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Comparative photoemission study of Pt„111…„A33A3…R30°Ce and Pt„111…„232…La
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Careful examination of the low-energy electron diffraction image from Pt(111)(A33A3)R30°Ce shows the
designation to be only approximate and suggests a close structural similarity to Pt(111)(232)La. This is
backed up by angle-resolved photoemission spectroscopy, which reveals the valence-band structure of the two
alloys to be remarkably similar. The use of the La alloy to identify the non-f features in the photoemission
spectra of Pt(111)(A33A3)R30°Ce is thus put on a firm footing. The Kondo peak in He II angle-resolved
ultraviolet photoemission spectroscopy data of Pt(111)(A33A3)R30°Ce is observed at the first and secondḠ
points, suggesting the presence of surface umklapp scattering.@S0163-1829~98!10039-5#
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I. INTRODUCTION

Despite the advances made in the field of heavy ferm
materials through the application of photoemission,1,2 the
surface sensitivity of this technique can be seen as a sh
coming when measuring scraped polycrystalli
compounds.3 By using well-ordered single-crystal sampl
one can hope to further understanding of these heavy
mion systems past the single impurity model~SIM!, based
on the Anderson Hamiltonian. This model, although succe
ful, can only be viewed as a first approximation to a f
description of the problem. Recent progress in the prep
tion of Ce-containing samples which display long-range s
face order has been made through evaporation of Ce
single-crystal substrates.4–18 In our laboratory, we have ap
plied high-resolution ultraviolet photoemission spectro
copy ~UPS! to examine the low-energy excitation
in a well-ordered thin-film Ce-containing alloy
Pt(111)(A33A3)R30°Ce.19 In an attempt to identify the 4f
contribution to the spectra, a second alloy was prepare
which the Ce was replaced by La.19 Despite the different
low-energy electron diffraction~LEED! pattern displayed by
the La-containing alloy, Pt(111)(232)La, a detailed com-
parison between the two systems holds. This will be dem
strated in the current paper. We present a close examina
of the LEED images from the two systems and a compari
of the d-band valence-band structure as revealed by H
angle-resolved UPS.

II. SURFACE PREPARATION AND
DIFFRACTION RESULTS

The Pt~111! substrate was cleaned by standard sputter
annealing cycles (Ar1 1 kV, 800 °C!, to give a chemically
clean and well-ordered surface, as indicated by Auger e
tron spectroscopy and LEED measurements, respectiv
Evaporation of Ce was carried out in a pressure better t
2310210 Torr, using a quartz microbalance to ensure a r
of typically 1 Å/min. We have mainly studied samples pr
pared by depositing 4 ML of Ce on the clean substrate
this use of a relatively thick Ce coverage prevents proble
of mixed phases observed at lower Ce concentrations.4,5 Af-
ter evaporation of Ce the sample was annealed at 600 °C
PRB 580163-1829/98/58~15!/9697~3!/$15.00
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10 min. Such a treatment produces the LEED pattern sho
in Fig. 1~a!. By comparing this LEED pattern to that of th
clean substrate, shown superimposed in the figure, a qu
(A33A3)R30° symmetry is identified. The contraction o
the LEED pattern observed for the surface alloy over tha
the clean substrate@Fig. 1~a!# means that a more precis
identification for the surface is (1.1A331.1A3)R30°, one
which does not appear in the phase diagram for the
Pt~111! system proposed by Tanget al.4 Such a LEED pat-
tern was observed by Tanget al.4 and Baddeleyet al.,5 but
only ever in conjunction with a quasi-(232) image. We
observed this mixed pattern after evaporation of a les
quantity of Ce~;2 ML!.

The same procedure was followed for preparation of
La/Pt~111! sample~annealing at 700 °C), resulting in a (

FIG. 1. ~a! LEED pattern of Pt(111)(A33A3)R30°Ce atEp

5104 eV. Superimposed is the equivalent LEED pattern
Pt~111! ~crosses!. ~b! LEED pattern of Pt(111)(232)La at Ep

5104 eV. The azimuthal orientation of the underlying substrate
both images is the same.
9697 © 1998 The American Physical Society
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32) LEED pattern for;4 ML coverage, Fig. 1~b!. This
seems to be a precise designation. During initial evaporat
of La, a superimposed (232)R30° LEED pattern was also
observed. This symmetry was not seen after the first
treatments. Such surface alloy systems have a complic
evolution5 and it is possible that residual quantities of t
evaporant produce a seed favoring formation of the non
tated (232) phase.

The (1.1A331.1A3)R30° designation for the Ce/Pt allo
gives a surface lattice vector of 1.9a, wherea is the substrate
lattice vector. This is 5% less than the surface lattice vec
for Pt(111)(232)La. Without the dilation observed for Ce
Pt, the mismatch between the two systems would be ne
15%. This provides a first indication that despite the diff
ence in the LEED patterns of our two samples, the two th
film alloy crystal structures are very similar. This speculati
is supported by the observation that the lattice constant
CePtn and LaPtn, n52, 3, and 5 are identical to within 0.5%
for correspondingn.20,21 The valence-band photoemissio
spectra presented below show indeed that the electr
structures of these two surfaces are closely related.

The Ce/Pt~111! system was found to be very stable. A
though the intensity of the 4f structure seen in photoemis
sion spectra~see next section! vanishes after 10–20 min o
exposure to the UV radiation of our He lamp, a simple a
nealing of the sample at 600 °C for 10 min was found
rejuvenate the surface. The insensitivity of the surface to
residual contamination, despite the known high reactivity
cerium, is probably due to the alloy’s structure. The pass
nature of this sample is in line with other studies of Ce
alloy formation on Pt~111! ~Refs. 4 and 5! and suggests the
presence of a pure Pt layer at the surface. Although there
disagreement in these previous studies concerning the
ichiometry of the thin-film alloy, both structural models pr
posed, CePt21x ~Ref. 4! and CePt5 ,5 allow the presence of a
surface terminated uniquely by Pt. The model based
CePt5 is one that covers five different surface structu
observed.5 Whatever the true microscopic details might be
seems likely that the underlying structure of our surfa
bears close resemblance to those of the earlier studies.

III. PHOTOEMISSION RESULTS

Photoemission measurements were performed usin
hemispherical electron analyzer and a high intensity He
source. The base pressure in the system was in the
10211-Torr range, rising to 1310210 Torr during operation
of the He lamp. All spectra reported here were record
at 10 K. The off-normal angle-resolved spectra f
Pt(111)(A33A3)R30°Ce presented have all been measu

along theGK̄ direction of Pt~111!. As discussed in the pre
vious section, the LEED data suggest that the structure
the two alloys studied are very similar, the main differen
being a rotation of 30° when compared with the underly
substrate. Photoemission data from Pt(111)(232)La were
thus recorded with the Pt sample rotated azimuthally by 3

Angle-resolved He I~21.2 eV! photoemission spectr
from the two surfaces under consideration are displaye
Fig. 2. The two data sets correspond to equivalent symm
directions and show transitions between bands, those o
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initial state being formed by hybridization of the Pt 5d elec-
trons with the Ce valence electrons (5d, 6s levels!. Al-
though a detailed interpretation of the angle-resolved spe
would require more information than the surface symme
available to us, it is seen that each major structure obse
in a He I angle-resolved ultraviolet photoemission spectr
of Pt(111)(232)La is reproduced in the equivalen
Pt(111)(A33A3)R30°Ce spectrum. However, away from
normal emission there is a shift of the spectral features
wards the Fermi level for the Ce-containing alloy. This
unambiguously seen for those features lying between21.5
eV and EF , and is particularly evident in the spectra r
corded atu59° and 12°~Fig. 2!. The origin of this differ-
ence lies in the Ce 4f occupation. This orbital provides in
efficient screening, and so, in the atomic situation,
occupied Ce 5d levels are expected to lie deeper in ener
than those of La. In the solid state the situation is mo
complicated and the energies of the transitions observed
angle- resolved photoemission are modified. A more qua
tative discussion of the spectra of Fig. 2 would require c
culation and precise knowledge about the structural detail
the two alloys, but the important feature is the remarka
similarity of the two data sets, showing that the band str
tures of these two surfaces are extremely close to one
other. This supports the conjecture made on the basis of
LEED data that the two surface alloys are closely relat
and adds strength to the use of such a comparison a
method to determine which features in the spectra de
from the 4f electrons.19

The Ce 4f -photoionization cross section for He I photon
is negligibly small and so to obtain the contribution of thef
electrons we have to consider spectra measured with H
radiation. Under these conditions, angle-integrated pho
emission reveals the presence of a sharp peak cut at
Fermi level uniquely in the Ce-containing alloy.19 This peak
is due to the Ce 4f electrons and is identified with the tail o
the Kondo resonance, which is usually seen in photoemis

FIG. 2. Angle-resolved He I photoemission spectra
Pt(111)(A33A3)R30°Ce and Pt(111)(232)La. For details re-
garding the directions of measurement, see text.
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spectra from polycrystalline Ce compounds.1

The SIM, which is usually used to describe the pho
emission spectra of Ce compounds,2 treats the Ce atoms a
isolated impurities. Possible interaction, direct or indire
between Ce atoms is thus ignored. With the intention
looking for possible momentum dependence in the Kon
peak, we have performed He II angle-resolved UPS of
Pt(111)(A33A3)R30°Ce surface alloy in the near-EF re-
gion. The details of these measurements, the angular
temperature dependencies of the Kondo peak are discu
in more detail elsewhere.19 In brief summary, we have no
been able to measure any dispersion of the peak maxim
The peak is situated 4 meV belowEF and we believe its
position to be determined purely by our instrumental reso
tion ~5 meV!. Away from normal emission its intensity rap
idly decreases.19 At u526°, however, there is an indicatio
of the reappearance of the Kondo peak~Fig. 3!. This angle
lies close to the secondḠ point of the surface Brillouin zone
This observation is similar to an independent one made o
single crystalline Ce/Pt system at higher photon energy~120
eV!,6 suggesting that an effect of surface umklapp scatte
is being observed.

IV. SUMMARY

The two surface alloys Pt(111)(A33A3)R30°Ce and
Pt(111)(232)La have been examined using LEED and ph
toemission. The LEED data suggest that the two systems
closely related structurally. This is supported by ang
resolved photoemission data that demonstrate remark
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similarity in the electronic structure of the two surfaces. T
Ce 4f contribution to the photoemission spectra is thus e
ily isolated by comparing He II data from the two system
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FIG. 3. Angle-resolved He II photoemission spectra
Pt(111)(A33A3)R30°Ce in the nearEF . The azimuthal orienta-
tion is as in Fig. 2.
tt.

B

k-
.

,

en,
Sci.

er,
1M. Garnier, K. Breuer, D. Purdie, M. Hengsberger, Y. Baer, a
B. Delley, Phys. Rev. Lett.78, 4127~1997!.

2O. Gunnarsson and K. Scho¨nhammer, Phys. Rev. Lett.50, 604
~1983!; Phys. Rev. B28, 4315~1983!.

3E. Weschke, C. Laubschat, R. Ecker, A. Ho¨hr, M. Domke, G.
Kaindl, L. Severin, and B. Johansson, Phys. Rev. Lett.69, 1792
~1992!.

4J. Tang, J. M. Lawrence, and J. C. Hemminger, Phys. Rev. B48,
15 342~1993!.

5C. J. Baddeley, A. W. Stephenson, C. Hardacre, M. Tikhov,
R. M. Lambert, Phys. Rev. B56, 12 589~1997!.

6A. B. Andrews, J. J. Joyce, A. J. Arko, J. D. Thompson, J. Ta
J. M. Lawrence, and J. C. Hemminger, Phys. Rev. B51, 3277
~1995!.

7A. Fujimori, M. Grioni, J. J. Joyce, and J. H. Weaver, Phys. R
B 31, 8291~1985!, and references therein.

8H. Homma, K. Y. Yang, and I. K. Schuller, Phys. Rev. B36,
9435 ~1987!.

9F. U. Hillebrecht, Appl. Phys. Lett.55, 277 ~1989!.
10Y. Z. Li, J. C. Patrin, M. Chander, and J. H. Weaver, Phys. R

B 44, 12 903~1991!.
d

d

,

.

.

11C. Gu, X. Wu, C. G. Olson, and D. W. Lynch, Phys. Rev. Le
67, 1622~1991!.

12C. Berg, S. Raaen, and A. Borg, Surf. Sci.303, 114 ~1994!.
13B. Kierren, T. Gourieux, F. Bertran, and G. Krill, Phys. Rev.

49, 1976~1994!.
14I. Manke, H. J. Wen, A. Ho¨hr, A. Bauer, M. Da¨hne-Prietsch, and

G. Kaindl, J. Vac. Sci. Technol. B13, 1657~1995!.
15Y. Tanaka, M. Kamei, and Y. Gotoh, Surf. Sci.336, 13 ~1995!.
16T. Okane, M. Yamada, S. Suzuki, S. Sato, T. Kinoshita, A. Ka

izaki, T. Ishii, T. Kobayashi, S. Shimoda, M. Iwaki, and M
Aono, J. Electron Spectrosc. Relat. Phenom.80, 241 ~1996!.

17B. Kierren, F. Bertran, N. Witkowski, T. Gourieux, D. Malterre
M. Finazzi, K. Hricovini, and G. Krill, Surf. Sci.352-354, 817
~1996!, and references therein.

18W. Schneider, Th. Gantz, M. Richter, S. L. Molodtsov, J. Boys
P. Engelmann, P. Segovia-Cabrero, and C. Laubschat, Surf.
377-379, 275 ~1997!.

19M. Garnier, D. Purdie, K. Breuer, M. Hengsberger, and Y. Ba
Phys. Rev. B56, 11 399~1997!.

20I. R. Harris, J. Less-Common Met.14, 459 ~1968!.
21A. E. Dwight, Trans. Am. Soc. Met.53, 479 ~1961!.


