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Electronic structure of a Pt–Ge surface alloy
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Abstract

The structural and electronic properties of a Pt(111)–Ge surface alloy are studied by scanning tunneling microscope
and angle-resolved photoemission spectroscopy. The electronic band structure in the C–L direction was measured and
compared with that of Pt(111). The crystal field parameters of 10Dq and j were evaluated to be 1.77 eV and 0.73 eV
respectively. Alloying with Ge was found to reduce 10Dq and enhance j compared with pure Pt(111). © 2000 Elsevier
Science B.V. All rights reserved.
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1. Introduction ing between the two electronic states and the
degree of localized nature have been investigated.
For a system of dilute alloys consisting of trans-Investigation of binary alloys has long been a

topic of great interest in both physics and chemis- ition-metal host with non-transition metal impu-
try. Alloy formation significantly alters the rity, the change of the spin paramagnetic
electronic structure of a material, serving as an susceptibility and the specific heat with increasing
important method to offer us new materials. For impurity concentration was examined for a variety
a detailed understanding of the alloy properties an of systems apparently indicating the d-band filling,
accurate knowledge of the band structure is a which was also discussed theoretically in detail
strong requirement, and this has motivated experi- [6,7]. The advantage of the investigation of the
mental and theoretical studies such as photoemis- dilute alloy is that the electronic structure of the
sion spectroscopy and Korringa–Kohn–Rostoker host material is expected to be slightly perturbed
coherent-potential approximation calculations. Of and that the real effect on the electronic structure
particular interest among a variety of systems is and the underlying mechanism of alloying can be
transition-metal and noble-metal-based alloys. clarified.
Extensively studied systems are the Pd–Ag alloy From a chemical point of view, a widely
[1,2] and related materials [3–5], where intermix- accepted idea is that d-electrons of a transition

metal with a narrow band width play a crucial
role in catalytic reactions. In heterogeneous cataly-* Corresponding author. Fax: +81-3-5452-6159.
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0039-6028/00/$ - see front matter © 2000 Elsevier Science B.V. All rights reserved.
PII: S0039-6028 ( 00 ) 00711-1



49K. Fukutani et al. / Surface Science 464 (2000) 48–56

element, which includes the use of surfaces of bulk 2. Experiment
alloys and metal overlayer on a surface, is a
frequently used technique to improve activity and The photoemission experiments were performed

in an ultrahigh vacuum ( UHV ) chamber (baseselectivity in catalytic reactions [8–10]. Often
encountered at a surface of bulk alloys is that the pressure: 1×10−10 mbar) equipped with low-

energy electron diffraction (LEED) and a quadru-surface composition of an alloy is different from
that of the bulk because of surface segregation. In pole mass spectrometer at the beamline TGM3 of

the BESSY synchrotron radiation facility. Therecent years, surface alloys that are not stoichio-
metrically stable in the bulk phase have been samples used were a pure Pt(111) surface and

Pt(111) alloyed with Ge [Pt(111)–Ge]. The clean-formed on a pure metal surface and investigated
experimentally as well as theoretically [11]. For ing procedure of the sample has been described

elsewhere [19,20]. The preparation of the Pt(111)–Pt-based surface alloys a variety of elements, such
as Sn [12,13], Cu [14], Ag [15], Co [16,17], Ge Ge surface alloy was performed by two monolayers

of Ge deposition on Pt(111) followed by heating[18–20], Ce [21], Mn [22], Al [23], and Cr [24],
are found to form surface alloys, and their proper- to 1300 K in the UHV chamber at the beamline.

The alloy formation was confirmed by LEED1 andties from chemical features to electronic structures
have been investigated. the Ge 3d photoemission. Angle-resolved photo-

emission spectra were taken by a hemisphericalThe band structure of Pt was investigated in
detail by angle-resolved photoemission spectro- electron energy analyzer at a pass energy of 5 eV.

The overall energy resolution was about 0.2 eV.scopy (ARUPS) [25–29] and relativistic aug-
mented-plane-wave calculations [30]. It was shown All spectra were measured for a sample at room

temperature and a light incidence angle of 45°that the experimentally observed dispersion of the
Pt d-bands is in good agreement with the calcula- from the surface normal. Variation of the incident

photon energy at the normal emission yields thetion. From the spin-resolved measurements, the
symmetry of the band was discussed [31,32]. dispersion of the energy bands in the C–L direc-

tion. After the photoemission experiments, theFurthermore, surface resonance states are reported
to be present at Pt(111) [33,34]. In our previous Pt(111)–Ge sample was transferred through atmo-

sphere to a separate apparatus for STM ( ULVAC-studies, we investigated adsorption of NO and CO
molecules on the Pt(111)–Ge diluted surface alloy. PHI) examination. Before STM measurements,

the sample was heated at 1300 K, where theWe found that the binding energy of the molecules
is substantially decreased and that the hollow-site adsorbed gas due to exposure to air is removed

and the Pt–Ge clean surface is recovered [18].adsorption taking place on the pure Pt(111) sur-
face is dramatically suppressed on this surface
[18,35,36 ], but that the occupied levels for
adsorbed CO are almost the same as those on the 3. Results
pure Pt(111) surface [20]. We discussed the change
of the chemical properties due to alloying in terms Fig. 1a and b shows STM images of

10×10 nm2 taken for Pt(111)–Ge at sample biasesof the filling of the eg band of the Pt substrate.
The motivation behind the present study is to of −50 and −100 mV. In Fig. 1a, a 1×1 structure

corresponding to the Pt–Pt interatomic distance ismeasure the band structure of the Pt(111)–Ge
surface alloy, to elucidate the real effect of alloying, observed. On the other hand, bright spots arranged

in 5×5 are observed in Fig. 1b. A naive idea isand to clarify the relation between the chemical
properties and the electronic structure. In the that these bright spots are attributed to Ge atoms
present paper, we report scanning tunneling micro-
scope (STM) observation and ARUPS measure-

1 We observed faint superspots corresponding to 5×5 at a
ments of the Pt(111)–Ge surface alloy, where we primary energy Ep of lower than 50 eV. In Ref. [18], we
note appreciable perturbation of the host Pt by reported a diffuse 1×1 for Pt(111)Ge probably because LEED

was operated at Ep>50 eV.dilute alloy formation.
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bright spots were also observed at positive biases
of higher than 100 mV. In addition to these bright
spots, one can see a slight contrast in the 5×5
unit that might be due to Ge atoms in the second
layer. Assuming that Ge is arranged in 5×5 in the
first layer, the Ge concentration in this surface
alloy becomes 4%, which is roughly consistent
with our previous Auger electron spectroscopy
results [18] and the core-level spectra in the present
work. Comparison of core-level emission inten-
sities of Ge 3d and Pt 4f leads to a Ge concen-
tration of 11% after correction of the difference in
the photoionization cross-section [37]. According
to the phase diagram of the Pt–Ge binary alloy
[38], the most Pt-rich compound is reported to be
Pt3Ge. Therefore, this Ge-diluted alloy investi-
gated in the present study is a surface alloy. It
should be noted that we cannot exclude the possi-
bility that the 5×5 structure is not a chemical
contrast; it may be due to the charge density wave.
In that case, the determination of the electronic
dispersion along the surface parallel direction and
the two-dimensional Fermi surface, and their tem-
perature dependence would be an interesting topic
for future study.

Figs. 2 and 3 show photoemission spectra at
photon energies hn from 10 to 48 eV for Pt(111)
and Pt(111)–Ge respectively. Most of the features
observed in Figs. 2 and 3 are direct transitions
between the Pt bands, except for a feature observed
at a binding energy EB of 0.3 eV in all spectra and
a feature at EB=5.5 eV with hn=22 eV. The
former peak has been reported to be assigned to
the feature reflecting the total-density of states
(TDOS) originating from the flat dispersion of the
band 6 along the Q line in the reciprocal space,
and the latter was assigned to a constant kinetic
energy feature [26 ]. The overall spectral shape of
Pt(111)–Ge is similar to that of Pt(111). A promi-

(a)

(b)

nent difference is the peak position in the spectra.Fig. 1. STM images of the Pt(111)–Ge surface alloy for an area
The spectra taken at hn=26, 36 and 42 eV for theof 10×10 nm2 at sample biases of (a) −50 mV and (b)

−100 mV. two surfaces are compared in Fig. 4a–c. Some of
the peak positions for Pt(111)–Ge are obviously
shifted compared with those of Pt(111). In Fig. 4a,deposited on the Pt(111). Since the height differ-

ence between the bright atom and the others is the peaks corresponding to the direct transition
are observed at EB=1.17 eV, 2.75 eV, and 4.05 eVsmall, the Ge atoms are considered to reside in

the first layer of the Pt substrate forming a substitu- for Pt(111), whereas they are observed at 1.27 eV,
2.76 eV, and 4.17 eV respectively for Pt(111)–Ge.tional surface alloy. It is worth noting that these



51K. Fukutani et al. / Surface Science 464 (2000) 48–56

Similarly, peaks at EB=1.58 eV, 2.89 eV and
4.24 eV for Pt(111) are observed to be shifted
to EB=1.74 eV, 2.75 eV, and 4.13 eV respectively
for Pt(111)–Ge in Fig. 4b, and peaks at
EB=0.77 eV, 2.89 eV, and 4.24 eV for Pt(111) are
shifted to EB=1.16 eV, 2.75 eV and 3.99 eV respec-
tively for Pt(111)–Ge in Fig. 4c. Note that the
binding energy was carefully determined by fitting
procedures, particularly for the weak peaks like
that at about −2.75 eV in Fig. 4a. At first the
background was fitted by a cubic polynomial as a
function of the binding energy using the experi-
mental data around the peak. After subtracting
the background function, the peak was fitted to a
Gaussian function, which gave us the peak position
with an uncertainty of 0.01 eV. This fitting pro-
cedure was performed with different background
subtractions, and the standard deviation for the
peak position among these procedures turns out
to be smaller than 0.03 eV. Care was also taken
for the determination of the Fermi energy in each
spectrum. Another difference observed in the
spectra is the width of the peaks; the full width at
half maximum (FWHM) of the peak at
EB=1.4 eV in the spectra at hn=20 eV is 0.59 eV
for Pt(111) and 0.64 eV for Pt(111)–Ge. Also, the
FWHM for the peak at EB=4.2 eV at hn=22 eV
is 0.73 eV for Pt(111) and 0.82 eV for Pt(111)–
Ge respectively. The broadening of the peak can
be attributed to the smearing effect due to dilute
Ge.

The dispersion relations for Pt(111) and
Pt(111)–Ge are shown in Figs. 5 and 6 respec-
tively, together with the theoretical curves calcu-
lated by Andersen [30]. The FE-like band of
E(k)=B2k2/2m1+V

0
was assumed as the final state

for the analysis, where m1 and V0 are the effective
mass and the band minimum respectively.
Following the previous studies [26,30], we denote
the five bands in Figs. 5 and 6 as bands 2–6.
Although different values were used in the previous
studies, m1=1.27me and V0=0.4 eV are chosen in
the present study so that the bands 5 and 6 are
well folded with respect to the C point. The three

Fig. 2. ARUP spectra for Pt(111) in the normal emission at
photon energies of 10–48 eV.

(a)

(b)
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(a)

(b)

(c)

Fig. 4. ARUP spectra for Pt(111) (solid curve) and Pt(111)–
Ge (broken curve) in the normal emission at photon energies
of (a) 26 eV, (b) 36 eV, and (c) 42 eV.

spectra shown in Fig. 4 correspond to the spectra
along the solid lines indicated by (a), (b) and (c)
in Figs. 5 and 6 of the k-vector versus energy

Fig. 3. ARUP spectra for Pt(111)–Ge in the normal emission
at photon energies of 10–48 eV.

(a)

(b)
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the Fermi level is obviously broadened, suggesting
that an additional peak is present near the Fermi
level. These peaks are indicated by open circles in
Figs. 5 and 6. It should be noted that the 5×5
periodicity in Fig. 1 was observed in the surface
parallel direction, not in the surface normal. Since
no indication of superperiodicity is recognized in
the dispersion relation of Fig. 6, the Ge atoms are
considered to be randomly distributed in the sur-
face normal direction. The same final state as that
for Pt(111) was used for the analysis of the spectra
for Pt(111)–Ge. If the lattice constant is changed
by alloying with Ge, the final-state band should
be so modified. However, the change of the lattice

Fig. 5. Band structure of Pt(111) in C–L derived from the pho-
constant of this Pt(111)–Ge is expected to betoemission spectra (filled circles) assuming a free-electron (FE)-
−0.5%, in considering a Ge concentration of 4%like final state with m1=1.27me and V0=0.4 eV. Triangles indi-
and an atomic-radius difference of 12%. Hence,cate weak peaks in the spectra. Ambiguous peaks near the Fermi

level are shown by open circles. Theoretical curves by Andersen we consider that the final-state band is unchanged
[30] are shown by solid lines. Solid lines (a)–(c) correspond to for Pt(111)–Ge. Although diluted Ge might cause
the spectra in Fig. 4a–c. modification to this final-state band, it is hard to

interpret by this effect all the changes that appear
in the spectra.

It is obvious that the dispersion relation of
bands 5 and 6 for Pt(111)–Ge is not symmetric
with respect to the C point. The band structure on
the left-hand side of Fig. 6 is almost identical to
that for Pt(111). Nevertheless, the dispersion on
the right-hand side of Fig. 6 is definitely different.
The separation of bands 5 and 6 is enhanced, and
band 6 crossing the Fermi energy seems to be
downward-shifted. Furthermore, the splitting of
bands 2 and 4 at the C point is slightly increased
from 1.27 to 1.40 eV.

We consider that this asymmetric feature of
Fig. 6 is due to the difference of the probing depth.

Fig. 6. Band structure of Pt(111)–Ge in C–L derived from the In the photon energy region used in this measure-
photoemission spectra (filled circles) assuming an FE-like final ment, the mean free path of the photoelectron
state with m1=1.27me and V0=0.4 eV. Triangles denote weak

becomes shorter with increasing photon energy.peaks in the spectra. Ambiguous peaks near the fermi level are
Therefore, the measurements at higher photonshown by open circles. Theoretical curves by Andersen [30] are
energies as shown on the right-hand side of Fig. 6shown by solid lines. Solid lines (a)–(c) correspond to the

spectra in Fig. 4a–c. reflect the band structure of the topmost layers.
Although the thickness of the Pt(111)–Ge surface
alloy is not known, it is inferred that the alloyrelation, and the three peaks in the spectra corre-
layer extends to only a few layers.spond to the bands 5, 4, and 2. The analysis of

the peak corresponding to the bands 5 and 6 near
the Fermi level contains large uncertainty com- 4. Discussion
pared with those well below the Fermi level because
of the TDOS feature. However, comparing the In order to derive the band structure from the

photoemission data, an FE-like final state wasspectrum at 40 eV with that at 36 eV, the peak at
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assumed, the parameters for which, m1 and V0, for Pt(111), 10Dq=1.87±0.10 eV and j=
0.65±0.04 eV were derived, which are roughlycannot be unambiguously determined. Mills et al.

[26 ] adopted m1=1.27me and V0=−1.2 eV from consistent with the previous study [26 ]. For the
Pt(111)–Ge surface alloy, on the other hand, 10Dqan analogy with a similar final state for gold. On

the other hand, Eyers et al. [31] used an FE-like and j are analyzed to be 1.77±0.10 and
0.73±0.03 eV respectively. Although the differencefinal state with m1=1.1me and V0=−1.85 eV, and

a similar state of m1=1.1me and V0=−1.8 eV was is small and not far beyond the experimental
uncertainty, as displayed in the spectrum of Fig. 4aused by Leschik et al. [28]. In contrast to these

previous studies, photoemission spectra were mea- corresponding roughly to the C point, the band
energies clearly shift toward each other. Therefore,sured at higher photon energies in the present

work, thus enabling us to make the bandmap of one can conclude that the crystal field parameters
are definitely modified by alloying: the value ofanother C–L Brillouin zone and to examine the

folded structure of the energy bands with respect 10Dq is reduced and the value of j is enhanced.
Note that 10Dq and j mainly reflect the d electronsto the zone boundary. With the effective mass

fixed at m1=1.27me, the experimental energy bands in the interatomic and near-core regions respec-
tively, as discussed below. It is worth noting that2 and 3 were found by adjusting V0 to fit well with

the theoretical curves and to be symmetric with alloy formation might lower the symmetry and lift
the degeneracy of the bands.respect to the C point. With a smaller effective

mass of m1=1.1me, it was found that the experi- We first discuss that the decrease of 10Dq can
be interpreted in terms of the substitutional-alloymental energy bands deviated from the theoretical

curves to higher energy. It is noticed that a large formation. On the basis of the linear-combination
of atomic orbital (LCAO) scheme, the energies ofdispersion observed for band 4 near the L point

in the left-hand side of Fig. 5 (at low photon the two d-bands at the C point are described by
the on-site energy and the resonance integral ofenergies) is not clearly observed in the right-hand

side of the figure. the d-orbitals [41,42]. One can find, from the S–
K parameters [41], that the energy of C25∞ is mainlyApart from the detailed structure, the crystal-

field parameters can be discussed from the energy lowered by the first-neighbor interaction of the
d
xy

orbital in the [110] direction and equivalentvalues of the bands at the C point. According to
ligand-field theory [39,40], the Hamiltonian of a interactions. On the other hand, the energy of

C12 is mainly raised by the first-neighbor inter-cubic system with crystal-field 10Dq and spin–
orbit coupling j has three irreducible representa- action of the d

x2−y2 orbital in the [110]. This
indicates that the energy separation between C25∞tions of 2C8+C7, and the energy levels are

described as and C12 corresponding to 10Dq originates from
the d–d interaction, which can be qualitatively

E(C
8
)=6Dq+E3/2j cot h understood by considering the symmetry of the

two d-orbitals of d
xy

and d
x2−y2. Since the forma-

E(C
7
)=−4Dq+j

tion of a substitutional alloy reduces the coordina-
tion number, we conclude that alloying decreasesE(C

8
)=−4Dq−j/2−E3/2j cot h,

the interaction, leading to a reduction of the
apparent crystal-field of 10Dq.where h is defined as tan 2h=−E6j/

(10Dq+j/2). Since the band structure calculation In contrast to 10Dq, the spin–orbit parameter
j was increased from 0.65 eV to 0.73 eV by alloy-without the spin–orbit coupling shows that the

doubly degenerate C12 level lies at 1.5 eV and the ing. This increase is also displayed in the enhanced
splitting between bands 5 and 6 in the C–L direc-triply degenerate C25∞ level lies at 3.6 eV below the

Fermi level [41], the three energy levels correspond tion that has been confirmed to be due to the
spin–orbit coupling experimentally and theoreti-to the bands 5+6, 4 and 2+3 respectively. By

solving the above equations for the two parameters cally [43]; the maximum value of the splitting is
increased from 0.54 eV for Pt(111) to 0.69 eV forwith the energy levels of 1.26, 2.77, and 4.04 eV
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Pt(111)–Ge, which is consistent with the increase theoretical calculations [47], for a similar system
of Si in Ni. Since the tunneling current of the STMof j estimated at C. Since the spin–orbit coupling

strength Vso� is proportional to the gradient of is proportional to the local DOS, the bias depen-
dence suggests higher DOS at the energies wellthe potential, wave functions near a nucleus con-

tribute to Vso� rather than those in the inter- below and above the Fermi level, which is qualita-
tively consistent with the picture of the p–dnuclear region. We consider that the enhancement

of j is qualitatively consistent with the decrease of hybridization.
10Dq. The reduction of the d–d interaction
described above causes the stronger localization of
d wave functions leading to an increase of the 5. Conclusion
wave-function amplitude near the nucleus.

Another prominent feature of the band struc- The geometric and electronic structure of a
ture for Pt(111)–Ge is the dispersion of band 6. Pt(111)–Ge surface alloy was investigated by STM
As shown in the theoretical curve, band 6 of and ARUPS. Ge atoms were found to form a 5×5
Pt(111) crosses the Fermi surface along the C–L, structure, suggesting a Ge concentration of 4%.
which was confirmed by previous de Haas–van The band structure of this alloy in the C–L direc-
Alphen measurements [44]. On the other hand, tion was found to be significantly modified by
the energy of band 6 for Pt(111)–Ge seems to be alloying. From crystal-field theory, the parameters
lowered around the Fermi surface. We consider 10Dq and j were evaluated to be 1.77 eV and
that this is due to the preferential filling of the eg 0.73 eV respectively. Alloying with Ge was found
band, as discussed in our previous papers [18,19]. to reduce 10Dq and enhance j compared with pure
By constructing linear combinations of the p orbit- Pt(111). The change of the electronic structure
als, p

x
+p

y
and p

x
−p

y
, that are symmetric and was discussed in terms of the reduction of the

asymmetric against the [110] respectively, one can coordination number and the p–d hybridization.
understand that the Ge 4p orbital hybridizes effec-
tively with the neighboring d

xy
orbital in the [110]

rather than d
x2−y2. According to the previous
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