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Abstract

The use of helium diffraction patterns to study
desorption processes is explored as a novel ex-
tension to traditional methods based on helium
specular reflection. The sample, cyclooctate-
traene adsorbed on Cu(111), provides a rich
but complex structure. The modulation of cy-
clooctatetraene by Cu(111) is manifested as a
convolution in the diffraction pattern, display-
ing an averaged super-cell symmetry of (&/3 x
A/3)R30°. The adlayer expands during isother-
mal desorption, and the change in lattice con-
stant provides a direct measure of the coverage
as a function of time. We find a desorption en-
ergy of 0.96 £ 0.01 eV at saturation of the first
layer, and an upper limit of 1.62 £ 0.07 eV for
isolated molecules. These values, and details
of the assigned structure, indicate chemisorbed
molecules with a planar conformation.

Introduction

The growing importance of organic electronics®
is driving an increasing effort to understand

and control organic-metal interfaces.? 4 Molec-
ular interactions and the dynamical behavior of
molecules at technologically relevant tempera-
tures, and at multilayer coverages, are some of
the open questions which are difficult to ad-
dress with conventional experiments.>% When
a gentle probe or supreme surface sensitivity is
required, helium diffraction is particularly use-
ful. Helium beam energies are typically below
10meV, and atoms scatter from the outer-most
surface electrons. Hence the neutral atoms do
not damage organic layers, and are highly sen-
sitive to even low densities of adsorbates.
Organic thin-films often present coverage
and temperature dependent structures. A
powerful means to explore the interplay of
inter-adsorbate and adsorbate-substrate inter-
actions, ® which dominate the structures, is by
studying the evolution of structure with tem-
perature, and during desorption. The prop-
erties of organic-metal interfaces are known
to be affected by the adsorption state and
charge-transfer.®1! It is therefore of interest to
study cyclooctatetraene (CgHg, COT), which is
known to undergo conformational changes with
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charge transfer. In the gas phase, neutral COT
has a tub-like conformation and a four-fold or
an aromatic eight-fold symmetry, for the singly
or doubly charged ion, respectively. 1274

There is also experimental evidence for
varying conformations of adsorbed COT
molecules. 21517 The tub-geometry of COT
was observed in multilayers and 3D solid
phases. 121516 In contrast, the adsorption prop-
erties in the first layer are more diverse. Haru-
tyunyan et. al.'” performed low temperature
scanning tunneling microscopy (STM) studies
of COT on Au(111), Ag(100) and Cu(100).
The binding strength increased from Au(111),
with physisorbed tub-shaped COT, to Ag(100)
and Cu(100) where chemisorbed planar species
were found. While planar COT can be formed
upon charge transfer in the gas phase, the
DFT calculations suggested that the bind-
ing involves strong hybridization with metal
states, with minimal charge transfer.!” Alter-
natively, a study of COT on Ag(110) demon-
strated the significance of charge states in the
monolayer structure, where electron energy loss
spectroscopy (EELS) shows a planar species for
the clean surface while the oxygen-precovered
surfaces show vibrations typical of the tub-
shaped molecule.!® Covalent binding is found
on Si(001).'™ On Ru(001),'* Pt(111)" and
Pd(111),?° COT was found to have a variety of
adsorption states and a tendency to decompose
upon desorption. On Cu(111) however, COT
stays intact upon desorption.?! More generally,
COT is of technological interest, and potential
applications in organic LEDs have already been
demonstrated using substituted COT deriva-
tives. 222

Here we report on the diffraction of helium
from a COT adlayer adsorbed on Cu(111). The
structure is inferred using the convolution theo-
rem in the framework of the eikonal approxima-
tion for helium scattering. A novel extension to
helium specular-reflection based, time-resolved
isothermal studies??" is demonstrated. By
measuring the evolution of diffraction peaks
at elevated temperatures, we obtain direct in-
formation on the change in coverage during
isothermal desorption. We extract the desorp-
tion energy of COT at monolayer coverage and

estimate an upper limit for the desorption en-
ergy of isolated COT molecules. The possibility
to directly measure domain-dependent desorp-
tion energies is discussed as well.

Experimental Methods

The diffraction experiment was performed at
the Cambridge Helium scattering facility us-
ing a 3He Spin-Echo spectrometer,?®2? which
is designed primarily for measurements of sur-
face dynamics. The probe was a supersonic
beam of helium-3, with a mean beam energy
of 8.25 meV. The full width at half maximum
(FWHM) of 0.86 meV determines the resolu-
tion in reciprocal space, which varies from 0.07
to 0.14A 7" increasing with momentum transfer
in the experimental range. The surface temper-
ature was regulated with liquid nitrogen cool-
ing and radiative heating. The Cu(111) crystal
was cleaned using cycles of argon ion sputtering
for 20 minutes at 300 K (0.8 kV, 6-9 pA), fol-
lowed by flash annealing to 850 K. The quality
of the crystal surface was verified by measuring
the specular helium reflectivity, which is sensi-
tive to metallic surface defect densities of be-
low 1%.3" Helium reflectivity after cleaning ex-
ceeded 40%, indicating an extremely clean and
flat surface. Cyclooctatetraene (Sigma Aldrich,
98%) layers were grown by backfilling the cham-
ber (typically at 1-2 x10~® mbar) while record-
ing the helium signal to monitor the growth.
Prior to dosing, the COT was purified to re-
move dissolved gas contamination by repeated
freeze-pump-thaw cycles using liquid nitrogen.
2D diffraction patterns were measured by ro-
tating the surface normal within the scatter-
ing plane (angular scans) for different azimuthal
orientations of the crystal.

Results and Discussion

We first report on a well defined diffraction
pattern at 205 K, and its assigned structure.
Later follows the description of isothermal des-
orption measurements, which imply a coverage-
dependent desorption energy.



Figure 1(a) presents a diffraction pattern at
205 K after dosing COT to saturation at 230K,
which is above the multilayer desorption point
(around 210 K).?! The statistically significant
diffraction peaks have been labeled 1-13. A ta-
ble with peak positions and intensities, and a
representation of a full 2D diffraction pattern
(composed by replicating the actual measured
pattern), are provided in the Supporting Infor-
mation (SI). The most intense peaks in figure
1(a) - 4, 8 and 11 - exhibit hexagonal symmetry,
which is rotated by 30° relative to the diffrac-
tion pattern of the Cu(111) surface. The sym-
metry is attributed to an azimuthally aligned
hexagonal close-packing of the COT molecules,
with a lattice constant of 7.70-7.75 A, and can
be written as (3 x 3)R30° as shown in figure
2. Assuming the surface is homogeneously cov-
ered, the structure implies a number density
of 0.11 with respect to the substrate surface
atoms. Using calculated bond lengths'* and
a van der Waals radius of 1.01A for hydrogen
along the C-H bonds,3! the van der Waals ra-
dius of the planar COT dianion is estimated to
be 4.0A, giving a diameter of 8A. The similar-
ity with the experimental lattice constant, com-
bined with the expectation of highly symmet-
ric molecules to prefer a close-packed structure,
suggests that COT adopts a planar, benzene-
like conformation at monolayer coverages.

The hexagonal COT lattice seems to coin-
cide with the Cu(111) lattice to give a (3/3 x
A/3)R30° super-cell. While the diffraction pat-
tern is consistent with the super-cell symmetry,
possible peaks are missing, that cannot be at-
tributed to systematic extinctions. Close in-
spection of the diffraction pattern, including
the apparent absence of peaks, shows that it
can be qualitatively explained by a convolution.
As we derive in the supporting information,
if the corrugation functions for the adsorbate
and substrate-induced modulation have addi-
tive components, then under the eikonal ap-
proximation, the diffraction amplitude F' is a
convolution of two diffraction amplitudes - from
an ordered adsorbed overlayer, F,, and from a
substrate-induced modulation of the overlayer,
F,, and can be written as:

F(AK) = 202

(Fax Fy)(AK). (1)

Here AK is the surface-parallel momentum
transfer of the helium atom, and S, S, and S,
are the surface areas of the super-cell, adsor-
bate and substrate unit-cells, respectively. Im-
portantly, the derivation does not assume com-
mensuration of the adlayer. Peaks predicted
by the convolution in Eq.1 are shown in Figure
1(b) where they are superimposed on the data.
Black squares show the expected positions of
diffraction peaks related to the COT lattice.
Empty white circles show the peaks arising
from convolution of the adlayer G-vectors with
the six lowest-order substrate G-vectors, while
crosses indicate the expected peak positions
arising from convolution with higher-order G-
vectors of the substrate. The absence of peaks
15-17 in the experimental diffraction pattern
can be explained in terms of low amplitude,
F,, at large values of AK, combined with weak
higher-order modulation by the substrate, Fj.
Peak 14, which is barely detected above the
noise level, should not be attenuated by a con-
volution with substrate-induced higher-order
modulation. While the low intensity may be
a result of (reciprocal) distance from specular
(away from AK = 0), we can not exclude form-
factor effects. Two peaks marked as 2 and 5 in
figure 1(a) are not explained by the superstruc-
ture suggested above, but are attributed to the
most intense peaks of a non-rotated structure
(equivalent to peaks 8 and 11, but lower in two
orders of magnitude) with a slightly smaller lat-
tice constant of 7.64 A.

Close inspection of the azimuthal dependence
of the three most intense peaks (4, 8 and 11
in figure 1) shows maxima which are separated
by &~ 0.6° as seen in figure 3. These features
suggest that the structure of the COT adlayer
is more complicated than described so far. The
satellite peaks are normally an indication of still
larger order superstructures with ordered ar-
rays of domain walls.3*33 However, the fact that
4 or more peaks of one narrow azimuthal scan
(—1° < Aa < 1°) can display remarkably sim-
ilar intensities, suggests that the diffraction is



resulted from coexisting domains with a narrow
distribution of azimuthal orientations (around
R30°). A more detailed analysis of the higher
order commensuration and/or domain distribu-
tion would require a finer azimuthal scan and an
enhanced momentum transfer resolution, which
was not attained at the time of the experiment.

To summarize, the dominant structure in the
COT adlayer is an approximate (3 x 3)R30°
structure, with evidence that a small fraction
of the adlayer is influenced by small surface de-
fect densities, forming a rotated structure with
comparable lattice constant.

The alignment of the COT adlayer with the
substrate on the one hand and the formation
of a closed-packed structure on the other hand,
suggest that repulsive interactions between the
COT molecules and adsorbate-substrate inter-
actions are of similar importance at 205 K.
An insight into the interplay between the two
types of interactions can be obtained from des-
orption measurements. Earlier mass analyzed
TPD measurements of COT desorbing from
Cu(111) show three desorption peaks (labeled
a, v, (3).?! Peaks o and v are of the multi-
layer and monolayer, respectively. We assign
the 8 peak, which rises simultaneously with the
multilayer peak, to the second adsorbed layer.
The simple Redhead approximation®* can be
applied to the first order desorption shown by
the v peak. With the peak temperature of 475
K and assuming a prefactor of 10'® sec™!, the
average desorption energy is found to be 1.3 eV.

The rather large energy (desorption temper-
ature), together with the planar conformation
of the molecule as discussed earlier, allow us to
conclude the molecule is chemisorbed in a pla-
nar configuration. Determining the nature of
bonding, e.g. hybridization with metal surface
states as suggested in Ref.17 or charge transfer
to COT, which produces a planar molecule in
the gas phase, requires supplementary experi-
ments and further calculations.

We now turn to a novel (though natural)
extension of helium specular-reflection based,
time-resolved desorption measurements - where
diffraction peaks are monitored instead of the
specular peak. At a temperature of 300 K,
the role of repulsive interactions can be stud-

ied by the expansion of the structure over time,
which we attribute to continuous desorption of
COT for large coverages. The isothermal des-
orption experiment was performed as follows:
COT is dosed to saturation at 300 K. After
the exposure is stopped, peak 8 is monitored
repetitively using four 2D diffraction scans, so
that the change in peak shape with time can be
determined. Figure 4(a-b) presents the equiv-
alent of angular and azimuthal scans, respec-
tively, through the maximum of peak 8 (ex-
tracted from each 2D scan). Initially, the az-
imuthal shape (figure 4(b)), and the lattice con-
stant as extracted from the peak position in
the angular scan (figure 4(a)), are compara-
ble to the structure measured at 205 K (fig-
ures 1 and 3). However, with time, the peak
position in figure 4(a) shifts closer to specu-
lar, suggesting the structure expands. Fur-
thermore, with expansion, the azimuthal peak
broadens, implying that the distribution of do-
mains (as seen in the fine sub-peaks) becomes
more even, resulting-in an apparent azimuthal
partial-ring feature. The signs for monotoni-
cally growing disorder suggest that the COT
does not form islands. Furthermore, we did not
see any sign for islanding during deposition of
the COT while monitoring the helium specu-
lar intensity. The shift of the peak in AK, as
shown in figure 4(a), provides an estimate of
the average lattice constant of the adlayer as
a function of time. From the lattice constant,
the coverage as function of time can be calcu-
lated. Figure 4(c) presents the change in cov-
erage as a function of time, extracted from the
angular scans in the azimuthal range of 27.5-
32.5 degrees, which form the four 2D diffrac-
tion scans around peak 8. The Polanyi-Wigner
equation® can be used to extract the cover-
age dependence of the desorption energy (see
SI for details). Since we recorded the change
over a small coverage range, we assume a lin-
ear dependence of the desorption energy with
coverage. Further assumptions are a constant
prefactor of 10'% sec™! and first-order desorp-
tion. In the coverage range of the measurement,
the desorption energy changes by less than 0.06
eV with a mean energy of 1.06 eV. Linear ex-
trapolation of the energy gives the desorption



energy as 0.96 £0.01 eV at monolayer coverage
(as measured at 205 K, equivalent to a number
density of 0.11 with respect to the substrate)
with 1.62+0.07 eV for isolated molecules in the
zero coverage limit. While linear extrapolation
to the monolayer coverage is presumably a good
approximation, the linear dependence need not
hold down to zero coverage and therefore can
only suggest an upper limit to the desorption
energy of isolated COT molecules. Since the
value extracted from the Redhead analysis cor-
responds to an averaged desorption energy, we
expect that the true value for isolated COT
molecules lies between 1.3 and 1.6 eV.

It is worth noting that each 2D scan of peak
8 captures the change in lattice constant of
all the different domains (as manifested in the
sub-peaks), as well as the change in the do-
main distribution (the change in the sub-peak
intensities). Therefore, while our analysis av-
erages over the different domains in a narrow
regime of coverage, a more detailed measure-
ment and analysis will allow domain-specific
desorption properties to be extracted. Similar
to ref.36 where TPD spectra could be related
to structural motifs observed with low-energy
electron microscopy (LEEM), the approach of
monitoring diffraction peaks during desorption
ties structural information to desorption prop-
erties. It opens up the possibility of studying
desorption kinetics of different coexisting struc-
tures, and across phase changes.

Conclusions

Based on diffraction measurements at 205 K
we find that COT forms a hexagonal close-
packed adlayer at the Cu(111) surface, with
(3 x 3)R30° adlayer symmetry. Peak intensi-
ties in the diffraction pattern from a (A/3 x
A/3)R30° superstructure are explained with a
convolution of the diffraction from the adsor-
bate, and a modulation induced by the sub-
strate. Fine features in the diffraction peaks
suggest that higher order superstructures and
even different domains exist, although classify-
ing the domains would require enhanced reso-
lution. From isothermal desorption measure-

ments at 300 K, we find that the desorption
energy varies between 0.96 4+ 0.01eV at mono-
layer coverage (number density of 0.11 with re-
spect to the substrate) and an estimate between
1.3 to 1.6 eV for isolated molecules. The di-
mensions of the molecule, the close packing,
and the large desorption energy, suggest that
COT adsorbs in a planar conformation and is
chemisorbed. The presented work is a novel
extension of helium specular-reflection based,
isothermal desorption studies. We have demon-
strated the power of the technique, and expect
that targeted, more detailed experiments could
provide a new class of information on various
desorption processes.
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Figure 1: (a) 2D diffraction pattern of a COT
adlayer at 205 K after dosing to saturation at
230 K. K, and K, are the x- and y-components
of the surface-parallel momentum transfer. All
observed peaks are labeled with numbers. Dot-
ted lines and arrows represent the high sym-
metry directions of the Cu(111) surface and
are determined by the position of the Cu(111)
first-order diffraction peak 7. (b) Experimen-
tal diffraction pattern overlayed with the ex-
pected pattern. The white circles result from
a convolution of the reciprocal lattice of COT
(black squares) with the first-order Cu(111)
peaks (filled white circle). White crosses de-
note the convolution with higher-order Cu(111)
peaks. Only the first four sets of COT diffrac-
tion peaks have been used for the convolution.

Figure 2:  Schematic representation of the
hexagonal close-packed structure, (3 x 3)R30°,
of a COT monolayer on Cu(111). Cu atoms
are drawn by filled circles. The circles drawn
around the COT molecules indicate the van
der Waals radius of COT based on the esti-
mated lattice constant of the monolayer struc-
ture. The inlets show the high symmetry di-
rections of the Cu(111) surface and the COT
adlayer. The orientation of the individual COT
molecules with respect to the surface is shown
for illustration only.
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Figure 3: Azimuthal fine structure of the main
COT diffraction peaks (1,0), (2,0) and (1,1) at
205 K (peaks 8, 11 and 4 in Figl(a)), which
are given as black, red and blue lines, respec-
tively. The azimuthal angles A« are given rela-
tive to the corresponding peak centers. A comb
of angles evenly spaced by 0.6° and centered at
Aa = 0° is shown above the peaks.
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Figure 4: Temporal evolution of peak 8 dur-
ing isothermal desorption after dosing to satu-
ration at 300 K. Shown are four consecutive 2D
diffraction scans (20 min per scan). Each 2D
scan is composed of 21 angular scans measured
for azimuthal angles between 27.5 and 32.5 de-
grees. a) Evolution of angular scans at the peak
center (a = 30°). b) Azimuthal dependence of
the peak maxima in a). The asymmetric shape
of the peaks arises because desorption occurs
while measuring the 2D scans and « is scanned
towards positive values. ¢) Temporal evolution
of the coverage (relative to the monolayer cover-
age at 205 K), which is calculated from the AK
values of the intensity maxima for each angu-
lar scan. The red line corresponds to the fit
described in the text and dotted lines indicate
the end of each 2D scan.
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