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Manipulation and adsorption-site mapping of single pentacene molecules on Cu(111)
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Low-temperature scanning tunneling microscopy at 7 K is used to study the adsorption and manipulation of
single pentacene molecules on(CLL). Controlled lateral translations of the molecule are performed along
different high-symmetry directions of the substrate via attractive tip-molecule interactions. By means of a
detailed site-mapping technique combining lateral manipulations of the molecule and of native substrate
adatoms we determine the adsorptive configuration of the aromatic molecule. We find a planar adsorption
geometry with the long molecular axis aligned with the close-packed Cu atom rows and the benzene units
centered over hexagonal close-packed hollow sites of the substrate.
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The interaction of organic molecules with solid surfaces is Figure Xa) shows a constant-current STM image of an
of central importance for various issues in science and techextended surface aré&60 Ax 336 A) after depositing~6
nology. These include, for example, surface chemistry andk 1012 molecules per chat room temperature and subse-
catalysis} basic steps during organic semiconductor layerquently cooling the specimen to the measuring temperature
growth? and the concept of molecular electroffiashich  of 7 K. Single pentacene molecules appear as rodlike protru-
aims at utilizing single molecules as functional building sions with lobes of enhanced tunneling conductance located
blocks with defined switching, sensing, or conduction prop-y¢ the ends. The wave pattern between the molecules arises
erties. Especially with respect to the latter_issue, 10W-pom the Friedel oscillations of the Clil) surface-state
temperature scanning tunneling microscapy-STM) pro-  gjactrons. As evident, no pronounced tendency of molecular

;ﬁgé:sn E)Xgﬁgfgétgzg:”;nn%nzgln?gﬁirsl;gggeceagsggggﬁ t%Iustering is observed which indicates the absence of appre-
atoms and molecules with atomic-scale precision. In thiSiable attractive intermolecular interactions. This character-

work, we employ LT-STM to explore the detailed adsorptive'StiC is advantageous for the present purpose, sinc_e it permits
configuration of single pentacene molecules on the closdP0M-teMperature sample preparation for experiments fo-
packed transition metal surface @(1). PentacenéCy,H1,) cused on smgle—molepule spectroscopy and manipulation. In
is a linear polycyclic hydrocarbon and has recently gained:ontrast to the. behavior found on hompgen_eous terraces, sur-
ample attention due to its promising bulk properties as arace defects like steps act as effective sites for molecular
organic semiconductéBy means of a detailed site-mapping 299regation. In detail, we find that quasiperiodic arrays of
technique which combines lateral manipulations of the mol{entacene molecules with their long axis parallel to the step
ecule and of native substrate adatoms we perform a straigh@lirection are formed preferably at the upper edge of mon-
forward determination of the energetically preferred molecu-atomic Cu steps. This specific behavior in heterogeneous
lar adsorption site. It is demonstrated that LT-STM-baseducleation, which was similarly observed for benzene mol-
manipulation provides a powerful surface science tool whickecules on C(11),° is likely to arise from the interaction of
facilitates a direct real-space determination of the overall adadsorption-induced molecular dipotés! with the intrinsic
sorption geometry of single organic molecules. step dipoles present at a metal surfgitee latter are due to
The experiments were performed with a homebuiltthe well known Smoluchowskieffect of electron-charge
ultrahigh-vacuum(UHV) LT-STM system at a temperature smoothing?). At the same time, it indicates a considerable
of 7 K. A chemomechanically polished Cii]) crystal was degree of surface diffusion of single pentacene molecules on
cleanedin situ by repeated Ne sputtering at 1 keV and an-Cu(11l) at room temperature.
nealing at 700 K. Molecules were deposited in UHV by ther-  Turning back to the molecular adsorption on homoge-
mal sublimation of pentacene after carefully degassing th@eous terraces, a comparison between the STM imad® in
crystalline source material. Cut Pt-Ir tips were used for theand the atomic corrugation of bare @@1) in (c) shows that
present experiments. Prior to the measurements the final tifie molecules strictly align with the close-packed Cu atom
condition was optimized by controlled tip-sample contact atrows along the three equivalet10 in-plane directions.
7 K. The metallic character of the tip was checked by specThe characteristic appearance of the molecule when imaged
troscopic measurements of the differential tunneling conducwith a bare metallic tip is shown in Fig(d). The diagram on
tance dI/dV verifying inherent electronic features of the the lower right details the corresponding constant-current
Cu(111) surface such as the onset of the surface-state’bangdrofile measured along the long molecular symmetry axis at
and a smooth variation of the local density of states withina tunneling current of 1 nA and a bias of 460 mV. The spac-
the pseudogap of the projected Cu bulk bah&espective ing of the observed double-lobe structure extracted from a
tunneling voltages indicated in the following refer to the large set of STM images i®.8+0.2 A which is close to the
sample bias with respect to the tip. separation of the outermost benzene rings of the free mol-
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FIG. 1. Constant-current STM images of an extendedLCl) surface area after depositingé X 10*2 pentacene molecules per €t
room temperature and subsequently cooling to the measuring temperature[¢&)7 360 Ax 336 A, 1 nA, 5 m\] and of a smaller surface
area[(b), 70 AX70 A, 4.4 nA, 65 m\[; molecules are aligned with their long axis parallel to the close-packed Cu rows; cf. atomic
corrugation of the bare surface(c) [28 Ax 28 A, 0.1 A, 65 mV]. Single molecules appear as rodlike features with an enhanced tunneling
conductance at the ends; ¢f) [26 Ax 26 A, 1 nA, 460 m\] and diagram on the lower right, whereas submolecular resolution is obtained
when transferring a molecule to the tip prior to imaging an adsorbed molg@We6 Ax 26 A, 5 nA, =100 m\].

ecule obtained in first-principles calculatiolsThis signa-  [labeled ag2)], and scanning perpendicular to the long axis

ture in molecular imaging is present basically over the entireind parallel to th¢211] in-plane direction{labeled ag3)].
bias range investigatedrom -2V to 2 V). For negative |n each case, repetitive line scans were executed starting at
bias voltagesi.e., in the regime of occupied stajgBe ap-  an initial tip-surface separation ef6 A while stepwise de-
parent molecular height is almost constant and amounts tereasing the tip height by 0.1 A with each scan. In this way,
0.6-0.7 A, while for positive biases it continuously in- the critical threshold in tip height was determined at which a
creases towards a value of1.8 A at 2 V. Contrasting the lateral manipulation of the molecule takes place. For each
characteristic appearance as shown in F{d),Isubmolecu- manipulation event discussed in the following, it was verified
lar resolution is obtained when a single pentacene moleculey subsequent imaging that the molecule was shifted by a
is picked up by the tunneling tip prior to imaging an ad- pure lateral translation and remained intact during the proce-
sorbed molecule; cf. Fig.(&) (the conditions under which a dure. The current profiles obtained for the static molecule
molecule is transferred to the tip will be discussed bgly  Prior to a manipulation event scale according to the funda-
In this case, a molecular corrugation is observed which ignental relation for the tunneling curreht-exp(-2«2) with
composed of five distinct lobes. Under these specific imaging€ decay constamnt and the tip heighz. The open circles in
conditions the overall molecular appearance resembles tHf#@gram(1) in Fig. 2 show such a current profile obtained by
spatial variation of the wave functions calculated for states ofcanning the tip fk:om the Sta‘lrt'”% pOSItII(ImI to _thel final
the isolated pentacene molecule close to the highest occupi?@s't'ofB ?:cfrosls ttﬁ static mto ec;j.le Pfgﬁ ? to its 0?19 ax%
and owest unoccuped molecuer obIWONOLUNG) eSSl Cldt e St e s o rhnced
gap?!® We interpret this finding as a clear indication that pen-_". 9 ; g
. with the constant-current images in Fig. 1. To allow for a
tacene molecules adsorb in a planar geometry ofLTlit . . L .
g . direct comparison, the current profile is rescaled to a tip
This is a common feature of aromatic molecules adsorbed e . :
16 eight of ~3.5 A at which the threshold for lateral manipu-
metal surface$> . i i
) . . . lation of the molecule towards poif is established. The
To achieve a controlled lateral manipulation of single PN\ rrent response durina manipulation is shown by the solid
tacene molecules, we systematically measured the tunneli P 9 b y

current while performing line scalsacross the molecule at q%e in diagram(1) and reflects the commensurate hopping of

constant tip height and along different high-symmetry direc.the molecule along the substrate surface corrugafiétirhe

tions. Three cases are indicated in the top left panel of Fi detailed shape of this manipulation curve verifies that the
X b P Ymolecule is trapped by the tip while it is manipulated across

2. namely, scanning paraliel to the long molecular axis an he surface: Starting the lateral tip displacement at pAint

the Cu rows alongi011] [labeled ag1)], scanning obliquely  the tip approaches the molecule and the increase in current
to the long axis and parallel to the Cu rows aldrd1]  follows the rescaled profile of the static molecule. Before the
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that the molecule visits only one specific type of lattice site
o AN while it is manipulated along the Cu row direction of the
© Q"\ 7 surface.
‘: The current response for manipulation according to case
oL h~ (2) (obliquely to the long axis and parallel to a Cu row di-
© S rection) is shown in the center diagram of Fig. 2. Here, an
N o~ increased proximity of the tip is required for a lateral trans-

lation of the molecule. The current response together with
the rescaled molecular profile prior to manipulatioescaled

to a critical tip height of~2.7 A) clearly reflects that the
molecule is manipulated via attractive interactions with the
tip. In this case, however, a significant increase in current is
observed during the manipulation and the response cannot be
described solely by consecutive segments of the current pro-
file of the adsorbed molecule. It is suggestive that this offset
in current is due to a definite reorientation of the molecule
within the tunneling gafgsuch as a partial “liftingf’ which
results in a reduced effective separation between the mol-
ecule and tip. This interpretation is supported by the fact that
a further increase in proximity leads to less controllable
translations frequently combined with molecular rotations or
even with a transfer of the molecule to the tip. Similarly, a

t pronounced offset in current response is observed also for
manipulation according to ca$®) (perpendicular to the long
axis and parallel to g211) in-plane directioly cf. bottom
diagram in Fig. 2. Here, the current response signal shows
variations in the period and amplitude, indicating more com-
plex changes of the molecular configuration within the tun-
neling gap. Yet the mean value of the period amounts to
~2.2 A which is in accordance with the close-packed Cu
row spacing ofy3/8a,=2.21 A along thg211) in-plane di-
rection.

We now address the observed trend in critical tip height at
which the molecule is manipulated along the different high-
symmetry directions. First, a certain degree of directional
dependence in lateral manipulation may arise from the fact
that the potential accounting for the tip-molecule interaction
Ras to obey the symmetry requirements inherent to the ad-
tions (1), (2), and(3) by scanning the tip from to B; open circles so_rbed molecule. Second, the critical thres_hold fo_r manipu-
indicate rescaled current profiles measured for the static molecullé’itIon depends on the molecule-substrate interaction energy

prior to lateral manipulation. A tip scanning speed of 17 A/s wasl@ndscape experienced by the adsorbed molecule. This en-
used throughout the manipulation experiment. ergy landscape will depend on the detailed bonding geom-

etries and structural relaxations which are not available from
lateral tip position meets the molecular center, however, théhe present data alone. Nonetheless, in order to interpret the
molecule hops towards the tip to the left as indicated by abserved behavior we propose a qualitative argument start-
sudden drop in current marked by the left vertical arrow ining from the fact that an ideal incommensurate overlayer
diagram(1). This observation verifies an attractive interac- structure “floats” atop its substrate; i.e., the overlayer-
tion when approaching the molecule by the tip. After thissubstrate interaction energy is z&PoBearing this general
initial jump, the characteristic current profile close to theresult in mind and assuming that the adsorbed pentacene
molecular center is reproduced while the molecule eventumolecule is not in perfect regisfiywith the Cu111) surface
ally follows the tip by hopping back to the right; cf. current corrugation, it is suggestive that a smoother energy land-
drop marked by the vertical arrow on the right. The subsescape variation would occur along the Cu row direction par-
quent current response during continued manipulation isllel to the long molecular axifcase(1)] than along a Cu
composed of consecutive segments of the molecular profileow direction inclined to the long axigase(2)]. This effect
resulting in a sawtoothlike signal which indicates that themay be even enhanced by a different degree of nonregistry
overall interaction enforces a close proximity of the molecu-along the short- and long-symmetry axes of the molecule. In
lar center to the tip position. The period of the current modu-the hypothetical case of an infinitely extended and strictly
lation is ~2.5 A, which is consistent with the interatomic periodic polyacene molecule which is incommensurate with
spacing along the close-packed Cu royeg/\2=2.55 A, the periodicity of the Cu rows, the energy landscape varia-
with the cubic Cu lattice constaa=3.61 A). This suggests tion along the molecular axis would again vanish.

current (pA)

0 10 20 30 40
tip displacement (A)

FIG. 2. Top panel: single-molecule STM imagdeft) and sphere
model of the substraté&ight) indicating three different directions
labeled ag1), (2), and (3) along which lateral manipulation was
performed (constant tip height, sample bias 300 jm\Bottom
panel: diagrams showing the current response versus tip displac
ment(solid line) when manipulating the molecule along the direc-
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v

FCC hollow site

FIG. 3. (a) STM image(105 Ax 105 A, 1 nA, 500 mV showing two assembled Cu adatom chains and a pentacene molecule located
close to the intersection point of the chain directigdashed lines Diagram(b) summarizes positions of the molecular center with respect
to the indicated coordinate system after repeated repositioning of the molgcayecircles and shows that only one specific lattice site is
occupied(c) STM image(70 Ax 35 A, 1 nA, 1V) of a Cu, chain marking a reference line of fcc lattice sitégshed lingtogether with
a dimer(lower right) as a marker for an on-top site; values of the dimer-reference line separation measured after repeated dimer repositioning
are drawn as gray circles in diagrau). (€) Sphere model of the Ql11) surface(gray: top layer, black: second layer, white: third lgyer
with a monatomic adatom cha{white sphereg the registry of the chain relative to the adjacent Cu rows of the substrate is also indicated.
The hexagonal cell in which dimeric intracell diffusion occurs is shown on the right. The structure model of the planar pentacene molecule
(bold white lineg indicates the adsorption geometry extracted from the site-mapping measurements with the molecular center located over
a hcp hollow site of the substrate.

The manipulation data summarized in Fig. 2 were ob-side on face-centered-cubi¢fcc) hollow sites of the
tained at a sample bias of 300 mV while scanning the tip asubstraté? The STM image in Fig. @) shows a surface area
constant height. On the basis of a large data set taken @here a Cy, and a Cys chain were assembled by manipu-

various sample biases and tip heights it turns out that the .. — - N i
specific result of a lateral manipulation procedure depends t%\tlng Cu adatoms along t410] and[101] directions, re

a minor extent also on the tip condition such as the atomicSPectively. The intersection point of the chain directions
scale shape of the tip. Nevertheless, there is clear evidendBarks a fcc hollow site of the substrate. In the following, this
for a general trend: We find only a moderate effect of the'eference point is chosen as the origin of a coordinate system
sample bias showing a slightly enhanced tendency towardsith the x axis pointing alond 110] and they axis pointing

molecular rotation and transfer to the tip for negative biase§|ong[1_12] [cf. upper right corner of Fig.@)]. In a second

qompared o positive bigses. In contrast, the prpx_imity of thestep a pentacene molecule was manipulated in the vicinity
tip represents the crucial parameter in determining whether, .’

the molecule is laterally shifted, rotated, or even picked u of the reference point including lateral translations and rota-

by the tunneling tip. This observation suggests that for th tlr?ns of_:_he moflet(;ule. Tlhe (:lagram in Figbp s_un|1mar||zes
present system the tip-molecule interaction is governed prid'€ Positions of the molecular cent@f. gray circles rela-

marily by attractive chemical forces rather than by effects ofive t0 the fcc hollow site ak=y=0 extracted from a se-
the tip-induced electric field. guence of 19 manipulation events. Within a mean deviation

Finally, the capability of controlled lateral manipulation is ©f 5% all measured positions lie on(ax 1) surface lattice
utilized to unambiguously determine the adsorption site oS denoted by the hexagonal grid in the diagraf solid
the single molecule. In a first step, Cu adatoms were creatéin€s). This shows that the center of the adsorbed molecule
by controlled tip-surface contact at 7 K and monatomic Cuoccupies only one specific lattice site. Within an accuracy of
chains with the intrinsic Cu-Cu spacing of 2.55 A were as-8%, the three lattice points of the hexagonal grid closest to
sembled by atomic manipulation along the close-packed rowhe origin are located d0,2a, /3] and[+\1/8a,,-a, /3],
direction®22 Apart from their intriguing electronic respectively(here and in the following, the Cu row spacing
properties these atomic-scale objects can be employed as3/8ay along the(211) in-plane directions is abbreviated as
markers for the surface lattice since the Cu chain atoms rea, ). Hence, the adsorption site under question corresponds
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either to the on-top site or to the hexagonal-close-packedtructure model in Fig.(@). Nonetheless, as a major charac-
(hcp hollow site of the substrate. teristic of the adsorption geometry it is evident that respec-
In order to distinguish between these two possibilities thetive benzene rings of the molecule are basically centered
crystallographic surface orientation has to be determinedround hcp hollow sites. This observation is consistent with
which again can be achieved by means of atomic manipulathe overall behavior found by experimé&ht® and
tion. To do so, we applied a site-mapping technique similacalculationg®?” for benzene adsorbed on various close-
to that introduced by Repgt al?? In detail, we measured the packed transition metals where the molecule occupies highly
distance between a monatomic Cu chain and a Cu dimetoordinated lattice sitgs.e., bridge sites and hollow sitesf
which was repetitively repositioned by manipulation. Thethe substrate. In the present case, however, a clear selectivity
STM image in Fig. &) shows a Cy, chain assembled along s found which favors the hcp hollow site over the fcc hollow
[011] together with two Cu monomers and a Cu dimer to thesite. A potential mechanism leading to an energetic non-
lower right. As found by experiment and calculatidgshe ~ equivalence between the hcp and fcc hollow sites may in-
Cu dimer diffuses locally at temperature$ K within a cell ~ volve adsorption-induced relaxations not only of the mol-
of adjacent hcp and fcc sites centered around an on-top sicule but also of the topmost substrate surface layers. Our
of the Cy111) substrate. The corresponding hexagonal cell ioresent findings thus suggest that the substrate surface ac-
depicted on the right of the sphere model in Fige)Xo-  tively participates in the process of structural relaxation to
gether with the hcp sitegdashed linesand the fcc sites lower the total energy of the system, rather than being a
(solid lineg centered around the on-top site. The intracellmerely static template upon which adsorption ocditrss
diffusion causes an unstable and round-shaped appearancegted that atomic-scale surface restructuring induced by ad-
the Cu dimer in STM imagé%?2 as evident from the data in sorbed aromatic molecules has been reported recently for the
Fig. 3(c). In the present site-mapping procedure the Cu dimeffu(110) surfacé®]. We encourage future theoretical calcula-
serves as a marker for on-top site positions while the Ciions to be combined with experimental structure data as
chain determines a reference line of fcc sites al@ig]; cf. ~ Provided here. Such a complementary approach will be most

white dashed line in the STM image and in the sphere modefFffective to address the difficult problem of bonding geom-
The diagram in Fig. @) shows the measured positions of the etries and relaxation processes involved in the adsorption of
Cu dimer (gray circles with respect to the reference line organic molecules on surfaces.

(dashed vertical lineafter repeated repositioning. The data In .conclus!on, the °°””9”ed lateral manipulation and ad-
are consistent with the spacing af =+3/8a, between adja- sorptive configuration of single pentacene molecules on the

cent close-packed Cu rows as indicated by the vertical soli u11]) surface were investigated by LT-STM. Basic struc-

lines and yield the crystallographic orientation of the surface ural information on the adsorption geomeiry was extracted

The separation between the reference line and the nearest 8 m a series of imaging and mampulafuon experiments. The
planar molecule adopts a flat adsorption geometry with its

row is a, /3 along[211] and 2, /3 along[211] as als0  |ong symmetry axis aligned with the close-packed Cu row
illustrated in the sphere model. This information determinesyirections along110). The molecular center occupies exclu-
the relative arrangement of fcc and hcp sites at the substraigyely the hep hollow site of the substrate surface. LT-STM-
surface. Together with the molecular registry informafioh  pased real-space information as obtained here is valuable
Fig. 3b)] it follows that the adsorbed molecule is centeredsince it provides direct insight into the adsorptive configura-
over the hep hollow site of the substrate. This adsorptionion of surface-supported organic molecules. The availability
geometry is illustrated in the sphere model where the strucyf this information is a prerequisite for studies of advanced
ture of the planar molecule is indicated by bold white lines.complexity such as, e.g., the interaction and interconnection

Owing to the fact that adsorption-induced molecular re-of single molecules with assembled atomic-scale surface
laxations are common for benzene on close-packed transitiogctures.

metal surface$ it is likely that also pentacene adsorbed on

Cu(111) adopts a relaxed conformation different from the The authors highly appreciate fruitful discussions with
structure of the free molecule. On the basis of the presentascha Repp and Gerhard Meyer. J.L. and S.F. gratefully
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