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Unified behavior of alkali core-level binding-energy shifts induced bysp metals

E. Lundgrerf; R. Nyholm, M. Qvarford, and J. N. Andersen
Department of Synchrotron Radiation Research, Institute of Physics, Lund Universditgg&an 14, S-223 62 Lund, Sweden

D. Heskett
Department of Physics, University of Rhode Island, Kingston, Rhode Island 02881

S. V. Christensen
Institute of Physics and Astronomy, Aarhus University, DK-8000 Aarhus C, Denmark
(Received 27 March 1997

Thin overlayers of Na, K, Rb, and Cs on differespt-metal substrates have been investigated using photo-
electron spectroscopy. The alkali core levels show clearly resolved binding-energy shifts between the surface
layer, the intermediate layey, and the interface layer. The magnitude of these shifts depenslp oretal and
on alkali metal. The layer-resolved core-level binding-energy shifts are well reproduced by models based on a
thermodynamical description. For three-layer alkali films the core-level binding energy of the intermediate
layer is found to exhibit a small but significant shift between diffesgmimetal substrates. A simple relation-
ship between the core-level binding-energy shift for the interface layer and the differencealue between
the sp substrate and the adsorbate is shown to e)1163-18207)07443-3

INTRODUCTION ers, respectively, will experience surroundings that are very
similar to those on the surface and in the bulk, respectively,
It has long been known that the core-level binding energyf a macroscopically thick alkali film. Because of this differ-
of an atom depends on the particular surroundings of th€nce in the surroundings, alkali atoms in the various layers
photoemitting atom. This so-called chemical shift effect hagvill have different core-level binding energies and the
proven of great value for studies of molecules, surfaces, anfinding-energy shift between the interface and the interme-
solids as it often makes it possible to study separately nofiate layer atoms will directly reflect how strongly the par-
just the behavior of the different elements but also of thelicular substrate metal influences the core levels of the inves-
chemically inequivalent atoms of the same element that mafjgated alkali metal. In the present paper we report
be present in the sample. In addition to such utilizations ofneasurements of such layer-resolved alkali core-level spec-
the core-level binding-energy shifts, the shifts themselvestra for a large number of three-layer Na, K, Rb, and Cs films
i.e., the magnitude and sign of the binding-energy shift in-On close-packed Na, Mg, and Be single-crystal surfaces and
duced by a certain change of the surroundings, have attractdclude also in the analysis previous spectra from alkali films
much attention. Experimental investigations of the systematon the A(111) surface’
ics of core-level binding-energy shifts have contributed to an  Core-level binding-energy shifts in metallic systems can
improved understanding of and incentive to calculate thesB€ related to certain thermodynamical parameters of the ini-
chemical shifts in a number of systems. The large number dfal and the final state after photoionization of the system
measurements of the binding-energy differences betweel§ading to so-called thermochemical models for core-level
bulk and surface atomiéhe surface core-level shift, SCL.S binding-energy shifts; see, e.g., Ref. 1. We have used such
has led to the development of various methods for calculatthodels for calculating the expected shifts in the present sys-
ing such shifts, see, e.g., Refs. 1-5. The present paper dedfns and find that they reproduce the observed trends rea-
with a systematic experimental investigation of the core-sonably well. Furthermore, the connection between the core-
level binding-energy shifts of alkali atoms induced by intro-€vel shifts and certain thermodynamical parameters in
ducing sp-metal atoms in the surroundings of the alkali at- combination with our experimental finding of a simple rela-
oms. The experimental results lead to a surprisingly regulafionship between the shifts and the difference inrthealues
relation between the induced core-level shift and the differOf the alkali metal and thep substrate leads to the interest-
ence in ther g values for the alkali and thep-metal valence ing conclusion that these thermodynamical parameters for
electron gas. the present systems have to obey a similar simple depen-
As in previous investigatiofis® of core level binding en- dence on this  difference.
ergy shifts of alkali metals, the experimental method used to
introducesp-metal atoms as neighbots alkali atoms is to
deposit thin alkali films with a thickness of 3—4 layers on top
of a single-crystal surface of thep metal. In a nominally The measurements were performed at the soft x-ray
three-layer-thick alkali film, the neighbors of the innermostbeamline 22 at the MAX | synchrotron radiation source. This
alkali layer atoms will partly be substrate atoms whereas thbeamline is equipped with a modified SX-700
alkali atoms in the outermost and the intermediate alkali laymonochromatdrand a large hemispherical electron energy
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analyzet® of SCIENTA type. The Mg, Al, and Be substrate —
crystals were cleaned by cycles of Asputtering, followed |<———> ACLS
by annealing. The Na surface was obtained by depositing Surface

Bu
thick film of Na on Ak111) producing epitaxial Na layers. .l 1cLS ’
These Na layers also made it possible to measure the alka
induced shifts of the Na core levels simply by measuring the Rb 4p, , Interface
shifts of the Na substrate core levels when depositing ai ,
alkali overlayer. The cleanliness of the surfaces and of thig |
deposited alkali layers was checked by monitoring the core = a) N
level regions of possible contaminants, in particular, C ancg A\ Rb/Na

0. No contaminants could be detected in the final cleanin¢y

stages except for the Mg surface where a weak Pb signal w: §

detected, which by using tabulated cross-section v&ues g -

was estimated to correspond to an amount of less than 5% i

a monolayer. The base pressure in the experimental chamb b)

was 6x 10 ! Torr and during evaporation the pressure in-

crease was less thanx110™° Torr. The photon energies ' Thick film

used for recording the Na@ K 3p, Rb 4p, and Cs 4
levels were 110, 90, 39, and 110 eV, respectively. All depo-
sitions were made at 100 K in order to avoid any intermixing
and alloy formation between the alkali films and the sub-
strate. All measurements were performed at a sample ten Binding Energy (eV)
perature of 100 K in order to reduce phonon broadefir.

ts)
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n . . ) | L L L L
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FIG. 1. (@) The decomposition of the Rbp4,, spectrum for Rb
deposited on Na for the three-layer situatiootted ling into three
RESULTS AND DISCUSSION shifted 4p3, components(full line) and the total spectrunfull

ine). (b) The decomposition of the Rbp4,, spectrum for a thick

The large binding-energy shifts between emission from'" < o . .
the first ali]d the segcond agliali layers make it very easy T}b film (dotted ling into two shifted 4, componentsfull line)
and the total spectrurgull line).

detect when the second layer starts growing as has been dem-
onstrated in previous repoft€.We define one alkali layer as
the amount deposited just before the emission from the sed¢he shifts we discuss in this report.
ond layer becomes visible. The alkali coverages quoted be- As an example of core-level spectra of alkali metal films
low are obtained simply by dividing the evaporation time byon sp-metal surfaces we show in Fig. 1 Rlp4, spectra
the time needed for deposition of one layer. We will for from approximately three layers of RBig. 1(a)] on Na and
reasons of clarity in the following discussion often describefrom a thick Rb film[Fig. 1(b)]. The spectrum in Fig. (&)
the alkali films as if they grew in a layer-by-layer fashion. can be separated into three components, which correspond to
However, it should be noted that the details of the growthelectron emission from the surface, the bulk, and the inter-
mode for the alkali films are not important for the presentface layer, respectively, while the spectrum in Figh)from
experiments because even though most of the films do nat thick Rb film can be separated into two components, one
grow by a layer-by-layer mode it is still possible to distin- from the bulk and one from the surface atoms. Similar be-
guish and assign the emission from alkali atoms with differ-havior is found for all alkali films investigated. We define the
ent surroundings. Since the nearest neighbors of alkali atomsterface core-level shiffiCLS) as the binding-energy shift
in the middle layer of a nominally three-layer film are the between the interface and the bulk peaks and the adhesion
same as in the bulk of a thick alkali flm we denote thesecore-level shift(ACLS) as the binding-energy shift between
atoms as bulk atoms. Alkali atoms in the interface towardshe interface and the surface peal®he reason for using the
the substrate are denoted as interface atoms. term adhesion core-level shift is that there is a close connec-
Complications that may arise when measuring layertion between this shift and certain adhesion energy differ-
resolved core-level binding-energy shifts from alkali films ences; see, e.g., Ref. 16 and beloiAs seen from Fig. (8)
such as changes in the magnitude of the shift when usinthe ICLS for Rb on Na is quite small with a magnitude that
different core levels? and the influence of the substrate sur-is found to be approximately 50 meV. Such a small shift
face index on the layer-resolved binding-energy sfifiave  would normally be difficult to detect; however, comparison
been discussed elsewhere. In order to minimize the effects @b the spectrum from the thick Rb film in Fig(l) directly
the detailed interface geometry, e.g., the substrate surfagemonstrates the existence of a component at slightly lower
index, we have performed the measurements on alkali filmbinding energy than the bulk Rb peak. Furthermore, the thick
deposited on the most close-packed surface of a specific suRb film spectrum provides a convenient reference for the line
strate. Furthermore, when comparing binding energy shiftparameters to be used in the decomposition of the spectrum
for a specific alkali metal we have always used the same coriegom the three-layer film, thereby making it possible to ex-
level, that is, for Cs the d level, for Rb the 4 level, for K tract even such a small binding energy difference as 50 meV.
the 3p level, and for Na the @ level. It should also be noted It should be noted that for the majority of the systems mea-
that although the complications discussed above certainly argured the ICLS is considerably larger than that of Fig),1
detectable, their magnitude is generally small compared tmaking it possible to determine it directly from the spectra
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L AN Fig. 2; the increased linewidth of the interface peak and the
Surface 3 Layers of Rb apparent change in the SCLS witlp-metal substrate. These
- effects are not limited to Rb films but are generally observed
RO 4psp Bulk in all of the investigated systems.
Interface The broadening of the interface peak compared to the
\__/ Rb/Be(0001) bulk and the surface peak is due to a combination of different
— effects. First, the existence of multiple sites in the interface
\/ layer may give an extra broadening. This is so because each
L T different site may yield a separate core-level binding energy.
N b, RUAILD In general, disorder at the interface layer may cause an extra
\/ broadening of the interface pe&k!® Second, at the inter-

face, the vibrational broadening is expected to be larger than
N for the bulk and the surface layers* Third, due to the
Rb/Mg(0001) . . . . .
A different electronic structure of alkali atoms in the interface
layer and the bulk and the surface layer, a broadening due to
a decrease of the core-hole lifetime of an interface atom may
£ Rb/Na occur. The lifetime of core holes in the outermost alkali
e core levels would be particularly sensitive to changes in the

valence electron structure as such holes can decay only via
\\ processes that involve the valence electrons. In agreement

with this we have found that the deeper G Kevel is less
broadened than the shallow Cp fevell’

The spectra in Fig. 2 have been aligned so that the binding
energies of the surface components of the five spectra coin-
cide. With this alignment, it can be seen that the binding

FIG. 2. Rb 43, spectra from approximately three layers of Rb ;energy of the bulk compc_ment, th.at. Is, of the mtermedlate Rb
on Na, Md0002), Al(111), B&0002) as well as from a thick film of ayer .m the. th.ree'layer f"m’. eX'thltS a. trend of slightly de-
Rb. The weak components observed at higher binding energy thayy €asing binding energy with increasing substrate electron

the surface peak for Rb on @11) and B€000Y are due to emis- fjensity. This decreasing trend is most Iike_ly cal_Jsed by Fhe
sion from the Rb #,,, spin-orbit component from the interface iNfluence of the substrate on the Rb atoms in the intermediate

Thick film

U

\

| P I P EFU RN B |
04 02 00 -02 -04 -06 -08 -10 -12

Relative Binding Energy (eV)

atoms. layer, that is, it is due to the core-level binding energies
being dependent on the surroundings beyond the nearest
without any need for a decomposition procedure. neighbors. As can be seen from the binding energies of the

In order to illustrate the influence of varying the substrateinterface peaks shown in Fig. 2 and as described above, Na,
on the ACLS and ICLS we show in Fig. 2 core-level spectraMg, Al, and Be induce a lowering of the Rip4,, core-level
from approximately three layers of Rb deposited on Napinding energy. If the intermediate layer atoms in a three-
Mg(000D), Al(111), and B&0001) as well as a spectrum layer Rb film are not completely isolated from the substrate,
from a thick Rb film. The thick Rb film may be regarded asthe result will be a shift of the core-level binding energy
a three-layer Rb film deposited on a Rb substrate. The vaowards lower binding energy. In other words, the interme-
lence electron density of the substrate increases from thdiate Rb layer will also exhibit an interface core-level shift.
bottom towards the top of Fig. 2 and it is, therefore, seen thaFurthermore, such a shift induced by the substrate is ex-
the ICLS and the ACLS of Rb increase with increasing elecpected to show a trend similar to that of the ICLS, which is
tron density of the substrate, while the SCLS stays approxialso what is observed. The largest decrease of the
mately constant. This dependence of the alkali core-leveintermediate-layer binding energy, as compared to a true
shifts on the substrate valence electron density is found fabulk layer, is observed for Rb on Be and is found to be
all of the investigated alkakp-metal interface systems. A approximately 30 meV, which is below 5% of the magnitude
qualitatively similar trend as observed in Fig. 2 has further-of the ICLS and ACLS. We want to point out that such a
more been observed in the case of alkali adsorption @n 4 substrate dependent shift for the intermediate layer is found
metals’ for all investigated alkalis and with a very small magnitude

Similar regularities and trends are also found when comas exemplified in the case of Rb. In the following these very
paring the ICLS and the ACLS of different alkali metals small shifts are not contained in our analysis and conse-
deposited on the same substrate surface. In a previoupiently we also term the intermediate layer as being bulk
publicatior? dealing with the ICLS and ACLS of alkali films like.
on Al(111) we have shown that these shifts increase as the Returning now to the discussion of the ICLS and ACLS,
alkali valence electron density is lowered, that is, as theve give in Table | experimental values for these shifts from
atomic number of the alkali metal is increased. A similarthree layers of alkali metals deposited on close-packed
behavior is found for alkali films deposited on the othersp-metal surfaces. It may be noted that Table | also includes
sp-metal surfaces. the ACLS and ICLS of Na induced by the other alkali met-

Before continuing a detailed discussion of the ICLS andals, and that these values are the only ones for interfaces
the ACLS, which is the main theme of this paper, we will towards a metal with a lower valence electron density. The
briefly comment on two interesting observations made fromvalues of Table | suggest as a qualitative rule that the mag-
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TABLE I. Measured ICLS’s and ACLS's in eV for Na, K, Rb,

and Cs on the indicated metals. 00F Na K
02F ®
ICLS ACLS
04
Rb on Na —0.05 —-0.24 =
O
Rb on Mg -0.23 -0.42 § 06
Rb on Al -0.39 —-0.59 O 08}
Rb on Be -0.51 -0.73
Cs on Na -0.13 -0.34 10y
@ EXPERIMENTAL
Cs on Mg —-0.35 —-0.57 -12| ® sEGrREGaTION
Cs on Al ~0.63 ~0.83 P i
Cs on Be —-0.67 —0.88 ’ Al Na Al Na Mg Al Be Na Mg Al Be
K on Na —0.03 —0.25 Substrate
K on Al —0.36 —0.56
Na on Al -0.18 —-0.36
Na on K +0.03 -0.16 00F Na K Rb Cs
Na on Rb +0.04 —0.15 02l
Na on Cs +0.05 -0.14
04l
o
= 06 |
nitude of the alkali core-level shift induced by ap metal § o8l

increases with the difference in the electron densities of th

sp metal and the alkali metal. Concerning the direction of ~ -19¢
@ EXPERIMENTAL

the shifts, Table | shows that deposition on a substrate witl ;1 ® abmesion
higher (lower) valence electron density than the alkali metal © paRTAL
. . . . . . -1.4 L L I L L L ! ) n L ! | L
itself shifts the interface alkali core-level binding energy to Al Na Al Na Mg Al Be Na Mg Al Be

lower (highep binding energy than the bulk.
It is well known that the ICLS may be interpreted as the
segregation energy to the interface af &« 1 impurity in the
Z metal host? (we denote this way of interpreting the ICLS
as the segregation mogleFrom Table | it is seen that 2
+ 1 impurity in an alkali metal will segregate to the interface
between the alkali metal and the substrate mbtal with
increasingly higher segregation energy as the atomic numbénetallic alloy systems, which more explicitly takes into ac-
of the alkali metal is increased. Furthermore, the segregatiogount the geometrical changes of the surroundings of the
energy to the interface of th&+ 1 impurity in theZ metal  photoemitting atom, is the so-called partial shift moteh
host will increase as the substrate changes from Na to Mg tthis model each atom in the surroundings of the photoemit-
Al to Be. ting atom is assumed to give an additive contribution to the
The shift between the peak originating from emissionbinding-energy shift. In the case of a two-element system
from the alkali surface atoms and the peak from the interfacaith elementsZ and M this means that the binding-energy
atoms, the ACLS, is related to the difference in adhesiorshift of the Z element is given by the sum of two or three
energy between th& and theZ+ 1 atom perZ atom inter-  terms, one term that takes into account how muckhiztiagom
face area on the same substfafe® (we denote this way of is coordinated to othet atoms, a second term that takes into
interpreting the ACLS as the adhesion mgd&his adhesion account how much th& atom is coordinated t&1 atoms,
energy difference increases as we increase the atomic nurand finally a third term, for a surface atom, that takes into
ber of the alkali atom, and furthermore, it increases as weaccount how much th# atom is coordinated to vacuum. The
change the substrate from Na to Mg to Al to Be. results from the calculatiofs of the binding-energy shifts
Not only are these measurements a source of informationsing the partial shift model for alkali deposition on close-
on thermodynamic properties, which may be difficult to ob-packed surfaces, are included in Fig&)3and 3b).
tain with other methods, but a reversal of the above relation- As can be seen from Fig. 3, the agreement between the
ships also allows for estimates of core-level binding-energyalculated values and the experimentally obtained values is
shifts from various thermodynamic parameters. To calculatsurprisingly good for the partial shift model. The adhesion
the relevant thermodynamic quantities we use Miedema'sind segregation shift models reproduce the signs and the
semiempirical schem€:?° The complications due to the trends but yield larger deviations from the experimentally
large size difference between tHeand Z+1 atoms in the obtained values. The discrepancies are observed to be espe-
case ofZ being an alkali ato'® and to complications aris- cially large in the case of alkali adsorption on A1, which
ing due to Miedema's scheme have been discussemhost likely can be explained by errors in the solution ener-
elsewher€. The results from these calculations are presentegies calculated for these systems by Miedema’s scheme.
in Figs. 3a) and 3b) together with the experimental results.  Based on the measured core-level binding-energy shifts a
A model to estimate core-level binding-energy shifts inqualitative rule may be established that says that the

Substrate

FIG. 3. (a) Measured and calculated ICLS for Na, K, Rb, and Cs
on the indicated metalgb) Measured and calculated ACLS for Na,
K, Rb, and Cs on the indicated metals.
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S e N AN B L B B whole range possible for alkali deposition sp substrates it
o1p E is most likely that measurements of the ICLS of an alkali
0ok o o« * sp-metal combination not included in the figure will yield a

h A" ] value that falls very close to the data assembled in Fig. 4. As
01| J there is a close relationship between the binding energy of

s : ] interface alkali atoms and alkali atoms in a close-packed
021 s E monolayer on the same surface, Fig. 4 also allows for pre-

g o3k ¢ Na ] dictions of the core-level binding energies of such monolay-
a v " K ] ers on close-packeslp-metal surfaces. Furthermore, as the
S o4l A A Rb . ICLS is equal to the segregation energy af & 1 impurity

g v Cs ] to the interface between thé metal and the substrate, the
05 A E relationship suggested by Fig. 4 must also be fulfilled by
06k E such segregation energies. As the ACLS to a good approxi-

Loy b mation is equal to the sum of the ICLS and the SCLS and as
07E T . the SCLS of the alkali metals is almost independent of alkali

C 3 metal, the ACLS, and thereby the adhesion energy difference
08 ™ '4 = '3 - '2 - '_'1' - '(')' — '1 - '2 which describes this shift, must also follow a similar simple

curve.
It should be noted that the above relationship only applies
to the alkali core-level binding-energy shifts induced by

strate and the alkali adsorbate vs ICLS for alkali deposition quprTe[;[a ! d.SUbStrateS' Vf\llit hfa Ve gr:?VIOﬁ(gl?fefFl)orteg C‘”?t' d
variouss p-metal substrates.ay,=0.529x 10 ° m is the Bohr ra- evel binding-energy Shills from thin alkall fiims aeposite

dius. The open circle at the origin indicates that the ICLS of a metaP" vari80us ati-_metal _substrates.. In t_he case of the 4 .
on itself is zero. metal$® there is no simple relationship between the alkali

core-level binding-energy shifts and the difference rin
sp-metal-induced shift of an alkali core level increases withvalue between the alkali metal and the tetal (for the 4d
increasing difference in valence electron density between th@etal we used the sum of tiseandp densities for calculat-
sp metal and the alkali metal. This rule, however, is onlying therg values. For similar differences im value a 4
qualitative and does not allow for quantitative predictions ofmetal induces a significantly larger shift of the alkali core
the shifts. Somewhat surprisingly, it turns out that a prediclevel than ansp metal. It should furthermore be noted that
tive relation is found if one compares the ICLS against notthe relation seen in Fig. 4 applies only to the alkali core level
the valence electron density itself but insteadithgalue of  shifts and not to the shifts of the substrate core levels, except
the electron gas. In Fig. 4 is shown the ICLS as a function oPf course in the case when the substrate itself is an alkali
the difference irr value between the substratp metal and ~ Mmetal.
the alkali adsorbate. As can be seen from Fig. 4 all points fall

A(rJay) (Substrate - Adsorbate)

FIG. 4. Plot of the difference img/ay value between the sub-

very close to a smooth curve. Thus, Fig. 4 indicates that the SUMMARY
ICLS (andthe ACLS, as this is approximately the ICLS plus
the surface core-level shift of the alkali metaf the alkali In summary, we have measured layer-resolved core-level

core levels for the presently investigated systems dependbjnding-energy shifts for Na, K, Rb, and Cs on several dif-
via a simple relationship, on the differenceripvalue for the  ferent sp-metal substrates by high-resolution core-level
alkali metal and thesp substrate. This is quite interesting as Spectroscopy. The experimental results can be reproduced
it means that the core-level shifts have a simple relation t@juite well by models based on a thermodynamic description
parameters that are related to ihéial state of the system. using as input parameters values calculated by Miedema’s
This does not mean that final-state effects are negligible ascheme. A strong correlation between the ICl&d the
evident from the fact that the thermochemical models conACLS) and the difference irg value between the alkali
tain final-state effects and they agree well with experimentsadsorbate and thep substrate has been shown to exist.
However, one can argue that using, which is solely an
initial-state parameter, might still to some extent include
final-state effects since the final-state relaxation energy
should depend on the electron distribution in the initial state. This work has been financially supported by the Swedish
Unfortunately it is not possible withowatb initio calculations  Natural Science Research Council. D.H. would like to ac-
to distinguish the magnitude of initial- and final-state effects.knowledge support for this work from the National Science
Thus, without such calculations, it is not possible to explainFoundation under Grant No. INT-9312246. L.l. Johansson is
the reason for the simple relationship observed in Fig. 4. gratefully acknowledged for permitting us to use the
Because the variation of thg values in Fig. 4 spans the Be(000J) single crystal for these experiments.
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