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Determination of the lattice relaxation at the Yb(111) surface using chemical-shift
photoelectron diffraction
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A quantitative analysis of the surface relaxation of thick ¥k single-crystal films grown on V10 has
been performed by photoelectron diffraction technique using high-energy resolution photoemission spectra of
the surface core-level shift of Ybf4 Our results demonstrate that Yb grows epitaxially in a fcc structure
without surface reconstruction. The surface atoms present an inward relaxation of the first and second layers by
(3.620.3)% and (1.20.2)% of the bulk interlayer spacing, respectively. The appearance ofi-tike
surface-state at Yti11) is assumed to be responsible for the inward surface relaxation.

Changes in the electronic and crystallographic propertietations. On the other hand, such a redistribution of charge
at the surfaces are by now well-known phenomena that bewill influence the bonding properties at the surface and may
come particularly interesting when the chemical and magprobably affect the lattice relaxation. In this case, strong ef-
netic properties of the materials are affectédrhis is the fects will be expected for the surface divalent Yb metal
case in rare-eartfRE) solids where both # occupation and  where the change of the electronic properties is particularly
magnetic order depends critically on the electronic and strucarge: in the bulk, the electronic structure is similar to the
tural environment. Many RE compounds reveal surface vagpe of heavy lanthanide earth metals characterized by an
lence trgnsitions characterized by an enhancement of 1th_e 4 Imost occupieds band with weak 8 admixtures in the re-
occupation at the surfaceAmong the pure RE metals this gion close to the Fermi energy. From this scenario a narrow-
phenomenon occurs for Ce, Sm, and Tm, where the valenggg of the d bands caused by the reduced coordination at the

and magnetic properties of the surface atoms change dr@'un‘ace should result in dehybridization, which may lead to

matically. Other RE metals like Gd, which do not change thean outward relaxation of the outermost atomic layer as in the
valence of the atoms at the upper surface layers, show an . 18 .

. . . case of divalent Be and Mg metal.~° However, the exis-
enhancement of their surface magnetic ordering temperaturé

that may be related to structural surface relaxations or to th gnce of aj—hkg surface state may chqnge this behavior since
appearance of electronic surface st4té8 the electronic spill-out related with such a state as

Calculations for the close-packed 801 surface pre- yvell as its ppssible contribution to bonding may favor
dict an antiferromagnetic coupling of the outermost atomidnward relaxation. o _
surface layer with respect to the bulk, which is accompanied N the present communication we report on an experimen-
by (i) an outward relaxation of the surface layer by 5% of thetal determination of the surface lattice relaxation of(¥hl)
lattice constant andi) a weakly dispersive antibonding sur- Py means of photoelectron diffractidiPED). In particular,
face state ofi symmetry? In fact, ad-like surface state has Wwe use the surface core-level sHiBCS in order to extract
been observed experimentally, which is pinned to the Fermfluantitative information of the bulk and surface lattice relax-
energy and extended over almost the whole surface of thation. Yb metal is ideally suited for this type of experiment
Brillouin zone. The magnetic order of the outermost atomicsince (i) the SCS is larg¢0.45+0.03 eV for the closed-
surface layer, however, is found to be ferromagnetic in conpacked Y1§111) surfacd and allows for proper discrimina-
trast to the antiferromagnetic behavior predicted by theion of bulk and surface signals even at low spectral resolu-
theory® Outward surface relaxations as welldike surface  tion. (ii) Due to its 4 (Ref. 14 ground-state configuration,
states were also predicted for the closed-packed surfaces tfe 4f emission of divalent Yb consists of a simplé @Ref.
other RE’s. For Yb metal, surface states are expected to bk3) final-state doublet that is not affected by resonant cross-
unoccupied in the paramagnetic phase. Photoemission stuglection variations like the f4emissions of other RE'dii)
ies, however, reveal the existence of occupied surface statdde chemical reactivity of Yb metal is relatively weak allow-
at the close-packed surfaces of almost all trivalent RE metalig for large sampling times as necessary for PED experi-
independent on their magnetic ordéf*® In particular, for ~ments. Moreover, possible contaminants like C and O lead
the fcc close-packed surface of divalent Yb metal, a surfaceisually to the formation of trivalent compounds, which may
state has been observd?® easily be identified by their characteristic chemical shift by 4

As may be concluded from these examples, the electronieV to higher binding energie@BE’s) of the 4f core level.
properties at the surface of rare-earth solids are presently nétur results reveal an inward relaxation of the first two layers
well understood. Occupation of the weakly dispersive surby (3.6-0.3)% and (1.90.2)% of the bulk interlayer spac-
face states demands large redistribution of charge at the suing, respectively, i.e., (1:80.3)% and (1. 0.3)% in terms
face, which is obviously not reproduced by the model calcu-of the bulk lattice constant. This finding differs from the
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experimental results on divalent metals like Be and Mg
where an outward relaxation has been obsetetf Thus,
an intimate relation between the lattice relaxation and the
appearance of the-like surface state may be expectéd.

In the present experiment scanned energy PED beams
have been taken for surface and bulk components of the Yb
4f (Ref. 13 emission at several constant emission angles in
the photon energy range from 140 to 260 eV. Additionally,
polar scans have been performed at a fixed “surface sensi-
tive” photon energy of 150 eV. In this way two traditional
independent modes of PE@nergy and angular scansere
combined in order to determine surface lattice relaxations surface
with accuracy of 0.03 A. The PED experiments were per-
formed at the Super-ACO storage ring (atU.R.E./Orsay
using radiation from the SU7 beamline. PE spectra were
taken with a routable hemispherical electron energy analyzer
(ARIES-VSW) tuned to an acceptance angle of 1°. PED
energy scans were taken at different geometries tuning the
photon energy from 140 to 260 eV in steps of 2 eV. Addi-
tionally, a series of polar-angle scans were recorded along T T T T T
the high symmetry azimuthal directions varying the polar 4 3 2 1 0
(6) angle from 0° to 60° off normal. Variations of the rela- Binding Energy (V)
tive intensities of bulk and surface emissions were analyzed
by consistent least-squares fitting of the whole set of experi- FIG. 1. Yb 4f core level PE spectra of Yb11) single crystal-
mental data. Well-ordered \(bll) surfaces were prepared line films obtained at photon energies of 30 and 150 (ékes
by growing well-ordered epitaxial Yb films on a (10 through data poinjs Individual subspectra L_Jsed to fit the 150 eV
substrate. The clean W10 surface was obtained after suc- SPectrum are shown underneath the experimental data.
cessive cycles of annealing at 1300 °C in oxygen atmosphere
that ensured a sharp Xl1) hexagonal low-energy electron ponents of both bulk and surface emission were obtained as
diffraction (LEED) pattern. Thick Yb layers (80—-100 A), a function of photon energy and emission angle.
monitored by a quartz microbalance, were deposited onto the Single scattering simulations were carried out in order to
tungsten substrate by thermal evaporation from Yb metaperform a quantitative determination of the surface relax-
drops molten on tantalum straps. “As-grown” films revealed ation. Comparisons between ¥d.1) experimental and the-

a rather diffuse LEED pattern pointing to weak structuraloretical curves were estimated by using trial-and-error
order at the surface. Annealing at 180 °C led to a sharp hexmethod. The quality of the agreement was evaluated by the
agonal LEED pattern characteristic for the close-packed Ylzalculation of reliability factorsR facton.?°

(119 surface. The quality of the Yb film was further checked  The Fig. 2 shows the experimental bulk and surface com-
by valence-band PE spectra at 150 eV photon energy. Aonents Yb 4 curves(dotted ling, used in the data analysis
typical spectrum is displayed in Fig. 1, where two well- together with the theoreticdbroken ling ones obtained for
resolved spin-orbit split doublets corresponding foefnis-  the R-factor minimum. The epitaxial growth mode of Yb
sions from bulk and surface, respectively, can be identifiedhick layer was determined from energy and polar bulk PED
separated by a SCS of 04D.02 eV that is characteristic of curves. The films present a fcc structure with a bulk lattice
a very clean and highly coordinated surface. constant(see Fig. 3 of 5.44+0.05 A, perfectly in agree-

The PE spectra of the Ybf4(Ref. 13 final states were ment with the tabulated value. Strong intensity modulations
approximated by two pairs of LorentiafSig. 1) accounting  of the bulk and surface components were observed at certain
for bulk (full line) and surface(broken ling components. detection geometries in which emitter, scatter, and detector
The weak contribution of thesvalence band was described were aligned. The surface lattice relaxation determination
by a steplike function with a cutoff &r. To account for was based on the surface PED curves. Variation of the inter-
secondary electrons we used an integral backgrBundlayer spacing for the two upper surface layers respect to the
coupled to the bulk component of thé €mission. Finally, bulk corresponding value was considered. Difference values
the spectra were convoluted with a Gaussian to simulate thieetween— 0.4 and 0.2 A, every 0.03 A were calculated, i.e.,
energy dependent spectral resolution of the experimentahward or outward relaxations of the last two surface layers
setup. For each set of data the values of binding energies ards seen in Fig. 3,, represent the interlayer distance top to
spin-orbit splitting(about 1.26 eYwas kept constant. How- second layer and,;, second to third layer, respectively
ever, variations of the intensity ratio of théd« and 4f,, A representative contour map of tRefactor as a function
components were allowed. The drastic intensity variation obf the parameterd;, andd,s is shown in Fig. 4. This con-
the two components due to thd £ore-level cross section tour tests the sensitivity of the experimental data to the sur-
limited the working energy range. In particular, the surfaceface layer relaxation respect to the bulk. The shape of the
component is characterized by a strong decrease of its emisentour implies no correlation of the two parameters, i.e., an
sion as the photon energy increases. As a result of datacrement of theR factor produced by a vertical displace-
evaluation the intensity curves for thd 4 and 4f5, com-  ment ofd;, is not compensated by a movementg§. Mini-
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z 059 nou Mg, where particularly a dehybridization sfand p bands
5 0.0 -\M leads to decrease of bonding. Inward relaxations will mainly
£ 05 ! : : : : 211 be caused by two mechanisnfg:variations of electron den-
> 0 10 20 30 40 50 60 sity by the electron spill-out at the surface afiig enhance-
2 2 Surface Component ment of bonding strength by rehybridization of dangling
E 0.0 _M bonds. The first mechanism developed within the framework
024 B of a jellium model has been widely applied to discuss surface
o2 J mz 1 relaxations in alkali metals and is particularly effective for
low coordinated surfacés:?® Minimization of the mean
0.0 L .
W electron kinetic-energy leads here to a smoothing of the elec-
'g'i 7 [o1] # tron density contours and thereby, to the formation of an
| enhanced surface dipole layer. Due to this dipole layer, the
0.0 —'\A/\/m?\ positive ion cores feel a net repulsion from the resulting
024 : : : : 211 charge in their Wigner-Seitz cells, and an inward relaxation
0 10 20 30 40 50 60 of the outermost atomic surface layer occurs. The relaxation
Polar angle (°) effect, however, becomes rather small at close-packed sur-

faces. For Na metdbco the inward relaxation at the100)
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FIG. 2. Comparison of surface and bulkA4 PED patterns from
Yb(112) single crystalline films. All intensity values were normal-
ized to photon flux. In the case of energy scans measured in normal
emission(NPD) and 20° off-normal emissiofOPD-20°) geom-
etries, the obtained intensities were also normalized to the atomic
4f photoionization cross sections. For angular scans ¥ @pse-
pendence of the photoemission intensity, where the amgles 0.00
formed by the electric-field vector of the linearly polarized synchro-
tron radiation and the direction of the electron detection, was as-
sumed.

0.05

Ad23 (A)

-0.05
mum R factor is obtained for a difference value dfd,,
=—-0.16£0.01 A andAd,;=—0.066+0.005 A, for the
first (d45) and secondd,;) surface layers respectively, indi-
cating an inward lattice relaxation in both cases, which cor-
respond to a (360.3)% and (1.90.2)% contraction re-
spect to the bulk interlayer spacing. 0.2 04 0.0 041 02

Surface lattice relaxations may be caused by different Ad12 (A)
mechanisms. Outward relaxations are usually explained in
terms of (1) an enhancement of surface magnetic polariza- F|G. 4. Rfactor contour plot calculated varying the Yb inter-
tion, (2) minimization of the exchange correlation energy atlayer spacingsl;, andd,;. Best agreement is obtained for inward
the surface, o(3) dehybridization. While the first mecha- relaxation differences ofAd;,=—0.1 A, and Ad,;=—0.06 A
nism may be disregarded for divalemband metals, the lat- relative to the bulk interlayer spacing.
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surface amounts to only 1% of the lattice constant, and fobonding at the close-packed surfaces of trivalent RE metals.
the close-packe(l11) surfaces of a fcc crystals even smaller At the same time, the model calculations predict this state to
values are expected, which may easily be compensated I unoccupied in the paramagnetic phase, what is obviously
other effects. For example, the (AL1) surface reveals a in disagreement with experiment. An energetically lowering
weak outward relaxation of the outermost atomic surfacef this surface state may be achieved either by participation
layer instead of the expected lattice contraction that may bg, bonding or by reducing the electron kinetic energy by
caused by a compensation of the dipole contribution bpa  delocalization. Both effects will support inward relaxation,
dehybridization effect like in Be and Mg. ~_ the first due to enhanced surface bonding via mechanism
_In the present case of Yb metal, th@ hybridization is (i) the second due to increased electronic spill-out via
widely replaced _b_ysd_hybrldlzatlon, but similar to thesp mechanisni).
metals a dehybridization effect may be expected by narrow- In summary, we have shown by a PED experiment, that
ing of the & bands. In contrast to thep metals, however, the outermost atomic layers fan situ Yb(111) grown

g?r;ytér_'l?k'zagﬁ?f;;[ethseta\:g1\2;;??;2?2: toa?tlforon;ilﬂoir; dsingle-crystals are subject to an inward bulk interlayer relax-
= ' partly P1€Cation that amounts (3.660.3)% for the first and (1.9

around thel" point of the surface Brillouin zon. The +0.2)% for the second layer. This behavior deviates consid-

charge density distribution related with suph a Surfacg stat' rably from the one of the divalent metals Be and Mg, which
may cause an enhancement of the effective electronic spi re characterized by outward relaxations. The main differ-

out and may be responsible for the inward relaxation ob- .
served in the present work. On the other hand, changes of t@nce between these systems is the appearanceddka

surface dipole layer should directly affect the work function rface state at ¥(B.11), which consequently is assumed to

and here slab calculation, which do not reproduce the oce t:ze responsible for the inward relaxation at this surface. This

ied surface state, are in reasonable agreement with expe inding may have important consequences for the lattice re-
pment The modulaiion of the surface di gle laver by the r‘;s[éxations of trivalent RE's, where also inward relaxations

' P yer by pr ‘may be expected in contrast to the theoretically predicted
ence of the surface state seems to be small, and it i

. i . Sutward relaxations. Variations of the surface lattice con-
qgeshonable whether weak variations of the surface deOI(gtants however, will affect the magnetic properties and
will be reflected in the surface relaxation. The second mecha: ight ’be respon'sible for the ferromagnetic coupling of the

nism is characteristic for covalent bonding and, e.g., respony \+ermost surface layer of @DOY and the enhanced mag-

sible for the large inward relaxations observed in transitiorhe,[iC ordering temperature observed for Gd and other RE
metals that are typically in the range of 3—5 % of the Iatticem etals®? g P

constant. According to our calculations for bulk Yb metal,

the 5d admixtures to the occupied density of states amount This work has been supported by the Spanish agency
to only 0.27 electrons per Yb atom and contribute onlyDGES under Grant No. PB-97-1199, the Comunidad de
weakly to bonding. At the surface, thiboccupation is en- Madrid (Grant No. 07N/0031/1998nd the Deutsche Fors-
hanced due to the presence of the surface state. According ehlungsgemeinschaft, Sonderforschungsbereich 463, TP B4.
the slab calculation, however, this state is not explicitlyM.E.D. acknowledges financial support from the Comunidad
present at thé111) surface of divalent Yb metal and is non- de Madrid.
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