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Abstract

We have investigated surface structures formed by deposition of Ge on a Pt(100) substrate by using a
multi-technique approach utilizing alkali ion scattering spectroscopy (ALISS), x-ray photoelectron
spectroscopy (XPS), and x-ray photoelectron diffraction (XPD). ALISS was used to distinguish Ge
overlayers from incorporated alloy layers for the surface structures reported, and to supply structural
information about the surface alloy or ‘layer compound’ formed by the deposition of 1.5-ML Ge. A Ge
adlayer forms following the deposition of 0.2-ML Ge on Pt(100) and annealing at 600 K. ALISS revealed
that Ge adatoms in these overlayers had 1D (incomplete c(2 × 2)) Ge–Ge ordering along [010] and
equivalent directions, even though this was not directly apparent in observations using LEED and STM.
A c(2 × 2)-Ge overlayer was produced after 0.5 ML-Ge deposition on Pt(100) and annealing at 600 K.
Deposition of 1.5-ML Ge on Pt(100) and annealing at 600 K caused extensive Ge interdiffusion into the
third (subsurface) layer, while the first and second layers remained as a c(2 × 2) Ge overlayer and (1 × 1)
Pt layer, respectively. We propose that the Pt(100) substrate thus is ‘capped’ by an alloy film with the
structure of a body-centered tetragonal Pt2 Ge layer compound, which is terminated by a pure-Ge layer
that is indistinguishable from a c(2 × 2)-Ge adlayer. This explains the apparently ‘strange’ result that
even though extensive Ge interdiffusion was occurring deeply into the Pt bulk during annealing at 900
and 1200 K, a Ge overlayer remained on the surface. XPS spectra showed a +0.5 eV binding energy shift
of the Ge 3d core level and a small (0–0.1 eV) positive shift of the Pt 5d core level compared to Ge(100)
and Pt(100) surfaces for the c(2 × 2)-Ge overlayer. There was no effect on these binding energies upon
formation of the Pt2 Ge layer compound at the surface, and this indicates similar Ge–Pt interactions in the
two cases. Compared to other overlayers of Group-IV atoms on metal surfaces, the Ge overlayer on
Pt(100) was extraordinarily stable.
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Pt–Ge intermetallic compounds find useful applications as
materials in heterogeneous catalysts [1–3], electrocatalysts
[4, 5] and electronic devices [6, 7]. Fundamental studies using
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2. Experimental methods

surface science techniques have been carried out on both
Pt/Ge(100) [6] and Pt/Ge(111) [7] surfaces to reveal stable
Pt–Ge surfaces alloys ranging in composition from Pt2 Ge to
PtGe2 . In contrast, Ge deposited on a Pt(111) single-crystal
substrate is incorporated into the first layer of the crystal to
form only a very dilute surface alloy [8]. As revealed by alkali
ion scattering spectroscopy (ALISS), x-ray photoelectron
diffraction (XPD), scanning tunneling microscopy (STM),
and low-energy electron diffraction (LEED), the surface alloy
formed after annealing at 1000 K Ge deposits on Pt(111) over
a wide range
√ of Ge
√ coverages has a very large, primitive unit
cell of ( 19 × 19)R23.4◦ [8] or (5 × 5) [9] resulting
from a highly dispersed arrangement of Ge atoms on the
surface with a composition of Pt18 Ge or Pt24 Ge, respectively.
Alloyed Ge atoms strongly altered the character of Pt surface
atoms due to s–d and p–d hybridization between Ge and
Pt atoms [8–10]. This alteration effectively suppresses CO
adsorption and photodesorption, and NO adsorption, even at
the small Ge concentrations found.
For Ge deposition on a Pt(100) surface, STM and LEED
studies identified that an ordered c(2 × 2) structure could be
formed at 0.5-ML Ge and below [11]. However, without a
full I –V analysis of the LEED spots it was not possible to
conclusively distinguish between a Ge overlayer (adlayer)
and a surface alloy (incorporated or intermixed Ge–Pt topmost
layer) from the surface corrugation of the STM topographs [12]
or LEED pattern. The chemical reactivity of modifiers at
surfaces strongly depends on whether the modifier is present in
an overlayer or incorporated into the surface plane in an alloyed
layer. This was clearly demonstrated in the case of c(2 ×
2)-Sn/Pt(100) surfaces, which have the same Sn coverage and
lateral Sn–Sn geometric structure in the c(2 × 2)-Sn/Pt surface
alloy and c(2 × 2)-Sn overlayer created, where 10 times
more CO adsorbs on the surface alloy than on the overlayer
structure [13]. It is crucial to distinguish between Ge present
in an overlayer from Ge alloyed into the surface Pt layer in a
surface alloy in order to properly explain chemisorption and
catalytic reactions on Pt–Ge surfaces.
Regarding STM, in some cases second-layer (subsurface)
atoms have been observed with an apparent height larger
than that of first-layer (surface) atoms, e.g., Ti/Pt(100) [14]
and Ir/Cu(100) [15–17]. Ge atoms are apparently observed
as brighter than Pt atoms in the c(2 × 2) layer [8, 9], and
additional techniques such as ALISS are needed to determine
accurate atomic positions in studies of surface morphology.
It is well-known that ALISS and XPD [18], along with other
techniques, can provide information about composition and
structure of the second or third (subsurface) layers that is not
readily available from STM experiments.
In this paper, we report on investigations using XPS, XPD,
and ALISS of the surface structures formed by deposition
of Ge on Pt(100) at room temperature and the temperature
dependence of this surface morphology. For 0.2–1.5-ML Ge
coverage, Na+ -ISS and XPD were used to determine the
presence of Ge in overlayers and/or incorporated into the
substrate in alloyed layers. The chemical state of surface atoms
was investigated by XPS.

These experiments were all carried out in an ultrahigh vacuum
(UHV) chamber equipped with LEED, ALISS, XPD, and XPS
instrumentation and an SCA (spherical capacitor analyzer)
with an acceptance angle of ±4◦ as described previously
[19, 20]. A clean Pt(100) surface was prepared by cycles of
Ar+ -ion sputtering, and annealing to 1000 K in 2 × 10−7 Torr
O2 and in vacuum. The clean surface was checked by LEED
and XPS. The parameters for ALISS were as follows: 1.0 keV
beam energy, 50 pA beam current, 1127 eV pass energy of the
SCA, 1-min acquisition time for a single step, and a 1◦ step
size; the SCA was fixed at 144◦ relative to the incident ion
beam to analyze the backscattered ions. The conditions for
XPS were: an Al Kα source operated at 300 W (15 kV) power,
23.5 eV pass energy of the SCA, 200 ms acquisition time for a
single step, 0.1 eV step size, and integration of 50 scans for Pt
and 100 scans for Ge. For XPD, a 93.9 eV SCA pass energy,
200 ms acquisition time for a single step, a step size of 0.5◦ for
Ge and 1◦ for Pt, and 100 scans was used. The peak height and
area were used for Pt and Ge in ALISS analysis, respectively,
because the background was negligible for Pt. For the Pt XPD
scans, we measured the intensity by using the integrated peak
area for the Pt f7/2 and 4f5/2 peaks in XPS, and for the Ge
XPD scans, we measured the intensity by using the integrated
peak area for the Ge 3d peaks in XPS.
Ge was evaporated by resistively heating a W boat that
contained high-purity Ge ingots after outgassing 10 min
prior to deposition. XPS showed that clean Ge films could
be prepared with good reproducibility. The Ge coverage
calibration was determined by observing the Ge deposition
time that resulted in the sharpest c(2 × 2) LEED spots
after annealing at 600 K and setting this coverage to be
0.5 ML [11]. Here, 1 ML is defined as the surface atom density
of the unreconstructed, ideally terminated Pt(100) surface. The
sample was annealed for 10 s at the temperatures indicated in
the text and figures of this paper. All of the ALISS, XPS,
and XPD spectra were acquired with the sample at room
temperature. The shorthand nomenclature used throughout this
report gives the surface preparation conditions abbreviated as
(Ge deposition amount at 300 K)/(annealing temperature).
3. Results
3.1. STM and LEED

Characterization of these surfaces by STM and LEED,
as reported in [12] can be summarized as follows. STM
images showed disordered Ge domains with Pt adislands at
0.2 ML/600 K and 0.5 ML/1200 K, c(2 × 2)-Ge layers at
0.5 ML/600 K, and porous incomplete c(2 × 2)-Ge layers
at 0.5 ML/900 K. The c(2 × 2) LEED spots were found
at 0.5 ML/600 K, 1.5 ML/600 K, and 1.5 ML/900 K,
and sharpened most at 0.5 ML/600 K and 1.5 ML/900 K.
Faint (1 × 1) spots were present at 0.2 ML/600 K
and 0.5 ML/1200 K. Weak (5 × 20) spots remained at
0.2 ML/900 K and 0.2 ML/1200 K. No LEED pattern was
observed at 1.5 ML/300 K or 4 ML/300 K.
2
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Figure 2. Ion scattering spectra of 1 KeV Na+ ions scattered from a

Ge–Pt(100) surface.

figure 1). However, when measuring lattice distance along
the [011] short-bridge azimuth there are differences between
the overlayer and alloy models. While the lattice distance
for nearest-neighbor scattering from both Pt and Ge will be
the same in a c(2 × 2) substitutional alloy (C2 and C3 in
figure 1) the lattice distance for a c(2 × 2) Ge overlayer will
be twice as long for Ge scattering compared to Pt scattering (B
and C1 in figure 1, respectively). The longer lattice distance
would be observed with ALISS as a shallower critical angle
for Ge scattering compared to Pt scattering along the [011]
short-bridge azimuth.
Figure 2 is an ALISS scan along the [011] azimuth at
a polar angle of 16◦ that clearly shows the Ge and Pt peaks
are widely separated in energy. Figure 3 shows polar-angle
scans for Ge- and Pt-scattering signals along [010] and [011]
azimuths after Ge deposition and annealing at the conditions
indicated along the sidebar. In polar scans along the [010]
azimuth for Ge scattering, there was a peak at polar angles
of 19◦ –25◦ on all of the surfaces. The disordered surface
formed at 0.2 ML/600 K showed a broad feature ranging from
the 3◦ –30◦ and an additional feature near 50◦ . Absence of a
peak near 70◦ indicates that there is no appreciable amount of
Ge present in the subsurface layer. On the c(2 × 2) surface
with small terraces (0.5 ML/600 K), a peak at 22◦ with
a sharp cut-off at lower angles and a broad tail at higher
angles was observed. This peak shifted to 19◦ on the partially
ordered surface that was obtained by heating this surface
to 900 K (0.5 ML/900 K), but than broadened again upon
forming the disordered surface that was obtained by heating to
1200 K (0.5 ML/1200 K). The polar-angle scans obtained after
depositing 1.5 ML Ge and annealing at 600 K (1.5 ML/600 K)
were similar to those for smaller amounts of deposited Ge,
but a peak at 68◦ could be seen. This has its origin from Ge
present in the subsurface layer. This peak almost disappeared
by annealing at 900 K (1.5 ML/900 K).
Peaks appeared for Pt scattering at 21◦ –23◦ and
◦
66 –72◦ on all surfaces in the corresponding set of polar
scans along the [010] azimuth from the same surfaces. This is
indicative of the presence of Pt atoms in the top two layers of
the surface. Deposition of Ge strongly decreased the intensity
of scattering from Pt in the top layer at 21◦ –23◦ relative to
that in the second layer, and both peaks were attenuated more
strongly for large Ge doses and/or low annealing temperatures.
Disordered surfaces (0.2 ML/600 K, 0.5 ML/900 K and

Figure 1. Schematic models illustrating the c(2 × 2) overlayer (top)

and c(2 × 2) alloy (bottom) structures. Labels A1 and A3 show Ge
nearest-neighbor distances along the long-bridge sites in the [010]
direction, as do A2 and A4 for Pt. Labels C1, C2, and C3 show Ge
and Pt nearest-neighbor distances along the short-bridge sites in the
[011] direction. Only the Ge–Ge nearest-neighbor distance B along
the [011] direction can be used to distinguish between the structures
of the two models.
3.2. ALISS

ALISS uses the lower neutralization probability of alkali ions,
e.g., Li+ or Na+ , and their strong, angle-dependent neutralization probability compared to rare gas ions such as He+ to
elucidate information about surface geometric structure and
morphology in addition to the surface elemental composition
characteristic of low-energy ion scattering. Incident alkali
ions (Na+ for this study) are deflected around surface atoms
forming a shadow cone with no ion flux behind the atom; at the
edge of the shadow cone there is a narrow, high ion-flux region.
The intensity of the reflection of the alkali ions is measured
as a function of angle of incidence; when the high-flux edge
region directly impinges on a subsurface atom, the intensity of
reflected ions increases. By recording the angle of incidence
at which the reflected ion intensity increases, structure and
the distance between the surface and reflecting atoms can be
determined. General details of the ALISS technique can be
found in [21] with a specific example of characterization of
a Zn/Pt(111) surface in [22]. By measuring the critical angle,
defined as the angle at which the ISS peak is 90% of maximum,
ALISS can measure lattice distances in crystal surfaces.
In STM and LEED studies reported in [12] we observed
formation of a c(2 × 2) structure produced by deposition
of 0.5 ML Ge on Pt(100) and annealing at 600 K. The
outstanding question is whether this structure is due to a Ge
overlayer or Ge incorporated into the surface as an alloyed
layer; both structures are shown in figure 1. In both the surface
alloy and the overlayer models, the lattice distance along the
[010] long-bridge azimuth is the same (shown as A1–A4 in
3
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Figure 4. Vertical cross-sections of an fcc(100)-oriented crystal

along the [010] (left-hand side) and [011] (right-hand side) azimuth.
Arrows provide directions involving large atom densities that are
useful for understanding forward-scattering enhancements in XPS
intensities observed in polar-angle scans along these azimuths in
XPD. The polar angles are given for each arrow, and the crystal
directions are also provided below each angle.

but it was strongly attenuated on the 1.5 ML/600 K surface.
Peaks in figure 3 often shifted by a few degrees and broadened
with different preparations of the surfaces. There are many
possible causes for this, e.g., blocking effects by atoms located
in the plane above [23], differences in the locations of Ge and
Pt within the lattice, and surface disorder. Additional ALISS
polar scans from the 1.5 ML/900 K surface along the [011]
azimuth for Ge- and Pt-scattering signals were obtained with
higher angular resolution (step size of 0.2◦ ) giving critical
angles of 15.0◦ and 29.0◦ for Ge and Pt, respectively.
3.3. X-ray photoelectron diffraction (XPD)
Figure 3. Na+ -ALISS polar-angle scans for incident Na+ ions on

XPD is a powerful complementary tool for elucidation of
local surface and subsurface structures. Photoelectrons emitted
from a source atom interact with the nuclei of neighboring
atoms that act as scattering centers and cause constructive
and destructive interference in the outgoing photoelectron
waves. Interactions with nuclei along the outbound trajectory
cause a net ‘forward-focusing’ of photoelectrons at high
kinetic energies such that peaks in emission intensity indicate
high atom-density trajectories [21]. Thus, the high symmetry
directions within the crystal predict the polar angles in XPD
that are expected to show maxima in the angular distributions
of XPS peaks; this is indicated in the crystal cross section of
figure 4. A lack of modulation in the XPD angular distribution
indicates that the emitting atom is located in the topmost
layer [21].
XPD was performed on surfaces formed from the
deposition of 0.2, 0.5 and 1.5 ML Ge on Pt(100) followed
by annealing to 600–1200 K. Figure 5 shows XPD scans
from deposition of 1.5 ML Ge on Pt(100) along the two
azimuths indicated in figure 4. Ge peaks were observed in
the XPD scans for the deposition of 1.5 ML Ge on Pt(100)
annealed to 600 K; this was accompanied by a decrease of
the absolute intensity and modulation of the Pt peaks. This
indicates that Ge atoms are present in the subsurface layers of
the newly annealed surface. The Ge photoemission intensity
is peaked at angles that correspond to emission from the 2nd
and 3rd layers. Heating this surface to 900 K resulted in no
angular dependence in the Ge photoemission peak indicating
the second- and third-layer Ge atoms have been removed and

Ge/Pt(100) surfaces prepared as indicated along the sidebar to the
right. Panels on the left-hand side are for Ge-scattering signals and
panels on the right-hand side are for Pt-scattering signals. The angle
at maximum scattering intensity is given and the corresponding
‘critical angle’ is shown in brackets.

0.5 ML/1200 K) gave a less-pronounced peak near 22◦ with
more extensive tailing at higher polar scattering angles.
For Ge-scattering intensity along the [011] azimuth as a
function of polar angle, clear peaks appeared at polar angles of
13◦ –17◦ except for the disordered surfaces (0.2 ML/600 K and
0.5 ML/1200 K), which showed broad, low intensity features.
The c(2 × 2) surface with small terraces (0.5 ML/600 K)
showed additional scattering below 16◦ and a broad feature
near 37◦ . The peak maximum shifted by a few degrees on the
partially ordered c(2 × 2) surface prepared with 0.5 ML Ge and
annealed at 900 K. For the 1.5 ML/600 K and 1.5 ML/900 K
surfaces, there was a sharp onset below the peak at 17◦ ,
but broad tailing above 17◦ and features around 40◦ were
observed. The preparation procedure for the surface giving
rise to the 1.5 ML/600 K curve produced subsurface Ge atoms
as indicated by the peak at 69◦ .
Three maxima were observed at polar angles of 29◦ –32◦ ,
◦
36 –37◦ , and 67◦ –72◦ in Pt-scattering signals along the [011]
azimuth. All of the surfaces investigated showed a peak at
29◦ –32◦ . Peaks at 36◦ –37◦ were dominant on the surfaces
with disordered Ge layers (0.2 ML/600 K, 0.5 ML/900 K,
and 0.5 ML/1200 K). The polar-angle peak at 67◦ –72◦ from
second-layer Pt atoms was observed on most of the surfaces,
4
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Figure 5. XPD polar-angle scans along the [010] (left-hand side) and [011] (right-hand side) azimuths following deposition of 1.5 ML-Ge
on Pt(100) and annealing at 600 (top) and 900 K (bottom).

only those on the surface remain. Scans for 0.2 and 0.5 ML
Ge depositions also showed no angular dependence in the Ge
photoemission peak indicating that all near-surface Ge atoms
were located in the topmost layer of the crystal.

GeO0.5−2 , as reported at 31.33 eV BE on oxidized Ge(111),
(001) and (011) surfaces previously [26, 27]. Deposition of
1.5 ML Ge on Pt(100) at 300 K gave a Ge 3d peak at 29.2 eV
BE that was three times larger than that for 0.5 ML/600 K.
Annealing this surface to 600 K caused a small shift to higher
BE but no change in the peak intensity. This indicates that Ge
did not dissolve deeply into the bulk after annealing at 600 K.
Annealing at 900 K caused no shift in the peak maximum, but
the peak broadened to lower BE and decreased in intensity by
50%.
The Pt 4f7/2 peak was observed at 70.7–70.8 eV BE for
the c(2 × 2) surfaces (0.5 ML/600 K, 1.5 ML/600 K and
1.5 ML/900 K) and the (5 × 20)-Pt(100) surface. This peak
shifted slightly lower to 70.5–70.6 eV BE on Pt(100) surfaces
covered with disordered Ge layers of 0.25 ML and below
(0.2 ML/600 K, 0.5 ML/900 K and 0.5 ML/1200 K). The Pt
4f7/2 peak appeared at a higher BE of 71.0–71.5 eV for the
as-deposited 1.5 and 4 ML Ge films.

3.4. X-ray photoelectron spectroscopy (XPS)

XPS spectra for the Ge 3d and Pt 4f core levels from the clean
(5 × 20)-Pt(100) surface and the various Ge/Pt(100) surfaces
are shown in figure 6. The Pt 4f5/2 peak from clean Pt(100)
was set to 74.0 eV BE (binding energy) [24, 25]. The Ge 3d
spectra did not resolve the spin–orbit split Ge 3d5/2 and 3d3/2
levels, and these appeared as a single peak. This peak was
found at 28.9 eV BE for the 4 ML Ge film on Pt(100) at 300 K
as shown in the top spectrum in figure 6.
Deposition of 0.2 ML Ge on Pt(100) and annealing to
600 K gave rise to a Ge peak at 28.5 eV BE, 0.4 eV lower
from that of the 4 ML Ge film. For the 0.5 ML/600 K surface,
the Ge peak was located at 29.4 eV BE, 0.4 eV higher than
for the 4 ML Ge film. The Ge peak returned to 28.6 eV BE
after annealing this surface at 900 or 1200 K, and this heating
caused a decrease in intensity by 50% (to 0.25 ML) and 75% (to
0.13 ML), respectively. Minor peaks were observed at 30.7 and
33.1 eV BE that are assignable to the presence of contaminate

4. Discussion

Distinguishing between overlayer Ge and alloyed Ge is not
particularly reliable using only STM, but these two structures
can be distinguished using ALISS. XPD can also provide
5
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Figure 7. ALISS polar-angle scans following deposition of

1.5 ML-Ge on Pt(100) and annealing at 600 K (from figure 3) and
assignment in schematic models illustrating a layered alloy surface
with the c(2 × 2) overlayer. Note that the gray arrow on F denotes
reflection from a covered subsurface atom.

amount estimated to be 0.02–0.05 nm. The shift of 15◦ that was
observed here for Ge/Pt(100) is too large to be explained by Ge
forming a substitutional alloy with an upward displacement
or a buckling of Ge atoms. Ge atoms are smaller than Pt
atoms by ∼0.03 nm, and we especially note that the buckling
distance decreases with decreasing size mismatch [13]. Thus,
the ALISS Ge-scattering peaks at 16◦ –17◦ and Pt-scattering
peaks at 30◦ –32◦ are indicative of the lattice distances B and C1
of the Ge overlayer model, as shown in figure 1. These ALISS
measurements establish that the c(2 × 2) structure observed
by LEED and STM is due to a c(2 × 2)-Ge overlayer rather
than a substitutional alloy layer. These observations are in
agreement with DFT calculations by He [29].
Secondly, we can assign subsurface structures at these
surfaces by using the ALISS peaks around 70◦ and the XPD
results. For the 0.5 ML/600 K and 1.5 ML/900 K surfaces, a
Pt-scattering peak appeared at 68◦ –72◦ , but no Ge-scattering
peak around 70◦ was observed for either azimuth, indicating
no Ge is present in the second layer. This is consistent with
XPD results that showed Pt peaks assigned to Pt in the 2nd–5th
layers, but no Ge peaks corresponding to subsurface Ge atoms
were observed. Thus, Ge atoms are only present in the first
or topmost layer on these surfaces. This situation changed
for the 1.5 ML/600 K surface and in this case a layered
alloy surface explains the ALISS and XPD results. Figure 7
shows ALISS data for the 1.5 ML/600 K surface along with
a model to illustrate the peak assignments. This data indicates
the formation of a layered alloy surface that is composed of
alternate layers of a pure-Ge c(2 × 2)-Ge layer and a pure-Pt
(1 × 1)-Pt(100) layer. Figure 7 shows that Ge-scattering
ALISS peaks due to scattering from the 3rd layer appeared
at 69◦ (type T1) and 68◦ (type T2) along the [011] and [010]
azimuths, respectively. Peaks in the ALISS polar scans for Pt
scattering at 65◦ along the [011] azimuth and 67◦ along the

Figure 6. Ge 3d and Pt 4f XPS spectra for several Ge/Pt(100)

surfaces.

complementary information on the composition of the top
several layers and a clear signal for the formation of a
subsurface alloy. Here, we discuss the determination of the
surface and subsurface structure by considering both ALISS
and XPD results.
4.1. c(2 × 2)-Ge/Pt(100) surfaces

We analyze the structure of c(2 × 2)-Ge/Pt(100) surfaces formed under a variety of conditions: 0.5 ML/
600 K, 1.5 ML/600 K and 1.5 ML/900 K. First of all,
we assign the structure of the topmost layer to either an
overlayer or surface alloy from the ALISS scattering peaks
around 20◦ . On these surfaces, the peaks at 21◦ –22◦ along
the [010] azimuth that were observed for both Pt and Ge
scattering in Na+ -ISS in figure 3 are attributed to scattering
by nearest-neighbor atoms of type A in figure 1 and do not
distinguish between a Ge overlayer or surface alloy. On the
other hand, the ALISS polar scans for Pt and Ge scattering
along the [011] azimuth showed peaks at 30◦ –32◦ and
16◦ –17◦ respectively, clearly establishing the presence of Ge
in an overlayer structure. These results can be compared to
Na+√-ISS √
results on other surface alloys that we prepared, such
as ( 3 × 3)R30◦ -Sn/Rh(111), [20] c(2 × 2)-Sn/Pt(100) [13]
and c(2 × 2)-Sn/Ni(100) [28], which gave rise to shifts in
the critical scattering angle of only 5◦ –10◦ . These smaller
shifts were explained by incorporation of Sn into the first
layer to form an alloy, but with a ‘buckling’ or vertical
displacement of Sn atoms out of the surface plane by an
6
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[010] azimuth are assigned to scattering from the 4th (type
F) and 2nd (type S) layers, respectively. This interpretation is
consistent with the XPD spectra in figure 5 that showed peaks
due to Ge atoms in the 2nd and 3rd layers. On this surface, the
first layer of Ge adatoms in the c(2 × 2) structure do not ‘cover’
one-half of the atoms in the second layer. We propose that these
second-layer Pt atoms act as top-layer atoms in cases where
they are not covered by Ge adatoms resulting in Ge atoms
in the 3rd layer of this alloyed structure contributing to XPD
angular peaks at angles expected for both 2nd and 3rd layers.
While it is difficult to exclude the possibility of the existence
of Pt atoms in the third layer from the qualitative analysis of
ALISS, we believe that the layer alloy model is most plausible
from the analogy with Si/Pt(100) [30] as discussed later in
section 2 and from the drastic attenuation of all Pt peaks in
XPD polar scans for 1.5 ML/600 K.
In summary, based on information provided by ALISS and
XPD on both surface and subsurface structure, we believe that
all of the c(2 × 2)-Ge structures contain a Ge overlayer. Ge
atoms can be incorporated into the third layer to form a layered
alloy surface under specific condition of 1.5 ML Ge deposition
and annealing at 600 K. Ge atoms in this near subsurface region
were removed (presumably by diffusion deep into the Pt(100)
crystal) by annealing to 900 K, but the surface retains the
c(2 × 2)-Ge overlayer.

combination of data from LEED, He diffraction and scattering,
and AES [30]. This alloy film is composed of alternating layers
of Pt(100) and c(2 × 2)-Si. Based on our ALISS and XPD
results, and the similarities between these two systems, we
assign the Ge/Pt(100) layered alloy surface to a U-type Pt2 Ge
alloy structure, which is depicted in figure 7.
The thermal stabilities of the U-type Pt2 Si and the
proposed Pt2 Ge alloy films were similar. The U-type Pt2 Si
alloy was stable up to 700 K, and then Si atoms started to
dissolve into the bulk of the Pt(100) crystal during annealing at
870 K and higher temperatures. This dissolution was explained
as a change in structure corresponding to a phase transition of
the bulk alloy from U-type Pt2 Si to hexagonal Pt2 Si (Fe2 P
type) [31]. Analogously, we observed that the U-type Pt2 Ge
alloy was produced after annealing at 600 K (1.5 ML/600 K),
but annealing at 900 K caused Ge in the third layer to dissolve
more deeply into the bulk (1.5 ML/900 K). We note that the
first or topmost layer of the Pt2 Si alloy was reported to be a
pure-Pt layer [30], whereas the Ge–Pt surface studied here has
a topmost layer of pure Ge. Si may be stabilized in the second
layer by strong Si–Pt bonding interactions [32] that cause Si
atoms to be more stable in a subsurface layer and a higher
coordination to Pt atoms. This was similarly observed in Ti–Pt
systems where even though the surface energy of Ti is slightly
smaller than that of Pt, we found Ti only in the second layer in
a c(2 × 2)-Ti/Pt(100) alloy surface due to strong Pt–Ti binding
interactions [33].
In the Si/Pt(100) surface discussed above, the top Pt layer
was rotated √by 45◦√with respect to the bulk Pt layers and
showed a (6 2 × 6 2 r45◦ ) structure due to the ∼7% lattice
mismatch between the U-type Pt2 Si alloy and the Pt(100)
substrate [30]. We did not observe such a rotation for the
U-type Pt2 Ge alloy, even though there exists a similar lattice
mismatch. This might be because weaker Ge–Pt interactions
compared to Si–Pt [32] interactions may allow more relaxation
or adjustment of Ge atoms positions in order to maintain the
Pt horizontal positions.
No U-type Pt2 Ge alloy has been reported as a stable bulk
phase. Reported phases include the hexagonal Pt3 Ge (Ir3 Si
type), tetragonal Pt3 Ge, hexagonal Pt2 Ge (Fe2 P type), PtGe
(MnP type), PtGe2 (FeS2 ), Pt3 Ge2 and Pt2 Ge3 but none of
these are layered compounds [34, 35]. We propose that the
U-type Pt2 Ge surface alloy film is a surface phase stabilized
by the well-known changes in energetics that exist at surfaces
and is stabilized by the Pt(100) crystal substrate structure.
We now have an explanation for the most puzzling
observation of this work, i.e., a complete or incomplete
c(2 × 2)-Ge overlayer is stable at the surface of Pt(100) to
extraordinary temperatures, even though extensive dissolution
of excess Ge into the bulk of the Pt crystal occurs at much lower
temperatures. The c(2 × 2)-Ge overlayer on Pt(100) owes its
particularly high stability to its structure and that of the U-type
Pt2 Ge alloy. Focusing on only the topmost two layers at the
surface, the c(2 × 2)-Ge overlayer can be considered to be a
cleavage surface of a body-centered tetragonal (U-type) Pt2 Ge
alloy.

4.2. Pt(100) surfaces with disordered Ge layers

Pt(100) surfaces with 0.25 ML Ge or lower (0.2 ML/600 K,
0.5 ML/900 K and 0.5 ML/1200 K) coverages were observed
to be disordered, i.e. without long-range order, by STM
and LEED. However, peaks in ALISS Ge scattering around
20◦ along the [011] azimuth indicate some local ordering: Ge
adatoms are located at nearest-neighbor sites in a c(2 × 2)
overlayer structure. Broader features in the ALISS polar-angle
scans compared to those from well-ordered c(2 × 2) surfaces
and also smaller modulation, or critical angle enhancement,
along the [011] azimuth compared to that along the [010]
azimuth are considered to arise from the lack of long-range
order in the c(2 × 2) Ge structure or from the roughness of the
surface that contains Pt patches and clusters. Ge was clearly
not incorporated to any significant extent into the 2nd–5th
(subsurface) layers as there were no ALISS peaks detected for
Ge scattering around 70◦ along the [010] or [011] azimuth in
figure 3. Consistent with these results, XPD peaks for Ge were
not observed from these surfaces.
We note that the peaks in ALISS polar-angle scans for
Pt scattering from Pt(100) surfaces with disordered Ge layers
were close to those observed from the clean, reconstructed
(5 × 20)-Pt(100) surface. This is consistent with the observation of (5 × 20)-Pt(100) domains using LEED and STM [12].
4.3. Structure of the layered alloy surface

The surface structure of the Ge/Pt(100) alloy (1.5 ML/600 K)
proposed in section 4.1 consists of alternating layers of pure Ge
in a c(2 × 2) structure and pure Pt in a (1 × 1)-(100) structure.
In the closely related Si/Pt(100) system, a U-type Pt2 Si alloy
that was several layers thick was suggested to form based on a
7
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Pt and the narrowing upward shift of the Pt valence 5d bands
was explained by s–d and p–d hybridization [3]. The small
upward CLS that was observed for the Pt 4f levels [3] has a
similar origin. In a related observation, the CO stretching mode
observed in IRAS on Ge–Pt alloys [52] and the Ge/Pt(111)
surface alloy [45, 46] was blue-shifted compared to Pt, and CO
adsorbed on bridge sites on Pt(111) was transferred to on-top
sites on Ge/Pt(111). This was interpreted as less backdonation
from Pt d-states to 2π ∗ orbitals of CO due to the decreased
DOS of d electrons [45, 46]. Therefore, the positive CLS of
Ge 3d lines can be ascribed to charge transfer from Ge to Pt
and the small or negligible CLS for Pt 4f7/2 lines arises from a
small electron rearrangement or rehybridization of Pt 5d-states
to 6sp states.
Negative CLSs of both Ge 3d and Pt 4f7/2 peaks were
found for surfaces with low Ge coverages compared to all
other situations and pure Pt(100) and Ge(100). This derives
from the greater screening that results from more Pt 5d
electrons because of the lower hybridization per Pt atom and
the increased number of surface Pt atoms that are present for
rough surfaces with Pt adislands (at a density of 0.2 ML) in Ge
domains (see figures 2, 3, 6 and 7 in [12]). The electron density
in d-bands of surface atoms is higher than that in bulk atoms
because the lower coordination narrows the valence d-bands
upon formation of localized d-states below the Fermi level and
transfers electrons from the bulk [51, 53, 54]. This is relevant
to the negative CLS of atoms at surfaces and step edges for
Pt [24, 25, 55], Au [56] and Ir [57] surfaces.
A downward CLS of Ge 3d peaks and an upward CLS of
Pt 4f7/2 peaks was observed for the Ge films in our work. The
4 ML Ge film had a Ge 3d peak at 28.9 eV BE, but this is only
0.1 eV from the 29.0 eV BE for clean Ge surfaces [58, 59]. The
Pt 4f7/2 peak was shifted to 71.5 eV BE, which is higher than
that derived from the bulk, clean Pt(100) crystal at 71.0 eV
[55, 56]. Pt atoms at the interface might be intermixed into
the Ge film and surrounded by Ge atoms thus have decreased
Pt–Pt interactions characteristic of the alloy.
The nearly identical BEs for the Ge 3d and Pt 4f7/2 peaks
for the c(2 × 2) overlayer and layered alloy surface indicates
that the chemical nature of Ge in the overlayer is quite similar
to that of Ge in the Ge–Pt layered alloy surface. This supports
our proposal that the overlayer represents the thinnest Ge–Pt
alloy phase that can be formed at this surface and this helps to
explain the surprising stability for the c(2 × 2)-Ge overlayer
on Pt(100).

Figure 8. Observed binding energies for Ge 3d and Pt 4f7/2 XPS

peaks in figure 6.
4.4. Chemical state information from XPS

The XPS peak shifts for the Ge 3d and Pt 4f7/2 core levels
presented in figure 6 are summarized in figure 8. These
shifts can be grouped into several categories: (1) c(2 × 2)
overlayer (0.5 ML/600 K and 1.5 ML/900 K) and layered alloy
surface (1.5 ML/600 K), (ii) surfaces with low Ge coverages
(0.2 ML/600 K, 0.5 ML/900 K, and 0.5 ML/1200 K), and
(iii) Ge thin films (1.5 ML/300 K and 4 ML/300 K).
A positive CLS (core level shift) of the Ge 3d level and
a small or negligible CLS of the Pt 4f7/2 level compared
to binding energies for clean Ge(100) and Pt(100) was
observed for both Ge overlayers and the layered alloy surface.
This behavior is common for Group-III and IV alloys with
noble metals. Valence band structures in these alloys can be
compared with those of other alloys with transition metals. The
electronic structure has been reported for bulk alloys such as
Si–Pt [36], Ge–Pt [3, 10], Al–Au [37, 38], Si–Cu [33, 36, 39],
and Al–Cu [39], and surface alloys of: (i) Sn with Pt(111) [40–
42], Pt(100) [43], and Pt(110) [44]; (ii) Si [40], Ge [9, 45, 46],
Al [47] and Zn [48] with Pt(111); and (iii) Si with Cu(110) [49].
Valence sp bands of Group-III and IV atoms interact with the
valence d-band of noble metals to form t2g bonding states
below and eg antibonding states above the localized d-band of
noble metals in s–d and p–d hybridization [10, 33, 36–40]. This
leads to preferential filling of t2g d-states and an increase in the
hole density in the eg d-states of noble metals [10, 37, 38, 40].
This is accompanied by an upward shift of t2g 5d-states for Au
alloys due to more repulsive Coulomb interaction of d electrons
and a simultaneous rearrangement of 5d electrons into 6sp
orbitals with larger distribution to decrease the d–d repulsive
Coulomb interaction in Au [37, 38]. The simultaneous positive
CLS in XPS spectra of both the Group-III and IV atoms
and the noble metal has often been observed upon alloying
[3, 37, 38, 41, 42, 44]. This can be explained by a chemical
shift due to charge transfer to the noble metal [3, 37, 38,
50] and a smaller screening effect caused by the decrease in
electron density of valence d-states [37, 38, 51] due to electron
rearrangement [37, 38, 50]. These electronic states for Ge–Pt
alloys have been described by both experiment [3, 52] and
theory [10]. Previously, the XPS features of the upward CLS
of the Ge 3d line was explained by charge transfer from Ge to

4.5. Comparison with other overlayers and surface alloys

Table 1 collects data that has been reported for ordered
structures of Group-IV elements on metal transition surfaces.
Figure 9 organizes the structures from table 1 by correlating
the annealing temperature and atomic size dependence. The
special stability of Ge overlayers on Pt(100) is easily seen in
figure 9.
In comparing this result to other systems, one can deduce
several possible reasons for the strong suppression of alloying
of Ge on Pt(100): Miller index of the substrate surface, atomic
size difference, surface energy difference, and interaction
strength between deposited atoms and substrate atoms. There
is also likely to be a complex interplay of these factors, but it is
useful to make a few observations about each of these factors.
8

J. Phys.: Condens. Matter 26 (2014) 135002

T Matsumoto et al

Table 1. Ordered overlayers and surface alloys of group-IV atoms on fcc(100), fcc(111), bcc(100) and bcc(110) metal surfaces. (Note: the

size ratio was calculated from the atom sizes derived from the lattice constants: Si, 0.235 nm; Ge, 0.245 nm; Sn, 0.302 nm; Pb, 0.35 nm; Pt,
0.277 nm; Fe, 0.249 nm; Cu, 0.255 nm; Ag, 0.289 nm; Ni, 0.249 nm; Rh, 0.269 nm; Pd, 0.275 nm; and Mo, 0.273 nm.)
Annealing
Group IV Substrate Size ratio temp (K)
Si

Ge

Pt(100)

Pt(111)

0.88

1000

Ag(100)
Ag(111)
Pt(100)

0.85
0.85
1.09

RT-450
RT-523
300–700

Overlayer
Surface alloy
Overlayer

1.09

700–750
750–873
975

Surface alloy
Surface alloy
Surface alloy
(θSn = 0.25)
Surface alloy
(θSn = 0.33)
Unknown
(θSn = 0.18)
Surface alloy
(θSn = 0.31)
Surface alloy
(θSn = 0.5)
Unknown
(θSn = 0.625)
Surface alloy
Surface alloy
Surface alloy
Unknown
Surface alloy
Surface alloy
Surface alloy

√
√
p( 3 × 3)R30◦
c(2√× 2) √
p( 3 × 3)R30◦
p(2
√× 2)√
p( 3 × 3)R30◦
p(2
√× 2)√
p( 3 × 3)R30◦

Surface alloy
Surface alloy
Overlayer

p(2 × 2)
8 patterns
(1 × 3)

0.85
0.94
0.94
0.92
0.88

700
890
873
750
420
600–1200
600–900
600

Sn

Pt(111)

975
Cu(100)

1.18

250–350
250–350
250–400
250–350

Pb

Index
√
√
(6 2 × 6 2)R45◦

Layered alloy
surface
Unknown
Overlayer
Surface alloy
Surface alloy
Overlayer
(θ < 0.5)
Overlayer
(θ ∼ 0.5)
Layered
alloy surface
(θ > 0.5)
Surface alloy

Pt(111)
Fe(100)
Fe(110)
Cu(100)
Pt(100)

0.85

Structure

Cu(111)
Ni(100)
Ni(111)

1.18
1.21
1.21

Rh(111)

1.12

Pd(111)

1.10

500–900
250–800
1000
1000
820–1175
750–850
523–823

Mo(110)
Mo(110)

1.11
1.28

623–873
RT-1400
350

√
√
( 19 × 19)R23.4◦
c(2 × 2)
c(1 × 3) and c(1 × 5)
(5 × 3)
disorder

Method

Reference

He ISS, LEED,
AES
LEED, STM
ARPES, LEED
LEED, STM
He ISS
ALISS, XPD,
LEED, STM

[30]
[68, 69]
[63]
[60]
[70]
This work [11, 12]

c(2 × 2)
c(2 × 2)
√
√
( 19 × 19)R23.4◦
√
√
p(2√ 2 ×√4 2)R45◦
p( 3 × 3)R30◦
c(2 × 2)
c(2 ×
√ 2) √
p(3 2 × 2)R45◦
p(2 × 2)
√
√
p( 3 × 3)R30◦
p(2 × 2)

ALISS, LEED,
STM
LEED, calc.
LEED, calc.
ALISS, LEED,
STM

[8]
[61, 64–66]
[61, 62]
[13, 71]

ALISS, LEED,
STM

[72, 73]

I-V LEED,
RBS, AES

[74, 75]

p(2 × 6)
√
√
p(3 2 × 2)R45◦
√
√
p(2 2 × 2 2)R45◦

Dilute, ordered, incorporated surface alloy monolayers
were observed for Ge/Pt(111) [8, 9] whereas dense ordered
Ge overlayers and a layered alloy surface was formed
on Ge/Pt(100). This appeared to suggest a suppression of
alloying which depends on the substrate structure, i.e., the
Miller index. The Si/Fe and Ge/Ag systems exhibit a similar
trend as can be seen in figure 9. Deposition of Si on
Fe(110) [60] and Ge on Ag(111) [61, 62] resulted in incorporated surface alloy monolayers, while deposition of Si on Fe

ALISS, LEED
ALISS, LEED

[76]
[28]
[77, 78]

ALISS, LEED

[20]

CO TPD,
LEED

[79]

LEED
LEED

[80]
[80]

(100) [63] and Ge on Ag(100) [64–66] formed solely Si or Ge
overlayers.
One factor in these differences is the difference in
coordination numbers for adatoms and incorporated atoms on
the (100) and (111) surfaces. The number of nearest-neighbor
atoms for atoms incorporated within the topmost layer of an
fcc(100) and (111) surface is 8 and 9, respectively. Similarly,
the number of nearest-neighbor atoms for atoms incorporated
within the topmost layer of a bcc(100) and (110) surface is 4
9
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energy as mentioned above [67]. As noted, the relatively weak
interaction of Ge (compared to Si) with Pt [32] could be another
factor in the special stability of Ge overlayers on Pt(100).
5. Conclusion

We utilized ALISS and XPD to assign the composition of
the top several layers, of the surfaces formed from deposition
of Ge on Pt(100) and characterized the interaction between
Ge and Pt by XPS. We compared the observed structures of
Ge on Pt(100) with other overlayers and surface alloys for
group-IV atoms on metal surfaces and briefly discussed the
driving forces for formation of these structures.
Prominently stable Ge overlayers (adlayers) and a unique
surface alloy with a ‘layer’ structure were found by ALISS and
XPD structural analysis. Ge atoms were present in the 1st and
third layers after 1.5 ML Ge deposition and annealing at 600 K.
The layered alloy surface formed was assigned to alternate
layers of Pt(100) and c(2 × 2)-Ge analogous to the Pt2 Si
layered alloy surface reported on Si/Pt(100). Stable overlayers
were formed after 0.2 and 0.5 ML Ge deposition and annealing
at 600–1200 K, and after annealing the layered alloy surface at
900 K. When the Ge coverage after annealing was 0.5 ML, the
Ge overlayer possessed a c(2 × 2) ordered structure. ALISS
revealed Ge adatoms tended to be arrayed around the nearest
neighbors of the c(2 × 2) structure at and below 0.25 ML
Ge. This indicates that incomplete c(2 × 2) structures are
dominantly formed on these surfaces, though LEED and STM
results only indicated disordered structures [12].
XPS peak shifts of Ge 3d and Pt 4f7/2 core levels on
Ge/Pt(100) surfaces relative to clean Pt and Ge surfaces were
measured to probe the interactions of Ge and Pt. Upward
shifts of the Ge 3d peak by ∼0.5 eV and Pt 4f7/2 peak by
0–0.1 eV were observed for the c(2 × 2)-Ge overlayer and
Ge–Pt layered alloy surface. We suggest that these surfaces
possess similar Pt–Ge interactions. We explain the peak shifts
as due to a chemical shift upon charge transfer from Ge to
Pt and a smaller screening effect by decreased Pt 5d electron
density upon rehybridization of Pt 5d electrons to 6sp states.
Incomplete c(2 × 2)-Ge overlayers at and below 0.25 ML
showed simultaneous downward core level shifts presumably
due to smaller Ge–Pt interactions and larger screening by
increased Pt 5d electron density at rough Pt surfaces.
By comparison with other overlayers and surface alloys
of group-IV atoms and metals, we found Ge overlayers on
Pt(100) are more stable than other surfaces. This could be due
to a combination of factors: fcc(100) substrates tend to stabilize
overlayers more than fcc(111) substrates; smaller group-IV
atoms compared to metal-substrate atoms prefer overlayers
over surface alloys; the smaller surface energies of group-IV
atoms is essential for segregation at the surface as an overlayer;
and a larger bimetallic interaction accelerates dissolution of
group-IV atoms into the subsurface and the transition to other
types of alloys, which inhibits overlayer formation.

Figure 9. Formation of overlayers and surface alloys for group-IV
atoms on metal substrates illustrating the influence of atomic sizes
and annealing temperatures.

and 6, respectively. The number of nearest-neighbor atoms for
isolated adatoms on an fcc(100) and (111) surface is 4 and 3,
respectively. This number is 4 for bcc(110) and 3 for bcc(100)
surfaces. Adatoms have a higher coordination number on
fcc(100) than fcc(111), 4 versus 3, and are relatively more
stable on an fcc(100) surface compared to an fcc(111) surface,
while alloyed atoms have a higher coordination number, 9
versus 8, and are relatively more stable on an fcc(111) surface.
Similar stabilization of overlayers was found for bcc(110)
compared to bcc(100).
Deposition of smaller atoms forms overlayers and layer
alloys on fcc(100) and bcc(110) as found for Si–Pt, Si–Fe,
Ge–Ag and Ge–Pt; a diluted surface alloy was observed for
Ge/Pt(111). On the other hand, larger deposited atoms form
alloy layers with upward buckling in the first layer without
changing the substrate equilibrium bond length. These results
suggest that alloyed layers with longer bond lengths between
small incorporated atoms and large substrate atoms are less
stable and overlayers or diluted alloys are formed instead for
such bimetallic combinations.
The surface energy should also affect the position of
deposited atoms. Ge and Si surfaces have lower energy than
Fe, Ag, and Pt surfaces. Thus, Ge and Si are more stable
at the surface on those metal surfaces from the viewpoint of
surface energy. Exceptionally, Si stays in the second layer of
the Pt2 Si layered alloy surface on Pt(100) due to strong Si–Pt
interactions, even though Si is similar to Ge in size and surface
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