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Crystal-field splitting in coadsorbate systems:c„2Ã2… COÕK ÕNi„100…
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It is demonstrated how the crystal field splitting~CFS! fine structure can be used to characterize a coadsor-
bate system. We have applied K 2p x-ray absorption spectroscopy~XAS! to the c(232) CO/K/Ni~100!
system. The CFS fine structure is shown to be sensitive to the the local atomic environment, the level of
interaction, and the chemical state of the alkali atoms. From angle dependent XAS measurements, combined
with x-ray photoelectron spectroscopy, a significant K-CO electrostatic adsorbate-adsorbate interaction is
found, whereas the K-Ni interaction is substantially weaker. The present results provide evidence for a coad-
sorbed overlayer best described in terms of the properties associated with an ionic~two-dimensional! crystal.
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I. INTRODUCTION

In many metal complexes, the degeneracy of thed orbitals
is lifted due to the symmetry reduction around the central
potential. In the external field of neighboring atoms the me
d levels split into sublevels, an effect often referred to
crystal-field splitting~CFS!.1,2 The CFS fine structure is sen
sitive to both the local geometry of the system, and to
level of interaction of the metal atoms with, e.g., t
ligands.3,4 This has enabled the extraction of importa
chemical properties for a variety of different bulk com
pounds, surfaces, and interfaces, see, e.g., Refs. 4 and
the present work we demonstrate how the CFS can be
in order to investigate coadsorbate systems. We have ap
K 2p x-ray absorption spectroscopy~XAS! to the c(232)
CO/K/Ni~100! system, where the CFS fine structure is fou
to reveal detailed information about the interaction a
chemical state of the alkali atoms. XAS is characterized
the excitation of a core electron to an unoccupied electro
level, or into the continuum.6 In the soft x-ray regime, the
process is governed by the dipole selection rule,7 implying
that the metald levels can be reached through the K 2p
→3d transition.

Alkali adsorption on metal surfaces can, in many respe
be characterized by the behavior of the work function. It h
been shown that for low coverage, the alkali atoms have
tendency to transfer their valences electron to the substrate
When increasing the coverage, charge is partly withdra
resulting in a saturated neutral K monolayer exhibiting m
tallic properties on most transition metals.8,9 The CO-metal
bond is strengthened by the presence of K, see, e.g., R
10–12; based on single crystal microcalorime
measurements,11 and scanning tunneling microscopy,13 it has
been suggested that a considerable part of the increase
sorption heat stems from a reionization of the K layer, givi
rise to a long range electrostatic contribution, as an io
K-CO lattice is formed.13,14 By combining XAS with x-ray
photoelectron spectroscopy~XPS!, we have, for the case o
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the alkali atoms, been able to draw conclusions suppor
this picture.

The presence of a surface~or an interface! breaks the
three-dimensional crystal symmetry. This inherently induc
anisotropic field effects, with a CFS fine structure exhibiti
angular dependence.5 The two-dimensional ionic character o
the present system is expected to induce particularly la
spectral differences. A series of XAS spectra were thus
corded with the electric field vector ranging from parallel
the surface to 15° off the surface normal. The results ena
us to characterize the K-Ni interaction, as compared to, e
the adsorbate-adsorbate interaction. The symmetry reduc
around the K ion potential additionally increases the poss
number of XAS final states. In the present case (C4v sym-
metry! the total number of final states is 22~e.g., Ref. 15!;
for thec(232) CO/K/Ni~100! phase, both the K and the CO
have been proposed to occupy fourfold hollow sites.13,16,17

Thus, in order to properly assign the observed spectral
tures we have chosen to correlate the experimental spe
with atomic multiplet calculations. In the model used, t
local environment in the solid is taken into account as
adaptation of the spherically symmetric atomic field.4 By us-
ing the same crystal-field parameters that are found adeq
for the comparison with experiment but neglecting multip
effects, information about the ground stated electronic struc-
ture has additionally been extracted.

II. TECHNICAL DETAILS

The experiments were carried out at Beamline 22,
MAX-lab, the Swedish synchrotron radiation facility. Th
beamline is equipped with a modified SX-700 plane grat
monochromator and a hemispherical electron energy a
lyzer @Scienta SES-200~Ref. 18!#. XAS spectra were re-
corded in Auger electron yield mode~the potassiumLMM
transitions!, with an energy resolution of 0.2 eV; for th
present coadsorbate system the Auger yield mode posse
a distinct advantage since it enables a separation betwee
C 1s and K 2p XAS edges. The spectra were normalized
11 192 ©2000 The American Physical Society
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PRB 62 11 193CRYSTAL-FIELD SPLITTING IN COADSORBATE . . .
the photon throughput and corrected for substrate ba
grounds. The XPS spectra were recorded with a photon
ergy of 400 eV and with an overall resolution of about 0.
eV.

Potassium was evaporated from an outgassed SAES g
source. At a sample temperature of 100 K, multilayers w
deposited, as judged by the K 2p XPS core levels; the
multilayer shows a distinct chemical shift towards high
binding energy, as demonstrated, e.g., on Pt~111! in Ref. 19.
The alkali monolayer is prepared by flashing the crysta
350 K. Thec(232) CO/K/Ni~100! phase was prepared b
subsequent dosing of 20 L CO (1L[131026 torr s) at el-
evated temperatures~300–420 K!. The preparations were
monitored by a combination of low-energy electron diffra
tion ~LEED! and XPS. All measurements were performed
90 K.

Computationally, the atomic excitation from K 2p63d0 to
K2p53d1 was calculated for a K1 ion by means of a dipole
transition, with the inclusion of the crystal field. This a
proach is based on the premise that the interaction of the
hole with the excited electron dominates over the interac
with neighboring atoms, and has proven useful for a la
number of systems.4,5 Solid state effects are included as a
ditional crystal-field terms that are added to the Hamiltoni
These are treated as free parameters and were allowe
vary to obtain the best fit to experiment. InC4v , the dipole
operator is split, enabling polarization dependent spectr
be calculated. Two spectra were thus calculated, corresp
ing to EW normal and parallel to the surface, respectively; a
given angle may be obtained with these spectra, using
well known relations for angular distribution of XAS
resonances.6 All theoretical spectra have been broadened
a Lorentzian with a full width at half maximum~FWHM! of
0.2 eV to simulate the lifetime broadening, and with
Gaussian (FWHM50.4 eV).

III. RESULTS AND DISCUSSION

In the upper panel of Fig. 1, the K 2p→3d XAS spectra
are shown for the clean alkali monolayer and the coadsor
system. The spectra were recorded with the electric field v
tor parallel to the surface. This consequently means that
electronic states with an orbital amplitude parallel to the s
face plane are probed. The K/Ni~100! spectrum contains es
sentially two components, situated at about 296.5 and 29
eV, respectively. These are the 2p3/2,2p1/2→3d transitions.
The very broad spectral features are indicative for an al
overlayer exhibiting metal character. Starting at about 2
eV a distribution of weak states are additionally found. Sin
the radial matrix element is about 10–100 times larger fod
final states compared tos final states in K 2p XAS,20 the
distribution seems dominated by K 3d hybrids, but likely
also carries some K 4s signature.

The coadsorbed CO induces dramatic changes to the
sorption spectrum. First, the spectral features get much
rower. This can be attributed to a loss of metallic charac
~reionization!; the reduced metal-metal overlap induces
transformation from the unoccupied valence electrond band
to, more or less, individual atomicd orbitals. Second, thed
orbitals appear to be split into two lines, separated by ab
1.2 eV. The appearance of these spectral features c
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readily be assigned to an induced crystal field, where
observedd components may be viewed as having differe
relative orientation with respect to the field. We would, ho
ever, like to point out that the detailed effect of the crys
field is not that the atomic lines are split into two differe
components. Because of the strong interaction of the 2p core
and the 3d valence wave functions, a large number of sta
are accessible. The present 2p53d1 final state gives rise to
e.g., three levels for an atom, seven levels with a cubic c
tal field, and 22 individual components for the case ofC4v
symmetry.21 The crystal field has the effect of shifting thes
states in energy and redistributing the absorption inten
over all lines.

Additional information about the level of interaction o
the alkali atoms with its neighbors can be obtained by an
resolved XAS measurements. In particular, this enables u
characterize the K-Ni interaction as compared to, e.g.,
adsorbate-adsorbate interaction. The data are depicted i
lower panel of Fig. 1. A clear angular variation of the spe
tral shapes is observed. When theE vector approaches th
surface normal the double peaked structure gradually dis
pears on the expense of an essentially single peaked spe
feature. This indicates substantial anisotropic field effe
within the coadsorbate layer, i.e., as compared to along
surface normal. Additionally, the XAS cross section to t
alkali d states is different for in-plane and out-of-plan
polarization.6 In the present work a coordinate system whe
the z direction is directed along the surface normal
adapted. The maximum amplitude of thedx22y2 orbital is
directed towards the CO molecules and thedxy orbitals to-
wards neighboring alkali atoms. For normal incidence theE
vector lies in the plane and in principle all states are allow
by selection rules; thedz2 state will, however, have very low

FIG. 1. Upper panel: K 2p→3d XAS spectra obtained for
K/Ni ~100! and CO/K/Ni~100!, with theE vector parallel to the sur-
face. Lower panel: K 2p→3d XAS spectra obtained for CO/K
Ni~100!; the anglea is given as the deviation of the electric fiel
vector from the surface plane.
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11 194 PRB 62J. HASSELSTRO¨ M et al.
intensity. In the case of grazing incidence, theE vector
points out of thexy plane and only thedxz /dyz and thedz2

states can essentially be reached. The broad spectral sh
and the large number of allowed XAS final states make
difficult to assign the spectral features in detail without t
explicit use of theory. The present calculations assume1

ions giving rise to relatively simple multiplet calculation
where the ground state can be assumed to be 2p63d 0 1S0.

The 2p XAS process creates a 2p53d1 final state where
the dominating effect on the spectral shape is the overla
the 2p and 3d wave functions, the so-called multiple
effect.22 The large core hole spin-orbit coupling makes
impossible to use aLS coupling scheme to describe the fin
states. The multiplet calculations are thus performed in
intermediate coupling case; if a large core hole spin o
splitting is present no simple relation to theLS coupling
scheme can be made. If we initially neglect the multip
interaction, an XAS process where a single 2p electron is put
into the 3d orbitals of the K1 ion is obtained. InC4v sym-
metry, there are four different energy levels, related to
dx22y2 orbital, thedz2 orbital, thedxy orbital, and the degen
eratedxz anddyz orbitals, respectively. For this simple cas
the angle integrated XAS spectra will, for both theL3 and
the L2 edges consequently consist of four peaks with an
tensity ratio that mimics the degeneracy of the fourd states,
i.e., 1:1:1:2~cf. Fig. 2!.

When accounting for multiplet effects, the single partic
picture, in which one can relate the spectral features to
bitals in the ground state electronic structure, has to be m
fied. To illustrate this convincingly, the upper panel of Fig
shows the theoretical simulation of the experiment, while

FIG. 2. Upper panel: Crystal field multiplet calculation of a K1

ion in C4v symmetry. TheDq, Ds, andDt parameters~given in the
text! have been optimized to experiment. Lower panel: Exactly
same calculation with the 2p3d overlap~i.e., the multiplet effect!
set to zero. The four symmetry states are directly visible. The
spectra are given with dashed lines and sticks and the 75° sp
with solid lines and sticks.
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lower panel shows the same calculation, but with the 2p3d
overlap set to zero. The orbital states in the calculated sp
trum are completely mixed and their intensities are distr
uted over the 22 possible 2p53d1 final states. The procedur
to determine the optimized fit was the following: InC4v ,
there are three parameters that determine the positions o
3d orbitals, Dq, Ds, and Dt, with the cubic crystal field
splitting being 10Dq.4 The energies of the fourd states are
directly given by the three parameters asE(dx22y2)56Dq
12Ds2Dt, E(dz2)56Dq22Ds26Dt, E(dxy)524Dq
12Ds2Dt, and E(dxz /dyz)524Dq2Ds14Dt22. The
calculated spectrum of Fig. 2 simulates the experimen
spectral distribution very well. Best overall agreement w
the experimental spectra is obtained for the crystal field
rameters, 10Dq50.9 eV, Ds50.1 eV, andDt50.02 eV.
The double peaked 0° spectrum and the essentially si
peaked 75° spectrum are reproduced. The peak shift betw
the 0° and 75° spectra is exactly reproduced. A sligh
larger energetic distance between the two main spectral
tures is found in the experiment~1.2 eV!, as compared to the
calculations~0.9 eV!. This can be partly due to the 10Dq
value, but the relation between experimental peak dista
and the value of 10Dq is complex and the present choice
parameters does yield the most satisfactory agreement o
aspects of the experimental shape. Note that the inten
ratio of the two peaks in both theL2 and theL3 edge are
calculated correctly. The good agreement with experime
in particular the correctly simulated angular variations, ma
us confident about the values of the crystal field paramet

In the lower panel of Fig. 2, the atomic 2p3d overlap~the
multiplet effect! has been turned off. This yields the sing
particle spectral shape related to the same crystal-field
rameters as in the case of the multiplet spectrum. One of
advantages of the single particle spectrum is that one
immediately pinpoint the fourd states. To a first approxima
tion we thus project out the ground state K valenced states
~in the presence of a noninteracting K 2p core hole!. The
electronic states at the lowest energy are thedxz /dyz orbitals;
the dxz orbital is situated at 0.2 eV higher energy. Additio
ally, the dz2 orbital has a relative energy of 0.6 eV and th
energetically highest state is thedx22y2 orbital at 1.1 eV. The
relative energies of the four states enable us to draw con
sions about the bonding character of the K ions and its ne
bors. The relative energy of thed states reflects the level o
interaction, electrostatically as well as covalently, with t
neighboring atoms. Independent on the exact symmetry,
high energy peaks are always related to states with a la
interaction with its neighbors23. The fourfold variation of the
charge density of the CO molecules essentially creates
0.9 eV energy difference between the high-energydx22y2

orbital and the energetically lowerdxy orbital; the maximum
amplitude of thedx22y2 orbital is directed towards the CO
molecules and thedxy orbitals towards neighboring alka
atoms. The interaction between thedz2 orbital and the Ni
surface puts thedz2 orbital 0.4 eV higher in energy as com
pared to thedxy orbital. These results seem to indicate
relatively strong K-CO interaction and a substantially wea
K-Ni interaction. Thedxy orbitals are only weakly affected
from the near-lying adsorbates and are found 0.2 eV ab
the ~degenerate! lowest energydxz anddyz states, which in-
teract very strongly with neither the CO molecules nor the
surface.
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The crystal-field splitting is caused by both ionic and c
valent effects. In the computational model a total~ionic plus
covalent! crystal field is used. Consequently, from the C
values it is not possible to draw any conclusions regard
the ionic or covalent interaction within the coadsorbate ov
layer. However, the XPS core level line shape is highly
pendent on whether a system is metallic or ionic~insulator!.
In metallic systems, the XPS core level line shape ha
characteristic asymmetry due to the multielectron respo
upon core-hole creation. This line shape has success
been parametrized with the so-called Doniach-Sunjic l
profile,24,25where an increasing level of of metallic charac
is related to an increasing asymmetry, given by the asym
try parametera. Our previous work has shown that th
Doniach-Sunjic line profile is also fully applicable for ad
sorbed molecules,26,27 which allows us to address, throug
the XPS line shapes and different asymmetries, the met
character of the K monolayer and thus the issue whe
parts of the alkali-induced increased CO adsorption ene
can be related to a direct charge transfer interaction with
alkali adatoms, see, e.g., Ref. 12 and references therein

In the lower panel of Fig. 3, the K 2p XP spectrum is
presented for a monolayer of K on Ni~100!. Characteristic
for the spectrum are the two spin-orbit components; the
2p3/2 binding energy is 293.8 eV while the K 2p1/2 compo-
nent is found at 296.5 eV. A detailed Doniach-Sunjic li
profile analysis ~dotted line in Fig. 3! using a Shirley
background28 gives for the K 2p spin-orbit components
~FWHM50.8 eV! an asymmetry parameter ofa50.19,
which is a typical asymmetry value for the alkali metals.25 In
addition, by means of electron energy loss spectrosc
~EELS! a surface plasmon at about 2.7 eV, characteristic
metallic K has been observed.29–32 This leads to additiona

FIG. 3. K 2p XP spectra obtained for K/Ni~100! and CO/K/
Ni~100!. The spectra were recorded using a photon energy of
eV. Included is also the result of a line shape analysis usin
Doniach-Sunjic line profile~dotted lines!.
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intensity not accounted for in the simple Doniach-Sunjic li
profile. However, from a comparison to an XPS study co
ducted by Heskettet al. on K/Al~100!,33 we conclude that
the surface plasmon cannot be clearly resolved~i.e., with
K 2p XPS! for the present system. The presence of C
induces significant changes to the alkali layer; the K 2p
spectrum forc(232) CO/K/Ni(100) is depicted in the up
per panel of Fig. 3. Here the K 2p3/2 binding energy is 293.3
eV while the K 2p1/2 component is found at 296.0 eV. Th
most striking difference as compared to the K monolaye
the symmetric line shapes of the two main spectral featu
The intensity from the electron shake up transitions is s
pressed. This shows that upon CO adsorption, theK over-
layer loses its metal character. This observation is additi
ally supported by the obtained asymmetry parameter in
line shape analysis, which was found to bea50.05~FWHM
51.0 eV!.

Due to the large difference in electronegativity between
and CO, an essentially ionic CO/K overlayer would expla
the above-mentioned observations, where the adsorb
adsorbate interaction to a large extent is governed by e
trostatics. This is additionally strengthened by the similar
of the present XAS spectra to those of the ionic alkali h
lides, e.g., KCl.3 Upon coadsorption of CO, the K adatom
become screened from each other, inducing the obse
metal-to-~near! insulator transformation. Similar conclusion
have been drawn about the character of Cs in the CO
Co~0001! coadsorption system utilizing EELS.34,35 Thus in
the case of the periodicc(232) CO/K/Ni(100) there will
be a long range electrostatic contribution to the adsorp
heat, as an ionic K-CO lattice, and the corresponding mir
image charges in the substrate, is formed. It is, howe
interesting to note that the XAS spectra~Fig. 1! does seem to
indicate a certain level of charge transfer interaction. In
XAS spectra recorded with theE vector parallel to the sur-
face plane there is a spectral feature present with a maxim
intensity at about 293.8 eV. For the case of K/Ni~100!, a
weak distribution of states is observed in this spectral reg
while the feature seems more localized for the coadsor
system. Since the Fermi level is situated at 293.3 eV for
coadsorbate system, i.e., where the above-mentioned spe
feature starts to grow, a small, but non-negligible covalen
between the alkali atoms, and possibly also between the
and K adatoms cannot be ruled out. Both these interact
lower the effective charge on the potassium ions. The co
lency can most likely be correlated to the very dense ch
acter of thec(232) CO/K/Ni(100) coadsorbate overlaye
for systems with lower initial alkali and CO coverages, e
sentiallyK1 ions are expected. We would, however, like
stress that based on, e.g., C 1s and O 1s K-edge XAS and
x-ray emission spectroscopy measurements on the pre
system, no new alkali related spectral features wh
observed.17 We are thus confident that the ionic character
the K atoms dominates the adsorbate-adsorbate interac
the crystal-field splitting is simply set by the ionic interactio
within the ordered overlayer lattice.

IV. CONCLUSIONS

In conclusion, we have shown with XAS how the CF
fine structure may be used in order to characterize a co
sorption system. The CFS shows pronounced angular va
tions; these may readily be interpreted as due to strong in
action within the overlayer and a substantially weaker K-
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interaction. Our results provide experimental evidence fo
two-dimensional ionic overlayer formation, with only a lim
ited covalent interaction between the coadsorbate spec
The local character of the XAS process implies that the
sults may be correlated using atomic multiplet theory, wi
the inclusion of the crystal field.
a
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