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Surface states and Fermi surface of orderedg-like Ce films on W„110…
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The surface electronic structure of structurally ordered Cerium films deposited on W~110! has been studied
along the two surface high-symmetry directions of the close-packed surface. As in other trivalent rare-earth
metals a surface state ofdz2-pz symmetry was found to dominate the electronic structure near the Fermi energy.

This surface state lies exactly at the Fermi energy atḠ dispersing towards higher binding energies with
increasing wave vector. Its effective mass amounts (27.461.3) times the electron mass. The surface-state

induced emission was found to dominate the Fermi-surface cuts near theḠ point of the first surface Brillouin

zone~SBZ!, while at theḠ point of the second SBZ the surface state lacks intensity.

DOI: 10.1103/PhysRevB.68.233103 PACS number~s!: 71.15.2m, 71.18.1y, 73.20.2r
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The surface electronic structure of rare-earth~RE! metals
may strongly deviate from that of the bulk due to the appe
ance of ~i! surface states1–8 and ~ii ! surface valence
transitions.9,10 Weakly dispersive surface states ofdz2 sym-
metry have been observed for the close-packed surface
all heavy RE metals2,4–7as well as for La,3 Ce,1 and Nd~Ref.
8! by means of photoemission~PE!. Even in case of the~111!
surface of divalent Yb metal such a state has been fo

around theḠ point of the surface Brillouin zone~SBZ!.4

Although experimentally found to be at least partially occ
pied, local-density approximation~LDA ! calculations predict
these states to be unoccupied. Exception is Gd metal w
due to exchange splitting the majority-spin component
this state becomes fully occupied in the ferromagne
phase.2,11 Valence transitions from the trivalen
@Xe#4 f n(5d6s)3 to divalent @Xe#4 f n11(5d6s)2 configura-
tion have been observed for Sm,12 Tm,13 and Ce metals1,14,15

as well as for many RE compounds.10 In case of Sm and Tm
the phenomenon is intimately related to the surface ene
shifts of the 4f levels to higher binding energy caused by t
reduced atomic coordination at the surface.5,9 If an unoccu-
pied 4f configuration lies close enough to the Fermi lev
EF , energetical lowering of the 4f states may lead to a
increase of the 4f occupation. In case of Ce the situation
more complex: Here, hybridization of the 4f states with va-
lence orbitals leads to a noninteger 4f occupation in the
ground state. This phenomenon is particularly pronounce
the low-temperaturea phase where it is accompanied by
atomic-volume collapse of 15% and loss in magne
moment.16 At the surface hybridization is reduced as a fun
tion of atomic coordination. In fact such phenomena ha
been observed by PE both for the low-temperaturea
phase14,15 and for the room-temperatureb and g phases of
Ce metal.1 A careful analysis of the PE spectra in the light
single-impurity Anderson model~SIAM! ~Ref. 17! shows
that in the case of Ce metal the effect is dominated by
surface energy shift while hybridization is only weakly r
duced at the surface.15 This may be a consequence of inte
actions of the 4f levels with the surface state.

In this Brief Report we present an angular resolved
study of the valence-band structure of Ce metal as comp
0163-1829/2003/68~23!/233103~4!/$20.00 68 2331
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to the results of Layer-Korringa-Kohn-Rostoker~LKKR !
photoemission calculations. The dispersion of the surf
state and its influence on the Fermi surface are analyzed
good agreement between theory and experiment is obtai

Structurally ordered films of cerium were grown at roo
temperature onto a W~110! substrate. The W~110! surface
was cleaned by the standard procedure18 until low-energy
electron diffraction~LEED! and PE indicated a clean W~110!
surface. About 70 Å Ce was deposited by electron-be
evaporation from a Ta crucible using a deposition rate
3 Å/min. The base pressure of the experimental station
531029 Pa rising to 131027 Pa during Ce deposition. Im
mediately after deposition, a hexagonal LEED pattern w
observed, which could be further improved by sample
nealing at 500 K~see inset of Fig. 1!. Comparison with the
W~110! LEED pattern reveals a lattice constant ofa5b
5(3.7360.08) Å along the hexagonal plane in good agre
ment with the lattice constant of bothb-Ce~0001! ~dhcp! and
g-Ce~111! ~fcc!.19 Appearance of both structures was r
ported for thin films grown on W~110!, Mo~110!, and
Ta~110!.1,20 We made no attempt to derive further structu
information of the film since the outermost two layers of t
fcc~111! ~stacking sequence ABCABC), hcp~0001!
(ABABAB), and dhcp~0001! (ABACAB) structures are
identical and photoemission experiments using photon e
gies between 20 eV and 50 eV are dominated by emiss

FIG. 1. Typical photoemission spectrum of Ce/W~110! taken
with a photon energy of 40.8 eV at an emission angle of 3° alo
ḠK̄direction. The hexagonal LEED pattern of the surface obtain
at a kinetic energy of 46 eV is shown in the inset.
©2003 The American Physical Society03-1
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of these two layers due to the short mean free path of
photoelectrons.21 A recent PE study on Ce/W~110! films pre-
pared by the same method, however, concluded formatio
b-Ce from a comparison of PE data with calculated ba
dispersion.1

The experiment was carried out using a Scienta 200 a
lyzer applying a total system energy resolution of 25 m
and an angular resolution of 1°. The sample was illumina
by a monochromatized He discharge lamp allowing pho
energies of 21.2 eV~HeI a), 23.1 eV ~HeI b), 40.8 eV
~HeII a), and 48.1 eV~HeII b). Cleanliness of the Ce films
was checked by observation of the oxygen PE peak at 6
binding energy and found to be below 0.03 ML during me
surement. Furthermore, it was checked that small amoun
contaminations had no effect on the valence-band spe
Figure 1 shows a typical PE spectrum obtained for a 70
Ce/W~110! film taken at a photon energy of 40.8 eV.

Band-structure calculations for a system consisting o
supercell with 11 layers of Ce separated by 5 layers of em
spheres were performed within the LDA using the line
muffin-tin orbital ~LMTO! method in atomic-sphere approx
mation, and scalar relativistic corrections using the V
Barth-Hedin exchange-correlation potential.22 For simplicity
a hcp structure was assumed without considering poss
relaxations or reconstructions. Since the 4f states inb-Ce
are subject to only small hybridization, they were treated
core states. Results of our calculation are shown in Fig
Two energetically almost degenerated surface states

found within a broad gap around theḠ point of the SBZ
about 0.5 eV above the Fermi energy. An outward relaxa
of the outermost Ce layer by 5% of the lattice constana
shifts these states by ca. 0.3 eV towardsEF , leaving them
still as unoccupied~not shown!.

Photoemission spectra were calculated according to
one-step model23 using the LKKR method.24 The required
muffin-tin potentials were generated by a self-consist
LMTO calculation applied to bulk hcp Ce. The electrosta
potential at the crystal-vacuum interface was modeled b
step function placed at a distance of 60% of the bulk near
neighbor distance. Its position was determined by fitting
energy position of the surface state. The direction of the p
ton polarization vector was fixed to form always an angle

FIG. 2. Calculated band structure in the SBZ of an 11 layer s
for hcp Ce. NearG a splitted surface state can be found at 0.5 e
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20° with the direction of the emitted electron. Its in-plan

component was adjusted to 15° with respect to both theḠM̄

andḠK̄ symmetry directions. The LKKR calculations of th
semi-infinite crystal were not self-consistent. As a res
band renormalization effects at the surface could not be
produced.

The photoemission cross section of the Ce 4f states at
low photon energies increases with photon energies reac
a maximum at a photon energy of 60 eV.25 Therefore, two
photon energies were mainly used during this work, 23.1
and 40.8 eV, whereby the lower energy results in a mu
smaller 4f contribution to the PE spectra than the high
photon energy. Figure 3 compares in form of a density p
the experimentally observed and calculated bands of a 7

Ce/W~110! film along the two high-symmetry directionsḠK̄

and ḠM̄ of the SBZ. The experimentally observed and c
culated PE intensity for photon energies of 23.1 eV and 4

eV in a gray scale along theḠK̄ and ḠM̄ high symmetry
directions is shown, respectively~light colors represent high

PE intensity!. Close to theḠ point of the first SBZ three
main features can be observed in the experiment, labeleA,
B, andC in the figure.A corresponds to emissions from th
Ce 4f 0 final state and appears at a constant binding energ
2.0 eV. The intensities of the spectra recorded for each em
sion angle were normalized to this feature in order to co
pensate angle-dependent matrix-element effects igno
possible photoelectron diffraction. FeatureB reflects bulk
valence-band emissions already observed in previ
studies1 while featureC corresponds to emissions from bo
a 4f 1 final-state configuration and a surface state. The
pearance of a 4f 1 final-state configuration is caused by h
bridization and may quantitatively be described in the fram
work of SIAM.17 As concluded from resonant PE spectra
b- andg-Ce the spectral weight of the 4f 1 state is weak with
respect to that of the 4f 0 state so that the large intensity o
featureC is mainly related to the surface states.1 Our layer

resolved density of states~DOS! calculation atḠ reveals
mainly dz2 character with some 30%pz admixture for these
surface states. The presence of two surface states is
plained by symmetric and antisymmetric linear combinatio
of the dz2 andpz components. Thepz admixture of the sur-
face state has not been mentioned in previous work of
surface states. Surface states ofpz character are frequently
observed at close-packed surfaces ofsp metals and, e.g.
responsible for the well-known Shockley state at Cu~111!.26

In early transition metals such as the RE metals the fr
electronlike dispersion of this state is intersected by the
occupiedd bands resulting to the observed holelike surfa
state. Comparison of theory and experiment in Fig. 3 reve
good agreement and only two minor differences:~i! emission
A is not present in the photoemission calculation and~ii ! the
binding energies of the bulk bandB are predicted to be large
than observed in the experiment. First difference,~i!, is due
to the fact that the Ce-4f orbital was treated as core level an
does not contribute to the valence-band structure. The
served binding energy shifts may be ascribed to the w

b
.
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FIG. 3. Density plot of the band dispersion of Ce/W~110! for the photon energies 23.1 eV and 40.8 eV along the two high-symm

directions of the surface Brillouin zone,ḠK̄ andḠM̄ , respectively. Both experimental and theoretical data show the photoemission int
in a gray scale, where light colors are used for high intensity.
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known problems of LDA in the determination of valenc
band positions. On the other hand the population of
surface state demands relaxations of the remaining vale
states in order to conserve charge neutrality of the first
outermost atomic surface layers. This may lead to a shif
occupied bands to lower binding energies in agreement w
observation. Additionally it should be noted that contrib
tions of the 6s bands extending till 4 eV binding energy a
experimentally not observed due to low photoemission cr
sections.

In order to determine the exact position and dispers
behavior of the surface state, a deconvolution of the PE s
tra was carried out dividing the spectra taken at a pho
energy of 23.1 eV by the Fermi-Dirac distribution. For th
purpose the Fermi-level position was determined for po

FIG. 4. Curvea: Normal-emission PE spectrum of Ce/W~110!
taken athn523.1 eV and room temperature. Curveb: spectrum,
Curvea, divided by the Fermi-Dirac distribution function. Curvec:
4 f contribution according to Ref. 1. Inset: Surface-state dispers
of Ce/W~110!. The thick solid curve is a parabolic fit to the expe
mental data. The thinner lines represent the dispersion of the su
states from LKKR theory.
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crystalline Cu, the effective temperature was slightly e
hanced to account for the finite resolution. Figure 4 sho
the result of this analysis: curvesa and b are used for the
normal emission PE spectrum before and after deconv
tion, respectively. Curvec shows a resonant PE spectrum
an ordered Ce/W~110! film taken from Ref. 1 normalized to

n

ce FIG. 5. Fermi surface cuts of Ce/W~110! taken experimentally
and calculated at 21.2 eV and 40.8 eV, respectively.
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the intensity of the 4f 0 component. This spectrum revea
mainly 4f emissions due to the 4d→4 f resonance process
As it is evident from the figure that the influence of the 4f 1

component on position and intensity of the surface stat
almost negligible athn523.1 eV. On the basis of this analy
sis not only the energy position but also the spectral we
of the surface state could be determined. The total width
the surface state was found to be about 250 meV~full width
of half maximum!. Since the spectral resolution was mu
better, the large width may be caused by four mechanis
~i! exchange interaction with the 4f electrons that results in
an exchange splitting proportional to the 4f moment, ~ii !
surface roughness that affects directly the surface pote
and binding energy of the surface state,~iii ! lifetime effects
as recently discussed for the heavy rare earths in Ref. 27,
~iv! the above described occurrence of two nearly dege
ated surface states. The observation derived from Fig. 3

the intensity reveals a local minimum atḠ is an artifact of
the cutoff due to the Fermi-Dirac distribution function, sin

after deconvolution largest intensity was found exactly atḠ.
The dispersion of the surface state is displayed in the inse

Fig. 4. The energy position of the surface state atḠ equals
the Fermi energy within the error bars. For larger values oki
the surface state disperses toward higher binding ener
The effective massmeff was determined to bemeff5(27.4
61.3)Me with respect to the electron massMe for both
high-symmetry directionsḠK̄ and ḠM̄ . At higher ki values
the surface state hybridizes with bulk states forming a s
face resonance. The negative effective mass is in agree
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tion. A polarization dependence of the surface state is vis
in the Fermi-surface cut taken at a photon energy of 40.8

where the spectral weight of the surface state is large at thḠ
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