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Abstract

The local structure of the Cu(100)c(4 x 2)-PF; adsorption phase has been investigated through the use of normal-incidence X-ray
standing waves (NIXSW), monitored by P 1s and F 1s photoemission, together with P K-edge near-edge X-ray absorption fine structure
(NEXAFS). NEXAFS shows the molecule to be oriented with its Cz, symmetry axis essentially perpendicular to the surface, while the
P NIXSW data show the molecule to be adsorbed in atop sites 2.37 + 0.04 A above the surface, this distance corresponding to the Cu-P
nearest-neighbour distance in the absence of any surface relaxation. F NIXSW indicates a surprisingly small height difference of the
P and F atoms above the surface 0.44 + 0.06 A, compared with the value expected for an undistorted gas-phase geometry of 0.77 A,
implying significant increases in the F—P-F bond angles. In addition, however, the F NIXSW data indicate that the molecules have a
well-defined azimuthal orientation with a molecular mirror plane aligned in a (011) substrate mirror plane, and with a small (5-10°)
tilt of the molecule in this plane such that the two symmetrically-equivalent F atoms in each molecule are tilted down towards the surface.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The chemisorption properties of phosphorous trifluor-
ide, PF;, have attracted significant interest due, in large
part to the strong similarity as a ligand in metal coordina-
tion chemistry to that of CO, although with most transition
metals it bonds only in a singly-coordinated fashion. Stud-
ies of PF;3 adsorption on extended surfaces of several met-
als appear to indicate similar behaviour, but have also
served as model systems for the study of electron-induced
dissociation and desorption phenomena. The great major-
ity of these investigations have been on threefold symmet-
ric substrates: Pd(111) [1], Ni(111) [1-4], Pt(111) [5],
Ru(0001) [6], Cu(111) [7], and in the case of Ni(111)
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and Cu(111) quantitative structure determination (mainly
based on normal-incidence X-ray standing waves (NIX-
SW) [3,7] and scanned-energy mode photoelectron
diffraction (PhD) [4]) have shown the bonding to be to sin-
gly-coordinated atop sites, with the molecular Cs, symme-
try axis essentially perpendicular to the surface. One
interesting aspect of the adsorption of PF; on these sur-
faces is the extent to which the adsorbed molecules are azi-
muthally aligned, or are freely rotating about their Cs;,
symmetry axis. On both Ni(111) [2] and Ru(0001) [6] it
has been shown, using ESDIAD (electron-stimulated
desorption ion angular distributions), that at low coverages
(~0.04 ML) azimuthal alignment occurs only at low tem-
peratures (typically ~80 K or less), but at saturation cover-
ages of 0.25 ML or 0.33 ML, free rotation is suppressed
even at room temperature. This latter finding is broadly
consistent with the fact that the intermolecular distances
in these high-coverage ordered phases (4.97 A and
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Fig. 1. Schematic diagram of the Cu(100)c(4 x 2)-PF; surface phase
assuming the molecules are located in atop sites (as found in the present
study). The structure is shown for two possible azimuthal orientations of
the molecule corresponding to alignment of a molecular mirror plane with
one of the two inequivalent mirror planes of the substrate.

4.68 A, respectively) are significantly smaller than the esti-
mated van der Waals diameter (relative to the symmetry
axis and thus parallel to the surface) of about 5.4 A [1],
leading to steric hindrance of the rotational movement.
There has also been some interest in the vibrational motion
of the adsorbed PF5 molecules relative to the surface, the
atop adsorption site tending to favour large-amplitude

frustrated translational motion parallel to the surface, first
noted in NIXSW experiments on Ni(111) [3].

Somewhat more recently Braun et al. [§] have investi-
gated the properties of PF3; adsorption on a fourfold sym-
metric surface, that of Cu(100), using, in particular, elastic
and inelastic helium atom scattering. Their results show the
formation of a ¢(4 x 2) ordered phase at a nominal cover-
age of 0.25 ML (see Fig. 1) for which the nearest- and next-
nearest intermolecular distances are 5.11 A and 5.71 A, val-
ues that may, or may not, be sufficiently short to allow azi-
muthal rotation of the adsorbed molecules. This study also
provided clear evidence of a frustrated translational surface
vibration, and also identified a higher coverage incommen-
surate phase at low temperature that, by implication, must
involve at least some molecular adsorption in multiply-
coordinated sites.

Here, we present the results of an experimental investi-
gation of the Cu(100)c(4 x 2)-PF; surface phase using
NIXSW and NEXAFS (near-edge X-ray absorption fine
structure). NIXSW [9,10] involves the measurement of
the element-specific X-ray absorption, in the present case
by monitoring the P 1s and F 1s photoemission signal, in
an X-ray standing wavefield established due to the interfer-
ence of the incident and scattered X-rays at a Bragg reflec-
tion in the crystalline sample. By monitoring the
absorption profile as the photon energy is scanned through
the Bragg condition, leading to a systematic shift in the
location of the standing wavefield, the location of the
absorbing atoms relative to the substrate scatterer atoms
can be determined. Complementary information on the ad-
sorbed molecular orientation is provided by the polarisa-
tion-angle dependence of the NEXAFS signal. Together
these methods allow us to determine the local adsorption
geometry, and specifically, the adsorption site, and to ex-
plore the evidence for azimuthal ordering.

2. Experimental details

The experiments were conducted in a purpose-built
UHYV surface science end-station taking radiation from a
double-crystal monochromator (station 6.3) installed on
the SRS (synchrotron radiation source) at the CCLRC
Daresbury Laboratory. The NEXAFS spectra and the
NIXSW absorption profiles were obtained by measuring
the intensity of an element-specific Auger or photoelectron
emission peak using a concentric hemispherical electron-
energy analyser (VSW Ltd.) mounted in the horizontal
plane at a fixed angle of 40° to the incident synchrotron
radiation. The Cu(100) sample was prepared by the usual
combination of X-ray Laue orientation, spark machining,
mechanical polishing, and in situ argon ion bombardment
and annealing cycles until a clean well-ordered surface was
obtained as indicated by Auger electron spectroscopy
(AES) and low energy electron diffraction (LEED). Adsor-
bate dosing of the surface was effected by exposing the
sample at a temperature of 110 K to PF; gas introduced
into the chamber to a typical pressure of 5 x 10~ mbar.
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An exposure of 2 x 107° mbar s appeared to be sufficient
to ensure saturation coverage within a single layer; higher
exposures led to no further adsorption and no formation
of multilayers. The sample was then briefly annealed to
180 K to ensure that only the ¢(4 x 2) phase was present
on the surface and not the higher-coverage incommensu-
rate phase found by Braun et al. [8] for temperatures below
145 K. Adsorbed PFj; is known to have a high cross-section
for electron beam desorption and dissociation (e.g. [7,8,11—
13]), so LEED and AES data recorded from the adsorbate
surface (to check for contaminants such as oxygen and car-
bon) were carried out only after the NIXSW or NEXAFS
measurements had been completed. These checks with
LEED did reveal the expected c¢(4 x 2) diffraction pattern,
but this was only seen for a few seconds before being
replaced by a (1 x 1) structure, clear evidence of this
radiation damage. Incident photons can also cause
fragmentation (probably by an electron-mediated process)
of adsorbed PFj, leading to characteristic chemical shifts in
the P 2p and 1s photoemission spectra associated with the
PF, fragments (e.g. [13,14,15]), but careful checks of the P
Is and F 1s photoemission spectra before and after the
NIXSW measurements (which typically took ~3 h) showed
no such effects; this lack of damage may be attributed to
the use of a low incident flux-density of relatively poorly-
focussed bending-magnet synchrotron radiation.

For the NIXSW measurements, X-ray absorption in the
copper substrate was monitored by the intensity of the Cu
L3VV Auger transition (920 e¢V). The absorption at the F
and P atoms was obtained by monitoring the intensities
of the F 1s photoemission (697 eV binding energy) and P
Is photoemission (2146 eV binding energy) signals. In most
cases these intensities were taken as the difference between
the electron emission at the peak energy and the intensity
measured at a kinetic energy a few eV higher. In the case
of the NIXSW experiment from the (111) scatterer planes
(Bragg energy ~2975¢V), however, a different approach
(previously described by Jones et al. [7]) was necessary to
monitor the X-ray absorption at the P atom. This is be-
cause, over the range of the photon energy used, the P 1s
photoemission peak crosses the Cu L;M, 3V Auger peak,
at 840-849 eV kinetic energy, on the high photon energy
side of the standing wave condition. In order to achieve
effective separation of the intensity contributions from
these two peaks, a wide range energy distribution curve
(EDC) of the Cu Auger peak was recorded using a photon
energy set to a value ~170 eV below the Bragg energy, cho-
sen so that the P 1s peak is not present in this range. This
EDC (after normalisation to the X-ray beam flux) was then
used as the standard structured background spectrum. A
series of narrow EDCs of the P s peak for a set of photon
energies across the standing wave condition was then ob-
tained and each normalised to the X-ray beam flux. The
standard background spectrum was then matched to the
high kinetic energy end of these individual P 1s EDCs by
a multiplication factor, and subtracted from the narrow
EDC, leaving just the P 1s photoelectron peak. The P 1s

spectra obtained in this way were fitted using a Doniac-
Sunjic line shape [16], and the peak heights were extracted
to form the absorption curve for phosphorus. The fitting
factors used in this background subtraction procedure
reproduce the fluctuations in the copper substrate back-
ground emission intensity through the standing wave scan,
and can be used as a measure of the NIXSW absorption
signal in the copper substrate.

Phosphorous K-edge NEXAFS data were obtained by
monitoring the P KLL Auger peak intensity (KE
1859 eV) as the X-ray energy was scanned through the P
K-edge (2146 eV). Spectra were recorded in five different
incidence angles; using the standard NEXAFS nomencla-
ture of the grazing incidence angle (the angle between the
photon beam and the surface plane), these were 90° (nor-
mal incidence) 60°, 45°, 30° and 15°.

3. Results and structural analysis
3.1. NEXAFS

The P K-edge NEXAFS spectra are shown in Fig. 2.
Individual spectra are normalised to the incident X-ray
beam and then all five spectra were normalised to a con-
stant edge jump (far above the edge), to match around
the first EXAFS oscillation at ~2165 eV. This is considered
an adequate procedure as variations in the intensities of the
EXAFS oscillations with detection angle are expected to be
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Fig. 2. P K-edge NEXAFS spectra from the Cu(100)c(4 x 2)-PF; surface
recorded at five different incidence angles. Note that no absolute
calibration of the photon energy scale was conducted in these experiments,
as only the relative energies are significant for this investigation.
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small compared to the variations in the NEXAFS peak
intensities, which are our primary concern here.

Two clearly-resolved NEXAFS peaks, at ~2146.5 eV
and ~2152.5 eV, are seen. When the sample is moved to-
wards normal incidence the first peak grows in intensity
and the second peak disappears, whereas at grazing inci-
dence the second peak grows and the first peak fades. As
described in Ref. [7] for the same molecule adsorbed on
Cu(111), the lower energy peak is associated with a transi-
tion from the fully symmetric P 1s state into the lowest
unoccupied 7m-symmetry (strictly e-symmetry) 7e orbital
of the molecule, partially occupied by m back donation
from the metallic d orbitals, whilst the second peak corre-
sponds to the transition to the o-symmetry 8a; orbital of
molecule. In fact, inspection of Fig. 2 indicates that the
o-resonance peak consists of two components with identi-
cal or closely similar dependence on the polarisation direc-
tion. Why this should be in unclear; a tilt of the molecule
on the surface could lead to a splitting of the n-state due
to loss of degeneracy of the m, and =, state, but there
should be no equivalent effect on the o-state. However,
we make no explicit use of the o-resonance peak, and so
do not consider this problem further. The degree of polar-
isation of the synchrotron radiation at these energies is
90%, with the electric vector in the plane of the incidence,
and this means that at normal incidence the electric vector
is parallel to the crystal surface, whereas at 0° grazing inci-
dence it would be perpendicular to the surface. Therefore
the absence of the a; peak at normal incidence and the
large drop in intensity of the e-symmetry peak on going
to grazing incidence shows that the Cj, axis of the molecule
is aligned perpendicular to the surface. No detailed quanti-
tative analysis of these peak intensities has been under-
taken, but it is clear that the near-edge m-resonance at
grazing incidence is either extremely small or of essentially
zero intensity depending on the position of the continuum
edge-jump. As such, we conclude that the molecule has this
perpendicular orientation to within a typical NEXAFS
precision of +10° (e.g. [17]).

3.2. NIXSW

The NIXSW absorption profiles monitored from the P
Is and F 1Is photoemission signals through the (200) and
(111) reflection conditions are shown in Fig. 3. These
experimental NIXSW profiles were analysed using the
XSWfit automated fitting procedure [18]. NIXSW analysis
provides two structural parameters [9,10,19]: the coherent
position dy (where H specifies the Miller indices of the scat-
terer planes) and the coherent fraction f.,. In the simplest
case of an absorber occupying a single well-defined site,
dpy 1s equal to the perpendicular distance of this site from
the scattering planes, while f., is a measure of the degree
of local order. Notice that dy is defined relative to the near-
est extended scatterer plane, so even in this simplest struc-
tural situation the real distance may differ from the
coherent position by an integral number of substrate inter-

Cu(100)/PF3 NIXSW

22

L0 (200 R

A AP
® F

1.8 —

1.6 —

1.4 —

1.2 —

1.0 —H

0.8 — ®

0.6

22

Relative Absorption

2.0 —

1.8 —

1.6 —

1.4

1.2 —

1.0 —

0.8 —

0.6 I I I
-10 -5 0 5 10
Photon energy relative to Bragg energy (eV)

Fig. 3. Experimental NIXSW (200) and (111) absorption profiles
(symbols) from the P and F absorbers together with best-fit theoretical
curves using the structural parameter values listed in Table 1. Reduced
photon energy steps were used in the data collection in the most structure-
sensitive range at energies close to the nominal Bragg energy.

layer spacings. More generally, f., can only take values be-
tween 0 and 1; some reduction below the ideal value of 1
for a single well-defined site to ~0.8-0.9 arises from dy-
namic (thermal vibrations) and static local disorder. Much
lower values can occur, but this generally implies that there
is multiple site occupation. The shape of the profiles is also
influenced by two non-structural parameters, the Gaussian
instrumental broadening AE (mainly due to the finite reso-
lution of the monochromator) and the absolute energy of
the Bragg reflection Eg. These parameters were determined
by fitting the substrate standing wave profile, and were
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then fixed for the analysis of the adsorbate absorption pro-
files, which were then fitted by only adjusting the adsorbate
structural parameters.

For a more general understanding of the relationship
between the XSW structural parameters of the coherent
position and coherent fraction, and the actual positions
of absorber atoms, a rather more formal discussion is re-
quired. In particular, to analyse situations involving two
or more distinct absorber sites one exploits the finding that
the coherent fraction and coherent position can be related
to the spatial distribution of the absorber atoms relative to
the nearest scatterer plane f{z), defined by the spacing coor-
dinate z, by

Seo €xp(2midy /Dy) = /0 Hf(z) exp(2miz/Dy)dz (1)

where Dy is the bulk interlayer spacing of the H scatterer
planes [2-4]. From this it is clear that f,, and dy/Dy define
the amplitude and phase of one Fourier component of the
absorber site distribution projected along one direction
(perpendicular to the relevant Bragg scatterer planes). No-
tice that the left-hand side of this equation can be repre-
sented as a vector in an Argand diagram with length f,
and direction determined by the phase angle 2ndy/ Dy rela-
tive to the positive real axis [20]. The right-hand side of the
equation is then a summation (integral) over component
vectors of length f{z) and phase angle 2nz/Dy;. This inter-
pretation is particularly useful in summing over discrete
sites at spacings z;, in which case f{z) is replaced by a set
of discrete occupation probabilities, p;, leading to

Jeo €Xp(2midy /Dy) = p;exp(2miz;/Dy)dz (2)

The NIXSW structural parameter values obtained from
the data of Fig. 3 are summarised in Table 1, while the
quality of the resulting fits to the experimental data are
shown in Fig. 3. These functional fits, both based on
monitoring 1s photoemission signals, include the effects
of non-dipole effects in the angular dependence of the pho-

Table 1

toemission, leading to a forward/backward asymmetry
parameter Q, and to a small offset in the coherent position
due to a phase factor introduced by these non-dipole ef-
fects. The values of these correction terms have been deter-
mined in previous calibration experiments for the Cu(111)
and (200) NIXSW energies [21]; specifically Q values for
the (111) and (200) conditions used were, respectively,
0.18 and 0.25 for P 1Is, and 0.25 and 0.31 for F 1s. Note that
the error estimates in Table 1 are based on the scatter of
several different experimental measurements; error esti-
mates based on the least-squares fitting to individual data
sets are actually significantly smaller.

In order to interpret these structural parameters in terms
of the actual structure, we consider first the P atom which
we expect to be bonded to the surface in a single atomic
site. In this context we note that the value of f(2) is quite
close to unity, reinforcing the view that all P atoms have
essentially the same height above the surface. The (200)
coherent position provides information on the height of
the P atom above the Cu(100) surface, but because the
XSW measurement provides the distance of the atoms
from the nearest extended substrate scatterer plane, the
true height above the outermost Cu atom layer is
2200y = d(200) T 1D(200), Where n is an integer. In principle,
n could take any integral value, but in practice only one va-
lue is likely to lead to a plausible Cu—P nearest-neighbour
distance. Notice, though, that if the outermost interlayer
spacings of the Cu(100) surface are relaxed, the net relax-
ation will constitute a systematic error between z(zgg) as
determined by this equation, and the true nearest-neigh-
bour Cu-P interlayer spacing. In practice, it is highly
improbable that this net relaxation (i.e. the relaxation inte-
grated over all relaxed layers, which typically have alternat-
ing sign with layer thickness) is greater than 0.1 A, and is
almost certainly much less than this, so this problem has
a minimal impact on the proper choice of n.

Table 2 shows the Cu-P nearest-neighbour distances
(assuming no net relaxation) for n values of 0 and 1 for
each of the three highest-symmetry adsorption sites,

Summary of NIXSW structural parameters obtained from absorption at the P and F atoms of PF; adsorbed on Cu(100)

Parameter/absorber d(200) (d200)/ D200)) diiiyy (dain/Darny) Ja
P 0.56 +0.04 A (0.31 £0.02) 0.89 £ 0.045 1.354+0.04 é (0.65 +0.02) 0.69 + 0.05
F 1.00 £ 0.04 A (0.55 £ 0.02) 0.66 4+-0.05 0.77 £ 0.04 A (0.36 4 0.02) 0.43 +0.05

The coherent positions are shown both in the form of dy (in Angstrém units) and of dy/Dy (a dimensionless quantity), the latter shown in brackets.

Table 2

Implications of specific P adsorption sites compatible with the measured NIXSW d(»q) value and the predicted d(;;,) values

Adsorption site Cu-P nn distance with

Predicted d(y1) value with

Cu-P nn distance with Predicted d(y1) value with

ZCu-P— d(zoo) ZCu-P — d(zoo) ZCu-P— d(zoo) + D(zoo) ZCu-P — d(zoo) + D(zoo)
Atop 0.56 +0.04 A 0.32+£0.02 A 2.37+0.04 4 1.36+0.01 A
Hollow 1.89 £+ 0.01 A 1.36 £ 0.01 A 2.98 +0.03 A 0.32+£0.02 A
Bridge 1.39+0.02 A Indeterminate (f(;11) = 0) 2.69 +0.04 A Indeterminate (f(;11) = 0)

The values shown in italics are those corresponding to the solution consistent with NIXSW triangulation and bond length considerations, as described in

the text.
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namely onefold coordinated atop, fourfold coordinated
hollow, and twofold coordinated bridge sites. A NIXSW
study of PF3 adsorption on Cu(111) [7] inferred a value
of the Cu-P distance of 2.25 +0.04 A, so we may expect
a value on Cu(100) within about 0.1 A of this value. The
only structure in Table 2 to satisfy this constraint corre-
sponds to atop adsorption with a value of n of 1, and thus
a value of z(599) 0f 2.37 £ 0.04 A. Valuable additional infor-
mation in making this selection, and even more signifi-
cantly to determine the adsorption site, is provided by
the (111) coherent position. In particular, for a specific
height of the absorber atom above the surface, z(x09), We
can predict the value of d(111) to be expected for different
adsorption sites by simple triangulation. Specifically, for
the two fully-symmetric sites (the sites that retain the full
point group symmetry of the substrate), the general rela-
tionships are:

atop SZ(111) = Z(200) sin 35.26° = Z(zoo)/\/g (3d)
hollow : Z(111) = (Z(z()o) + D(zoo)) sin 35.26°
= 0.5Dn) + (z¢00)/V3) (3b)

These predicted values are included in Table 2, which
shows that the atop geometry (with n = 1) would be ex-
pected to yield a d(;;,, value almost identical to the mea-
sured value. Notice that Table 2 also shows that, on the
basis of the triangulation of the (200) and (111) XSW
parameters alone, there is an ambiguity between the atop
site with » = 1, and the hollow site with » = 0. This is be-
cause both sites correspond to the P atom lying at the same
height atop a Cu atom, in one case atop a first layer atom,
in the other case atop a second layer atom. The XSW tech-
nique does not distinguish these situations, but the different
implied Cu-P nearest-neighbour distances clearly allows us
to reject the hollow site model.

Table 2 also shows that it is straightforward to reject the
possibility of bridge site adsorption, even without consider-
ing the bond lengths, because the predicted (11 1) coherent
fraction value for these sites is identically zero. Because the
bridge sites have only twofold rotational symmetry on a
fourfold symmetric substrate, there are two inequivalent
bridge sites (related by a 90° azimuthal rotation) that must
have equal occupation. The d;;) values for these two sites
(that are the same as for the atop and hollow sites, respec-
tively) differ by D(y11)/2, leading to a net cancellation and
the zero value of f(111), as may be recognised by substitu-
tion of this two-state solution into Eq. (2) with
P1=DP2—= 0.5 and Zy = Zl+0.5D(111).

The clear conclusion that the PF; molecule adsorbs in a
onefold coordinated atop site on Cu(100) is, of course,
consistent with our expectations of the general chemistry
of this species. One further feature of the NIXSW data that
is qualitatively consistent with this conclusion is the fact
that for the P atoms the value of £, is significantly lower
than that of f(»90). In studies of a range of molecular adsor-
bates on surfaces, using both NIXSW and photoelectron
diffraction, we have found evidence for atop-bonded spe-

cies to show large-amplitude wagging vibrational modes
corresponding to frustrated rotation, with most of the mo-
tion parallel to the surface. In NIXSW such motion has lit-
tle effect on the coherent fraction measured for standing
wave nodal planes parallel to the surface, as the height var-
iation is small, but leads to a marked reduction of the
coherent fraction for measurements with nodal planes stee-
ply inclined relative to the surface. For example, this effect
was seen in a NIXSW study of PF; adsorbed (in atop sites)
on Ni(111) using the (111) (scatterer planes parallel to the
surface) and (111) (scatterer planes inclined at 70° to the
surface), for which the P coherent fraction values were
0.8 and 0.5, respectively, attributed to a root-mean-square
(rms) vibrational amplitude parallel to the surface of
approximately 0.27 A [3]. The reduction of the coherent
fraction between the (200) and (111) NIXSW in the pres-
ent case could be reconciled with a very similar value of the
rms vibrational amplitude. Of course, an alternative source
of this reduced f{;1, value could be a static rather than dy-
namic offset of the P atom from the exact atop site by a
similar amount, implying a tilt of the Cu-P bond relative
to the surface normal.

For further information on the adsorption geometry we
now turn to the F (200) NIXSW structural parameter val-
ues of Table 1. As for the P atom, the only plausible value of
Z(200) corresponds to adding one bulk interlayer spacing to
the measured d(»00), leading to a value 2.81 A, just 0.44 A
higher above the surface than the P atoms. This small differ-
ence in height of the P and F atoms is surprising. In the gas-
phase molecule the P-F distance projected onto the Csy
symmetry axis is 0.77 A, and the NIXSW studies of PF; ad-
sorbed on Ni(111)[3]and Cu(111) [7] the height difference
of the P and F atoms above the surface was found to be
0.75 4 0.15 A and 0.80 & 0.06 A, respectively, both consis-
tent with adsorption of an undistorted molecule adsorbed
with the molecular Cs, axis perpendicular to the surface.
In the present case the much smaller interlayer spacing of
the P and F atoms clearly implies a substantial increase in
the F-P-F bond angles relative to the gas-phase molecule
if the molecular symmetry axis is perpendicular to the sur-
face. A tilt of this axis, however, could partially account
for the reduction in the average P-F interlayer spacing rel-
ative to the surface normal. Of course, tilting the PF3 axis
leads to some F atoms moving down and others moving
up, but if the tilt plane corresponds to a mirror plane of
the molecule such that two F atoms move down and one
moves up, the weighted average height, as monitored by
the coherent position, is reduced. Such a difference in height
of the F atoms relative to the surface could also account for
the fact that f(»00, for the F atoms is significantly lower than
the value for the P atoms.

In order to explore this idea a little further a simple cal-
culation was undertaken of the (200) F coherent position
and coherent fraction, as a function of the tilt angle of
the C;, molecular symmetry axis, and of the F-P-F angle,
assuming the P-F bond length is fixed at the gas-phase va-
lue of 1.57 A and the difference in the P and F coherent
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positions is 0.44 A, as measured. A solution was found
with a tilt angle of 13°, but this solution also retains the
large F-P-F bond angle distortion, the projection of the
P-F bond along the molecular symmetry axis being
0.47 A, only slightly larger than the difference in the d(»g0)
values. Nevertheless, it is notable that such a tilt angle
would place the P atoms 0.53 A off atop, leading to a
40% reduction in f(1y) relative to fo0 (see Fig. 4 discussed
below). This is a significantly larger effect than that seen in
the experimental data, so while a small tilt may help to rec-
oncile some aspects of the (200) coherent fractions, other
sources of disorder must contribute. Significantly, the
much-reduced P-F spacing along the molecular symmetry

(Z(200)/3)

axis is not significantly changed by incorporating tilting,
so this effect seems to be an inescapable implication of
the experimental data.

We finally turn to the (111) NIXSW parameter values
for the F atoms; can this information provide any specific
information on the lateral positions of the F atoms and
thus the azimuthal alignment of the adsorbate PF; species?
The fact that f,y) is very significantly larger than zero sug-
gests that some such information should be available. Of
course, for any location of the threefold symmetric PF;
molecule on the fourfold symmetric Cu(100) surface, at
least some of the F atoms must be in low symmetry sites
relative to the substrate, so we need to understand how

Cu(100) surface triangulation
\ d 444y @nd f(444) value maps

atop

<C \
1.0

0.5 —

(111)

0.0 —

-0.5 -

-1.0

(2(200)/\/3)+(D(111>/2)

bridge

-1.0 -0.5 0.0

0.5 10 A

Fig. 4. Grey-scale-shaded contour maps, as a function of lateral position on a Cu(100) surface, of the values of the NIXSW parameters, d(;11) and f(111),

for a single absorber atom at a height z(509) above the surface.
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the (200) and (111) XSW structural parameters triangu-
late for low symmetry adsorption sites. This can be estab-
lished through the use of Eq. (2) above, where the
summation is over all symmetrically equivalent sites on
the surface (related by the point group symmetry opera-
tions of the substrate). The results, for photo-absorption
at a single adsorbed atom in all possible lateral positions
on the surface, are given in Fig. 4, which shows grey-
scale-shaded contour maps of the values of d(;;;, and
Jainy within a surface unit mesh. A striking result is that
there are only two possible values of 4y, for a specific
height of the absorbed atom above the surface, z290). These
specific values correspond to those associated with the
high-symmetry atop and hollow sites given in Eq. (3)
above, so the map in d,,, shows only the two extreme grey
levels, black and white. The map in f(;,;) shows how the
sudden switches between these two discrete d{;1, can occur,
because the coherent fraction goes to zero at the boundary
between these two distinct values of d(;1). Moreover, the
value of this coherent fraction, that is unity at the two four-
fold symmetric atop and hollow sites, falls smoothly as the
adsorption site is displaced further and further from these
high-symmetry locations. Thus, within an Argand diagram
representation, the vector representing the solution be-
comes shorter and shorter (decreasing f(;11)) as one moves
off the high-symmetry sites, and switches direction (and
thus d(;;1, value) as its length passes through zero.

Of course, in the present case, we have three F atoms per
adsorbed molecule, constrained in their relative positions
by the intramolecular bonding, so simple symmetry argu-
ments (the only common symmetry property that the sur-
face and molecule can share is a mirror plane) show that
there must be at least two symmetrically-distinct F atom
sites on the surface. Notice, though, that the only two pos-
sible d(111y values differ by Dy11)/2, so their associated Ar-
gand vectors are diametrically opposed. Any mixture of
surface sites must therefore lead to a summation involving
these two discrete values, weighted according to the loca-
tion of the contributing sites. Thus, if we sum components
having these two values with the same occupancy (as in the
bridge site discussed above), then the coherent fraction is
zero (the vectors cancel). If their occupancies are different,
the resultant vector has the direction (coherent position) of
the higher-occupancy component, but a much reduced
amplitude due to the partial cancellation. We therefore
conclude that, not only does any single adsorption site on
this fcc(100) surface lead to only two possible values, of
d11y, but any combination of surface sites also can lead
to only one of these two values.

Turning now to the experimental data, if we take z(200)
for the F atoms to be 2.81 ==0.04 A as discyssed above,
then the two possible d(;11) are 1.62 4 0.02 A (atop) and
0.72+0.02A (hollow). The experimental value is
0.77 £ 0.04 A, clearly consistent with the hollow-site value.
To understand the implications of this result, and the po-
tential significance of the measured value of f), Fig. 5
shows the triangulation maps of Fig. 4 re-plotted over 4

Cu(100)+ atop PF, ;F locus with PF projection = 1.5 A

bridge

1.0 2.0 (A)

-1.0 0.0

-2.0

2.0 1.0 0.0 1.0 2.0 (A)

Fig. 5. NIXSW contour maps as shown in Fig. 4, but over an area of four
Cu(100) surface meshes, including a superimposed locus of possible F
atoms sites for atop PF; as found in this study.

unit meshes of the clean surface, each map having a
(vellow') circle superimposed around the P atop site at a
radius of 1.5 A. This circle corresponds to all possible loca-
tions of the F atoms, assuming an untilted species, a P-F
bond length of 1.57 A, and the distorted molecular F—P-
F angle consistent with the measured value of the P-F dis-
tance_projected along the molecular symmetry axis of
0.44 A. Also superimposed on these plots are two specific
azimuthal orientations of the P-F bonds (shown as dashed
(yellow') and solid (green') lines) corresponding to one of
the mirror planes of the molecule being aligned to one of
the mirror planes of the substrate, as shown in Fig. 1. No-
tice that almost all points on the circle defining possible F

' For interpretation of the references to colour in the text, the reader is
referred to the web version of this article.
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locations lie within the region of hollow-site d(;,;) values,
so the experimental result is entirely consistent with this
picture.

The points of intersection of the P-F bonds with the cir-
cle on the f(;11) map provide a route to estimate the expected
(111) coherent fraction to be measured for the two specific
azimuthal orientations shown in Fig. 1. With the (00 1) mir-
ror plane alignment, corresponding to the (yellow') dashed
P-F bond projections, all three F atoms lie in the regions of
hollow-site triangulation, one falling on a f{;,) contour cor-
responding to a value of ~0.65, the other two with f(,,1, val-
ues of ~0.15. The experimental f{;;) value to be expected is
thus the weighted average of these, namely
(0.65+ 0.15+0.15)/3 = 0.32. For alignment in the (011)
mirror plane, represented by the (green) solid P-F bond
projections, two F atoms are in equivalent sites with hollow
site d(11) values and individual f{;y) values of ~0.47, while
the third F atom is in a region (close to a bridge site) corre-
sponding to atop-site triangulation but with a very small
Jan value of ~0.05. In this case, therefore, the weighted
average coherent fraction expected is (0.47 + 0.47 — 0.05)/
3 =0.30. Bearing in mind the experimental precision, these
two predicted (11 1) coherent fraction values are thus indis-
tinguishable, and indeed, it is clear that from inspection of
Fig. 5 that a random azimuthal orientation (or a freely
rotating molecule) would give essentially the same value.

Comparison with experiment, however, indicates that
the true value of the (111) coherent fraction is larger than
these predicted values. The measured value is 0.43, but this
value must also include the consequences of whatever dis-
order or tilt leads to the experimental value of fixoq)
(0.66) that is significantly reduced from the ideal value of
unity. In considering this substantial reduction of f>99) in
our discussion above, we concluded that one model that
could account for this, at least in part, was if the molecule
was tilted within its mirror plane such that two F atoms are
lower above the surface than the third F atom. In the case
of alignment in the (011) substrate azimuth, the conse-
quence of such a tilt can be estimated by displacing the
F-locus circles upwards in Fig. 5. This will clearly have
the effect of significantly increasing the f(;1;, values of the
two F atoms in the upper half of the figure maps, as these
atoms move closer to the symmetric hollow sites, while the
effect on the f;11) value of the third F atom will be minimal
as this passes through a bridge site with zero coherent frac-
tion. Such a tilt thus markedly improves the fit to the mea-
sured f111y value, as well as the f(»90) value, for the F atoms.
Notice that quite a small tilt angle will have a large effect —
a tilt of 10° produces a shift in the circle (which becomes
very slightly ellipsoidal) on the contour maps of Fig. 5 by
almost 0.5 A, sufficient to place the two F atoms in the
upper half of the figure very close to the symmetric hollow
sites. By contrast, for the alignment of the molecular mir-
ror plane in the (00 1) azimuth, tilting has the opposite ef-
fect. In this case the circle is displaced towards the top
right-hand corner of the figure, and the individual £{;;, val-
ues of all the contributing F atoms are reduced.

Notice that these arguments relate to a static tilt of the
molecular axis. The reduced £,y value for the P absorbers
could be attributed to either dynamic time-averaged tilt of
the molecular axis, or a static tilt (averaged over symmetri-
cally equivalent domains). The same is not true in attempt-
ing to understand the f(;,) value for the F absorbers, which
is actually higher than would be expected for a rigid per-
pendicularly-aligned molecule. In particular, this increase
in the coherent fraction is associated with a particular sign
of the tilt in a particular azimuthal direction; tilting in the
opposite sense would lead to a reduced value of f(111), so a
wagging motion symmetric about the surface normal will
not have the same effect as the static tilt.

4. General discussion and conclusions

The NIXSW data presented here clearly show that the
PF; species in the Cu(100)c(4 x 2)-PF; surface phase are
adsorbed in onefold coordinated atop sites, the triangula-
tion of both the P and F atom coherent fractions support-
ing this interpretation, with the molecular Cs, axis at least
approximately perpendicular to the surface. This result is
consistent with all other quantitative structure determina-
tions for PF; adsorbed on surfaces, and with the known
behaviour of PF; as a ligand in coordination chemistry.
The P K-edge NEXAFS data also clearly support this
molecular orientation, although these data do not exclude
the possibility of a small (~10°) static or dynamic tilting
of the molecular axis. The reduced value of the NIXSW
(111) coherent fraction for the P absorbing atoms could
be due to a substantial amplitude of atomic vibrations par-
allel to the surface, consistent with a similar conclusion for
PF; adsorbed on Ni(111) [3], and with the observation of a
frustrated translational mode in an inelastic helium scatter-
ing investigation [8] of the same surface phase on Cu(100)
investigated here. However, this reduced P coherent frac-
tion could also be due to a static, rather than dynamic, lat-
eral offset of the P atoms from the exact atop site that
would accompany a molecular tilt. In this regard it is nota-
ble that more detailed consideration of the coherent frac-
tions for the F absorption data, indicates a significant
preference for a slight tilt of the molecular symmetry axis
such that a molecular mirror plane is aligned in the
(011) azimuth, with the two equivalent F atoms tilted
down closer to the surface. The static tilt required to
achieve this improved description of the NIXSW is only
~5-10°, well within the estimated precision of the NEXA-
FS result. Incorporating this static tilt also defines the azi-
muthal orientation of the PF; species as having their
molecular mirror plane aligned in the (011) close-packed
direction of the Cu(100) surface.

While at first sight the implied molecular tilt is surpris-
ing, and has certainly not been seen in any previous stud-
ies of adsorbed PFj3, inspection of Fig. 1 serves to remind
us that introducing a threefold symmetric molecule onto a
fourfold symmetric substrate leads to a system of much-
reduced symmetry, with only a single mirror plane
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remaining. This contrasts with all previous adsorption
studies of PF; conducted on threefold symmetric sub-
strates. Notice, too, that the plane in which the molecular
tilt is proposed, the (011) direction of the upper diagram
of Fig. 1 (which shows the preferred azimuthal orienta-
tion of the molecules) corresponds to the direction of
the closest intermolecular distances, a value less than
the estimated van der Waals radii. It is thus only in this
direction that the intermolecular interactions can prevent
the free rotation of the adsorbed PF; species, and in the
absence of such free rotation there is no static or time-
averaged twofold rotational or mirror symmetry to pre-
clude tilting. As such, there is no reason not to expect tilt-
ing in this direction.

There remains, however, one unexplained feature of the
results presented here, namely the significant reduction of
the projection of the P-F bond length along the molecular
symmetry axis, implying a substantial increase in the F—P—
F bond angles relative to the gas-phase species. In the gas-
phase molecule it is known that the umbrella vibrational
mode of the molecule is rather soft, so this distortion is un-
likely to have a high energy cost, yet no such distortion ap-
pears to occur in the same species adsorbed on both
Ni(111) and Cu(l11). Two differences between the
Cu(100) surface on the one hand, and the Ni(111) and
Cu(111) surfaces on the other, could be relevant. One is
that the rotational symmetry mismatch of the molecule
and the surface on Cu(100) makes a solution with a tilted
molecule more likely (and indeed, we find evidence for such
a tilt) and this brings (two of) the F atoms closer to metal
surface and thus more able to interact with it. The second is
that the packing density of the molecules in the
Cu(100)c(4 x 2) phase is ~15% lower than in the
Ni(111)(2 x 2) surface, although the intermolecular dis-
tance is almost identical. This could mean that it is easier
to accommodate the larger van der Waals radii of the dis-
torted PF; molecules (with enlarged F-P—F angles) on the
Cu(100) surface. Unfortunately, no ordered LEED pattern
was seen in the Cu(111)/PF; system (perhaps due to en-
hanced electron-beam desorption cross-sections) so we
can only surmise that saturation on this surface would also
lead to a (2 x 2) ordering. However, neither of these differ-
ences between the (100) and (11 1) surfaces seems to offer a
compelling reason for expecting the significant difference in
F-P-F bond angles, and it would certainly be of interest to
see if this difference is reproduced by modern total-energy
calculations for these systems.
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