with its own
electrostatic image, where z;, = ¢, - R;,.

Finally, the last sum in Eq. 1 accounts for the polarization (i.e., the Mott-Littleton) effect.
The field of the hole located at R, polarizes the ionic crystal. Thus, the hole interacts with
dipoles p; induced at the rest of the ionic sites j # jj, of the KCl film, and with their images
as p; = —p;j+2é.(é,-p;). Since this is the self-interaction, the corresponding potential terms
enter Eq. 1 with factor 3. The dipole potential U is given by U(r, p) = [3(p - r)r — p r?] /1°,
where r = |r| and r is the position vector. The dipoles induced at the lattice sites of the
ionic film are determined from p; = «a; E;, where a; is the polarizability of the Cl~(K™T)
ion located at the site j, and E; is the local field at this site induced by the presence of the

2 (ie.,

hole at R;,. For ionic polarizabilities, we use values reported by Jaswal and Sharma
2.95 A3 for C1~ and 1.13 A3 for K*). Since E; depends on ensemble of induced dipoles, p;

and E; are determined using an iterative procedure.



Results and discussion

For most AH/metal systems, AH thin film growth on low-index surfaces of metal crystals
starts with (100)-terminated islands, which may have several different in-plane orientations
and consist of a two atomic layer (2L)-thick wetting layer®11:6361 |see Fig. 1(c)|. Moreover,
a third atomic layer can grow on top of this wetting bilayer before the AH film fully covers

964 Thus, already for deposited amounts of AH corresponding to less

the metal substrate.
than two monolayers (2 ML), the AH film can feature some three atomic layer (3L)-thick
domains [see Fig. 1(d)].

For KC1/Ag(100), the island growth mode and the (100) termination and in-plane ori-
entation of the KCI islands have been confirmed by atomic-resolution scanning tunneling
microscopy.% The presence of a 2L-thick wetting layer for ultrathin KCI films grown on
Ag(100), as well as the additional contribution of 3L-thick KCI domains, is evidenced by our
own HRPES and NIXSW data shown below. To begin with, we introduce a simplified anal-
ysis of the HRPES data, where we neglect the possible presence of 3L-thick KCl domains.
Thus, we consider only two different atomic sites, corresponding to the first and second
atomic layers of an ideal KCI bilayer, respectively. From NIXSW measurements, we deter-
mine the vertical atomic positions of the K and Cl ions in the different layers of the KCI
film. Using these vertical positions, we analytically simulate the core-level binding energy
shifts and compare the different effects contributing to these shifts. Finally, we introduce in
the model the presence of a third atomic layer of KCI. Assuming that this third atomic layer
of KCl covers the wetting KCI bilayer only partially, we theoretically model the contribution
of five different atomic sites, corresponding to the two atomic layers of 2L-thick KCl domains
and the three atomic layers of 3L-thick KCl domains, which we believe is responsible for the

experimentally observed lineshape asymmetry of the K and Cl HRPES peaks.



HRPES data analysis

Figure 2 shows the HRPES spectra of the 2p core levels of chlorine (Cl 2p) and potassium
(K 2p) measured for two KCI films of different nominal thicknesses (i.e., 1 ML and 2 ML)
grown on Ag(100). Taking into account the spin-orbit splitting of both Cl 2p and K 2p levels,
all spectra in Fig. 2 can be fitted with four peaks representing two independent components
of spin-orbit doublets, marked in red and blue. In the following, these two independent
components are referred to as the lower binding energy (LBE) and the higher binding energy
(HBE) components, respectively. In a simplified analysis, this observation indicates that two
kinds of atomic sites coexist. Their different dielectric environments yield an energy-shifted
replica of the doublet. In the Supplementary Information (see Fig. S1), we show that the
energy position and lineshape of the Ag 3d core-level HRPES peaks are not modified or
shifted when 1 or 2 ML of KCl is deposited on the Ag(100) surface, which indicates that KCI
does not chemically react with Ag. Therefore, the electron binding energy shifts observed
for CI 2p and K 2p core levels are not due to K-Ag or Cl-Ag covalent bonding or alloying.
Previously, the studies of the surface core-level shifts in bulk AH crystals reported HRPES
spectra consisting of a superposition of a surface-ion and a bulk-ion contribution, shifted in
energy with respect to each other.*? Accordingly, we interpret the results shown in Fig. 2 as
due to the contribution of the ions at the KC1/Ag and KCl/vacuum interfaces.

In order to quantitatively analyze the LBE and HBE contributions mentioned above, we
fit the peaks of the HRPES spectra as follows. We consider two doublets shifted in energy
with respect to each other. The 2p3/, and 2p,/, doublet is constrained to have a 2 : 1 peak
area ratio (based on the multiplicity of each spin state), equal FWHM for the two peaks of
the doublet, and a peak separation of 1.63 eV for chlorine and 2.77 eV for potassium. The
results of this fit are given in Table 1 and Table 2. Thus, we determine the energy shift
between the LBE and HBE contributions in the 2p HRPES spectra, which is about 0.7 eV
for chlorine at 1 ML (0.8 ¢V at 2 ML) and 0.9 eV for potassium (at 1 and 2 ML).

From the spectra shown in Fig. 2(a-d) and the peak area ratio given in Tab. 1, the height
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Figure 2: (a-d) Cl 2p and (e,f) K 2p HRPES spectra of two different ultrathin KCI films
grown at room temperature on Ag(100). The photoemission intensity is plotted as a function
of the electron binding energy. The nominal thickness of the two KCl films is 1 ML and 2 ML,
respectively. The X-ray photon energy is indicated in the panels. The experimental data are
fitted using two doublets of pseudo-Voigt functions, referred to as the lower binding energy
(LBE, red line) and higher binding energy (HBE, blue line) components, over a Shirley
baseline (bottom gray line). The top grey line is the envelope of the fit.

Table 1: Results of the peak-fitting analysis of the Cl 2p3/; line from the HRPES
spectra shown in Figs. 2(a) to 2(d). First column indicates the panel of Fig. 2
where the spectrum is shown. Second column is the nominal thickness of the
KCl film, expressed in monolayers (ML). Third column refers to the used X-
ray photon energy (hr). LBE and HBE stand for the lower and higher binding
energy contributions discussed in the text. FE is the binding energy position
of the peak, as determined from the fit. AFE corresponds to the shift between
the energy positions of the LBE and HBE peaks. Last column gives the peak
area ratio of the HBE versus the LBE contribution. All binding energies (F)
are corrected for the Fermi level energy, which is determined experimentally for
each film thickness and photon energy.

. Cl 2p3 2
panel t(};/l[%{) (Z\l;) LBE HBE/ AFE peak area ratio
E(eV) FWHM(eV) E(eV) FWHM(eV) (eV) HBE/LBE
(a) 1 300 198.47 0.50 199.19 0.67 0.72 1.34
(b) 1 400  198.52 0.53 199.23 0.70 0.71 1.08
(c) 2 300 198.45 0.49 199.24 0.70 0.79 2.54
(d) 2 400 198.53 0.53 199.31 0.73 0.78 1.83
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Table 2: Results of the peak-fitting analysis of the K 2p;/; line from the HRPES
spectra shown in Figs. 2(e) and 2(f). Same notation is used as in Tab. 1. The X-
ray photon energy (hv) is 400 e€V. All binding energies (F) are corrected for the
Fermi level energy, which is determined experimentally for each film thickness
and photon energy.

: K 2p3/2
panel t(}li/llcllj) LBE HBE/ AFE peak area ratio
E(eV) FWHM(eV) FE(eV) FWHM(eV) (eV) HBE/LBE
(e) 1 293.29 0.75 294.20 0.99 0.91 1.77
(f) 2 293.34 0.71 294.23 1.15 0.90 3.18

of the LBE peak relative to that of the HBE peak is higher in the Cl 2p HRPES spectra
measured at a photon energy of 400 eV than in the spectra measured at 300 eV. This is
because the mean free path of the photoelectrons in the sample is dependent on their kinetic
energy. The kinetic energy of the photoemitted electrons equals the difference between the
energy of the absorbed photons and the binding energy of the electrons in the probed core
level. Hence, for a given core level, the kinetic energy of the photoelectrons increases with
the photon energy. In the considered kinetic energy range (i.e., about 100-200 eV ), the mean
free path of electrons in KCI increases with kinetic energy.®® Thus, the relative increase of
the LBE contribution with the photon energy confirms that the KCI film consists of at least
two atomic planes and indicates that the LBE contribution is from the Cl anions pertaining
to the deepest atomic plane (i.e., the KCI plane at the interface with Ag). This finding
is true for both the 1 ML and 2 ML KCI films, which confirms their growth mode in the
form of a bilayer. Note that, here, we neglect the effect of the photon energy dependence
of the X-ray penetration depth in the sample, because the KCI film thickness is orders of
magnitude lower than the X-ray penetration depth at the considered photon energies. 5
We also observe that the nominal thickness of the KCI film, i.e., 1 ML or 2 ML, has an
effect on the Cl 2p and K 2p HRPES spectra. For a given photon energy, the HBE/LBE peak
height ratio and the HBE peak FWHM are larger at 2 ML than at 1 ML (see in Fig. 2 and

in Tab. 1 and Tab. 2). If the KCI film were only composed of two atomic layers, increasing

the nominal thickness from 1 ML to 2 ML would only increase the surface coverage of the
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film (from 50% to 100%), which is not expected to change the HBE/LBE peak height ratio
and the HBE peak FWHM. From these observations, we infer that the KCI film must also
feature thicker (e.g., 3L-thick) KCl domains, whose relative contribution is higher at 2 ML
than at 1 ML. This is consistent with the most commonly observed growth mode of AH thin

96364 and is further corroborated by our NIXSW measurements discussed

films on metals
below. Thus, the HBE peak is not only the contribution of the second KCl atomic layer,
but is a sum of at least two contributions from the atomic layers that are on top of the first
atomic layer, which exhibit binding energies that are too close to be spectrally resolved in
Fig. 2. Nevertheless, we will show that the lineshape of this “multiplet” can be explained
using the model derived below, provided that the presence of a third KCI atomic layer is
taken into account. In the next section, we determine the vertical atomic positions in the

KCI film, which are used to model the core-level binding energy shifts for each of the KCI

atomic layers.

Vertical atomic positions (NIXSW measurements)

The NIXSW technique exploits the fact that, when the photon energy is scanned across the
Bragg energy, the photoelectron yield from an atom changes in a way that is related to its
vertical position, due to the formation of X-ray standing waves. Hereby, the vertical position
of the atom is defined as the distance from the extended Bragg planes of the substrate. In the
present study, these planes are the (200) lattice planes of the Ag substrate, which are distant
of d(200) = 2.04 A from each other. The photoemission spectra of a KCI thin film on Ag(100)
shown in Figure 3 are recorded 10 eV below the Bragg energy, i.e., in the absence of X-ray
standing waves. Despite the lower resolution (due to the higher photon energy used), the
spectra shown in Fig. 3 exhibit the same splitting of the lines into two doublets (refered to
as the LBE and HBE components) as the spectra shown in Fig. 2. In order to determine the
vertical atomic positions, we measure the photoemission spectra at various photon energies

around the Bragg energy. We fit the LBE and HBE components in these spectra as shown
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in Fig. 3 and thus we obtain the curve of the photoemission yield as a function of the photon
energy for each (LBE/HBE) component (see Fig. S2 in the Supplementary Information).
This fitting analysis provides two parameters, i.e., the coherent fraction f. and the coherent
position p., which characterize the height distribution and the averaged vertical height of
the respective atoms, respectively.®! In Fig. 3(c), f. and p. are represented by a vector in
the complex plane, i.e., the Argand vector F = f. - exp (127 p.), where p. and f. correspond
to the angle and length of the vector, respectively.

Figure 3(c) shows that, for a given (LBE or HBE) component of the spectra, the Argand
vectors for the ClI” and K ions are comparatively close to each other. This implies similar
coherent positions, i.e., similar vertical heights of the respective emitters. Hence, the Cl
and K™ ions responsible for each (LBE/HBE) component must pertain to the same atomic
layer of the KCI film. In order to determine which of the two components corresponds to the
top or bottom layer of the KCI film, we calculate the absolute heights d. with respect to the
outermost Ag(200) Bragg-plane. We use the relation d. = (n+p.) x 2.04 A, with appropriate
integer values of n. The results are shown in Table 3. Note that the actual position of the
topmost Ag layer may deviate from that of the Bragg plane due a possible relaxation, leading
to a modified layer spacing between the topmost Ag layers. Nevertheless, our following
argument remains valid, as we consider differences in height. A reasonable spacing Ad,
between the two layers is only obtained when the HBE and LBE components are assigned to
the upper and lower layers, respectively. This requires values of n = 3 for the HBE and n = 1
for the LBE component. Tt yields a spacing Ad. = [(3-+plBP) —(14-pLPE)]x2.04 A= 3.23 A for
K" and 3.30 A for Cl". These values are close to dkci(200) = 3.15 A, the distance between the
atomic planes in bulk KCI. In the alternative case, if the components were assigned in the
reverse order, values of Ad, (e.g., for K, 4.93 A or2.89 A) would be obtained, which deviate
too much from dkci200)- Hence, from the vertical positions, we assign the HBE components
to the ions at the KCl/vacuum interface, and the LBE components to the ions at the KC1/Ag

interface. This assignment is in agreement with the photon-energy dependence of the HBE
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and LBE components in the HRPES spectra, as discussed above.

For an ideal bilayer of KCI consisting of only two atomic layers, with the same number
of ions in the upper and lower atomic layer, the Argand vector of the integrated intensity
is expected to be located exactly at the middle of the line connecting the vectors of the
HBE and LBE components (see. Fig. 3). (Here, we neglect the attenuation of the photoelec-
trons because the mean free path of electrons in KCI exceeds 500 A at this photon energy. )
However, Figure 3 shows that the Argand vector of the integrated intensity is shifted in
the direction of the HBE component. We determine the molar fractions (denoted by [...])
according to the “lever rule” as |[K-HBE|:[K-LBE|=1.14 and |CI-HBE]:|CI-LBE|=1.38. From
these values we conclude that our film is not an ideal bilayer, but that an incomplete third
layer with a relative coverage between 14 and 38% (deduced from the K2p and Cl2p data,
respectively) contributes to the HBE component. The photoemission of this third layer con-
tribution cannot be separated spectroscopically from that of the second layer. Its presence
causes a small reduction of the coherent fraction of the HBE components. In addition, the
height of the second layer is slightly underestimated by 0.02 A. More details of the NIXSW
analysis are given in the Supplementary Information.

In the next section, we use a simple analytical model and the vertical atomic positions
determined here to calculate the theoretical binding energy shifts and we compare them to

our experimental observations.

Analytical model

To model the core-level binding energy shifts in ultrathin KCI films on Ag(100), we use an
electrostatic model, which is similar to the localized-hole, point-ion model previously em-
ployed by Citrin and Thomas®® and by Mahan®"% to simulate the photoemission from bulk
AH crystals. This model is based on the assumption that a modification of the coordination
or dielectric environment of an ion shifts its core-level binding energies by a value that is

independent of the considered electronic levels. In other words, the same energy shift must
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Figure 3: (a) ClI 2p and (b) K 2p X-ray photoemission spectra of the ultrathin KCI film used
for the determination of the vertical atomic distances. The KCI film is grown at 200 K on
Ag(100). The experimental data are fitted using two peak functions referred to as the lower
binding energy (LBE, red line) and higher binding energy (HBE, blue line) components.
The top and bottom grey lines are the baseline and the envelope of the fit, respectively. (c)
Argand diagram of the K 2p and Cl 2p X-ray photoemission signals. The Argand vectors
of the integrated intensities (¢) exhibit a small coherent fraction and are close to the origin.
The Argand vectors of the HBE and LBE components are nearly on opposite sides of the
origin. The Argand vectors of the integrated signal are linear combinations of the Argand
vectors of the HBE and LBE components, as highlighted by the dashed lines. The diagram
includes two independent data sets (open symbols) and the averaged data (solid symbols),
which are all very close to each other.
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Table 3: Coherent positions p. and fractions f. of an about two monolayer thick
KC1(001) film on Ag(100). The vertical heights were calculated according to:
d. = (n+pc) x2.04 A with the given values of n. Typical error bars of the coherent
fractions f. and coherent positions p. are +0.02 and +0.01, respectively. Error
bars of the vertical heights d. values range between +£0.01 and +0.02 A. The Ad,
value given for K 2p (for Cl 2p) denotes the vertical height difference between
the KT ions (Cl ions) in the top and bottom layers of the KCI film.

signal fe Y2 n de <A> Ad, <A>
LBE 0.59 0.51 3.09

K 2p HBE 0.68 0.095 6.32 3.23
integral 0.18 0.22
LBE 045 050 1 3.06

Cl2p HBE 0.79 0.12 3 6.36 3.30
integral 0.33 0.17

W =
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be observed for all the core levels of this ion. Thus, we calculate electronic energies and
only consider their shifts as compared to the energies of a reference system, e.g., the bulk
KCI crystal or the first atomic KCI layer at the KCl/Ag interface. We analytically calcu-
late the energy shifts due to the dielectric screening and the electronic polarization effects,
i.e., the Madelung term and the Mott-Littleton term. In these calculations, we include the
substrate-induced image charge effects. Following Mahan,” we neglect the short-range re-
pulsive forces.?5%® We ignore the hole-phonon interactions, since these interactions are not
expected to contribute significantly to the core-level binding energy shifts.®” This said, the
hole left in the ionic lattice in the final state of the photoemission process is expected to
efficiently couple to the optical phonon excitations of the alkali halide. The hole-phonon
coupling thus contributes to the broadening of the core levels similarly to the mechanism
responsible for the Gaussian broadening of the vacancy states in ionic crystal films.%

As a preliminary test, we use this model to determine the surface core-level shifts A
of a bulk KCI crystal. These are the shifts of the electron binding energy of the K* and
Cl ions at the surface of a bulk KCI crystal, i.e., at the interface between KCIl and the
vacuum, relative to the K and Cl™ ions inside the bulk crystal, respectively. We obtain
Ay = —0.098 eV (Apaq = —0.306 eV for the Madelung term alone) for surface Cl anions
and 0.529 eV (Ajpreg = 0.306 €V) for surface K cations, in reasonable agreement with the
values reported by Wertheim et al,*? i.e., A, &~ —0.11 eV (Apreq = —0.307 V) for Cl and
Ay = 0.465 £ 0.005 €V (Apeq = 0.307 eV) for K". To apply this model to the KCI films on
Ag, we use the vertical atomic distances measured by NIXSW to calculate the image charge
effects due to the electric field screening by the metal, which depend on the distance between
the ions in the film and the metal surface. (Here, the metal surface means the surface atomic

plane of the Ag substrate. The rumpling is not accounted for.)
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Two-layer model

The results of our calculations for a 2L-thick KCl wetting layer on Ag(100) are shown in
Table 4. It contains the theoretical binding energy shifts with respect to the bulk (A pu)
and with respect to the first KCl atomic layer at the KCl/Ag interface (A ;). In addition,
the table indicates how much the modification of the Madelung potential contributes to
the total binding energy shifts (see the Madelung term in the third and fourth column of
Tab. 4 and the total binding energy shifts in the last two columns). In Tab. 4, the image
charge effects are included in the calculations. For comparison purpose, the results of the
calculations performed without taking into account the image charge effects are shown in
Table 5. Note that all theoretical values are highly sensitive to the vertical positions of the
ions; thus, the experimental uncertainties in the vertical heights determined from NIXSW
measurements and used in the calculations may lead to larger uncertainties in the core-level

energies than the precision of the theoretical values given in Tabs. 4 and 5.

Table 4: Theoretical core-level binding energy shifts calculated for a 2L-thick
KCI film on Ag(100) with consideration of the image charge effects. A, and
A are the binding energy shifts relative to bulk KCI and to the first atomic
layer of the KCIl film, respectively. The 1 and 2"¢ atomic layers of the KCI
film are the KCI layers at the KC1/Ag and KCl/vacuum interfaces, respectively.
The values in bold characters in the last column are to be compared to the
experimentally measured binding energy shifts, noted AF in Tabs. 1 and 2. See
text for more details.

Madelung +
Mott-Littleton
A/bulk (GV) A/l (eV) A/bulk (eV) A/l(e\/)

Ion  Atomic layer Madelung

op 1 (KCl/Ag) -1.95 0 -1.03 0
2nd (KCl/vac.)  -0.95 1.00 -0.47 0.56

- 17 (KCl/Ag) -1.41 0 -0.38 0
2" (KCl/vac.) -0.25 1.16 0.24 0.62

As shown in Tab. 4, our model predicts core-level binding energy shifts of 0.56 eV for Cl
and 0.62 eV for K, between the second and first atomic layers of a 2L-thick KCI film on

Ag(100), which is in reasonable agreement with the experiment. Indeed, these theoretical
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Table 5: Theoretical core-level binding energy shifts calculated for a 2L-thick
KClI film on Ag(100), without taking into account the image charge effects. Same
notations as in Tab. 4. See text for more details.

Madelung +
Mott-Littleton
A/bulk (GV) A/l (GV) A/bulk (GV) A/l(e\/)

Ion  Atomic layer Madelung

o L (KCl/Ag) -0.18 0 0.25 0
ond (KCl/vac.)  -0.23 -0.047 0.20 -0.047

L7 (KCl/Ag) 0.52 0 0.97 0
ond (KCl/vac.)  0.48 -0.046 0.92 -0.047

values match to 0.15 - 0.29 €V (i.e., to 21 - 32%) the values obtained from the simple peak
fitting analysis shown in Fig. 2, i.e.; 0.71 - 0.79 €V for Cl 2p and 0.90 - 0.91 eV for K 2p
HRPES peaks. From Tabs. 4 and 5, we also infer that such a semi-quantitative match
between this simple analytical model and the experiment is only obtained when both the
polarization effects and the metal substrate screening effects (modeled using the image-charge
approximation) are taken into account. Indeed, omitting these effects leads to calculated
binding energy shifts that differ by 0.7 to 0.9 eV from the experimental data.

With the polarization and image-charge effects properly included in the model, the re-
maining discrepancies between the simulated and experimental data may be due to un-
certainty on the vertical positions of the ions used in the model, which are inferred from
NIXSW measurements. Figure 4 shows the effect of varying the vertical positions of the CI”
and K ions of the first atomic layer (at the KC1/Ag interface) on the calculated binding
energy shifts relative to the first atomic layer, i.e., the values of A/, in bold characters in
Tab. 4. Here, the vertical positions of the CI” and K" ions of the second atomic layer (at
the KCl/vacuum interface) are kept constant. Similar results are obtained when the verti-
cal positions of the CI" and K" ions of the second atomic layer are also changed and the
vertical distances between the ions of the two atomic layers are kept constant (see Fig. S3
in the Suppementary Information), which highlights the dominating effect of the vertical
positions of the ions at the KCl/Ag interface. The crosses at the center of the graphs shown

in Fig. 4 indicate the vertical positions used in the calculations shown in Tabs. 4 and 5 and
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Figure 4: Theoretical core-level binding energy shifts calculated for a 2L-thick KCI film on
Ag(100) with consideration of the image charge effects. The binding energy shifts relative
to the first atomic layer of the KCI film (refered to as Ay in Tab. 4) is plotted as a function
of the vertical distance of the CI and K ions of the first atomic layer from the surface
atomic plane (see 2’ in Fig. 1(b)). The vertical positions of the ions in the second atomic
layer are kept constant. The first and second atomic layers of the KCI film are the KCI
layers at the KCl/Ag and KCl/vacuum interfaces, respectively. The crosses at the center of
the graphs indicate the vertical positions (d.) deduced from the NIXSW measurements and
used in the calculations shown in Tabs. 4 and 5. The horizontal and vertical widths of the
cross correspond to the estimated maximal uncertainty on d,, i.e., £0.02 A.
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the estimated maximal uncertainty on these positions, which equals +0.02 A. Using these
error bars, we graphically evaluate the resulting uncertainty range of the calculated binding
energy shifts. We find A,y = 0.56 £0.18 eV for CI and A/; = 0.62£0.16 eV for K*. Thus,
the experimental value of this energy shift, inferred from the analysis of the HRPES spectra
(see AE in Tabs. 1 and 2), is within the uncertainty range of the theoretical value for CI,
with AE = 0.71 — 0.72 ¢V at 1 ML, but remains underestimated by the model for K, with
AFE =0.91 eV at 1 ML.

Three-layer model

Additional discrepancies between the simulated and experimental data may result from the
fact that we assume in the simulations an ideal 2L-thick KCI film on Ag. In fact, we omit the
presence of thicker (e.g., 3L-thick) KCI domains. As well, we neglect the multiplet character
of the HBE contribution in the simplified peak fitting analysis shown in Fig. 2. In order
to describe this multiplet character, we use the model introduced above to calculate the
core-level binding energy shifts expected for a 3L-thick KCI film on Ag(100). In the absence
of accurate NIXSW data for the third KCI layer, we assume that the anions and cations in
the third KCI layer are located in the same horizontal plane, whose vertical distance from
the average plane of the second KCI layer is taken as that of the bulk KCI crystal (i.e.,
3.15 A), as shown in Fig. 1(b). Table 6 contains the results of these calculations. In the
same way as in Tab. 4, we indicate the theoretical binding energy shifts with respect to
the bulk (A /pux) and with respect to the first KCI atomic layer of a 2L-thick KCI film on
Ag (A)p). To stress the importance of the different contributions, we also show the results
obtained neglecting the polarization of the KCI layer, i.e., assuming only the point charge
contribution (the Madelung term). In Tab. 6, the substrate-induced image charge effects are
included in all the calculations.

As shown in the last column of Tab. 6, adding a third KCl atomic layer in the model

reduces the theoretical core-level binding energy of the CI” and K ions at the KCI/Ag
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Table 6: Theoretical core-level binding energy shifts calculated for a 3L-thick KC1
film on Ag(100). A ,;x and A/, are the binding energy shifts relative to bulk KCI
and to the first atomic layer of a 2L-thick KCI film on Ag(100), respectively. The
1t and 3" atomic layers of the KCI film are the KCI layers at the KCl/Ag and
KCl/vacuum interfaces, respectively. See text for more details.

Madelung +
Mott-Littleton
A/bulk (e\/) A/l (eV) A/bulk (eV) A/l (eV)

Ion  Atomic layer Madelung

15t (KC1/Ag) -1.95 -0.003 -1.04 -0.017
Cl 2m (KCI/KCI) -0.63 1.32 -0.33 0.70
3rd (KCl/vac.) -0.82 1.13 -0.48 0.54
15t (KC1/Ag) -1.41 0.003 -0.40 -0.012
K" 2m (KCI/KCI) -0.54 0.87 -0.24 0.15
3rd (KCl/vac.) -0.21 1.20 0.14 0.52

interface by less than 0.02 eV. The theoretical core-level binding energy of the ions at the
KCl/vacuum interface of the 3L-thick KClI film is 0.02 eV-lower for Cl" and 0.10 eV-lower for
K", as compared to the 2L-thick KCI film. In fact, the most striking difference between the
results shown in the last columns of Tabs. 4 and 6 concerns the ions in the second layer of
the thickest film, which are neither at the interface with the substrate nor with the vacuum.
Adding an extra layer to the double-layer film changes the environment of these ions and
leads to the change of their core-level binding energy primarily because of the change of the
Madelung potential.

Overall, our results help understand the dissimilar lineshapes of the LBE and HBE peaks
shown in Fig. 2. A realistic description of an ultrathin KCI film grown on Ag(100) must take
into account the presence of 2L and 3L-thick KCl domains. Thus, the theoretical core-level
binding energy shifts calculated for both KCI film thicknesses should be observed in the
HRPES spectra. According to Tabs. 4 and 6, the LBE component in Fig. 2 must be the
superposition of two peaks, due to the ions at the KCl/Ag interface of the 2L and 3L-thick
KCIl domains, whose energy shift relative to each other (i.e., less than 0.02 e¢V) is small
compared to their FWHM (about 0.5 eV for CI" and 0.7 eV for K"). The photoemission

peaks from the other ions, i.e., those in the second and third layers of the KCI film, must
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contribute to the HBE component, to the exception of the peak shifted by 0.15 eV in the
last column of Tab. 6 for K", which lies at an energy position close to the LBE component.
Because these peaks are shifted with respect to each other by amounts of energy that are
not negligible compared to their FWHM, the resulting HBE component features a larger
FWHM (by about 30 to 40% for Cl” and 30 to 60% for K", according to Tabs. 1 and 2) and
a more dissymmetric lineshape, as compared to the LBE component in Fig. 2.

Table 7: Theoretical core-level binding energy shifts calculated for a 3L-thick
KCl film on Ag(100), without taking into account the image charge effects. Same
notations as in Tab. 6. See text for more details.

Madelung +
Mott-Littleton
A/bulk (GV) A/l (GV) A/bulk(e\/) A/l (GV)

Ion  Atomic layer Madelung

15t (KC1/Ag) -0.18 -0.003 -1.19 -0.08
Cl 2m (KCI/KCl) 0.09 0.27 -1.09 0.03
3 (KCl/vac.) -0.36 -0.18 -1.39 -0.27
15t (KC1/Ag) 0.53 0.003 -0.85 -0.07
K 27 (KCI/KCl) 0.18 -0.34 -1.37 -0.59
3 (KCl/vac.) 0.26 -0.27 -1.15 -0.38

For comparison purpose, the results of the calculations performed without taking into
account the metal substrate screening effects (i.e., the image charge effects) are shown in
Table 7. When the image charges are not taken into account, the core-level binding energy
shifts calculated for the first and third KCl atomic layers differ by —0.19 ¢V for Cl and
—0.31 eV for K" (see last column in Tab. 7), whereas they differ by +0.56 ¢V for CI” and
40.53 eV for K" when the image charges are taken into account in the calculations (see last
column in Tab. 6). Thus, the omission of electrostatic screening by the metallic substrate in
the model can lead to errors in both the magnitude and the sign of the simulated binding
energy shifts and, therefore, can lead to misidentification of contributions to the experimental

photoemission spectra. This is because the image charge effects depend on the distance of
2

the ions from the metal substrate as U;,q ~ in atomic units, where ¢ =1 (a.u.) is the

EOO
hole charge, z is the hole distance from the image plane of the metal, and €., is the electronic

part of the dielectric constant of the ionic crystal. The role of the metal substrate leading
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to the screening of the potential (image charge effect) is illustrated in Figure 5.

The image charge contribution

Reciprocal distance from image plane, 1/z (a.u.)
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Figure 5: Contribution of the image charge effects to the modification of the Madelung po-
tential and to the total binding energy shift (including the Madelung and Mott-Littleton
terms) as a function of the reciprocal distance (1/z) of the ions from the image plane of the
Ag(100) surface. The solid and dotted blue lines are the plot of the functions —1/(4z) and
—1/(4z€x ), where energy and distance are expressed in atomic units (a.u.). These two func-
tions correspond to the classical unscreened and screened image potential, respectively. Here,
screening is due to the electronic part of the dielectric constant and we use the approximation
€oo = 2.

In Fig. 5, the contribution of the image charge effects to the modification of the Madelung
potential and to the total binding energy shift is plotted as a function of the reciprocal dis-
tance of the ions from the image plane of the Ag(100) surface. (This image plane is about
1.09 A beyond the surface atomic plane of the metal in the vacuum region.®') The contri-
bution of the image charge effects corresponds to the energy difference between the elec-
tron binding energies calculated with and without including the image charges, respectively.
When only the Madelung potential is considered, no hole screening by the KCI crystal is act-
ing and the image charge contribution can be well described by the classical image potential
U = —1/(4z), where z is the distance from the image plane, and energy (U) and distance (z)

are expressed in atomic units (a.u.). When the electronic polarization effects (i.e., the Mott-
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Littleton term) are added, the total image charge contribution is comparatively smaller and
its distance dependence is well described by the function U = —1/(4z€x), i.e., the classical
image potential screened by the electronic part of the dielectric constant €., where we use

the approximation €., = 2.

General discussion

Before closing, we discuss the strengths and weaknesses of the theoretical approach described
above. The simple analytical model used provides a semi-quantitative understanding of the
HRPES measurements shown in Fig. 2. It indicates that at least five doublets corresponding
to different atomic layers of the KCI film are present, which merge into two groups of peaks
(i.e., the LBE and HBE contributions in Fig. 2) that are not spectrally resolved, because the
peak energy shifts relative to each other are too small as compared to their FWHM. The
shifts calculated from the model help explain the dissimilar FWHM and lineshapes of the
LBE and HBE contributions. Moreover, our calculations reveal that the modification of the
Madelung potential, the polarization of the neighboring ions and the substrate-induced image
charges contribute to the core-level binding energy shifts by amounts of energy that are of the
same order of magnitude and that, thus, none of these can be neglected. Nevertheless, the
model used is based on several simplifications. Because the hole-phonon interactions are not
treated, the lineshape of the different contributions is not known and the choice of the fitting
peak function is based on simple assumptions. Furthermore, other existing atomic sites in
ultrathin AH films, e.g., ions at the island edges, and possible atomic relaxation in the KCI
adlayers, which may yield additional contributions with different binding energy shifts, are
not considered in the present model. Further calculations may also be required to estimate
the error due to the neglect of the change of the short-range ion-ion repulsion between K"
(CI') ion and its C1” (K™) neighbours upon creation of the hole at the inner shell of this ion.
Nevertheless, we expect short-range repulsion effects to be similar in the different atomic

layers of the KCI film and, therefore, not to significantly contribute to the core-level binding

25



energy shifts in one layer as compared to the other layers of the KCI film. Last but not
least, our results highlight the strong dependence of the calculated core-level binding energy
shifts on the vertical ion positions used in the model. In particular, modifying the height
difference between the K™ and CI ions, i.e., the intralayer corrugation (or “rumpling”) of the
first atomic layer of the KCI film (at the KCl/Ag interface) has the strongest effect. On the
other hand, varying both ion positions by the same amount yields negligible modification of
the core-level binding energy shifts. Note that varying the vertical positions of the K" and
Cl ions by the same amount is equivalent to changing the distance of the image plane from
the surface atomic plane of Ag(100), while keeping the ions at their initial positions.

More generally, AH thin films on metal crystals are increasingly used in surface sci-
ence and nanophysics experiments, especially as substrates for spectroscopy and microscopy
techniques based on charge particles and/or scanning probes, to control the properties of
individual atoms and molecules. In this context, our results may help understand the effects
of the interaction of the AH ions with their dielectric environment and with the metallic sub-
strate. Understanding these effects is key to correctly interpret the results of experimental
measurements and control the properties of the adsorbed atoms or molecules. We anticipate
that further experiments on other metal-supported ultrathin AH films and in conditions
yielding higher energy resolution (e.g., at lower sample-cooling temperature) may help vali-
date our simple model. As well, future refinement of our theoretical approach may allow to
predict the lineshape of the HRPES peaks and eventually extract from peak fitting analysis

the statistical distribution of atomic sites.

Conclusion

In this work, we have experimentally and theoretically investigated the core-level binding
energy shifts in ultrathin KCI films, 1 and 2 ML in nominal thickness, grown on Ag(100).

Based on HRPES and NIXSW measurements, we showed that the Cl” anions and K cations
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of the first atomic layer of KC1/Ag(100) exhibit lower 2p core level energies as compared to
the ions of the second atomic layer. The corresponding photoemission peaks are separated
in energy by about 0.7 ¢V for CI" at 1 ML (0.8 eV at 2 ML) and 0.9 ¢V for K™ (at 1 and
2 ML). Thus, the peak doublet that is expected for 2p core-level photoemission peaks due
to spin-orbit coupling is further duplicated, depending on whether the electrons are emitted
from ions at the KCl/Ag or KCl/vacuum interface. We have demonstrated that the simple
lineshapes known for bulk materials transform into intricated multiplets for ultrathin films,
due to the different dielectric environment of the atoms in each atomic plane of the films.
To clarify the composition of these multiplets, we derived a simple model, which includes
the modification of the Madelung potential, the polarization of the neighboring ions, and
the substrate-induced screening modeled using the image-charge approximation. Thus, we
showed that the doublet observed at the lowest binding energy in HRPES mainly results from
the merging of two contributions, i.e., from the ions at the KCl/Ag interface in the two (2L)
and three atomic layer (3L)-thick domains, with (only for K7) an additional contribution
from the (K7) ions in the second layer of the 3L-thick KC1 domains. The doublet found at
the highest binding energy consists of three contributions for CI", and two for K, which we
assigned to the ions at the KCl/vacuum interfaces and (only for Cl) the (Cl) ions in the
second layer of the 3L-thick KCl domains. We have demonstrated that both the polarization
and image charge effects are crucial to obtain semi-quantitative predictions of the core-level
binding energy shifts, given that omitting these effects leads to errors in their estimation by
as much as 0.9 eV (see K" in the last column of Tabs. 6 and 7). Finally, we have highlighted
the crucial effect of the intralayer corrugation of the first atomic layer of the KCI film (at

the KCI/Ag interface) on the calculated binding energy shifts.
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NIXSW measurements; photoelectron yield curves and reflectivity curves from NIXSW

measurements.
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