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Abstract

The adsorption of carbon monoxide on the Pt{110} surface at coverages of 0.5 ML and

1.0 ML was investigated using quantitative low-energy electron diffraction (LEED IV)

and density-functional theory (DFT). At 0.5 ML CO lifts the reconstruction of the clean

surface but does not form an ordered overlayer. At the saturation coverage, 1.0 ML, a well-

ordered p(2×1) superstructure with glide line symmetry is formed. It was confirmed that

the CO molecules adsorb on top of the Pt atoms in the top-most substrate layer with the

molecular axes tilted by ±22◦ with respect to the surface normal in alternating directions

away from the close packed rows of Pt atoms. This is accompanied by significant lateral

shifts of 0.55 Å away from the atop sites in the same direction as the tilt. The top-most

substrate layer relaxes inwards by -4 % with respect to the bulk-terminated atom positions,

while the consecutive layers only show minor relaxations. Despite the lack of long-range

order in the 0.5 ML CO layer it was possible to determine key structural parameters by

LEED IV using only the intensities of the integer-order spots. At this coverage CO also

adsorbs on atop sites with the molecular axis closer to the surface normal (< 10◦). The

average substrate relaxations in each layer are similar for both coverages and consistent

with DFT calculations performed for a variety of ordered structures with coverages of

1.0 ML and 0.5 ML.
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1 Introduction

Understanding in detail the complex processes involved in chemisorption and hetero-

geneous catalysis requires exact knowledge of the positions of substrate and adsorbate

atoms. Thus, the structural analysis of surfaces of catalytically important metals is of

special importance. Platinum has widespread use in heterogeneous catalysts , e.g. in the

automotive three-way catalyst where it catalyzes the oxidation of uncombusted hydrocar-

bons and carbon monoxide [1]. In particular, adsorption on the Pt{110} surface has been

the subject of various theoretical and experimental investigations in the modern surface

science era because it represents a prototype for adsorbate-induced structure transforma-

tions in an ultrahigh vacuum environment (UHV) with dramatically changing reactivities

depending on the structure of the substrate [2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15,

16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33]. The clean Pt{110}

surface exhibits a p(1× 2) ”missing row” reconstructed phase, where every second row in

the [001] direction is missing [4, 18, 26]. Exposure to CO at temperatures above 250 K

lifts the reconstruction, forming a p(2 × 1) superstructure at saturation or a disordered

”(1× 1)” phase at lower coverage [8, 9, 31].

Missing spots in the low-energy electron diffraction (LEED) pattern of the p(2 × 1)

phase indicate glide-line symmetry [3]. King et al. proposed a tilted geometry with oppo-

site tilt directions for the two molecules in this unit cell (1 molecule per surface Pt atom)

[5, 6, 10, 11, 12]. This was the first CO adsorption system for which a tilted geometry was

proposed. The model involves adsorption on atop positions and explains the tilting as a

way to avoid excessively close packing when the molecules are adsorbed at neighboring

sites along the atomic ridges. The magnitude and orientation of the tilt angle has been

studied with several techniques. On the basis of angle-resolved ultra-violent photoemission

spectra (ARUPS) it was concluded that the CO molecular axis is tilted between 20◦ and

26◦ away from the surface normal with an azimuthal orientation between the [001] [13]
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and [112] directions [10]. More recent X-ray photoelectron diffraction (XPD) measure-

ments determined a tilt angle of 22◦ along the [001] azimuthal direction [29]. In addition,

there is evidence from XPS and IR spectroscopy that the molecules adsorb on atop sites

[15, 29, 16, 21, 27]. Other structural parameters for CO adsorption have been studied

theoretically using density functional theory (DFT) [28, 30, 32], but there is no quanti-

tative experimental data for structural parameters such as bond lengths and substrate

reconstruction in this adsorption system.

When the Pt{110} surface is covered with a CO coverage greater than

0.2 ML the missing-row reconstruction is gradually lifted at room tempera-

ture [7, 22, 23, 31]. This changes dramatically the surface reactivity, e.g. for

dissociation of oxygen molecules, and thus gives rise to spatial and temporal

oscillatory phenomena in the CO oxidation [19, 24]. At around 0.5 ML the su-

perstructure spots originating from the reconstruction have disappeared but

no new adsorbate-induced superstructure spots are observed in the LEED pat-

tern at this coverage [8, 9, 29]. This poses a challenge to quantitative LEED IV

analysis, however recent studies have shown that adsorbate-related contribu-

tions to the intensities of integer-order diffraction beams are almost indepen-

dent of the state of long-range order in the adsorbate layer [34, 35, 36]. Thus,

an accurate and reliable analysis of lattice-gas disordered adsorbate layers can

be achieved by using integral-order LEED beams only, provided the data set

is large enough. In this paper, we present the results of a complete structural analysis

of CO on the unreconstructed Pt{110} surface at full saturation (1.0 ML) and 0.5 ML

coverage using LEED IV and ab initio density functional theory. The experimental results

are in good agreement with the model calculations.
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2 Details of Experiment and Calculations

2.1 LEED Experiment

LEED intensity measurements were carried out in a conventional stainless steel ultra-high

vacuum (UHV) chamber, operating at a base pressure of 5 × 10−11 mbar. The system

was equipped with a four-grid Omicron reverse-view LEED optics and is described in

detail elsewhere [37]. The Pt{110} crystal cleaning consisted of several cycles of argon-

ion bombardment at 300 K followed by annealing to 1200 K, exposure to oxygen (1 ×

10−7 mbar) in the temperature range 400 to 1100 K to remove any residual carbon, and

flash annealing to 1000 K to remove oxygen. This procedure produces a sharp p(1 × 2)

diffraction pattern with low background intensities. The surface cleanliness was checked by

oxygen temperature programmed desorption (TPD). Reproducible spectra in agreement

with those in the literature [38] are only achieved for clean surfaces. Several different

preparations for the CO layers were tested, varying the crystal temperature and CO

exposure, in order to improve the quality of the LEED pattern. The (1×1) phase studied

here was produced by background CO exposure to 20 L (1L = 10−6 Torr·s) at 400 K,

Figure 1.a. Further exposure to 120 L at 300 K led to the 1 ML p(2× 1) superstructure

with missing spots, Figure 1.b.

The LEED measurements were carried out at a sample temperature of

100 K to reduce background intensity caused by thermal vibrations. The in-

cident electron beam was tilted by about 5◦ within the [001] symmetry plane

of the {110} surface. A commercial video LEED system was used to record

the diffraction pattern in an energy range from 50 eV to 300 eV in steps of

1 eV. No beam damage was observed due to fast data acquisition (less than

10 min per IV run). Our own spot-tracking program, MKIV, was used for the

extraction of the IV curves of all visible beams simultaneously [39]. The IV

curves were further processed by averaging the beams, which are symmetry-
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equivalent with respect to the (001) plane, and by Fourier smoothing to re-

duce experimental noise. Since the data were recorded not exactly within

the symmetry plane, the IV curves of nominally symmetry equivalent beams

were slightly different. Even averaging does not compensate these differences.

Therefore both angles of incidence were treated as additional fit parameters.

For the p(2× 1)-CO surface, a total of 27 beams were extracted (14 independent beams);

for the disordered 0.5 ML structure 16 beams were recorded (10 independent beams).

2.2 LEED Calculations

The model calculations for the LEED structure determination were performed with our

”CLEED” program package [40], which is an implementation of fully dynamical scattering

theory based on algorithms described by Pendry [41] and Van Hove and Tong [42].

LEED intensities were calculated for electron energies between 50 and

200 eV in steps of 4 eV. Relativistic scattering phase shifts for Pt and non-

relativistic phase shifts for C and O were calculated with the program package

provided by Barbieri and Van Hove [43]. All phase shifts were used up to a

maximum angular momentum quantum number, lmax, of 8. The imaginary and

real parts of the optical potential, Vi and Vr, were fixed at -4 eV and -15 eV for

both the saturated coverage structure and the disordered 0.5 ML structure.

For the structure optimization and the determination of the angles of incidence

the downhill simplex method [44, 45] was used. The convergence criterion was

that the R factor values change by less than 1×10−4. To quantify the agreement

between experimental and theoretical IV curves in the geometry optimization,

Pendry’s R-factor, RP , was used [46]. The RP value is the optimum achieved

by shifting the energy axes of experimental and theoretical IV curves with

respect to each other. To some extent this shift compensates small errors

in the real part of the optical potential used in the LEED calculations, but
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the effect is slightly different. Therefore, Vr was re-adjusted in the final stage

of the structure optimization. The error bars for each structural parameter

∆p were calculated automatically by the search program following Pendry’s

RR factor method [46]. The error margin ±∆p for a given parameter is the

range around the best fit parameter value, p0, for which Pendry’s R factor

stays below R(p0) · (1 + RR). RR is defined as
√

8|Vi|/∆E, with ∆E being the

cumulative energy overlap between experimental and calculated IV curves.

Assuming a quadratic behavior of the R factor in the proximity of p0, i.e.

R(p1)− R(p0) = α · (p1 − p0)2, ∆p can be estimated using the following equation

[47]:

∆p = |p1 − p0| ·

√√√√ RR ·R(p0)

R(p1)−R(p0)

A distance of 0.1 Å between the minimum p0 and the test value p1 was used

initially. If the so-found value of ∆p was not within ±25% of |p1− p0| the calcu-

lation was iterated using pnew1 = p0 + ∆pold until the test value was sufficiently

close to the error limit (within 25% of ∆p). In case of a quadratic behavior ∆p

is directly related to the curvature of the R factor curve near the minimum

through α = RR ·R(p0)/(∆p)2. For the coordinates of the oxygen and carbon

atoms the R factor curves showed strong asymmetries. In these cases, the

error ranges were determined directly through RP vs p plots (see below). The

cumulative energy overlaps of 1550 eV and 980 eV for the two overlayers in

the present study lead to RR values of 14% and 18%, respectively.

2.3 DFT calculations

Periodic DFT calculations including spin-polarization have been carried out using the

VASP code [48]. The electron-ion interactions were described by projector augmented

wave potentials [49] and the valence electrons were treated explicitly with a plane-wave

cutoff energy of 400 eV. The non-local exchange-correlation energy was calculated with
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the PW91 functional [50]. The Pt{110} surfaces were simulated with a slab containing 5

layers and a vacuum gap of 12 Å. The surface Brillouin zone of the p(2× 1) surface unit

cell was sampled with the k-point grids of (4×6×1). The bottom layers were fixed at the

relaxed bulk positions whereas the top layers together with the adsorbed CO molecules

were allowed to optimize according to the calculated Hellman-Feynman forces by using the

quasi-Newton or conjugate-gradient method, as implemented in VASP. Gaussian smearing

with a width of 0.1 eV was employed to improve the convergence of the electronic self-

consistent cycles. A calculation was considered as converged when the changes in energy

and forces were less than 1.0× 10−6 eV and 0.05 eV/Å, respectively.

3 LEED results

3.1 p(2× 1) phase of 1 ML CO on Pt{110}

Exposure of the p(1 × 2) phase of Pt{110} to 120 L of CO at 300 K lifts the missing

row reconstruction of the clean surface and leads to the formation of an ordered p(2× 1)

superstructure. Systematic absences of the (±(h+ 1
2
), 0) beams (h is an integer number)

indicate glide line symmetry along the [110] direction. Since the p(2 × 1) superstructure

occurs at 1 ML coverage, each p(2 × 1) unit cell is occupied by two CO molecules. The

LEED structure search started by placing the molecules on each of the high symmetry

sites, (i.e. atop sites and bridge sites). There are two possible non equivalent bridge sites,

one along the close packed [110] (short bridge site) and the other along the [100] direction

(long bridge site), as shown in Figure 2. The initial geometries for each of the structures

had CO in a tilted orientation alternating in a zig-zag fashion to avoid excessive close

packing (see Figure 2). This produces the glide plane symmetry in the observed LEED

pattern in Figure 1.b. For the substrate a bulk-terminated geometry was assumed, and the

C, O and the first and second layer Pt atoms were allowed to move vertically and laterally,

while the third layer Pt atoms could relax only in the vertical direction. Distortions in
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the first Pt layers and the CO molecules were coupled in accordance with the glide-line

symmetry. In addition, the angle of incidence was optimized in parallel with

the structural optimization, which increased the number of search parameters

by two. In total, 15 parameters were optimized. The lowest RP -factor values for

each test geometry are shown in Table 1. From this table, the two non-equivalent bridge

adsorption sites can be disregarded, since they are well outside the 14% error bar of the

atop model.

The next step in the structure determination was the refinement of non-geometric

parameters. By manually varying the optical potential and performing a full calculation

for each value (with all the other parameters the same as the initial trial geometry) the

RP -factor could be reduced to 0.277 for a value of -15 eV. The vibrational amplitudes of

the C, O and Pt atoms (up to the fourth layer) were optimized in a similar fashion. RP

decreased to 0.242 for a structure with rms displacements of 0.195 Å for O, 0.140 Å for C,

0.125 Å for first layer Pt atoms, 0.07 Å for second layer Pt atoms, 0.06 Å for third layer

Pt atoms and 0.03 Å for the bulk Pt atoms. The highest improvement in the vibrational

amplitude refinement came from the first layer Pt atoms. This can be expected since Pt

atoms are stronger scatterers than the C and O atoms. The best-fit structure found by

this search is depicted in Figure 3; the geometrical parameters for this structure are listed

in Table 2. A comparison between the experimental and theoretical IV curves for this

structure is shown in Figure 4.

3.2 Disordered layer of CO at 0.5 ML coverage

A CO exposure of about 20 L at 400 K is enough to lift the p(1× 2) missing row recon-

struction of the clean Pt{110} surface completely. As a result, a (1× 1) LEED pattern is

observed, as shown in Figure 1.a. The absence of fractional order diffraction spots indicates

that no long range ordering of the CO layer occurs at this coverage. By comparing the

areas under the TPD spectra for saturation coverage and the so-prepared disordered layer
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the coverage was determined to be 0.54 ML. Additional information from XPS [15, 29, 32]

and IR spectroscopy [27] indicates that only one type of adsorption site, most likely atop,

is occupied. As shown earlier by Held et al. [35, 36], a LEED IV analysis of a simple

adsorption system can be performed reliably by only using integral order LEED beams.

In order to model the disordered layer at 0.5 ML, LEED IV calculations were performed

using long-range ordered superstructures with three different unit cells, c(2× 2), p(2× 1)

and p(1 × 2), each of which have a local coverage of 0.5 ML. In the model calculations

the C and O atoms were placed on atop and and short bridge adsorption sites, as shown

in Figure 5.a-c and d-f, respectively.

As described earlier for the 1.0 ML structure, the aim of the first step in the structural

analysis was to rule out some of the initial trial models. In this step the positions of

the C, O, and the first two Pt layer atoms were optimized laterally and vertically, while

the third layer Pt atoms were only relaxed vertically. The lower-lying substrate layers

were considered bulk-like. No symmetry was taken into account. Although there is clear

spectroscopic evidence that the CO adsorption site is the same for saturation and lower

coverages [27, 29, 32], both atop and bridge sites were tested in order to determine the level

of sensitivity of the LEED analysis towards the adsorption site. The angle of incidence

was included in the search at this stage since the LEED data were recorded at slightly

off-normal-incidence conditions. In total, 22 parameters were optimized in the search.

The RP values obtained for atop adsorption in the three long-range order models were

almost identical; 0.222, 0.222 and 0.220, respectively, for the c(2× 2), p(2× 1) and p(1×

2) structures (see Table 1). This indicates that lateral multiple scattering between the

molecules plays a minor role and the details of the long-range order (or lack thereof) in

the adsorbate layer do not significantly affect the LEED IV curves of the integer order

beams. The corresponding R-factors for the short bridge site are 0.346, 0.311 and 0.304;

these are well outside the error margins of the atop structures and can therefore be

disregarded.



’CO on Pt{110}’ October 12, 2011 11

By optimizing the real part of the optical potential (optimum value 10 eV) the

R-factors for the atop structures could be significantly reduced to 0.183, 0.170 and 0.181,

respectively. Note that these values are much lower than for the 1.0 ML p(2×1) structure

because only integer order beams are compared. A comparison between the experimental

and theoretical IV curves of these three models is presented in Figure 7. The structure

parameters are listed in Tables 3 and 4.

4 DFT results

The adsorption of CO on the Pt{110}-(1×1) and reconstructed Pt{110}-p(1×2) surfaces

has been subject to an earlier DFT study using the CASTEP code [28]. The results for

CO on the (1 × 1) surface showed that the atop and short bridge sites are energetically

almost degenerate. In the present study, we reexamined the previous results and focused

on the atop and short bridge sites only. As the LEED analysis clearly shows that atop

adsorption sites are assumed in the real system (see above), we concentrate our discussion

of structures on these geometries and refer to Table 5 for additional details of the bridge

geometries. Using the VASP code, the present calculations produced adsorption energies

of 2.154 eV for atop sites and 2.074 eV for bridge sites at a CO coverage of 0.5 ML with

a p(2 × 1) supercell (see Table 5, geometry b). These energies are comparable to those

calculated with CASTEP. The geometries of the relaxed structures are also similar to the

previous results. In the most stable atop site, CO is slightly tilted, with the C-O bond

axis 6◦ off the surface normal. Other structural parameters and vibration frequencies

are summarized in Table 5. The C-O stretch frequency calculated for atop adsorption,

2054 cm−1, clearly agrees better than the bridge structure with the experimental data

by Sharma et al., who report a values around 2070 cm−1 for intermediate coverages at

300 K [27]. Although DFT in general appears to underestimate the energy

difference between atop and hollow/bridge adsorption sites on Pt surfaces
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[51], it correctly reproduces the bond properties for these adsorption sites.

As the coverage is increased to 1.0 ML, the adsorbed CO molecules form a p(2 × 1)

overlayer structure, with the C-O molecular axes being tilted alternately towards oppo-

site sides of the close-packed Pt rows (see Figure 2). Again, there are stable adsorption

geometries for CO on both atop and bridge sites with adsorption energies of 1.921 eV and

1.853 eV, respectively. In the atop adsorption configuration, the C-O bond is tilted from

the surface normal by 19◦. The adsorbed CO also causes a lateral shift in the binding Pt

atoms of 0.07 Å in the [001] direction and a contraction of the first-to-second layer distance,

d(1-2), by −7 % with respect to the bulk value (d(1-2) = 1.31 Å vs d(bulk) = 1.41 Å).

For bridge-bonded CO, the C-O bond is tilted 18◦ off the surface normal. Other struc-

tural parameters, as well as C-O and C-Pt stretching frequencies, are summarized in

Table 5.a. Again, the symmetric C-O stretch frequency for atop adsorption, 2073 cm−1,

agrees well with the experimental value of 2094 cm−1 for saturation at 300 K [27] (note,

the asymmetric stretch mode is not observed due to symmetry selection rules).

In order to eliminate systematic errors as far as possible, additional molecu-

lar arrangements for a CO coverage of 0.5 ML on the unreconstructed Pt{110}

surface, which had not been considered previously. All arrangements were

studied within the same p(2 × 2) supercell, which accommodates all molecu-

lar arrangements that were used in the LEED IV analysis: p(2 × 1)-CO (Fig-

ure 5.a,d; Table 5.c), c(2 × 2)-CO (Figure 5.b,e; Table 5.d), and p(1 × 2)-CO

(Figure 5.c,f; Table 5.e). In addition, a p(2× 2)-2CO geometry was tested, which has

the same adsorption sites as the p(1×2)-CO model, however the molecules were allowed a

further degree of relaxation by tilting in opposite directions, similar to the 1 ML structure

(Table 5.f), and a p(2× 2)-CO arrangement with a local coverage of 0.25 ML (Table 5.g).

The calculated adsorption energies for the p(2× 1)-CO geometries within the (2× 2)

supercell are 2.088 eV and 2.044 eV for atop and bridge sites, respectively. They are

slightly different from those calculated within the p(2× 1) supercell (Table 5.b), by up to
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0.064 eV, which gives an indication of the systematic errors involved in comparing results

from different supercells. The geometrical parameters, however, are practically identical.

In fact, the C-O and C-Pt bond lengths in all 0.5 ML structures only show very small

differences of less than 0.01 Å. The only significant differences are in the relaxation of

the first Pt layer and the greater tilt angle in the p(2 × 2)-2CO geometry (Table 5.f),

where the CO molecules occupy nearest neighbor sites and are allowed to tilt in opposite

directions. It should be noted that the latter structure and the p(1× 2)-CO arrangement

are clearly less favored in terms of adsorption energy than the structures where nearest

neighbor sites are avoided. For all structures we find very similar adsorption energies for

bridge and atop sites, typically within less than 0.05 eV. In addition, the very small energy

difference of less than 0.05 eV between the p(2×1)-CO and the c(2×2)-CO arrangements

may explain the lack of long-range order that has been observed experimentally for a CO

coverage around 0.5 ML.

5 Discussion

At a coverage greater than 0.2 ML CO gradually lifts the p(1 × 2) missing row recon-

struction of the clean Pt{110} surface and, thus, creates a substrate with a structure

very different from the uncovered surface. When the surface is saturated with 1.0 ML CO

a long range ordered p(2 × 1)-(2CO) superstructure is formed with glide-line symmetry

that leads to systematic extinctions in the LEED pattern [3, 5, 6, 8, 9, 11]. For coverages

well below saturation, no long-range ordered superstructures are observed, which poses

a problem for conventional LEED IV structure determination as only the intensities of

integer order spots can be used. In order to determine the key structural features

of the disordered layer at 0.5 ML, three independent LEED IV analyses were

carried using long-range ordered model structures with different periodicities,

c(2 × 2), p(2 × 1), and p(1 × 2) (see Figure 5) but a common local coverage
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of 0.5 ML. Our DFT modeling clearly shows that different locally ordered

arrangements lead to very similar adsorption energies and are, therefore, ex-

pected in the disordered layer at 0.5 ML. On the other hand, lateral multiple

scattering paths between weak scatterers, such as C and O, only make a small

contribution to the overall signal. Therefore, the long-range periodicity has

only little effect on the IV curves of integer-order spots as long as the local

adsorption geometries are identical [35]. As far as the local environment of the CO

molecule is concerned, the key geometrical parameters extracted from the three analyses

show remarkable agreement, as seen in Table 3, and an averaged local structure for CO

in the disordered layer can be extracted, the parameters of which are listed in Table 4.

The LEED IV analysis clearly shows that CO adsorbs near atop sites in an

almost upright orientation, whereas the DFT-calculated adsoprtion energies

do not allow a discrimination between atop and bridge sites. The average tilt

found in the structure determination is 9◦. With a relatively small data set it

is important to look at the significance of these parameters very carefully. The

error ranges of the lateral coordinates of the oxygen atom are quite asymmetric

around the R-factor minimum for all three 0.5 ML models tested. This is

illustrated for the p(2 × 1)-CO structure in Figure 8.b, where the RP factor

is plotted vs coordinate displacements from the best fit geometry. The error

margin is the range of coordinate values, for which RP is below Rmin · (1 +RR).

For the lateral coordinates this leads to error bars between 0.4 and 0.8 Å,

with values for y typically 50% greater than for x. The diagram in Figure 8.c

shows the error range of the lateral displacements between the carbon and

oxygen atoms for each geometry model. 1 The +/-asymmetry around the R-

factor minimum leads to error ranges which are centered very closely to the

1Note, the error of relative distances between atoms is the larger error of the two coordinates involved since a diffraction

experiment probes interatomic distances and not absolute coordinates. The error boundaries in the two-dimensional plot

were interpolated between the one-dimensional boundaries using elliptical splines.
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lateral position of the carbon atom, at (0,0) in Figure 8.c, for all 0.5 ML

structures. Therefore, an upright CO orientation is within 2◦ of the center

of the error range with an uncertainty between 15◦ and 20◦. This agrees well

with the forward-focussing cone close to the surface normal measured in the

XPD experiments by Nowicky et al. [29] and with the tilt angles derived

from the DFT calculations, between 2◦ and 6◦, see Table 5. There is almost

perfect agreement in the C-O bond length, 1.11 ± 0.07 Å, whereas there is

slightly more scatter in the values for the Pt-C bond length, from 1.79 to

1.85 Å, and the displacement of the carbon atom from the atop site towards

the long bridge site ([001] direction), on average 0.34 Å. The latter is just

outside the error bar of 0.3 Å. The scatter in the inter-layer spacings is less

than 0.04 Å, with average values of d(1-2) = 1.30 Å, d(2-3) = 1.40 Å, and

d(3-4) = 1.41 Å (see Table 4), corresponding to contractions/expansions of

−6 %, +1 %, and +2 % with respect to the bulk inter-layer spacing of 1.385 Å.

The error margins associated with these parameters, 0.11-0.12 Å, are larger

than the deviations from the bulk positions. It must be noted, however, that

Pendry’s error estimate, although standard procedure, must be considered

as somewhat too pessimistic [52], therefore at least the contraction of d(1-2)

is likely to be significant. The corresponding values from the relaxed DFT

structures with CO on atop sites are generally somewhat higher but deviate

from the average experimental values by less than 0.05 Å.

A comparison of the substrate relaxation with the reconstructed clean surface is not

straight forward since the second layer atoms have a different coordination, which leads

to a very strong contraction of d(1-2) – experimental and calculated values range between

−16 % and −21 % [18, 28, 30] – whereas d(2-3) and d(3-4) are close to the bulk inter-

layer distances. In each of the 0.5 ML structures only half of the first layer Pt atoms form

bonds with CO molecules. As a consequence, significant height differences and lateral shifts
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are determined between these inequivalent atoms for all layers. These depend, however,

much on the surface periodicity assumed in the model calculations. Therefore, no firm

conclusions about the details of local Pt reconstructions can be drawn, which is a direct

consequence of the lack of long-range order.

The C-O and Pt-C bond lengths determined for the 1.0 ML p(2 × 1)-(2CO) super-

structure are very similar to those for 0.5 ML: 1.10 Å vs 1.11 Å and 1.85 Å vs 1.83 Å,

respectively. The fact that the Pt-C bond is significantly shorter than the sum of the

covalent radii, 2.05 Å, indicates a strong covalent character of the substrate bond with

significant net charge transfer between the adsorbate and the Pt surface. The first inter-

layer distance of the surface covered by 1.0 ML CO, d(1-2) = 1.33 Å, is larger than for

0.5 ML, which can also be explained by more charge transferred into the substrate at

the higher coverage. The comparison between Figures 8.a and b shows that the

error margins for the lateral parameters are generally smaller than for the

0.5 ML structures, which is due to the larger data set (1550 eV vs 980 eV).

In some cases the difference is up to a factor 2 (see Tables 2 and 3).

At 1.0 ML CO molecules occupy nearest neighbor atop sites along the close-packed

rows of Pt atoms. Lateral repulsion is relieved by alternating tilts of the molecular axes

by ±22◦ and larger lateral shifts, ∆x = ±0.55 Å, away from the atop side. The large

tilt angle is the most apparent difference between the high and low coverage structures

and is in excellent agreement with earlier XPD and ARUPS results for this layer (22◦

[29]; 20◦ [13]; 26◦ [11]) and our DFT results (19◦). The two-dimensional plot of error

ranges in Figure 8.c shows that an upright CO orientation can be firmly

excluded on the basis of the LEED IV analysis. The range of possible Θ(CO)

values for the p(2 × 1)-(2CO) structure is between 14◦ and 27◦. There is very

little overlap the error range only with one 0.5 ML model, c(2 × 2)-(CO).

The tilted arrangement appears to be caused only by lateral repulsion between the CO

molecules. Comparing the calculated adsorption energies for the p(2×1)-(2CO) (1.0 ML)
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and p(2×1)-CO (0.5 ML) structures in Table 5.a and b shows that the repulsion between

molecules on nearest neighbor sites lowers the adsorption energy by about 0.2 eV per

molecule. The repulsion between next nearest neighbor sites (along the [001] direction),

on the other hand, is negligible as the comparison between the p(2× 1)-CO and c(2× 2)-

CO or p(2 × 2)-CO structures shows (Table 5.c,d,g). The calculated adsorption energies

for these three structures are almost identical.

6 Summary and Conclusions

The stable p(1 × 2) missing row reconstruction of the clean Pt{110} surface is lifted by

the adsorption of CO at coverages greater than 0.2 ML. At the saturation coverage of

1.0 ML an ordered p(2 × 1)-(2CO) overlayer with glide-line symmetry is formed on the

(1× 1)-like substrate. At lower coverages around 0.5 ML no long-range order is observed.

Full LEED IV analyses were performed for the ordered overlayer at 1.0 ML coverage

and the disordered layer at 0.5 ML, using only integer-order beams for the latter structure.

It was found that CO adsorbs near atop sites in both cases while differences were observed

regarding the orientation of the molecules and the substrate relaxation. At 0.5 ML the

CO molecules are almost upright, while the molecular axis is tilted by ±22◦ at 1.0 ML,

accompanied by significant shifts of ±0.55 Å of the C atom with respect to the atop

site. The Pt-C and C-O bond lengths were determined as 1.83/1.85 Å and 1.11/1.10 Å

respectively for 0.5/1.0 ML. The first-to-second Pt layer distance, d(1-2), is compressed by

-4/-6 % with respect to the bulk inter-layer distance, while the second to third inter-layer

distances show small expansions. All geometrical parameters are in good agreement with

DFT calculations.

It was possible to determine the key structural parameters of the 0.5 ML overlayer

despite the lack of long-range order by using only the intensities of the integer-order spots

and modeling the surface as an ordered superstructure. The precision of the structure
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analysis is generally less, but still at a level comparable the ordered 1.0 ML structure,

although the data set is significantly reduced. Only the details of the relaxation of indi-

vidual substrate atoms remain ambiguous, which is due to the nature of the disordered

surface.
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Coverage Unit mesh Atop Bridge (short) Bridge (long)

RP RP RP

1 ML p(2× 1) 0.291 (±0.04) 0.591 (±0.09) 0.504 (±0.09)

0.5 ML c(2× 2) 0.222 (±0.03) 0.346 (±0.06) –

0.5 ML p(2× 1) 0.222 (±0.03) 0.311 (±0.05) –

0.5 ML p(1× 2) 0.220 (±0.03) 0.304 (±0.05) –

Table 1: Lowest RP factors achieved without optimizing non-geometric parameters for different adsorption

sites and models for the 1.0 ML and 0.5 ML structures of CO on Pt{110}.
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Pt{111}-p(2× 1)-(2CO) (RP = 0.242)

Atom rmsd x (‖ [001]) y (‖ [110]) z

Adsorbate layer

O 0.19 2.84 ±0.13 -1.47 +0.32/-0.14 6.93 ±0.06 ∆x(C-O)=0.39, ∆y(C-O)=0.15

O 0.19 1.08 -4.24 6.93 d(C-O)= 1.10, Θ(C-O) = 22◦ (+3/-9)

C 0.14 2.45 ±0.11 -1.32 +0.25/-0.38 5.91 ±0.06 ∆x(C-Pt)=0.55, ∆y(C-O)=0.05

C 0.14 1.47 -4.09 5.91 d(Pt-C)=1.85

1st Pt layer

Pt 0.12 1.90 ±0.18 -1.27 ±0.28 4.14 ±0.06 ∆x(vs bulk)=±0.06

Pt 0.12 2.02 -4.04 4.14 ∆y(vs bulk)=−0.12

2nd Pt layer d(1-2)=1.33 (−4%)

Pt 0.07 -0.03 ±0.25 0.06 ±0.18 2.81 ±0.08

Pt 0.07 0.03 -2.71 2.81

3rd Pt layer d(2-3)=1.40 (+1%)

Pt 0.06 1.96 -1.39 1.42 ±0.07

Pt 0.06 1.96 -4.16 1.42

4th Pt layer d(3-4)=1.42 (+2%)

Pt (bulk) 0.06 0.00 0.00 0.00

d(bulk)=1.385

Table 2: Atomic coordinates and other relevant parameters for the best-fit geometry of Pt{110}-p(2× 1)-

(2CO) at 1.0 ML (RP = 0.242). All coordinates and lengths are given in Å; rmsd = vibrational root mean

square displacement, ∆x, y = lateral displacements, d(C-O)/(C-Pt)=bond length, d(1-2), etc. = vertical

inter-layer distances. Some of these parameters are illustrated in Figure 3. The error bars were calculated

using Pendry’s RR method. They are only indicated for parameters that were optimized and only once

for a pair of atoms related by the glide-line symmetry. Note, that inter-layer distances not always match

the difference between the z coordinates due to rounding errors. A complete set of coordinates is also

supplied in the supporting information.
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Atom rmsd coordinates differences bond lengths /

x (‖ [001]) y (‖ [110]) z angles

p(2 × 1)-CO (RP = 0.170)

O 0.19 2.24 +17/-24 -1.33 +0.25/-0.36 7.01 ±0.06 ∆x(C-O)=0.10 ∆y(C-O)=0.08 ∆z(C-O)=1.10 d(C-O) = 1.11

C 0.14 2.14 ±0.19 -1.41 ±0.26 5.91 ±0.05 Θ(C-O) = 7◦

∆x(C-Pt)=0.38 ∆y(C-Pt)=−0.03 ∆z(C-Pt)=1.75 d(C-Pt) = 1.79

1st Pt layer

Pt 0.12 1.75 ±0.18 -1.38 ±0.27 4.17 ±0.12 ∆x(vs bulk)=−0.21 ∆y(vs bulk)=+0.01

Pt 0.12 2.03 ±0.18 -4.11 ±0.20 4.08 ±0.08 ∆x(vs bulk)=+0.07 ∆y(vs bulk)=+0.04 ∆z(buckling)=0.08

2nd Pt layer d(1-2)=1.33 (−4 %)

Pt 0.07 -0.06 ±0.28 0.07 ±0.17 2.85 ±0.07

Pt 0.07 -0.06 ±0.24 -2.73 ±0.18 2.75 ±0.08 ∆z(buckling)=0.10

3rd Pt layer d(2-3)=1.38 (−0.4 %)

Pt 0.06 1.96 -1.39 1.49 ±0.06

Pt 0.06 1.96 -4.16 1.35 ±0.09 ∆z(buckling)=0.14

4th Pt layer d(3-4)=1.42 (+2 %)

Pt(bulk) 0.06 0.00 0.00 0.00

c(2 × 2)-CO (RP = 0.183)

O 0.19 2.28 +0.21/-0.42 -1.61 +0.53/-0.25 7.04 ±0.07 ∆x(C-O)=0.11 ∆y(C-O)=−0.14 ∆z(C-O)=1.10 d(C-O) = 1.12

C 0.14 2.17 ±0.22 -1.48 ±0.26 5.94 ±0.07 Θ(C-O) = 9◦

∆x(C-Pt)=0.31 ∆y(C-Pt)=−0.02 ∆z(C-Pt)=1.81 d(C-Pt) = 1.84

1st Pt layer

Pt 0.12 1.86 ±0.28 -1.46 ±0.20 4.12 ±0.12 ∆x(vs bulk)=−0.10 ∆y(vs bulk)=−0.07

Pt 0.12 2.07 ±0.23 -4.05 ±0.20 4.12 ±0.09 ∆x(vs bulk)=+0.11 ∆y(vs bulk)=+0.11 ∆z(buckling)=0.01

2nd Pt layer d(1-2)=1.29 (−7 %)

Pt 0.07 0.00 ±0.20 0.10 ±0.17 2.85 ±0.06

Pt 0.07 0.02 ±0.18 -2.84 ±0.25 2.80 ±0.07 ∆z(buckling)=0.05

3rd Pt layer d(2-3)=1.41 (+2 %)

Pt 0.06 1.96 -1.39 1.47 ±0.12

Pt 0.06 1.96 -4.16 1.36 ±0.07 ∆z(buckling)=0.11

4th Pt layer d(3-4)=1.41 (+2 %)

Pt(bulk) 0.06 0.00 0.00 0.00

p(1 × 2)-CO(RP = 0.181)

O 0.19 2.29 +0.17/-0.33 -1.17 +0.23/-0.48 7.01 ±0.07 ∆x(C-O)=0.12 ∆y(C-O)=0.19 ∆z(C-O)=1.09 d(C-O) = 1.11

C 0.14 2.16 ±0.22 -1.35 ±0.27 5.93 ±0.06 Θ(C-O) = 12◦

∆x(C-Pt)=0.33 ∆y(C-Pt)=+0.05 ∆z(C-Pt)=1.83 d(C-Pt) = 1.85

1st Pt layer

Pt 0.12 1.84 ±0.20 -1.40 ±0.26 4.10 ±0.12 ∆x(vs bulk)=−0.12 ∆y(vs bulk)=−0.01

Pt 0.12 6.07 ±0.17 -1.29 ±0.20 4.11 ±0.09 ∆x(vs bulk)=+0.19 ∆y(vs bulk)=+0.10 ∆z(buckling)=0.01

2nd Pt layer d(1-2)=1.29 (−7 %)

Pt 0.07 0.03 ±0.19 -0.13 ±0.27 2.76 ±0.09

Pt 0.07 3.95 ±0.18 0.09 ±0.14 2.86 ±0.06 ∆z(buckling)=0.11

3rd Pt layer d(2-3)=1.41 (+2 %)

Pt 0.06 1.96 -1.385 1.45 ±0.12

Pt 0.06 5.88 -1.385 1.35 ±0.08 ∆z(buckling)=0.09

4th Pt layer d(3-4)=1.40 (+1 %)

Pt(bulk) 0.06 0.00 0.00 0.00

Table 3: Atomic coordinates and other relevant parameters for the best-fit geometries of different models

for the 0.5 ML layer of CO on Pt{110}: Pt{110}-p(2×1)-CO, Pt{110}-c(2×2)-CO, and Pt{110}-p(1×2)-

CO. All coordinates and lengths are given in Å; rmsd = vibrational root mean square displacement, ∆x, y

= lateral displacements, d(C-O)/(C-Pt)=bond length, d(1-2), etc. = vertical inter-layer distances. Some

of these parameters are indicated in Figure 6. The error bars were calculated using Pendry’s RR method;

they are only indicated for parameters that were optimized. A complete set of coordinates for each

structure is also supplied in the supporting information.
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Average Parameters

CO d(C-O) = 1.11 (±0.07) Å Θ(C-O) = 9◦ †

∆x(C-O) = 0.11 (±0.3) Å ∆y(C-O) = 0.04 (±0.3) Å ∆z(C-O) = 1.10 (±0.07) Å

C-Pt1 d(C-Pt) = 1.83 ±0.12) Å

∆x(C-Pt) = 0.34 (±0.3) Å ∆y(C-Pt) = -0.01 (±0.3) Å ∆z(C-Pt) = 1.80 (±0.12) Å

Pt1-Pt2 d(1-2) = 1.30 (±0.12) Å

Pt2-Pt3 d(2-3) = 1.40 (±0.11) Å

Pt3-Pt4 d(3-4) = 1.41 (±0.11) Å

† See text for a discussion of the error margin of Θ(C-O).

Table 4: Average structural parameters for the 0.5 ML models of CO on Pt{110}. ∆x, y = lateral displace-

ments, d(C-O)/(C-Pt)=bond length, d(1-2), etc. = vertical inter-layer distances. Some of the parameters

are indicated in Figure 6. The error margins given are averages of those for the individual structures.
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(a)

(b)

Figure 1: (a) LEED patterns of the disordered Pt{110}-(1x1)-0.5 ML CO phase at 50 eV (left) and 150 eV

(right) at sample temperature 100 K. (b) LEED patterns observed for the Pt{110}-p(2 × 1) phase (CO

saturation coverage) at 50 eV (left) and 150 eV (right). The absence of the (±(h+ 1
2 ), 0) spots (indicated

by arrows) indicates a glide line in the [110] direction. Indices are included for the first-order integer spots

and some of the superstructure spots (on the left of (b))
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(a) (b) (c)

Figure 2: Schematic top view of the Pt{110}-p(2 × 1)-(2CO) trial structures for 1.0 ML coverage: (a)

atop, (b) short bridge and (c) long bridge adsorption sites.
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Figure 3: Schematic top view (left) and side view (right) of the best-fit LEED structure for Pt110-p(2×1)-

(2CO) at 1.0 ML. See text for details.
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Figure 4: Experimental (black) and theoretical (red) IV curves for all individual beams of the best-fit

Pt110-p(2× 1)-(2CO) structure. The total RP value for this model is 0.242.



’CO on Pt{110}’ October 12, 2011 31

(a) (d)

(b) (e)

(c) (f)

Figure 5: Schematic top view of the trial structures for 0.5 ML CO on Pt{110} with atop (a)-(c) and

bridge (d)-(f) adsorption sites: (a,d) p(2× 1), (b,e) c(2× 2) and (c,f) p(1× 2) unit mesh.
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Figure 6: Schematic top view (left) and side view (right) of the best-fit surface geometries for 0.5 ML CO

on Pt{110}:(a) c(2× 2), (b) p(1× 2) and (c) p(2× 1). The yellow dashed lines in the left images indicate

the unit mesh. See text for further explanation.
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Figure 7: Experimental (black) and theoretical IV curves for the c(2 × 2) (red), p(2 × 1) (green) and

p(1× 2) (blue) structures modeling the disordered CO layer at 0.5 ML coverage.
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(a) (b)

(c)

Figure 8: (a,b) Plots ofRP factors vs displacements of O (filled symbols) and C coordinates (open symbols)

from their best-fit values for the p(2 × 1)-(2CO) (a, 1 ML) and p(2 × 1)-(CO) (b, 0.5 ML) structures.

The horizontal lines at RP = 0.277 and 0.201, respectively, mark the upper limit of the statistical error

margin of RP , Rmin · (1 +RR).

(c) Error ranges of x and y displacements of the oxygen atom with respect to the underlying carbon atom

for the four models tested. The x/y position of the carbon atom is marked by a cross at (0,0); the best fit

positions of the oxygen atoms are marked by open circles for the 0.5 ML models and a filled circle for the

p(2×1)-(2CO) 1 ML model. The error boundaries in the two-dimensional plot were interpolated between

the one-dimensional boundaries using elliptical splines. An upright orientation of the CO molecule is

clearly outside the error range for the 1 ML structure, whereas the error ranges of the 0.5 ML structures

are all centered near the upright position.


