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Structural determination of Yb single-crystal films grown on W(110) using
photoelectron diffraction

M. E. Davila,? S. L. MolodtsoV? C. Laubschat,and M. C. Asensib?
Linstituto de Ciencia de Materiales de Madrid (CSIC), 28049 Cantoblanco, Madrid, Spain
2LURE, Ba. 209D, UniversiteParis-Sud, BP34,91898 Orsay, France
SInstitut fir Oberflachenphysik und Mikrostrukturphysik, TU Dresden, D-01062 Dresden, Germany
(Received 28 January 2002; published 19 July 2002

A quantitative analysis of the surface relaxation at théI¥th) single-crystal films grown on W10 has
been undertaken applying energy-scan photoelectron diffraction technique using the two shifted components,
i.e., surface and bulk of the lanthanidé dore levels. Additional polar scans were recorded for a fixed photon
energy along the crystal high-symmetry directions. The analysis of the data set following a trial and error fitting
procedure confirmed a consistent fcc structure for all noncontaminated evaporated Yb films with the bulk
lattice parameter corresponding to a valueef(5.44+0.05) A, about 1% contracted respect to the bulk fcc
Yb metal. A refinement of the structural analysis indicates an inward surface relaxation of the interlayer
spacing for the first two top layers with respect to the bulk lattice parameter.
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I. INTRODUCTION ation of the outermost atomic surface layt:*°This kind of
behavior of the trivalent RE metals is in contrast to the one
Rare-eartiRE) materials have always attracted consider-of the trivalentsp metal Al, where an outward relaxation of
able interest due to their unusual magnetic and electronithe outermost atomic surface layer is observed for the close-
properties which are related to their opehshell2 Due to  Packed(111) surface'’ One may speculate that the surface
their localized character, thef electrons do not contribute State or at least the contribution df states to bonding is
directly to chemical bonding. However, they lead to exotic'e€Sponsible for the surface structural relaxation of the RE. In
phenomena like mixed-valence or heavy-fermion behaviorthis context it is instructive to investigate the relaxational
On the other hand, f4electrons carry strong magnetic mo- Pehavior of the divalent RE metal Yb, where hints for the
ments that are coupled via indirect exchange with valenc8€9InNing of thed-like surface state occupation have been

4 ; . , .
electrons leading to a variety of ordered magnetic structure?eteCted' Here, in analogy to the trivalent RE's an inward

These properties make RE systems interesting for applica‘:’lttlce relaxation might be expected, although the close-

tions such as hard magnets and magnetic storage material eveal an outward relaxation like for @11).28-2°In fact, an

Sprfape and |nterface phenomena} bgcome |mportgnt fcﬂ'ﬂward relaxation has recently been predicted for thelY
applications of RE's in the form of thin films and multilay- g, face on the basis of a structural and lattice dynamic
ers, because they affect the magnetic and electronic propegnysis?! A direct experimental proof, however, is still
ties of the materials. Strongest effects occur when valencgissing.
transitions appear at the surfaces of several Ce-, Sm-, Eu-, | the present work we report on an experimental deter-
Tm-, and Yb-based compouridsas well as at the surfaces mination of the lattice parameters of epitaxial films of
of the pure metals CeSm? and Tm! Surface valence-band yb(111) grown on W110 by means of photoelectron dif-
features are characterized by an increase of theetupa- fraction (PED). The surface core-level shifSCLS or SC$
tion of the outermost surface atoms that results in radicabf the Yb 4f states has been used to discriminate between
changes of the chemical and magnetic properties of the subulk and surface signals. As compared to other structural
faces. Another phenomenon that leads to an effective redutechniques, SCS combined with PED has the advantage that
tion of surface valence is due to the dehybridizationdof due to the coordination dependence of the $&e surface
states that appear at the close-packed surfaces of trivalent Ricrostructure is monitored. In addition, the presence of
metals. Here, a weakly dispersive surface statd,ofsym-  large amounts of low coordinated sites like vacancies and
metry lies energetically close to the Fermi ener@¢) and  terrace steps, that could influence the relaxational behavior
extends over almost the whole surface Brillouin zofie'*  of the surface layer, may be excluded. Furthermore, surface
At the ferromagnetic G002 surface this state is half filled contaminations like oxygen or carbon that are hardly detect-
and strongly spin polarizett.For the paramagnetic phases of able in low-energy electron diffractioLEED) become di-
all other trivalent RE’s, a comparable occupation of the cor+ectly visible in the photoemissiofPE) spectr&>
responding surface states is observ&din contrast to the Scanned-energy photoelectron diffraction is a very well-
bulk electron structure, where occupiddtates are bonding known structural technique and successfully applied to study
and mainly responsible for the high cohesive energy of thehe adsorption sites of small molecules on metallic
trivalent phase, thel-like surface state is predicted to be substrate$*?>However, the application of this technique us-
nonbonding in naturd® For the (0001 surfaces of Gd and ing a SCS is still not well establishéflIt involves the mea-

Tb and probably of all other trivalent RE metals, the appearsurement of the intensity of emitted photoelectrons from a
ance of the surface state is accompanied by an inward relaxore level of an atom as a function of the incident photon

acked(000Y) surfaces of the divalerstp metals Be and Mg
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energy for different emission directions. The intenditl), — Buk Components
where k denotes the electron wave vector, presents short- hv=150eV -~ - Surface Components
period oscillations, which are caused by diffraction effects in [129]

the final state of the photoelectrons. In this particular case
high-energy-resolution photoemission spectra of the valence
band have been measured and by fitting procedure of eacl
energy-scan PED curve individual contributions of the Yb 4
componentgsurface and bulkwere obtained. Additional po-

lar scans along the high-symmetry directions for a fixed ex-
citation photon energy have been measured. The final pur-_.
pose is to use the performance of PED to fully characterize€
the structure of epitaxial Y411 films using the separated <
contributions of the bulk and surface to the Yb dore-level
photoemission.

In order to quantify the structural parameters, we have £
performed single scattering calculations followed by a trial ~
and error procedure. This allows us to determine the opti-
mum bulk and surface structural values of the(¥H) films
grown on W110). In particular, we explore the bulk lattice
parameter and the surface layers relaxatioutward or in-
ward).

The paper is organized as follows. In the next section we
describe the experiment. Section Ill presents a detailed de:
scription of the procedure followed to obtain the experimen-
tal PED curves from the raw data. The results are presentec
in Sec. IV and discussed in Sec. V. Finally the conclusions 3 o 1 0
are summarized in Sec. VI.

Normal
Emission

nsity (arb

Binding Energy (eV)

FIG. 1. Yb 4f core-level PE spectra of Ybll) single-
Il. EXPERIMENT crystalline films obtained at photon energy of 150 eV and different

The measurements were carried out at LURBFsay, detection ge(znetricles: normal emisgidnl?D) ?.nd 20°, 40°, 60°
France Synchrotron Radiation(SR) facility using the alqng the [1_21] high-symmetry dlrec_tlon(llnes through data
Spanish-French Station connected at the SU7 undulat(ﬂolntg. Individual subspectra_ used to fit the 150-eV spectrum are
beamline (toroidal grating monochromator, TGMof the  Snown undemeath the experimental data.

Super-Aco storage ring. The surface-science chamber was
equipped with a manipulator, which allows polar and azi-
muthal movements with a precision of better than half a The procedure to obtain the experimental diffraction
degree, and a 50-mm radius hemispherical analyzer mounteglirves was rather complicated due to the requirement to dis-
on a goniometer. The Y11 samples were 100-A-thick ep- criminate between the bulk and surface contributions and,
itaxial films grown on a W110) single crystal. The Yb depo- consequently, a description of this procedure will be pre-
sition was carried out at room temperature in an ambiengented in detail in the following subsection.

pressure of & 10 ' Torr. The films were then annealed to
465 K during 5 min resulting in clean well-ordered and
atomically smooth surfaces, as verified by the sharp hexago-
nal LEED pattern. PE spectra of the prepared samples In the present experiment scanned energy PED beams
showed these films to be free of contaminations. Usuallyhave been taken for the surface and bulk components of the
possible contaminants like C and O lead to the formation offb 413 emission at several constant emission angles in the
trivalent compounds, which may be easily identified by theirphoton energy range from 140 to 260 eV, every 2 eV.
characteristic 412 final-state multiplets. As compared to the Complementary, polar scans have been performed at a fixed
4113 state, the 4'2 multiplet is shifted in binding energies. ‘surface sensitive” photon energy of 150 eV. In this way two
The spectra measured for clean samples showed two wefitaditionally independent modes of PEBnergy and angular
resolved Spin_orbit Sp“t doub|ets Corresponding fom;nis_ Scan$ were combined in Ol’der. to determine the bulk lattice
sions from the bulk and the Surface, respective|y’ Separatdéﬁrameter and the surface lattice relaxation with an accuracy
by a SCS of (0.4%0.03) eV that is characteristic for a Of 0-03 A.

highly coordinated surface. The PED experiment was carried Figure 1 shows Yb # spectra measured at a photon en-
out by recording Yb 4 photoemission spectra as a function ergy of 150 eV for different emission angles: 0°, 20°, 40°,
of the photon energy for different emission angles along thend 60° off normal along thg121] high-symmetry direc-
different crystal high-symmetry directions. tion. The two peaks correspond to thés4 and 4f,, spin-

Ill. EVALUATION OF THE PE SPECTRA

A. Experimental data
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orbit split states. As clearly seen in the figure, the experimen-
tal Yb 4f spectra present two components. The higher and Normal Emission
lower kinetic energy doublets correspond to the bulk and
surface components, respectively, obtained by fitting the ex-
perimental spectra. The intensity of the surface components
became larger at grazing detection angles, where photoemis
sion spectroscopy is more surface sensitive.

In the general case each spectrum can be well decom-
posed into three subspectra: two Lorentzian doublets an
background that consists of the steplike Fermi function su-
perimposed by the integral scattering background from only
the bulk componen(dotted ling. As a result of the fitting we
obtain a spin-orbit split value of (1.260.03) eV and a SCS
of (0.45+0.03) eV. For each set of data the values of bind-
ing energies and spin-orbit splitting were kept constant.
However, variations of the intensity ratio of the and
4f,, components were allowed. Previous publised results
related that the SCS value with the bulk and the surface
coordination number. For close-packed struct(iheg(0001)
and/or fc¢111)],2? the coordination number corresponds to
12 for bulk and 9 for the surface layer. The possibility of

—— Bulk Components
--- Surface Components

hv=220eV

fD_

hv=150eV

Intensity (arb.units

.........

hv=135eV

..............

having different surface coordination numbers in our case  |eess=z==t_ 7 et s ——

has been neglected, because a good fit is obtained by usin 4 3 2 1 0
just one surface component. The SCS value obtained is af- Binding Energy (eV)
fected by the growth conditior’lsThe SCS increases with a
decreasing coordination number of surface atoms. A substan- FIG. 2. Yb 4f core-level PE spectra of Yb1l) single-
tial fraction of surface atoms at low-coordinated sites will C"ystalline films obtained at normal emission using various photon
result in larger shifts than those representative for an atom"erdies: 135, 150, and 220 dlines through data poinisindi-
cally flat close-packed surface. However, this assumption Ca\ﬁ'dual subspectra used to fit the different spectra are shown under-
be also probed with a structural method like the PED tech-neath the experimental data.
nique.

Yb 4f spectra taken at different photon energies for a
normal emission detectiof@lso called normal photoelectron ~ Peaks areas after background subtraction were determined
diffraction or NPD and light incident angle of 30° relative for each spectrum corresponding to each photon energy to
to the surface plane are displayed in Fig. 2. A worsening ofvaluate the experimental photoelectron diffraction curves.
the energy resolution is clearly observed as the photon erSubsequently, these peaks were integrated and normalized to
ergy increases, reflecting the energy dependence of the regproduce the modulation functiod(E) as a function of the
lution of the Toroidal Grating MonochromatéFGM). How-  photoelectron kinetic energy for a defined core-level peak in
ever, in all cases the resolution is enough to distinguistf specific emission direction. All intensity values were nor-
between the two components, i.e., the surface and the bulkpalized to the photon flux and to the atomit ghotoioniza-
and to observe the drastic changes of the relative intensity dfon cross section. In particular, the modulation function is
both components as the photon energy changes. In fact, wibus
choose 260 eV as the maximum photon energy of the experi-
ment because the surface component suffers a drastic de- X(Eyin) =[1(Ekin) — 1o(Exin) 111 o( Ekin)
crease of its intensity at higher photon energies. ) )

The branching rati¢BR) variation of the Yb 4 levels as  in which I(Ey;,) are the actual recorded peak areas, and
a function of the photon energy has been evaluated, i.e., tHe(Exin) is the smooth fit through the average background.
relative intensity of the #,,, peak respect to that of thef4, Figure 3 represents normalized intensities derﬁeg from
one. On the basis of statistical arguments the expected valuéize 4fs, and 4f,, peaks at 20° off normal along thé21]
for the BR is(I+1)/ =1.33. From the experimental values at direction. We found that electrons photoemitted from the
photon energies of 135, 150, and 220 eV the obtained BR'éf5;, level undergo practically the same diffraction effects as
were 1.33, 1.37, and 1.390.01),respectively. The photon those emitted from thef4,, one, since the kinetic energies of
energy dependence of the BR is a well-known effect, whicithem are close to each other. The different assumptions con-
is basically caused by the difference between the bindingidered in the data evaluation are now disscused: The line
energy of the two states considered. In this particular casshape was approximated by a Lorentzian. This procedure is
the two electronic states denominatetl, 4 and 4f,,2”?® justified since Yb is a semimetal and only weak final-state
with a small binding-energy difference, suffer independentelectron-electron interactions are expected. Energy losses for
diffraction effects which modify their intensity ratfg:*° the photoexcited electrons on their way through the sample

B. Obtention of the PED curves
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Surface Components === 4, Top View Side View
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FIG. 4. Top and side views of Yhll). Crystal directions and
coordinate axes are showd,, represents the interlayer distance
from the top to the second layer andd;, from the second to the
third layer, respectively.

OPD-20°-[121] produced by the photoelectron diffraction phenomenon ap-
T T T T T pear with their genuine magnitude. Strong intensity modula-
160 180 200 220 240 tions of the bulk and surface components were observed at

certain detection geometries, in which emitter, scatter, and
detector were aligned. Finally, the diffraction curves for the

FIG. 3. Surface and bulk 4, and 4, PED patterns from different geometries were obtgined for the two surface and
Yb(11D single-crystalline films taken for 20° off-normal emission PUlk Yb 4f components following the standard procedure.
(OPD-20°) in the[TZT] direction. All intensity values were nor-

malized to photon flux and to the atomid $hotoionization cross IV. QUANTITATIVE DETERMINATION OF THE BULK
sections(Ref. 3]). It can be seen that spin-orbit split components AND SURFACE ATOMIC STRUCTURE
undergo almost same diffraction effects.

Kinetic Energy (eV)

The structural parameters for the ftt1) and hcg0002)

were considered only for the bulk emission and were detested structures were adjusted in order to minimize a reli-
scribed by an integral background. The spin-orbit splitting ofability factor (R factor) between single-scattering simula-
the j=7/2 andj =5/2 components was set to be identical fortions and the experimental diffraction curves. TRiactor is
the bulk and the surface emissions. In order to simulate thbased on a sum of squared deviations between theory and
finite resolution of the spectrometer and the temperatureexperiment of a representative number of PED curves for
dependent phonon broadening, the theoretical spectra wedifferent emission directions. In the adjustment process the
convoluted with a Gaussian of variable width. The spectracorrelation or anticorrelation evaluation, the PED curves
show thefs, and f;, spin-orbit doublet, where the surface with small modulations contribute less than curves with
lines are shifted to larger binding energies. The surface corstrong modulations.
tribution can be directly recognized by comparing data taken Experimental energy scan curves for defined geometries
with two different photon energies. At the higher photon en-and complementary low-energy polar scans for high-
ergy, the escape depth is increased and the surface contribeymmetry directions were considered following the tradi-
tion is correspondingly reduced. Surface core-level shifts aréional trial and error procedure data analysis. The fitting pro-
rather small. Thus for their detection one needs high resolucedure was performed by the calculation of multiple
tion, which is most easily achieved with synchrotron radia-parameter grids. The nonstructural parameters used in the
tion. The tunability of the SR photon source also makes itsimulations to determine the final structure were defined as
possible to perform measurements at different surface sendillows: The energy-dependent phase shifts used to describe
tivity. the elastic scattering of the electrons by the surface atoms

As a result of data evaluation the intensity curves for thewere calculated with theurPoT program>? In addition, dif-
4f,, and 4f5, components of both bulk and surface emis-ferent constants and the Debye factor were adjusted in order
sions were obtained as a function of phot&imetic) energy  to optimize the fitting of the experimental data.
and emission angle. The relative intensity extracted by fitting Since photoelectron diffraction is sensitive to the local
bulk and surface emissions off 4, and 45, peaks shows geometry structure around the emitter, we may need to find
the characteristic oscillations produced by the photodiffracthe lattice parameter of the bulk atoms from the bulk com-
tion phenomenon. The drastic intensity variation of the twoponents and to evaluate the possible deviations from the
emissions as photon energy increases limited the energgleal surface interlayer spacing from the surface component.
range of investigation. In particular, the surface component iBased on this criteria the analysis was divided into two steps:
characterized by a strong decrease of its emission at highirst of all, both the fc€l1l) (Fig. 4 and the hcf®001)
photon energies. structures were considered because both arrangements are

The photoelectron kinetic energy dependence is affecteglausible with the experimental SCS values obtained in the
by the photoionization cross section of the correspondingtudied Yb films. We have calculated the PED curves for
level. Having extracted the energy dependence due to theach of these structures considering the corresponding bulk
photoionization cross section, the characteristic oscillationfattice parameter (fca=5.49 A, hcpa=3.88 A, andc
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NPD-Bulk Component a=(A)
0.05 4
a=5.54
0.41
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a=5.40 Ad 4, (A)
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FIG. 6. R-factor image contour plot calculated varying the Yb
2=5.39 interlayer spacingl,, andd,;. Best agreement is obtained for in-
R,0.21 ward relaxation differences ofAd;,=—0.1 A and Ad,;=
—0.06 A relative to the bulk interlayer spacing.
a=5.38
R,:0.24 distance with respect to bulk induce also proportional
changes in the interlayer spacing of the second to third layer,
' ' ' ' ' " T as seen in th& factor plot. TheR-factor value is consistently
120 160 200 240 0.25 indicating a good agreement between theory and experi-

ment.

Comparison between experimental and theoretical diffrac-
FIG. 5. Theory-experiment curves comparison of the corre-tion curves at th&k-factor minimum position is presented in
sponding bulk component at normal emission geometry considerinfig. 7. The relevant structures of the experimental curves in
different bulk lattice parameters. Best agreement is obtained for ¢he figure are well reproduced by the calculations. The opti-
lattice constant value adi=(5.44+0.05) A. mal structural parameters are summarized in Table | and

compared with relatively recent theoretical predictiéhi-

=6.20 A) 23 From the comparison between the experimentaward relaxations of the first and second surface layers are
and the calculated curves we have obtained an extended cakdi,= —0.1 A andAdy;=—0.06 A, i.e., (3.620.3)% and
relation, which ensure the f¢tl1) as the authentic structure. (1.9+0.2)%, respectively. The obtained relaxation value of
Using the bulk PED curves the bulk lattice parameter waghe outermost atomic surface lay@tose to the limit of the
refined. Various clusters with different bulk lattice constantstechnique resolutionis of the same order of magnitude as
were considered, as represented for NPD bulk spectrthe values measured for the trivalent RE metals and even
in Fig. 5. larger than the value of 0.08% predicted by the semiempir-

From the theory-experiment comparison we conclude thaical calculationg” Further analysis relative to deeper layers,
a value of the bulk lattice constamat=(5.44+0.05) A is i.e., third to fourth layer was not performed in the present
obtained, revealing that the lattice spacing is the same as tistudy. These results have been tested by the use of multiple-
bulk value within 1%. As mentioned before, only small scattering calculations in order to evaluate the contribution
changes are obtained in the diffraction effects between thef multiple events in the photodiffraction modulation. In par-
two bulk components with differerjt(same behavior is ob- ticular, calculations using van Hove’s code confirm the re-
served for the two surface components sults presented in this report.

In a second step the surface layer relaxation is studied by
analyzing the surface PED curves. A multiple parameter grid
has been calculated and represented in Fig. 6 as an image
contour map of theR factor as a function of the different The possibility of getting individual information from the
interlayer spacing for the firstAd,,) and second 4d»y) surface and the bulk components was carried out due to the
surface layers relative to bulk interlayer spacing. This con+elatively large SCS value for the Yb system. The SCS has
tour plot tests the sensitivity of the experimental data to thébeen explained in a number of ways, its origin ultimately lies
surface relaxation. From the figure the correlation betweein the modification of the surface structure with respect to
the two represented parametetsd(, andAd,3;) can be de- the bulk structural environment. In rare earths, the SCS leads
duced. As a consequence, changes in the first to second layteran increase of thefdbinding energy at the surface relative

Kinetic Energy (eV)

V. DISCUSSION
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TABLE |. Percentage relaxations obtained in the present PED

0.2 Bulk component experiment and comparison with theoretical predicti¢Ref. 2.
0.0 -W Negative values correspond to inward relaxation in interlayer spac-
. i ) ing compared to those in the bulk.
E 8:3 J e — This work H Coxet al. (Ref. 20
S 0.2 — Experiment § v
g 1 - ITheory : OPD-I20 [121] | Ado(%) ~36 ~0.08
‘E 160 180 200 220 240 Adyy(%) -19 0.06
§ 0.0 Surface Component Adz,(%) not considered —-0.07
2 0.0
= .0.2/—: NPD _
0.2/—: T can occur. The energetic proximity of these configurations
W T—mS——— depends on the number, distance, and nature of the neighbors
027 OPD-20° [121] of the rare-earth cores, which can be changed by pressure,
160 180 200 200 o240  os0  temperature, or compound formation and by changing the
Kinetic Energy (eV) dimensionality of the system. Coordination dependent SCS
05 Bulk Component has been observed for Yb metal evaporated samples onto
0.0 -W substrates at different temperatuf@$SCS has found wide-
0.5 4 . I spread applications in probing surface electronic structure,
055 1121 7  surface structure, and surface segregation phenoféria.
0.0 —M‘___ From the present study an inward surface lattice relax-
05 _ ation has been confirmed. This phenomenon can be corre-
= 054 o] 7 lated with different effects. The surface relaxation in alkali
3 0.0 _\M metals, particularly effective for low-coordinated
S 45 Z11] surfaces® s related with the variations of charge density
£ ' (') 1'0 2'0 3'0 4'0 5'0 6'0 by the electron spill out at the surface. Changes of the elec-
P tron density results in a dipole surface layer. The positive ion
f5 0.2 Surface Component cores at the surface are affected by a net repulsion from the
z 0.0 -U‘t/\ resulting charge in their Wigner-Seitz cells, and an inward
£ 02 _ 1 relaxation can occur. Other possible mechanisms such as the
0.2 1121 T rehybridization of dangling bonds also lead to a surface in-
0.0 _W ward relaxation.
25l _ The relaxation effect, however, becomes rather small at
0.5 o1l ¥ close-packed surfaces. A relaxation by only 1% of the lattice
20 N PN constant has been observed (bec) Na (100),%¢%” and even
' _ smaller values are expected for the close-padkdd) sur-
0.2 : : : : k) - faces of fcc crystals, which may be easily compensated by
0 10 20 30 40 50 60 other effects. Weakening of the bonding due to a surface
Polar angle (°) dehybridization ofs and p states is present in Be and Mg

metals, and it is assumed of being responsible for the out-
ward relaxation of the outermost atomic layers H&r€.Al-
gpough in the present case of Yb metal, gehybridization

Is widely replaced by thed hybridization, similar dehybrid-
ization effects may be expected by narrowing of theé 5

FIG. 7. Comparison of surface and bulk-4 PED patterns from
Yb(11)) single-crystalline films. All intensity values were normal-
ized to photon flux. In the case of energy scans measured in norm
emission(NPD) and 20° off-normal emissioOPD-20°f121] di-
rection geometries the obtained intensities were also normalized t

. o : Hands at the surface.
the atomic 4 photoionization cross sectiofiRef. 31. For angular o
scans a cd$¢) dependence of the photoemission intensity, where Dehybridization at the Y@111) surface leads to a forma-

the angle¢ is formed by the electric field vector of the linearly tion of ad'“'f surface state, which becomes partly occupied
polarized synchrotron radiation and the direction of the electroraround thel' point of the surface Brillouin zon¥. The
detection, was assumed. charge-density distribution related with such a surface state
may cause an enhancement of the effective electronic spill
to the bulk, and in certain cases even to a valence transitiomut and may be responsible for the inward relaxation ob-
Changes of the SCS of Yb samples can also be due to poserved in the present work. On the other hand, changes of the
sible contaminants. surface dipole layer should directly affect the work function.

It is of relevance to emphasize that électrons are core- To this end, however, results of slab calculations, which do
level-like while the 51 and 6 valence electrons take part in not reproduce the occupied surface state, are in reasonable
bonding the Yb metal. The energies of th&"45d6s)? and  agreement with the experiméfindicating that the change
of 4f"~1(5d6s)® configurations are sufficiently close to of the surface dipole layer by the presence of the surface
each other so that fluctuations between the two valence statetate is only small. From this fact one might conclude that a
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possible influence of the surface state is also too weak tthe PED technique. Due to the observed relatively large SCS
affect the surface relaxation. independent interpretation of the surface and bulk Yfb 4
The second mechanism to explain the inward relaxatioromponents are presented. Yb films are subject to an inward
of Yb (111 considers an enhancement of the bondingrelaxation that amounts to (3#0.3)% and (1.80.2)% of
strength due to rehybridization of dangling bonds. Thisthe bulk interlayer spacing for the first and second surface
mechanism is responsible for the large inward relaxationgtomic layers, respectively. For the outermost surface layer
(about 5-10% of the lattice constant observed in transition this result is in qualitative agreement with theoretical predic-
metals. From recent local density approximation and lineations based on an analysis of lattice dynamic datahis
combination of atomic orbitals electron-structure calcula-behavior is opposite, however, to the properties of the diva-
tions for bulk Yb metaldetailed in Ref. 1% the 5d admix-  lent sp metals Be and Mg, where an outward relaxation of
tures to the occupied density of states near the Fermi levehe outermost close-packed surface layer has been reported.
can be estimated as only 0.27 electrons per Yb atom an@lhe Yh(111) surface relaxation is similar to those observed
therefore contributes weakly to the bonding. At the surfacefor trivalent RE’s. A possible explanation for this surface
the d occupation may be changed due to the presence of thelaxation is based on surface charge distribution that in both
surface state. In analogy to the case of trivalent RE’S, howeases is governed by a partially occupied surface state.
ever, the surface state will be nonbonding and an increase of
bonding strength at the surface is not expected.

From this analysis it seems that the charge distribution ACKNOWLEDGMENTS
may be responsible for the inward relaxation and not the _ _
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