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We present an analysis method of normal incidence x-ray standing wave (NIXSW) data that
allows detailed adsorption geometries of large and complex molecules to be retrieved.
This method (Fourier vector analysis) is based on the comparison of both the coherence
and phase of NIXSW data to NIXSW simulations of different molecular geometries as the
relevant internal degrees of freedom are tuned. We introduce this analysis method using
the prototypical molecular switch azobenzene (AB) adsorbed on the Ag(111) surface as a
model system. The application of the Fourier vector analysis to AB/Ag(111) provides, on the
one hand, detailed adsorption geometries including dihedral angles, and on the other hand,
insights into the dynamics of molecules and their bonding to the metal substrate. This
analysis scheme is generally applicable to any adsorbate, it is necessary for molecules with
potentially large distortions, and will be particularly valuable for molecules whose distortion
on adsorption can be mapped on a limited number of internal degrees of freedom.
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1. INTRODUCTION

The normal incidence x-ray standing wave (NIXSW) technique
is one of the methods of choice for determining accurate molec-
ular adsorbate geometries [1-5]. The experimental information
it provides are distances of atomic scatterers from the Bragg
planes of the substrate crystal. A crucial advantage of NIXSW
is its inherent chemical sensitivity: The structural information
(e.g., vertical adsorption heights) is collected separately for each
chemical species. In this way, the positions of atoms of dif-
ferent chemical elements, but also of atoms of identical ele-
ments in different chemical environments, can be determined
individually [2, 6, 7]. For organic molecules that contain het-
eroatoms such as oxygen, sulfur, or nitrogen, this differential
analysis has allowed the determination of adsorption-induced
distortions [3-5, 8, 9]. In practice, however, the chemical sensi-
tivity of NIXSW has limits. For instance, many organic molecules
consist of a large number of distinct carbon atoms that are
nevertheless chemically very similar. A case in point are large
aromatic molecules. For them, the chemical differentiation in
NIXSW between different carbon species is difficult if not impos-
sible (see, however, [4, 5] for notable exceptions). Therefore,
in many NIXSW studies on large organic molecules [3, 8—15]
the average carbon adsorption height was determined and the
corresponding coherence was only qualitatively or semiquantita-
tively taken into account. On the other hand, for much smaller
molecules (4-5 atoms) the NIXSW coherence was used to gain
information on the adsorption geometry [16, 17]. In particular,
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for such small systems and in presence of NIXSW data from
multiple Bragg reflections a program that calculates the most
likely adsorption geometry was developed [18]. Yet, it would be
desirable if structural information on the arrangement of car-
bon atoms was available from NIXSW also for larger molecules,
in cases where chemical differentiation is not possible and
when NIXSW data from only one single Bragg reflection are
available.

To retrieve comprehensive details of the adsorption geometry
also in these cases we introduce here a novel analysis scheme,
the Fourier vector analysis. It is based on the comparison of
experimental NIXSW data including their coherence with sim-
ulations of NIXSW results for different molecular geometries
that are obtained by tuning multiple molecular degrees of free-
dom. We demonstrate that the Fourier vector analysis is necessary
to determine the correct geometry of flexible molecules with
potentially large distortions upon adsorption. The example of
azobenzene (AB) adsorbed at the Ag(111) surface shows that
with this method comprehensive geometries of complex organic
molecules adsorbed on single metal crystals can be obtained with
good accuracy.

AB (Figure 1) is a prototypical molecular switch that under-
goes a reversible photoinduced isomerization between the planar
C,p symmetric trans isomer and the torsion-twisted C; cis isomer
[19, 20]. This functionality makes it a possible candidate for an
optically active device. The study of molecular switches at metal
surfaces is motivated by a wide range of conceivable applications,
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FIGURE 1 | Chemical structure of the trans isomer azobenzene (AB).

such as light-driven actuators [21], data-storage media [22] and
solar thermal fuel [23].

While the switching mechanism of AB in solution [24-26]
is well understood, it is still an open question how the sub-
strate influences the switching functionality [27]. In particular,
steric hindrance, electronic lifetime effects and substrate-induced
changes in the electronic structure of the molecule are three pos-
sible mechanisms that can occur, but also new properties of the
molecular switches induced by the presence of the substrate can-
not be excluded a priori [28, 29]. In this context, AB is extensively
investigated on different metal surfaces. Isomerization of AB on
Au(111) can be achieved via the creation of an ion resonance
in an STM junction [30], although light-induced insomerization
reactions have not been observed [31, 32]. Successful switch-
ing of AB on the Ag(111) surface has so far not been reported,
which motivates its study to elucidate the mechanisms underlying
the (non)switching function at these closely related surfaces. To
understand the switching properties of photo-active molecules
adsorbed on metal surfaces, a detailed knowledge of their adsorp-
tion geometry and molecular orientation is essential. Insights into
the structural configuration will also shed light on the molecule-
metal interactions.

Besides introducing the novel analysis scheme mentioned
above, the present paper also provides details of the NIXSW
data analysis for AB/Ag(111) that was used in Mercurio et al.
[33, 34]. The paper is organized as follows. Section 2 contains
experimental details, including a short description of the NIXSW
technique, AB/Ag(111) sample preparation methods, and some
basic information on NIXSW data acquisition and analysis. In
section 3 details of the NIXSW data analysis for AB/Ag(111)
are presented, culminating in values for the NIXSW structure
parameters for AB/Ag(111). These structure parameters are the
basis for our further analysis of the structure of AB adsorbed on
Ag(111). Because section 3 is of a rather technical nature, read-
ers mainly interested in methodological aspects of how to retrieve
complex adsorption geometries via NIXSW simulations based on
Fourier vector analysis may skip section 3 and directly turn to sec-
tion 4 where this analysis method is motivated and presented,
using AB/Ag(111) as an example. The paper closes with a dis-
cussion of both the experimental structure of AB/Ag(111) and
methodological aspects in section 5.

2. EXPERIMENTAL DETAILS

2.1. THE NIXSW TECHNIQUE

The NIXSW technique is a powerful tool for investigating the
structural properties of molecules adsorbed on metal surfaces
[1, 2, 35, 36]. It results from the combination of x-ray diffraction

and x-ray absorption or inelastic scattering (photoelectric effect,
Auger effect, fluorescence). In our experiments, performed at the
ID32 beamline of the European Synchrotron Radiation Facility
(ESRE, Grenoble), photoemission (PE) spectra were measured
in order to have simultaneously surface sensitivity and chemical
specificity. The experimental set-up is sketched in Mercurio et al.
[4].

The NIXSW technique can be summarized as follows. From
the interference of the incoming x-ray wave and the wave that is
Bragg-reflected from the hkl planes (the incidence angle of the
incoming wave is normal to the hkl Bragg planes), a standing wave
forms inside and above the metal substrate. Its intensity is djx-
periodic, with dpy being the distance between two consecutive
hkl Bragg planes. As the photon energy hv of the incoming x-
ray beam is tuned through the Bragg condition (hv = Epragg), the
standing wave shifts by dp;/2 along —H, where 27H is the recip-
rocal space vector (with [H| = dh_kll). At each hv, a PE spectrum
of a given element core level is measured, and the corresponding
PE yield (integral PE intensity after background subtraction) is
determined. In this way, the standing wave probes different dis-
tances from the Bragg planes. Fitting the PE yield profile (PE
yield vs. hv) provides two structure parameters: the coherent posi-
tion P, and the coherent fraction F., both with values between
0 and 1. The coherent position P, is related to the (average) dis-
tance of the photoemitters above the nearest extended Bragg plane
(The ideal planes above the metal surface with the same dpy
periodicity as inside the metal crystal are referred to as extended
Bragg planes.) P, is defined modulo 1, hence both P, = 0 and
P, =1 correspond to a Bragg plane position, while 0 < P, < 1
correspond to positions between two consecutive extended Bragg
planes. The coherent fraction F. is related to the distribution
of the photoemitters’ positions around their average position.
F. =1 corresponds to an infinitely sharp 8-distribution, while a
homogeneous distribution produces F. = 0.

2.2. SAMPLE PREPARATION

NIXSW experiments were performed under UHV conditions
with a base pressure of 5 x 10™!%mbar. The Ag(111) surface was
cleaned in the conventional way by several cycles of sputtering
with Art ions and annealing at 820K. At last, before molec-
ular deposition, the surface cleanliness was checked by x-ray
photoemission spectroscopy (XPS).

AB multilayers were deposited from a home-built evapora-
tor onto the Ag crystal kept at 220K. Subsequent annealing
with heating rate of 1K/s caused the desorption of multilay-
ers, leaving behind a monolayer of AB molecules on the silver
surface. The desorption rate was calibrated and controlled by a
quadrupole mass spectrometer. In particular, the AB-fragment
mass of 77amu (phenyl ring ion, C6H5+) was monitored to
control desorption of AB from the Ag surface. To preserve the
integrity of the AB monolayer and to prevent AB desorption, the
Ag crystal was kept at 210 K. The corresponding Ag(111) Bragg
spacing and Bragg energy are dag(111) = 2.3552 A and EBragg =
2634 eV, respectively.

2.3. NIXSW DATA ACQUISITION AND ANALYSIS
An NIXSW data set consists of all the core-level PE spectra
(XSW-PE spectra) recorded as hv is scanned through the Bragg
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condition. In the present experiments, XSW-PE spectra were
measured with 47 eV pass energy, 0.2 eV kinetic energy (Ex) step
width, 100 ms time/step and 10 repeats. The latter acquisition
settings result from the compromise between the measurement
time and the spectral resolution required to differentiate multiple
overlapping components as shown in Figure 2.

In order to verify the integrity of the molecular layer, survey-
PE spectra of Cls and Nls core levels were measured before
and after the acquisition of each NIXSW data set on the same
sample spot and with hv < Epragg to prevent the standing wave
effect from altering the PE yield of photoemitters located at dif-
ferent adsorption heights. Survey-PE spectra were acquired with
94 eV pass energy, 0.5 eV Ej step width, 500 ms time/step and 4
repeats. Since the survey-PE spectra neither show core-level shifts
nor peak broadenings, an x-ray induced damage of the molecular
layer as well as photoisomerization of AB can be excluded.

The fitting of the PE spectra was performed with the software
CasaXPS [37], which provides the PE yield and the error of each
fitting component. A detailed description of the PE yield error
analysis is reported in Mercurio et al. [4]. The resulting PE yield
profiles were analyzed with the program Torricelli» 2 [38] which
provides the corresponding structure parameters (P, F.) with the

405 400 395 390 400360
binding energy (eV)

PE intensity (arb. units)

400 395 390

binding energy (eV)

400 395 390 405

binding energy (eV)
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FIGURE 2 | Photoelectron spectra of Ag3d-plasmons and N1s core
level. (A) Sum of 14 survey-PE spectra (solid black curve) of Ag3ds,2,
Ag3ds> (right) and Ag3d-plasmons (enlargement in left panel), measured at
hv = 2617 eV on the bare Ag(111) crystal. The two dotted black lines define
the binding energy region in which the linear background (gray line) is
determined and XSW-PE spectra are fitted. (B) Sum of 93 Ag3d-plasmons
XSW-PE spectra acquired in three NIXSW data sets of the bare Ag(111)
crystal. (C,D) Sum of 93 N1s+Ag3d-plasmons XSW-PE spectra acquired in
three NIXSW data sets of AB/Ag(111). (B-D) Empty black circles: summed
PE intensity. Gray curves: Py, P, P3, P4 components. Blue curve: N1s
peak. Orange curve: P} component. Purple curves: Ps, Pg

components. Black straight line: linear background. Black curves: residuals
(summed PE intensity - sum of fitting components) plotted below each PE
spectrum.

ITORRICELLI is an XSW data analysis and simulation program written by
G. Mercurio, copies can be obtained from s.tautz@fz-juelich.de.
2Mercurio et al., in preparation.

respective error bars. In particular, to fit Cls and N1s PE yields
the nondipolar parameters calculated according to Vartanyants
and Zegenhagen [39] and Lee et al. [40] and reported in Table 1
were used. The slight differences between the NIXSW results of
this work and those of Mercurio et al. [33] are summarized in
Mercurio et al. [34].

3. EXPERIMENTAL RESULTS

In this section we report the procedure followed to determine the
structure parameters (P, F,) of nitrogen and carbon atoms of AB
molecules adsorbed on the Ag(111) surface. In the case of nitro-
gen, the coherent position P, corresponds directly to the average
adsorption height, as argued in section 4.2. In the case of carbon,
however, such a direct correspondence does not exist, as will be
discussed in section 4.3.

Because of the overlap of Ag3d-plasmon peaks in the energy
range 388—407 eV (Figure 2A) with the N1s core level expected
at approximately 400 eV [43, 44], the nitrogen PE yield can only
be obtained by subtracting the silver PE yield (Figure 2B) from
the entire N+Ag spectrum (Figure 2C). For this purpose, a PE
spectrum of the Ag3d-plasmons on the bare Ag crystal was mea-
sured (Figure 2B), and a fitting model was developed (section
3.1). The latter was used to extract the N1s peak of AB/Ag(111)
(Figure 2D), as explained in section 3.2. In contrast, the Cls
core level (Figure 5A) does not overlap with any other PE line,
hence the determination of C PE yield is straightforward and does
not require the modeling of the corresponding PE spectrum, as
reported in section 3.3.

3.1. SILVER

Our scope here is not to determine and discuss the physical ori-
gin of the multiple components into which Ag3d-plasmons can
be decomposed [45]. Rather, we are looking for a fitting model
consisting of the smallest possible number of components, the
envelope of which describes the measured spectra. The fitting
model reported in Figure2B consists of four peaks: The two
major components (P, and P3) account for approximately 90%
of the whole PE yield; the additional two minor components
(P; and Py) are located at opposite tails of the spectrum. The
residuals, which result from the difference between the envelope
P; + P, + P3 4+ P4 and the measured spectrum, indicate the good
quality of the fit.

In order to obtain a larger signal-to-noise ratio, all XSW-
PE spectra of different NIXSW data sets were summed
(Figure 2A). The fitting model of the Ag3d-plasmons was then
derived on the basis of this sum spectrum. Note that summing PE

Table 1 | Nondipolar parameters of N1s and C1s core levels.

Y 3p Sqg Q A Sr }S,| v
N1s 1.022 0.9074 0.6553 0.241 -0.252 1.635 1.320 -0.062
Cls 1.061 0.7993 0.5879 0.250 -0.211 1.667 1.336 —0.054

Nondipolar parameters Q, A and Sg, |S/\, W calculated for C1s and N1s lines
according to formulae in Vartanyants and Zegenhagen [39] and Lee et al. [40].
y Is the angular distribution parameter [41]. 8, and 84 are the scattering phase
shifts for p- and d- asymptotic waves, available from ab initio calculations [42].
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spectra recorded at different photon energies around Epragg will
alter the PE spectrum, if different chemical species at different
adsorption heights contribute to the PE signal. However, in the
present case only Ag atoms contribute to the PE spectrum of Ag
plasmons, therefore modifications of the sum spectrum are not
expected.

Fitting each XSW-PE spectrum of the three available rele-
vant NIXSW data sets with the fitting model for Ag3d-plasmons
described above, we verified that each fitting component exhibits
Ag-like behavior (P, ~ 1, F; &~ 1). This finding confirms that the
PE signal in the energy region 388—407 eV consists exclusively of
plasmon peaks arising from the Ag3d lines, and we can there-
fore exclude contributions from other chemical elements. Since
each fitting component (P}, Py, P3, P4) carries the same structural
information, the areas of Py, P,, and P4 were fixed with respect to
the one of the largest component P3, and the relative areas, the
full widths at half maximum (FWHMs) and the positions of each
component were constrained to the corresponding values result-
ing from the best fit of the sum spectrum in Figure 2B (Table 2).

3.2. NITROGEN
In analogy to the procedure described in section 3.1, the N1s com-
ponent was derived on the basis of the sum spectrum resulting
from the N1s+Ag3d-plasmons XSW-PE spectra of the three avail-
able NIXSW data sets measured on AB/Ag(111) (Figures 2C,D)
each summed over all photon energies. After subtracting the
fit of the Ag3d-plasmons (red envelope in Figure 2C) from the
N1s+Ag3d-plasmons sum spectrum, the residuals reveal the pres-
ence of at least four additional components. The most prominent
one is located at approximately 400 eV and is attributed to the N1s
core level [43, 44]. The one located at the high binding energy
tail of the spectrum is approximately at the same position as Py,
hence, instead of adding a new component, P; was modified as
follows. The area constraint of Py relative to P3 was removed,
and its position was left free to vary within £ 0.5eV around
its original value. The peak modified in this manner and result-
ing from the best fit of the sum spectrum was renamed as P}
(Figure 2D). Finally, two additional minor components, Ps and
Pg, were included in the fitting model of the N1s+Ag3d-plasmons
sum spectrum.

The fitting model presented above accurately describes the
sum spectrum, as the residuals in Figure 2D confirm, and was

Table 2 | Spectral parameters of Ag3d-plasmons and N1s core level.

Peak Ep (eV) FWHM (eV) Area (%) Origin
P 403.79 2.32 1.96 )

P, 403.35 2.33 451

P, 399.56 4.29 34.88

Ps 393.48 3.69 42.29 Ag
P4 391.07 1.82 4.78

Ps 397.69 1.72 2.93

Ps 395.40 2.21 2.32 )

N1s 400.24 2.08 8.28 N

Binding energies (Ep), full widths at half maximum (FWHM), relative areas and
origins of the fitting components shown in Figures 2B-D.

then used to fit each individual XSW-PE spectrum with the fol-
lowing constraints. The binding energy positions E, and the
FWHMs of all components as well as the area ratios Yp,/Yp,
and Yp,/Yp, were fixed to the values obtained from the best fit
of the sum spectrum in Figure 2D (Table 2). Consequently, the
areas of N1s, P/, P3, P5, and Ps components are the only free fit-
ting parameters. We discuss below the PE yield profiles of Nls,
P}, P, + P3 + P4, and Ps + P¢. The plasmon peaks P,, P3, and
P4 are summed, because their intensities are constrained to each
other. The minor peaks P5 and Pg are summed in order to have a
more significant signal and under the assumption (to be verified)
that both components have the same physical origin.

Figure 3 shows individual off-Bragg and on-Bragg XSW-PE
spectra with the corresponding fitting components. Already from
these three snapshots the different photon energy dependence of
the N1s component, as compared to the others, is evident. The
corresponding PE yield profiles are shown in Figure 4 and indeed

PE intensity (arb. units)

hv =

400 395 390

binding energy (eV)

405

FIGURE 3 | Photoelectron spectra at different photon energies.

(A-C) N1s+Ag3d-plasmons XSW-PE spectra of AB/Ag(111) measured at
the photon energies hv reported in each panel (with Egragg = 2634 eV).
Each PE spectrum is normalized to the corresponding background value at
388eV. Symbols and color code as in Figure 2.
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FIGURE 4 | Photoelectron yields and Argand diagram of N1s core level
and Ag3d-plasmons. (A-D) Exemplary PE yield profiles (filled circles with
error bars [4]) and fitting curves (black lines) of N1s (A, blue), P} (B, orange),
P, 4+ P3 + P4 (C, gray), Ps + Pg (D, purple) measured on AB/Ag(111).
Structure parameters: (A) P, = 0.26 +0.02, f, = 0.43 £0.07, X?ed =1.03;
(B) P, = 0.04 +0.04, F, = 0.61+0.13, szed =0.23; (C) P. = 0.00+0.01,
Fe =1.01£0.02, %, = 0.53; (D) P, = 0.00£0.02, F = 1.02 £ 0.11,

szed = 0.17. (E) Argand diagram of N1s (blue open circles), P} (orange open
circles), P, + P3 + P4 (gray open circles), Ps + Pg (purple open circles)
structure parameters (P;, F¢) of the three NIXSW data sets and the
corresponding averages (filled circles, Table 3). P has two data points
because the fit of the third PE yield did not converge [38]. The third P5 + Pg
data point overlaps with the P, + P3 + P4 data point at f, = 1.01 [38].

clearly reveal a different behavior of Yy (hv) as compared to the
remaining Ag-like PE yield profiles of P%, P,+P3+P4, and Ps+Ps.

We turn now to discuss the average (P, F.) of Nls, P/,
P,+P3+Py, and P5+Pg (Figure 4E and Table 3) derived from
the PE yield fits of each NIXSW data set, as shown, e.g., in
Figures 4A-D, respectively. The nitrogen structure parameters
are PN =0.26+0.02, FN =0.48 £ 0.12. The corresponding
adsorption height is 2.97 & 0.04 A (Table 3). In contrast, the P, +
P3 + P4 structure parameters show a typical substrate behavior,
i.e., P, =0.00£0.01 and F, =1.04 £ 0.02. This is in agree-
ment with our initial interpretation of them as Ag-plasmon
peaks. The small excess of the coherent fraction above its phys-
ical limit of 1.00 follows from the best fit of P, and F, without any
numerical restriction, and may be due to the fact that nondipolar

N

)

Cis

-
[

normalized PE yield
N

4 2 0 2 4 6
BV - Eggg (€V)

PE intensity (arb. units)

295 290 285 280
binding energy (eV)

€ o050

F. 0.25

0.00-0.5

FIGURE 5 | Photoelectron spectrum, photoelectron yield and Argand
diagram of C1s core level. (A) Sum of 10 C1s survey-PE spectra (black
open circles). The two black dotted lines define the binding energy region in
which the linear background (black line) is determined and the PE yield is
calculated. (B) Exemplary C1s PE yield profile (green filled circles with error
bars [4]) and fitting curves (black line). Structure parameters:

Pe. =0.29+0.01, F, = 0.36 +0.02, szed = 1.80. (C) Argand diagram of C1s
structure parameters (P, F¢) of each NIXSW data set (green open circles)
and the corresponding average (green filled circle).

Table 3 | Summary of structure parameters and adsorption heights.

P. d. (A) Fe
Pq 0.08 £0.05 2.544+0.12 0.70+£0.14
Py +P3 + Py 0.00 £0.01 2.36 +0.02 1.04 £0.02
Ps + Pg 0.05+0.05 247 +0.12 0.86 £0.15
N1s 0.26 £0.02 2.97 +£0.05 0.48+0.12
Cls 0.27 £0.02 2.99+0.05 0.34+0.03

Coherent position (Pe), corresponding adsorption height d. (A) [calculated as
(1+ Pc) x daganny, with dagan1) = 2.3552 A [34]], and coherent fraction (F.) of
P,, P2 +P3 + P4, Ps +Ps, N1s, C1s measured on AB/Ag(111). Each value is the
average of individual NIXSW data sets results. Each error bar is calculated as
the greatest value between the standard deviation of the individual NIXSW data
sets results and the average of the corresponding uncertainties [4].

parameters are not correctly accounted for, because some of them
are unknown for non-s subshells [39, 46]. The coherent position
of P5 + Pg is slightly larger (P, = 0.05 % 0.05) while the corre-
sponding coherent fraction is slightly smaller (F. = 0.86 4 0.15)
than for P, + P3 + P4. This is due to the partial overlap of the N1s
component with Ps. The intensity of the latter indeed increases
in going from off-Bragg to on-Bragg spectra (Figures 3A—C), fol-
lowing the same trend as the N1s peak. A similar behavior is
exhibited by P}. Here again, the larger P, and the smaller F, in
comparison to the P, + P3 + P4 profile point to an admixture of
the N1s signal. Finally, we note that the error bars of each PE yield
are inversely proportional to the corresponding signal-to-noise
ratio. For small signals, small variations of the statistical noise
result in large variations of the component areas.
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3.3. CARBON

Although carbon atoms in AB are in several different chemical
states, the corresponding Cls PE spectrum cannot be decom-
posed into the respective multiple components, because the
chemical core-level shifts are too small to be resolved. In fact,
the Cls spectrum of AB (Figure 5A) consists of one sharp PE
line at approximately 285 eV and a broad tail at higher binding
energies. Since the differentiation of carbon species is not feasible,
the corresponding structure parameters (P, F,) are representative
of all carbon atoms within AB. In particular, the average coher-
ent position and fraction of carbon are P¢ = 0.27 & 0.02 and
FCC = 0.34 £ 0.03 (Figure 5C and Table 3), derived from the PE
yield fits of each NIXSW data set, as shown, e.g., in Figure 5B.
This corresponds to a nominal average adsorption height of
2.99 4 0.05 A. However, as we will argue in the next section, this
value is not meaningful, and a more elaborate analysis is required
to extract the geometry of AB/Ag(111) from the experimental
NIXSW structure parameters.

4. FOURIER VECTOR ANALYSIS
4.1. GENERAL CONSIDERATIONS
Figure 6 contains the experimentally determined structure
parameters for carbon and nitrogen, displayed as complex num-
bers F, exp (2miP;) in the Argand diagram. The Argand diagram
is a polar diagram in the complex plane, in which the coher-
ent position determines the phase and the coherent fraction the
modulus.

Given the standard relation [1]

d* = PXdy mod dy, (1)

between coherent position PX of a chemical species X and its
(average) coherent adsorption height dX, where dy is the Bragg
spacing between two consecutive (hkl) lattice planes at which
the incoming x-ray beam is reflected, one could conclude from

0.32
0.65

FIGURE 6 | Argand diagram of the NIXSW experimental results for
AB/Ag(111). Green filled circle: Average experimental (P;, F¢) =

(0.27 £ 0.02, 0.34 + 0.03) of carbon. Blue filled circle: Average experimental
(Pg, Fc) =(0.26 £ 0.02, 0.48 £ 0.12) of nitrogen. Green and blue solid

lines: Corresponding error bars. Green and blue dashed

lines: Corresponding error regions [34].

the results displayed in Figure 6 that the average distances of
carbon and nitrogen atoms from the surface are similar, since
both data points appear at nearly the same phase in the Argand
diagram. Evidently, this would correspond to a flat adsorp-
tion geometry of AB on Ag(111), with an adsorption height of
approximately 2.98 A (Table 3). This adsorption geometry has
been suggested both by earlier experimental and theoretical work
[33, 47-49].

However, looking at Figure 6 we note that the data point for
carbon has a 30% smaller modulus in the complex plane than the
data point for nitrogen. This indicates that the coherences of the
PE yield curves for both species are different. In other words, the
widths of the spatial distributions of photoemitters between the
Bragg planes are different for C and N.

Usually, the reduction of coherent fractions in NIXSW is
assigned to structural disorder at the surface. Other possible
sources of low coherent fractions (molecular vibrations, surface
diffusion) are discussed in Mercurio et al. [34]. However, it is
important to note that even in highly ordered static organic over-
layers a certain chemical element X may exhibit a low coherent
fraction, because its atoms appear at different but well-defined
adsorption heights. If the chemical core-level shifts between the
species at different heights of this element are too small to be
resolved, the PE vyield curve for this element will show a low
coherent fraction, in spite of the high degree of order.

Before assigning the reduced coherent fraction of carbon (rel-
ative to nitrogen) to static or dynamic structural disorder of the
carbon atoms in flat-adsorbed AB, we must therefore consider
whether the experimental results of Figure 6 can be explained
by a distorted adsorption geometry of AB on Ag(111), in which
carbon atoms appear at a range of different, but well-defined
adsorption heights. This analysis is carried out in four steps. First,
we identify likely distortions of AB on Ag(111), based on qualita-
tive considerations regarding the balance of molecule-substrate
and molecule-molecule interactions in a dense monolayer film
of AB (section 4.2). This leads to the definition of two inter-
nal degrees of freedom along which AB may likely distort upon
adsorption. Then, we show that if the molecular adsorption
geometry is distorted so strongly that photoemitters contribut-
ing to the same PE line are distributed over more than one Bragg
spacing, Equation (1) is not sufficient any more, because it dis-
regards the phase information of individual photoemitters that is
contained in the modulo term of Equation (2) (section 4.3). Next,
we introduce a general scheme with which NIXSW experiments
on a given distribution of photoemitters can be simulated (sec-
tion 4.4). This is based on Fourier vector analysis. And finally,
we apply this scheme to AB/Ag(111) and derive two distorted,
nonplanar adsorption structures that are consistent with the data
in Figure 6, including the different coherence of the carbon and
nitrogen signals (section 4.5). (For details of the simulations see
the Supplemental Material of Mercurio et al. [34]).

4.2. PLAUSIBLE ADSORPTION-INDUCED DISTORTIONS OF THE
INTERNAL AB GEOMETRY

For the purpose of the present discussion, AB can be decom-

posed into the azo bridge (—N=N—) and the phenyl ring moi-

eties (—CgHs). This conceptual subdivision of the molecule is
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supported by the fact that HOMO and LUMO are predom-
inantly consisting of the N lone pairs and the w* orbital at
the —N=N— moiety, respectively [48]. Therefore, the molecu-
lar orbitals that are chemically interacting with the substrate are
mainly located at the nitrogen atoms, suggesting a substantial
difference between the azo bridge and the closed-shell phenyl
rings.

With this conceptual decomposition of AB in mind, we
can discuss the AB-substrate and AB-AB interactions qualita-
tively. There are five major contributions: (i) the van der Waals
(vdW) interactions between the phenyl rings and the metal; (ii)
the van der Waals (vdW) interactions among phenyl rings of
neighboring molecules; (iii) the Pauli repulsion between the
phenyl rings and the substrate; (iv) a possible covalent bond
between the nitrogen atoms and the Ag surface atoms; (v) a possi-
ble energetic penalty due to the distortion of the planar gas-phase
molecular geometry. In the stable adsorption geometry, these five
contributions must be balanced against each other, yielding a
minimum of the total energy [48, 49].

In case of the flat trans isomer of AB, contributions (iii) and
(iv) are in competition with each other, because a covalent N-
Ag bond tends to bring the molecule closer to the surface, such
that the phenyl rings may already experience a substantial Pauli
repulsion and thus lift away from the surface to form a butterfly-
like configuration (Figure 7A). On the other hand, attractive vdW
forces have a propensity to pull the whole molecule closer to the
surface, decreasing both the phenyl ring tilt angle ® (dihedral

angle CNNC?, Figure 7A) and the nitrogen adsorption height
df, thereby also reducing the molecular distortion. However, the
attractive vdW forces between molecule and surface compete with
the vdW forces between phenyl rings of adjacent molecules. The
latter have the tendency to increase the phenyl ring torsion angle
B (dihedral angle CCNN?, Figure 11) and lift the molecule away
from the surface. We can thus conclude that the three geometry
parameters w, B, and dY are sensitive to the balance between the
N-Ag covalent interaction, the dispersive interactions within the
molecular layer, and the dispersive interactions between molecule
and metal substrate. Hence, tilt and torsional distortions of AB
upon adsorption must be considered as possibilities when analyz-
ing the adsorbate structure. On the other hand, the determination
of w, B (and di\I) will allow us to assess the relative magnitudes
of the different binding forces acting at the AB/Ag(111) inter-
face. Incidentally, the fact that w and P are generally used to
describe the structural properties of AB during the switching pro-
cess from the trans to the cis isomer [51, 52] confirms that they are
very relevant geometry parameters.

STM studies show that AB adsorbs in the trans configura-
tion both on the more reactive Cu(110) surface [53] and on the
less reactive Au(111) surface [31]. Moreover, STM [30, 31, 54],

3In a chain of atoms A-B-C-D, the dihedral angle is the angle between the
plane containing the atoms A,B,C and the plane containing the atoms B,C,D,
measured on a third plane that is normal to the intersection of the two planes
[50]. In this paper, dihedral angles are defined modulo 180°.

0.75

FIGURE 7 | The relation between dS and (dc). (A) Hypothetical AB
adsorption geometry with nitrogen atoms (blue circles) at the Bragg plane
(dé\‘ = 0mod dag(111y), @ =90° and B = 0° (see section 4.2 and Mercurio
et al. [34] for the definition for w and B). Orange dotted line: coherent
carbon adsorption height dE calculated using Equation (1). Green dotted
line: true average carbon adsorption height (dC) calculated using Equation
(6). (B) Green circles: structure parameters (Pf’,FCC’) of the individual
carbon atoms in (A). Orange circle: structure parameters (PS,FS) of the

sum vector FcC exp (ZniPE), calculated using Equations (2, 3, 9-12).

180120 -60 0 60 120 180

w (%)

(C) Structure parameters PS (orange solid curve) and FS (black solid
curve) for —180° < w < 180°. (D) Orange solid curve: coherent carbon
adsorption height d$ (in A) for —180° < w < 180°. Note that d¢ =

PS x daganty — dagarn for < 0° (section 4.4), while dS = PS x dagarny
for @ > 0°, with PS values from (C). Magenta solid curve: dS (orange
solid curve) + dage1). Violet solid curve: dcC (orange solid curve) +

2 x dag111y- Green solid curve: true average carbon adsorption height (d®)
(in A) for —180° < w < 180°. Inset: enlargement of (D) at o ~ 81°. Gray
dashed lines: Bragg planes at 0A and 2.3552 A.
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HREELS [55], NEXAFS [56] and two-photon PE [57, 58] experi-
ments for tetra-tert-butyl-azobenzene (TBA), a related molecular
switch, indicate trans adsorption on Au(111). On the basis of
these observations AB is expected to adsorb in the energetically
most favorable trans state on the Ag(111) surface [48]. In addi-
tion, PE spectra measured before and after NIXSW experiments
allow switching to the cis configuration upon x-ray irradiation to
be excluded. Hence, the azo-moiety of AB molecules is most prob-
ably lying flat on the surface, with both of the nitrogen atoms in
the same chemical state and at the same adsorption height dN, as
predicted also by DFT calculations [48, 49]. However, the flexibil-
ity of AB molecules, testified by their tunable conformation upon
photoexcitation [51, 52], prevents us from excluding a priori an
adsorption geometry in which carbon atoms are vertically spread,
possibly over more than one Bragg spacing dag(111).

4.3. THE RELATION BETWEEN d; AND (d) IN NIXSW EXPERIMENTS
We have seen in the previous section that AB is likely to adsorb on
the Ag(111) surface in the trans configuration with both nitrogens
at the same height, with a butterfly-like distortion of AB along
the tilt angle w being a general possibility (for the moment, we
ignore the equally probable torsional distortion for the sake of
simplicity). We now ask the following question: Is it possible to
determine w, knowing the coherent height of the nitrogen atoms
dN and the coherent height of carbon atoms d* that are derived
directly from the NIXSW experiment via Equation (1)?

If the true average position (d%) [Equation (6)] of the car-
bons was known, it would of course be trivial to calculate w
from di\f (assumed to be identical to (dN)) and (d©) by simple
geometric considerations. Yet, the answer to the above question
is no, because dg as derived from PCC via Equation (1) does not
always correspond to the average adsorption height (d®). The
ultimate reason for this is the modulo 1 periodicity of the coher-
ent position which is a nonlinear operation and thus affects the
averaging. This is illustrated below.

Let us consider an AB molecule with w = 0°, § = 0° and
di\l = dag(111) mod dag(111). While B and d?I are fixed, w is tuned
between —180° and 180° in steps of 1°. For each of these 361 AB
geometries, the structure parameters for carbon (PS, FC) are
calculated as detailed in section 4.4 below. Furthermore, the
coherent carbon adsorption heights d© and the average carbon
adsorption heights (dc) are computed for each w. Figure 7A
shows one particular AB geometry (o = 90°). The correspond-
ing coherent position and fraction of the individual C atoms (Pcci ,
FCC ") and the average (P$, FC) are displayed in the Argand dia-
gram of Figure 7B. Figure 7C shows (P¢, F*) as w is varied, while
Figure 7D reports the corresponding d* and (dc).

Figure 7D clearly shows that for certain geometries d does
not coincide with (dc>. In these cases, the coherent carbon adsorp-
tion height d© as measured in NIXSW does not have the geomet-
rical meaning of the true average adsorption height of all carbon
atoms. As Figures 7C,D indicate, this occurs for AB geometries
with large absolute values of the tilt angle w, i.e., for molecules
extending over more than one Bragg spacing. In these cases, due
to the modulo 1 periodicity of P;, P* undergoes an abrupt change
from 1 to 0 at w ~ 81° (Figure 7C, orange curve). At this precise
point, the family of d* curves in Figure 7D exhibits a very steep

but continuous step by approximately dag(111)/2 (see orange and
magenta curves at w &~ 81° in Figure 7D) while the actual average
position of carbon atoms (d“) varies without discontinuity as o is
tuned (Figure 7D, green curve).

Figure 7C illustrates why the knowledge of P¢ and the appli-
cation of Equation (1) to calculate dcc is in general not sufficient
to determine w of AB unambiguously. For example, a value of
PS¢~ 0.25, indicated by the orange dotted line in Figure 7C,
is consistent with two angles, @ &~ 30° and w =~ 90°. Although
according to Equation (1) these would yield identical d* (orange
dotted line in Figure 7D), it is clear that the true carbon aver-
age adsorption heights <dc> for both angles are different, as can
be seen in Figure 7D (green dotted lines). However, we also note
that the two configurations w & 30° and w =~ 90° can be dis-
tinguished from each other by their different FS (black curve in
Figure 7C). Thus, in cases where the molecule potentially spreads
over more than one Bragg spacing, both structure parameters P&
and F¢ must be considered for a reliable geometry determina-
tion. This is naturally achieved by taking the complex nature of
the structure parameters F. exp (2miP,) fully into account. The
Fourier vector analysis that is described in the next section fulfills
this requirement. This analysis scheme is based on the simulation
of NIXSW results for a given distribution of atoms.

4.4, NIXSW SIMULATIONS OF A DISTRIBUTION OF ATOMS
In this section we show how, based on the representation of the
structure parameters (P, F.) as vectors in the complex plane
(Argand diagram), NIXSW results for a given distribution of
atoms can be simulated.

Consider an atomic species X and a distribution of Nx atoms
X; (i=1,..., Nx) across one or more Bragg spacings. Each atom
X; is defined by its distance % from the surface Bragg plane,
its coherent position PY and its coherent fraction FXi. PXi is
calculated as [59]

PXi 4% mod dy

A i e [0, 1], (2)

where dy is the Bragg spacing between two consecutive (hkl) lat-
tice planes at which the incoming x-ray beam is reflected. Note
that, unlike in Equation (1), the 4%i in Equation (2) always corre-
sponds to the true adsorption height of atom X;. Fz( " is calculated
as:

1

Pi( "and Fz( " can also be interpreted as the phase and the amplitude
of the Fourier vector

-X; ‘ .

fit = FNiexp (2TITIP§’) (4)

which defines a point in the Argand diagram (Figure 7B, green
points). The entire collection of atoms can be represented by the
normalized distribution function

Nx
~@) = NLXZB (z — d%). (5)

i=1
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The corresponding average adsorption height is
1
)= ) % 6
7= 52 ©

In an NIXSW experiment the Fourier transform of the
distribution f X(2), i.e.,

dpgi
flfl( = /fx(z) exp (2nii> dz, 7)
A Akl

is measured [59]. Inserting Equation (5) into Equation (7), fé can
be recast as

Nx
=R = Y+ i3fY = Flexp (2miPY) (8)
i=1
with
Nx Nx
N =Y Ny = D FNicos (2nPX), (9)

i=1 i=1

Nx

Nx
St = Sfy =D Flisin (2nP¥).

i=1

(10)

i=1

The coherent position and fraction of the distribution of species
X are given by

. 1 arctan (3]7131(/ Sifé m]?é >0 (11)
P = — x ~ ~ ~ ’ 11
‘¢ 2m arctan (Sfﬁ(/‘ﬁff{( +m R <0
and
X _ s\NX 2 ~FX 2
EX =% | + (3] - (12)

respectively. Finally, the coherent adsorption height dX of the
distribution of the atoms X; is calculated as
d* = PXdy mod dn. (13)
Using Equations (2, 3, 9-13), results of a NIXSW experiment on a
given distribution fX(z) of atoms X can be simulated. To retrieve
experimental geometries from measured structure parameters,
the NIXSW simulation is carried out for a range of assumed
molecular geometries. All assumed geometries which yield aver-
age coherent positions and fractions (P,, F.) within the error of
the experimentally measured values are regarded as consistent
with the experiment. This procedure is illustrated in detail below
in section 4.5 for the example of AB.
Before moving on to the example of AB, we briefly comment
on some of the general properties of the coherent adsorption
height dX as calculated by Equations (2, 3, 9-13). According to

Equation (11), Pg( can have two kinds of discontinuities. The first
type of discontinuity occurs for E)iflfl( > 0if S]?IEI( changes sign. This
corresponds to the sum Fourier vector [Equation (8)] moving
from the first to the fourth quadrant (or vice versa) of the Argand
diagram. In this case, PX changes by 1. This type of discontinu-
ity is displayed in Figures 7C,D. The second type of discontinuity
occurs if both 9iff and IfF change sign. This corresponds to the
sum Fourier vector moving from the second to the fourth or from
the first to the third quadrant of the Argand diagram (or vice
versa) and produces a change of PX by 1/2, which translates to
a change of dX by dy/2. Note that at the second discontinuity
Fz( = 0, therefore Pg( becomes meaningless.

It is clear from Figure 7 that the above mentioned disconti-
nuities in PX may in some circumstances occur even if the real
space positions of X; atoms are modified only minutely. This
slight modification will not change the average adsorption height
(dX> strongly [see Equation (6)], but it will lead to a discontinu-
ity in the coherent adsorption height dX. In some simple cases the
discontinuity in dX that is produced by a step of 1 in PX can be bal-
anced by adding (or subtracting) dy, because the relation between
PX and d% is only valid modulo dy, and in fact in Figure 7D we
have eliminated the discontinuity in dCC at w = 0 (i.e., for the flat
molecule) in precisely this way, bringing (dc> and d* around ® =
0 back into congruence. However, actual simulations show that in
more complex geometries [and therefore more complex distribu-
tions fX(z)] there is no simple modulo dg-relationship any more
between (d*) and dX. This can be seen, e.g., in Figures 7C,D for
angles beyond 80°: Already before the actual discontinuity in PS,
dCC and (dc) deviate from each other (see inset in Figure 7D), and
after the jump by 1 in P¢ the difference between d* and (dc> is
not a full lattice constant (Difference between orange and green
or magenta and green curves for w > 81° in Figure 7D). In these
complex cases, NIXSW results can thus not be inverted to yield a
molecular geometry. Rather, NIXSW results have to be simulated
for all plausible geometries, and the true experimental geom-
etry has to be selected by comparing simulated and measured
structure parameters.

4.5. ADSORPTION GEOMETRY OF AB/Ag(111)

We now turn back to the NIXSW data in Figure 6 and apply
the NIXSW simulations as introduced in the previous section to
AB/Ag(111). The goal is the retrieval of all experimental geome-
tries that are consistent with these data. As motivated in section
4.2, we employ the geometry parameters d~, w, and B in our
NIXSW simulations.

We have already pointed out in section 4.1 that tuning only
the tilt angle w cannot generate a molecular geometry that is
consistent with the experimental structure parameters (blue and
green data points in Figure 6). This is confirmed by results of
the full NIXSW simulation that are displayed in Figure 8. The
figure shows the trace of the carbon sum vector in the Argand
diagram as w is tuned from —180° to 180°. No intersection with
the data point for carbon is found. We note that in the simula-
tion the adsorption distance of the nitrogens from the Ag surface
dn—ag is fixed at the experimental value of d?l = 2.97 A (Table 3),
such that for tilt angle w = 0° the carbon trace must traverse
the nitrogen data point (the implicit assumption here is that
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both nitrogens are at same height and that the coherent fractions
of individual carbon atoms are identical to those of individual
nitrogen atoms).

In Figure 9 we repeat the NIXSW simulation, again starting
from the flat molecule with nitrogens at the experimental height
dn-—ag, but now keeping w = 0° and tuning the torsion angle
B from —180° to 180°. In this case, the carbon trace intersects
the error regions around both experimental data points. This

0.50

o (P, FY)
o (P, F7) .
=(P;, F)l(w, B=0°) 075

FIGURE 8 | Results of NIXSW simulations for AB, tuning the tilt

angle w. Argand diagram of the NIXSW experimental results (green and
blue dots, Figure 6) and NIXSW simulations of carbon structure parameters
(PS, FS) for —180° < » < 0° (violet line) and 0° < w < 180° (magenta line)
with B = 0° and dy_ag = 2.97 A.

0.25

i-180°, 0°, -180°

0.50

L .45°, -135K5°, 135° F
-90° 90° ’

o (P FY)
o (P, F5)

= (PS, FO)(B, w=0°) 075

FIGURE 9 | Results of NIXSW simulations for AB, tuning the torsion
angle B. Argand diagram of the NIXSW experimental results (green and
blue dots, Figure 6) and NIXSW simulations of carbon structure parameters
(PS, FS) for —180° < B < 0° (violet line) and 0° < p < 180° (magenta line)
with B = 0° and dy_ag = 2.97 A.

shows that in order to retrieve the AB adsorption geometry both
geometry parameters o and p need to be tuned.

A systematic search, in which both w and P are tuned at
the same time, reveals that there are two geometries which
are consistent with the experimental data points: dn_ag =
2974, 0 = —0.7°and B = 17.7°; dn_ag = 2.97 A, w = 2.6° and
p = —18.0° (Figure 10). These are listed in Table 4. The error
bars of the geometry distortion angles w and P arise because it
is sufficient that the carbon trace intersects the experimental data
points within their error bars. Details about the search, including

0.21
0.33

0.50

a:3=15.0°

0.34 b: B:=20:1°

Fe B =-154°
d: B =-20.4°

0.20

® (P F)
= (PS, FOI(B, w =-0.7°)

= (Ps, Fo)I(B, w=26°)

FIGURE 10 | Comparison of NIXSW simulations and experimental data
for AB/Ag(111). Argand diagram of the NIXSW experimental results
(green dot, Figure 6) and of NIXSW simulations of carbon average
structure parameters (PS, FS) for: w = —0.7° and —26.7° < p < 26.5°
(red line); o =2.6° and —26.6° < B < 27.1° (purple line). For all NIXSW
simulations dy_ag = 2.97A and Fg’ = FL\" = 0.48. For each simulated
curve the values of B at the intersections with the carbon error region
are specified. These values correspond to error 1 of B in Table 4.

Table 4 | Geometry parameters resulting from Fourier vector analysis
for AB/Ag(111).

g >0° B <0°
© B ® B
Estimate -0.7 17.7 2.6 —-18.0
Error 1 +2.3/-2.2 +2.4/-2.7 +2.2/-2.3 +2.6/-2.4
Error 2 +b.9/-4.4 +6.8/-17.7 +4.8/-5.5 +18.0/-6.8

w, B and corresponding errors bars of AB geometries deduced by applying
Fourier vector analysis to the experimental NIXSW results. Values are reported
for both AB geometries, with B > 0° and B < 0°, respectively. Error 1 is based
on NIXSW simulations with dy_ag = 2.97A and Fé\” = 0.48 and only takes into
account the experimental errors of carbon structure parameters (Table 3). Error
1 for B is illustrated in Figure 10. Error 2 additionally takes into account the
experimental error of nitrogen structure parameters. For details regarding the
calculation of the errors bars refer to the Supplemental Material of Mercurio
etal. [34].
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the determination of the experimental errors, are given in the
Supplemental Material to Mercurio et al. [34].

5. DISCUSSION

In Figure 11 real-space models of the two possible adsorption
geometries of AB/Ag(111) are shown. They involve similar distor-
tions, with the exception that the torsion angles § have opposite
signs. The tilt angles w are close to zero in both cases. Because
of their similarity, neither of the two geometries can be ruled out
on the basis of the NIXSW experiment alone. However, we have
also carried out density functional calculations for the adsorp-
tion of AB on Ag(111). Details of the calculation are given in
[34]. These calculations predict a positive f of the same magni-
tude as in experiment. We can therefore conclude that geometry
in Figure 11A is the correct geometry adopted by AB if adsorbed
in a dense monolayer on Ag(111).

What causes the distortion of the molecule, in particular the
substantial torsion? Usually, flat molecules (like AB in the trans
configuration) tend to adsorb in a flat-lying adsorption geom-
etry, in order to minimize the van der Waals energy with the
substrate. From this point of view, the torsion of the molecule
seems counterintuitive. However, in the present context of a
dense monolayer, the relevant quantity is not the adsorption
energy of a separate molecule, but the adsorption energy per unit
area. This can be optimized in two ways, either by optimizing the
number of molecules per unit area, or by optimizing the adsorp-
tion energy per molecule. Our calculations show that an initial
increase in the packing density, which becomes possible because
the molecules twist and thus reduce their footprint, leads to a
gain in adsorption energy per unit area, although the adsorption
energy per molecule is reduced. In fact, the calculations predict a
maximum of the adsorption energy per surface area that occurs
very close to the experimentally determined twist angle § (which
rises with packing density). Note that the twisting has two ben-
eficial effects: It helps to accommodate more molecules on the

A =.0.7°,8=17.7°
M B
p>0-

B w=26°pf=-18.0°

FIGURE 11 | Two possible adsorption geometries of AB/Ag(111)
resulting from Fourier vector analysis. (A) Side view and perspective
view of AB with w = —0.7° and B = 17.7°. (B) Side view and perspective
view of AB with w = 2.6° and B = —18.0°. The planes containing atoms
C,C,N are marked in red and the corresponding atoms are indicated by red
circles. The planes containing atoms C,N,N are marked in light blue and the
corresponding atoms are indicated by light blue circles. C atoms: green
spheres. N atoms: blue spheres. For clarity, H atoms are not drawn.

surface and it reduces the van der Waals energy between adjacent
molecules. Incidentally, the fact that adsorption of the nominally
flat trans isomer leads to an internal torsion of the molecule may
be relevant for discussions of the switching mechanism.

We close the paper with some general remarks regarding the
analysis technique which we have introduced in this paper. The
Fourier vector analysis is generally applicable to any adsorbate
and will be particularly valuable for molecules whose distortion
on adsorption can be mapped on a limited number of internal
degrees of freedom. In this case, in fact, the adsorption geometry
of the molecule can be retrieved because among all possible
molecular configurations only a limited number of them can
explain NIXSW experimental results. We have shown this for
AB/Ag(111) where two internal degrees of freedom, AB tilt and
torsion angles, are taken into account. However, as the complexity
of the adsorbate increases and a larger number of internal degrees
of freedom is required to map its distortion on adsorption, the
number of plausible adsorption geometries derived by Fourier
vector analysis increases as well. In this other case, NIXSW
experiments and simulations of the same molecule/substrate
system at different hkl reflections may be necessary to reduce
the number of plausible adsorption geometries, and thereby to
retrieve the actual ones.

Our analysis utilizes the coherence of the NIXSW signal, which
in most cases so far has been ignored, as a source of infor-
mation that is otherwise difficult to obtain. In the proposed
scheme we assume that the difference in coherent fractions of
different atom species in the molecule stems from a static distri-
bution of photoemitters. This assumption, while plausible, must
be checked. To this end, we have analyzed quantitatively by how
much the coherent fractions of the carbon and the nitrogen sig-
nals are affected if molecular vibrations around the calculated
ground state geometries are allowed. The result is reported in
Mercurio et al. [34]. We find that vibrations account only for a
minor part of the reduction of the coherent fraction of the car-
bon signal compared to the nitrogen signal. Hence, a posteriori
the validity of the assumption is confirmed.

The analysis of finite-temperature effects in Mercurio et al.
[34] has, however, revealed that temperature does have an impor-
tant influence on the average adsorption geometry: Our DFT
calculations predict a 0.2 A increase of the dn—ag adsorption
height when increasing the temperature from 0 to 210 K. This
is brought about by the anharmonicity of the low frequency
vibrational modes (mostly the molecular vertical frustrated trans-
lation). It is noteworthy that the correct adsorption geometry
of AB at Ag(111), including adsorption height and molecular
distortion, can only be predicted when taking the finite temper-
ature into account. Neglecting temperature and packing effects,
there is a fortuitous agreement between experimental nitrogen
adsorption heights dy_ag [33] and the value predicted by DFT
with semiempirical dispersion corrections using the TS scheme
[60]. Taking the packing effects into account, the agreement
between experiment and theory becomes worse, no matter which
calculation scheme (TS [60] or vdWsUf [61]) is used, unless
temperature is also taken into account, in which case the agree-
ment between vdwstf (including collective substrate response)
and experiment is nearly perfect with regard to adsorption
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height and molecular torsion, and fair (10° off) with respect to
molecular tilt.

We can thus conclude that without detailed distortion infor-
mation, which is available from NIXSW only through the Fourier
vector analysis introduced here, the comparison between NIXSW
and the theoretical results would have led to incorrect conclu-
sions, in particular regarding the accuracy of the various semi-
empirical van der Waals correction schemes and the influence of
temperature on the adsorption geometry. This means: For accu-
rate benchmarking of calculations with NIXSW results in the
future, two changes in common practice are indispensable: (1)
It is not enough to consider the phase of the NIXSW signal, i.e.,
2nP,, and to derive from it average adsorption heights of various
parts of the molecules; rather, differences in coherent amplitude
F, of the NIXSW signal of different species must be considered,
too. (2) It is not enough to perform calculations for the ground
state; rather, thermal expansion must be taken into account, espe-
cially if on adsorption the molecule is distorted along rather soft
internal modes.
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