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(PTCDA)[19-21 or 1,4,5,8-naphthalene-tetra-carboxylic-dianhydride (NTCDIA) P2-24], which exhibit a
permanent electrostatic quadrupole moment. The attractive interaction between the molecules, which in some
casesis enhanced by charge transfer from the surface, results in the formation of ordered molecular islands ever
for very low submonolayer coverages. Increasing the number of molecules on the surface enlarges the size of th
islands without changing their internal structure. However, although in principle the molecule-molecule
interaction is responsible for the formation of islands, the precise local arrangement of the molecules within
theseislands isin many cases driven by the molesubistrate interaction. Especially in the case of chemical
bonding between molecules and surface, an alignment of molecules along high-symmetry directions of the
substrate, for example, along rows of substrate atoms, is likely in order to maximize the overlap between
electronic states of the molecule and of the substrate.

The fundamental mechanisms that are responsible for the interface formation of homomolecular layers on
the metal surface are well understood, and details are often determined by intrinsic properties of the interface
components and can hence only be maail by substituting either the surface material or the molecular
adsorbate. This situation becomes even more complicatedhetenmolecular monolayerims consisting of
two different types of molecules are considered due to an additional parameter, the ratio of coverages. But for the
same reason, these layers offer great potential for selectively tuning the shape and size of the adsorbate lattice o
particular surface by changing the relative ratio of the adsorbates on the suBSteie T his would allow us
to tailor metalorganic interfaces and hence to control the subsequergrowth as well as the electron
injection barrier.

Onthe way towards realization of such tailor-made systemstghstudies on the lateral orderin
heteromolecular adsorbatkns have been reported recenthpf2g). They already demonstrated that the
lateral periodicity can indeed be imenced by the stoichiometry of the components and that the arrangement of
the molecules in the heteromoleculéms is mainly determined by intermolecular interactions. In addition to
these ndings, however, we recently revealed the importance of the melsghdrate interaction for the
properties of heteromolecular-metal hybrid interfaces formed by coadsorption of copper-lI-phthalocyanine
(CuPc)and PTCDA on Ag(1112§]. The differences in the charge ity of the molecules lead to charge
transfer from CuPcto PTCDA viathe Ag(111) substrate and has consequences for both the electronic and
geometric structure of the interface. While we focused on the electronic properfilsiimparticular on the
origin of the substrate-mediated charge transfer, we concentrate on the lateral structure formation and the
growth modes of the lateral monolayéms in the present paper. A combination of several experimental
techniques allows us to determine the structures of three ordered phases with different CuPc/PTCDA
stoichiometry inthe (sub-) monolayer coverage regime. While low energy electron microscopy (LEEM) is used
to study the formation of the heteromoleculdms in real time, we apply spot prie analysis low energy
electron diffraction (SPA-LEED) and low temperature scanning tunneling microscopy (LT-STM) to determine
the lateral order of theséms with highest precision. The structural parameters found in the experiments are
veri ed by pair-potential calculations, which reveal theignce of the molecule substrate and of the
intermolecular interactions on the structure formation in heteromolecuias.

2. Experimental details

2.1. Sample preparation

All experiments and sample preparations were carried out under ultra-high vacuum conditions with a base
pressure better thah x 1052° mbar. The surface of the Ag(111) single crystal was cleaned by repeated
cycles of Arion bombardme(t:55 incident angle of the ion bear,x 30min, lsampe= 4 A) and

subsequent annealing with temperatures7@8K for 30 minutes. Evaluating the transfer width of the
specular reection obtained with the SPA-LEED instrument revealed that such preparation delivers large
Ag(111) terraces>6G00A).

The organic layers were prepared by organic molecular beam deposition (OMBD) using a dedicated
evaporator. Except for one of our real-time LEEM studies, the sample was kept atroom temperature for the
preparation of the organidms. The CuPc and PTCDA molecules were deposited sequentially onto the Ag(111)
surface. Inthe SPA-LEED chamber, the moleculamwas monitored during the growth process by measuring
molecular fragments with a quadrupole mass spectronmater (28 au for CuPc anch = 248 au for
PTCDA). We used constant deposition rates Ofloﬁ. The coverage of both molecular species in the
heteromolecularlms was determined separately for both individual deposition steps by the integrated QMS
signal, which was normalized to the one of the corresponding homomolecular mondtay€he latter is
de ned as that organic overlayer with the highest (homo)molecular surface density completely covering the
silver surface. Therefore, all molecular coveraggsaand cupcgiveninthis paper representthe amount of
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Figure 1.Schematic overview of the three different heteromolecular phases observed for different coverages of CuPc and PTCDA on
Ag(zlll). The SPA-LEED patterns show typical diffraction signattggs(27.2eV), the insets show either STM images (MBW and
M1°1,70 x 70 )orastructuralmodel (MZZ).

CuPcand PTCDA molecules present on the silver surface relative to homomolecular closed layers, and hence d
not refer to the molecular surface density of the different heteromolecular structures.

2.2.Low energy electron microscopy

The LEEM experiments were performed using a commercial EImitec AC-SPE-LEEM III. During the growth
processes, LEEM images were recorded continuously with an acquisitiontgneo0.2s per video frame.

All data were recorded in brigheld mode in which mainly the specular extion contributes to the contrast of
the real space image. We used a start voltagegf= 2V anda eld of view 0ob m. During and after the
measurements, no indications for radiation damage have been detected.

2.3. High resolution low energy electron diffraction

The LEED data were obtained using a SPA-LEED instrument (Omicron). This device operates with very low
electron ux (Iprain 5 NA) which allows a non-destructive investigation of organic samples. In order to achieve
the highest accuracy, we exclusively recorded the diffraction patterrkigplaee segment, which reveals the

smallest distortion of the reciprocal space pattern. These distortions are due to extreme trajectories of the
diffracted electrons in the inhomogeneoe#d of the SPA-LEED instrument and are a well-known artifact of
SPA-LEED systems. In order to determine the structural lattice parameters, the recorded diffraction patterns were
calibrated using the SPA-LEED pattern of the PTCDA monolayer structure (herringbone phase) on Ag(111). The
epitaxial matrix can be determined with an accuracy of £0.04 for each matrix entry. This error is propagated to

the lattice parameters.

2.4. Scanning tunneling microscopy

Al STM experiments were carried out at low temperaflyg{e< 10K) using acommercial Createc LT-STM.
STMimages were recorded in constant current mode. Since the unit cell dimensions were precisely known from
the SPA-LEED measurements, we could correct all images for distortions.

3. Experimental results and discussion

A schematic overview of different CuPc-PTCDA heteromolecular phases onthe Ag(111) surface is shown in
gurel. Except for very low molecular coverages b8l@ML, long-range ordered mixed structures are

formed, which can be classid according to their stoichiometry. The total coverage for all these molecular

blends is less than or equal to one organic layer, and the total thicknes88sis revealed recently by the

normal incidence x-ray standing wave technidt®30. For CuPc coveragesd,pd smaller thar®.40ML and

PTCDA coverages prcpp) larger thard.50ML, theMixed Brick WallMBW) structure is observedThis

structure is characterized by a commensurate registry with the silver surface and contains two PTCDA and one

1 Note that these molecular coverages refer to the number of molecules deposited on the surface and do not represent the surface density of
the molecules inthe individual structures.
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Figure 2 Bright- eld LEEM images taken during the deposition of the second molecular compagagnt(2V). Row (a):
deposition of PTCDA on a submonolayém of CuPc on Ag(111) atroom temperature: MBW islands (bright contrast) appear
immediately when the deposition of PTCDA is started. Their size increases linearly with the PTCDA coverage. Row (b): deposition of
CuPcon asubmonolayelm of PTCDA on Ag(111) &75K: initially (second image) CuPc forms a 2D lattice gas between the
existing PTCDA islands (bright contrast), which are essentially unchanged. Only after the lattice gas has reaseetharsgh
density, MBW islands are formed (third image, islands having the same contrast as those in row (a)) and grow until all PTCDAislands
have disappeared. Allimages are taken from LEEM movies showing the entire deposition process. These movies are available as
supplementary online material (availabletatks.iop.org/njp/17/023046/mmeyia

CuPc molecule per unit cell. The surface density of PTCDA and CuPc in the MBW, as well as in all other
heteromolecular structures on Ag(111), is comparable to the one of the individual molecular species in their
homomolecular monolayer structure. Typically, the MBW structure coexists with islands of the homomaolecular
PTCDA/Ag(111) monolayer structure, which take up the excessive PTCDA molecules.

When increasing the CuPc coverage Uup786ML and using PTCDA coverages be®®ML, theMixed
One-to-OnéM121) phase is formed. Itis found in two structures, one is commensurate and the other shows a
point-on-line coincidence with the substrate, but both have an almost squared unit cell containing one molecule
of eachtype. Finally for CuPc coverages larget@fii&ML and PTCDA coverages beldowML, theMixed Zig-
Zag(MzZ) phase s visible. In this regime, different structures with large unit cells containing two CuPc and one
PTCDA molecules are found. Note that all organic blends do not undergo any lattice parameter changes upon
cooling to cryogenic temperatures, as proven by SPA-LEED. The relative number of molecules found in the
mixed structures approximately rects the coverage of molecules deposited on the surfacending
indicates that the lateral order in heteromolecular structure can indeed be tuned by changing the relative
molecular coverage.

Before we report on more structural details of these three heteromolecular phasssgigeuss the layer
formation of CuPc-PTCDA mixedms based on areal-time LEEM study in the following section. In addition,
we report pair potential calculations in order to achieve a better understanding of the intermolecular interaction
between CuPc and PTCDA and to reveal th&énce of this interactier-in relation to moleculesubstrate
interaction—on the lateral order of heteromolecular CuPc-PTCDAs.

3.1. Investigation of the growth
Allthree thermodynamically stable heteromolecular structures can be prepared either by deposition of PTCDA
onto asubmonolayer CuPc/Ag(111n or by the reversed deposition sequence. For both cases, the
transformation from the homomolecular to the heteromolecular can be monitored in real time by LEEM.
We have exemplarily chosen the formation of the MBW structure in order to demonstrate qualitative differences
between both deposition sequences.

Figure2(a) shows snapshots recorded during the deposition of PTCDA on a submondtapéro.40ML
CuPc/Ag(111) atroom temperature. The homomolecular Clia¢ rstimage of panel a) reveals an
homogeneous contrast with very low intensity, which is due to the 2D lattice gas of CuPc. At theesdpeizbn
energy selected for this experiment, the intensity is small because of destructive interference between electrons
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re ected atthe molecular layer and at the bare silver surface. This effect is similar to intensity modulations
observed inreection high-energy electron diffraction (RHEED) during thim growth. The deposition of

PTCDA immediately results in the formation of areas with a brighter contrast (second image), which can be
identi ed by LEED as islands of the MBW structure. The size of these MBW islands increases with rising PTCDA
coverage (third image) until the deposition is stopped (fourthimage) or all CuPc molecules are incorporated in
the MBW islands. A movie showing the entire deposition process is available as supplementary online material.

The nding that MBW islands are formed indicates that the intermolecular interaction between adsorbed
CuPcand PTCDA s, in general, attractive. Due to the high mobility of CuPc at this temperature, the
thermodynamically most stable structure is formed immediately. Changing the deposition sequencesthat is
PTCDA, then CuPc, results in no direct mixing of CuPc and PTCDA at room temperature (without any further
annealing). Instead, both homomolecular phases coexistin separate areas on the same terrace. In this case, the
formation of a mixed structure can be achieved either by annealing the sampléa, or by performing the
second deposition at an elevated temperatuZbK. For the latter case, exemplary snapshots of our LEEM
study recorded during CuPc deposition are showrgiare2(b); the full movie is again available as
supplementary material. Thestimage reveals the LEEM contrast of a PTCDA submonolegerhe areas
with bright contrast can be idented as molecular islands; the ones with dark contrast as bare substrate. When
starting the deposition of CuPc, the LEEM intensity from the bare substrate decreasearstignir his
indicates that CuPc forms a 2D gas phase in the regions between the PTCDA islandsramsitbana phase
separation of the homomolecular phases of CuPc and PTCDA exists at this stage. As the CuPc coverage
increases, the PTCDA islands start to dissolve, and islands ofthéxed structure (MBW) appear (third
image). The MBW islands continue growing until all PTCDA islands have disappeared (fourth image).

For this deposition sequence, athermal activation barrier has to be overcome before a mixed structure is
formed. Thisis the result of an intermolecular attraction between the PTCDA molecules in their
homomolecular herringbone structure and alow detachment rate of PTCDA from the islands atroom
temperature. Since CuPc cannot penetrate the PTCDA islands, those are stable and surrounded by the CuPc 2L
gas. At elevated sample temperatures, the detachment rate of the PTCDA molecules increases and their high
mobility allows diffusion into the CuPc 2D gas regions. We also observe that CuPc is now penetrating into the
PTCDA islands. Both processes contribute to the formation of the heteromolecular structure since we observe
both the formation of new MBW islands in the CuPc 2D gas regions and the conversion of PTCDA islands to the
MBW structure.

The thermally activated mixing also indicates that the mixed layer is the thermodynamic equilibrium state
and hence energetically more favorable than two separated homomolecular CuPc and PTCDA phases. A more
detailed and quantitative analysi§][of the LEEM results, including studies of the growth of the other phases,
are beyond the scope of this paper and will be published subsequently.

3.2. Modeling intermolecular interactions by pair potential calculations
As discussed in the previous section, the formation of heteromoletmisireveals clear signs of an attractive
interaction between CuPc and PTCDA. We now want to understandrtiag by discussing the interaction
between individual CuPc and PTCDA molecules in the framework of a pair potential ap@aad In this
theoretical approach, the interaction energy between two molecules A and B is calculated by the sum over two-
body potentials of every atom of molecule A with every atom of molecule B. The two-body potentials consider
van der Waals and electrostatic contributions, for which we use a set of parameters that has been proven to
describe the intermolecular interactions of homomolecular combinations of PTCDA and CuPc molecules very
accurately3?). The structural parameters, which were varied in these calculations, are the lateral distance vector
R=( X, Y)betweenthe centersofthe two molecules and their relative orientatilrpractice, we have

xed the CuPc molecule at a certain position and in a certain orientation (in the center of the maps shown in

gures3(a){e) and with its long axes horizontally and vertically), and scan the PTCDA molecule across the
relevant area. Within one map, the PTCDA molecule is also kepti@dorientation, whereby, is the angle
between its long axis and theX, 0)-direction. Other rotations around the andy-axes (x and ), aswellas
the vertical displacemenZ between the two molecules, were always kept at zero. This corresponds to the
assumption of aat adsorption geometry for both molecules at the same height above the surface (although, the
interaction with the surface was not considered). We furthermore treated the molecules as rigid objects with an
inner geometry that was optimized beforehand by density functional theory for free molecules in the gas phase.
More technical details about this method can be found elsewB@re [

In gure3the results of pair potential maps fore different orientations, are shown. Each point of the

map represents the pair potential energy as a function of the distance vGtoiy) and the relative
orientation ,. The color code illustrates the energies of the pair potential calculations, with positive energies
depicted inred and negative energiesin green and blue. All maps reveal that the interaction between CuPc and
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Figure 3(a)-(e) Pair potential maps for different orientationsof the PTCDA molecule. The CuPc molecule is always oriented
horizontally with its long symmetry ax{sX Y) is the distance vector between the molecules. Red areas indicate regions of
intermolecular repulsion, and green/blue areas indicate attraction. Panel (f) shows radial lieethrough minima in the maps as
they are indicated by dashed lines in{@).

PTCDA is dominated by an attractive intermolecular interaction (large areas with negative potential valuesin
the maps gures3(a)-{(e) and negative values inthe line ples gure3(f)). This is caused by an electrostatic
attraction between the negatively charged oxygen atoms of the PTCDA molecule and the positive partial charge
onthe hydrogen atoms of CuPc, and by van der Waals forces. There are also regions with a repulsion between th
molecules, butthese cover smaller areas in the potential maps. They arise from the electrostatic repulsion
between the positively charged hydrogen atoms on both molecules. But overall, the interaction between CuPc
and PTCDA can be described as mostly attractive.

Note that there are sharp and distinct potential minima for all relative orientations. Radial linegpro
through the prominent minima for different relative orientationsare shown in gure3(f). The energy gainin
these potential minima is much larger than the thermal activation energy atroom temperature. Therefore,
PTCDA molecules can be trapped in the vicinity of CuPc, which leads to the formation of a mixed structure. The
largest energy gain270 meV was found for , = ¢ and , = 40 . This value hasto be compared with
corresponding numbers calculated for CuPc-CuPc and PTCDA-PTCDA pair potentiai ve found30
meV forthe rstand620 meV for the latter. From this simpled energetic approach based on the interaction of
pairsof molecules and neglecting entropy effects, the formation of the mixeabpears questionable since the
value for the mixed molecular system lies between the corresponding values for the homomolecular systems.
But note thatin the CuPc-CuPc case, the minima are very strongly localized while the interaction otherwise is
dominantly repulsived2, 34. In particular, when PTCDA is deposited on a diluted gas-phase of CuPc/Ag(111),
thatis, when the CuPc molecules have rather large distances to their neighbors, whichis energetically an
unfavorable situation since itis in the repulsive regime of the CuPc-CuPc pair potential map, the PTCDA
molecules can rather easily squeeze themselves in between the CuPc molecules. Itis then plausible that the
CuPc-PTCDA pairsnd their optimum relative position in the mixed phase.

Hence, when forming a blend with PTCDA, the CuPc molecules can transform the intermolecular repulsion
between each other into an attractive interaction with PTCDA. This results in an energy gain for the entire
system, which is even enhanced when considering substrate-mediated intermolecular exchanges reported
earlier for this heteromolecular adsorbate syst&dh Furthermore, the entropy term, which was neglected in
the discussion so far, will obviously always favor the formation of mixed structures rather than a phase
separation.

Inthe case of reversed deposition, when PTCDA has to be dissolved from compactislands, the formation of
the blend is a question of thermal energy (and also the CuPc density). PTCDA molecules atthe edges of the
PTCDA homomolecularislands, which are stably bonded to their neighbors, must be detached from thatisland
in order to be able to form large mixed islands, and since the PTCDA-PTCDA pair is more stable than a CuPc-
PTCDA pair, this is not possible without thermal activation.
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