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Resolving orbitals using scanning tunneling microscopy (STM) provides an in-depth understanding of the chemical and elec-
tronic nature of molecule/substrate junctions. Most orbital resolving work was performed for molecules physisorbed on metal
surfaces by inserting interfacial layers to decouple the interaction between the molecules and substrates. It remains challenging
to image the orbitals of molecules directly chemisorbed on native surfaces because the linking chemical bonds likely induce
severe coupling. Here we demonstrate that the 7 orbitals of the phenyl rings from chemisorbed nitrosobenzene on Ge(100) are
electronically decoupled from the semiconductor surface and can be resolved by STM. Four types of dumbbell-like molecular
features are imaged, corresponding to the intradimer and interdimer [2+2] nitrosoadducts. In these products, nitrosobenzene
binds to Ge(100) through its N=O group, which spatially separates and electronically decouples the phenyl ring (C¢Hs-) from the
substrate. Theoretical calculations and STM simulation reveal that the dumbbell-like features resemble the occupied 7 orbitals
of benzene. Our results show that electronic decoupling and orbital resolving can be achieved for molecules binding to highly

reactive surfaces via sacrificing a double bond as the anchoring/spacing group.

Introduction

Adsorption of molecules on surfaces has received extensive at-
tention for potential applications in molecule-based devices. !
Understanding and tuning the chemical and electronic na-
ture of organic/substrate junctions are essential steps towards
their implementation in real devices.? In this context, scan-
ning tunneling microscopy (STM) has been proved to be a
powerful tool because of its capability of spatially resolving
individual organic adsorbates in an A scale. In addition, it
has been demonstrated that the orbital information of the ad-
sorbed molecules can be extracted by STM.>* Although or-
bitals are not observables in quantum theories, experimentally,
their electron density distributions and energy levels are ob-
servable using STM.~7 Once the molecular orbitals are “im-
aged”, the reaction mechanisms®%as well as the electronic
properties of an adsorbate can be learned. > This knowl-
edge at the molecule/substrate junctions(s) is essential in de-
sign/optimazation/implementation of molecular devices.!!-1?
However, spatially resolving orbitals by STM remains tech-
nically challenging.!3 Apart from the need of a good STM
tip as well as low operational temperatures,>%'4-17 it is crit-
ical to select and design the substrates and molecules so that
their electronic states are decoupled from each other. Thus
most successful orbital resolving studies are limited in ph-
ysisorbed molecules on substrates, where delicate insertion
of ultrathin insulating NaCl films, >!? self-assembled phthalo-
cyanine monolayers, !6181% semi-metallic graphene sheets?"

and hydrogen passivation layers?! were used to prevent the

electronic coupling. Meanwhile, the molecules chosen in
these works are flat-lying polycyclic aromatics and their
derivatives, such as perylene,?? pentacene>'? and metal-
Phthalocyanines. !%181° The large dimension and high density
of states of the delocalized 7 orbitals of these molecules favor
the spatial mapping by STM. None of small aromatics such
as single aromatic rings has been imaged with orbital resolu-
tion. Despite their inspiring success, these methods still suffer
from low operational temperatures, complex surface prepara-
tion procedures or low efficiency for electron transportation, 12
therefore unviable for future practical device applications.

In contrast to dominating reports on physisorption systems,
orbital imaging has rarely been reported for molecules directly
chemisorbed on native surfaces. Compared to physisorbed
adsorbates, chemisorbed molecules are anchored to the sub-
strates through chemical bonds (mainly covalent) with suf-
ficient thermal and mechanical stabilities, as well as shorter
electron channel. !> However, the electronic coupling between
the substrates and adsorbates also becomes severe and often
inevitable. The chemisorbed molecules are perturbed or even
deformed by the resulting chemical bonds,?* unable to sus-
tain and present their molecular orbitals.?* In order to re-
solve molecular orbitals in chemisorption system, one has
to solve the paradox between the electronic decoupling and
chemical bonding. In addition, the solution also represents
the effort to retain and exploit the designed molecular proper-
ties/functional groups from reactive surfaces.
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In this work, we resolved the molecular orbitals of ni-
trosobenzene chemisorbed on a clean semiconductor sur-
face, which has highly reactive dangling bonds and usually
binds molecules through covalent bonds.?>?® Nitrosobenzene
(CgH5-N=0) binds to the Ge(100) surface through its N=O
group, leaving the phenyl ring spatially and electronically self-
decoupled from the substrate. Therefore the occupied 7 or-
bitals of the phenyl ring are retained and resolved by STM at
room temperature.

Experimental and computational details

The STM experiments were performed on an Omicron
variable-temperature STM mounted in an observation cham-
ber attached to a main ultra-high vacuum chamber with a base
pressure of 1x 1078 Pa. The Ge(100) sample was cut from an
n-doped, single side polished wafer with a resistivity of 1-2
Q-cm and a size of 12 mmx2 mmx0.5 mm. The clean Ge
surface was obtained by several cycles of 1000 V Ar™ sput-
tering and flashing to 1000 K. Nitrosobenzene (99%, Sigma-
Aldrich Chemical) was purified via six freeze-pump-thaw cy-
cles before being dosed onto the Ge(100) sample. The STM
tips were made from electrochemically etched tungsten wires,
the dosing pressure is 1x 1078 Pa for two minutes. The dos-
ing aperture is about 0.5 m away from the STM tip. In STM
experiments, the dosing is in-situ during STM scanning, and
the coverage was directly monitored by STM.

The DFT calculations were performed using the Vienna ab
initio simulation package(VASP).?%30 A ¢(4x2) slab model
of six layers of Ge was used to simulate the Ge(100) surface.
This slab includes four dimers on the surface, three layers in
the middle and two frozen layers at the bottom. The gen-
eralized gradient approximation (GGA) with Perdew-Burke-
Ernzerhof (PBE) parameterizations was used to estimate the
exchange-correlation effect.3! The projector augmented wave
(PAW) pseudopotentials method with a kinetic energy cut off
300 eV was employed. Brillouin Zone sampling was per-
formed on a 2x4x1 I'-centered Monkhorst-Pack grid. A
gaussian smearing 0.01 eV was used to accelerate the SCF
convergence. The force criterion for convergence during the
geometric optimizations is 0.01 eV/A. The rotation barriers of
phenyl rings through C-N bonds are via calculating the single
point energies of a series of structures with variable O-N-C-C
torsion torsion angles. The barriers, if calculated based on the
constrained relaxation method, should be lower than the above
values.

The STM images were simulated by applying the Tersoff-
Hamann approximation.” To render the molecule/substrate
system orbitals, the isosurfaces of partial density of states
in a narrow energy window (£0.05 eV) at the selected peak
positions were presented. To plot the molecular orbitals,
DMol?3%33 in Materials Studio (version 5.5) of Accelrys was

employed. Spin unrestricted DFT calculations with GGA-
PBE approximation was applied. Other parameters were set
as close to the slab model as possible.

Results and discussion

15 20
Position (nm)

Fig. 1 STM images of a Ge(100) surface during adsorption of
nitrosobenzene molecules at a normal resolution (a) and
submolecular resolution (b). The numbers 1, 2, 3 and 4 mark four
types of dumbbell-like features. The vertical dash lines refer to the
dimer troughs. An alternative orientation of the dumbbells of 2 and
4 is shown in the inset. (¢) Structural models of nitrosobenzene
molecule and the Ge(100) surface. The deeper Ge atoms of Ge(100)
are not shown for clarity. (d) Line profiles of the marked features in
(b) along their axes of symmetry. Scanning area: 70x80 A. I= 200
pPA, V=-1.6 V.

STM imaging was carried out while dosing molecules
onto a clean Ge(100) sample in an ultra-high vacuum cham-
ber at room temperature. Figure la shows a STM image
of Ge(100) after dosing nitrosobenzene, where the zig-zag
chains and straight stripes refer to Ge buckled dimers.>* There
are unevenly distributed dangling bonds on Ge dimer atoms,
which probably result in multiple products when reacting with
molecules. Like most of the STM images obtained on semi-
conductor surfaces, Figure 1a exhibits adsorbed molecules as
bright elliptic spots. At this “normal” resolution, these ad-
sorption products can only be roughly distinguished from the
binding sites, but their detailed binding mechanisms remain
mysterious due to the limited intramolecular details.

Rather than conducting STM scanning after dosing, we
simultaneously scanned the surface when dosing molecules.
Figure 1b shows a typical image of the same area as in Figure
la at a submolecular resolution, because all molecular ellip-
tical spots split into “dumbbells”. The nodal planes of these
dumbbells have a uniform angle of about 53° relative to the
dimer row direction (vertical lines in Figure 1). This uniform
orientation was found to be independent of substrate terraces,
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even though the alternative terraces of Ge(100) are of perpen-
dicular dimer row directions. However, the dumbbells could
rotate themselves by 108° anticlockwisely and convert to their
“enantiomers” in another scanning round. The variable orien-
tation indicates that the molecular fragment being imaged by
STM likely connects to the substrate through a rotatable bond.
The orientational alignment may result from external electric
fields, which we will briefly discuss later.

Before we discuss the structural details of these dumbbell-
like features, it is worthy to check how the resolution in Figure
1b was improved. In contrast to the dumbbell-like molecular
features, the background Ge dimer atoms, particularly those at
the edge of the dim defects in Figure 1b, only sharpened but
not split. This clearly excludes the possible double tip effect
induced by two tunneling points on the tip apex, which would
duplicate or smear not only the protrusions but also the back-
ground atoms, particularly for those edge atoms near the de-
fects within the terraces.3>-*® Thus these “dumbbells” should
reflect intramolecular structures of the adsorbates. Given the
same sample and scanning conditions in Figures 1a and 1b (the
same scanning area, scanning direction, tunneling bias and
current), the improvement of resolution can only be attributed
to the change of the STM tip state. We carefully searched the
scanning area for the points where the resolution was transit-
ing from the normal to the submolecular (or vice versa, Figure
S1) by analyzing the STM images pixel by pixel (Figure S2
and its related description), and we compared these points in
consecutive STM images right before and after this submolec-
ular state. Neither exotic atom/particle was found to drop from
the tip to substrate near these transiting points, nor was surface
atom picked up by the tip because no atomic defect generated
at those points. Thus, we propose that the submolecular reso-
lution should only be induced via modification of the tip apex
by external molecules coming from the vacuum.

Improvement of STM resolution by capping STM tips with
molecules was widely reported, %14 despite the difficulty in
resolving the exact tip-molecule attaching mechanisms. Gen-
erally, it is believed that those attached molecules offer single
s-type orbital for new tunneling channel,?’ by which the STM
images approximately resemble the modulus squared of the
sample orbital(s) near the Fermi level.%7 However, the inset
of Figure 1b shows another asymmetric dumbbell-like appear-
ance with an alternative orientation. This indicates that the
STM tip apex in submolecular-resolution state is likely com-
posed of an asymmetric and metastable collection of s-type
orbitals,3® which differs the molecular features from that of
single s-orbital tip while retaining the nodal planes. The most
plausible explanation in our experiments is that nitrosoben-
zene binds to the tip tungsten atoms through N and O atoms
as they have high affinity to transition metals. Via in situ
dosing, the submolecular resolutions could be achieved re-
peatedly. The biased tips during scanning may readily attract

molecules while in situ dosing.3°

Feature 4 Feature 2 Feature 1

Feature 3

! >
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Fig. 2 (a)-(d) Experimental STM images adapted from Figure 1b.
(e)-(h) Simulated STM images at -1.6 V of structures (i)-(1),
respectively. (i) and (j) Interdimer nitrosoadduct model and its side
view (0). (k) and (1) Intradimer nitrosoadduct model and its side
view (p). The solid rectangles in (a)-(h) are 2x 1 reconstructed unit
cells of Ge(100), where the empty circles mark the reacted dimer
atoms. The positions of N and O atoms are also highlighted by balls.
hy and hy in (0) and (p) are the heights of N and O atoms in the unit
of pm, relative to the bottom Ge layer.

Under the submolecular resolution, the adsorption features
can now be more precisely located and classified compared to
the normal resolution as in Figure 1a. Four types of features
1, 2, 3 and 4 are identified according to their heights (Figure
1d) and locations (Figures 2a-2d, referring to the centers of
the dumbbells). Among these features, 1 is the highest, and
its center coincides with the center of a dimer. The major
type 2 is lower than 1 by 27 pm, with its center on the left
side of a dimer. In contrast to the above types, 3 and 4 locate
themselves in the middle of dimer troughs. 4 is the lowest,
lower than 3 by 27 pm, and 2 by 38 pm. Types 1, 2 and 4
all have their left parts of the dumbbells lower than the right
halves by about 30 pm, while 3 is of its left part higher. In
short, the dumbbell-like appearance at the submolecular reso-
lution offers us more structural details, which can help us to
more reliably interpret the binding mechanisms and electronic
structures of the adsorbed molecules.

As for molecular devices, it is important to understand and
tune the geometric and electronic structures of a molecule af-
ter being attached to substrates. Density functional theory
(DFT) calculation complements experimental STM study with
its ability to search for possible adsorption structures and to
simulate their STM images. Based on DFT calculation, the
four types of dumbbell-like features can be assigned to two ad-
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sorption products. Features 3 and 4 are both in dimer troughs
(Figures 2a and 2b). They are assigned to an interdimer [2+2]
nitrosoadduct shown in Figure 20. Figures 2i and 2j show
the top views of this interdimer adduct with their orientations
differing by 180°. In this configuration, the nitroso group (-
N=0) reacts with the paired end-bridge of two adjacent sur-
face dimers within the same dimer row, leaving the phenyl ring
intact above the dimer trough. Simulated STM images at the
bias of -1.6 V (Figures 2e and 2f) clearly show the existence
of nodal planes. The nodal plane of each simulated “dumb-
bell” coincides with the phenyl ring plane, thus two halves of
the dumbbell are tentatively attributable to the side view of the
phenyl ring’s 7 orbital(s). The sizes of orbitals lobes separated
by the nodal planes in calculation are generally smaller than
that observed in the experiments *’ because the tip shape is not
considered in the Tersoff-Hamman approximations. Similarly,
Features 2 and 1 are related to intradimer [2+2] nitrosoadducts
in Figure 2p with opposite orientations (Figures 2k and Figure
2i). In intradimer state, each nitroso group adds to a single
dimer, whereas the phenyl ring remains intact, standing on top
of dimer atoms. Both intradimer and interdimer adducts have
a similar orientation (55°) relative to the dimer row, in tight
agreement with Figures 2a and 2b, respectively. It is also wor-
thy to compare the heights of two nitrosoadducts by checking
the position of N, which is anchored by the Ge substrate and
supports the intact phenyl ring in all structures. Our structural
models indicate that the intradimer product is higher than the
interdimer adduct (903-855=38 pm, in Figure 20 and 2p). This
is in line with the experimental line profiles in Figure 1d, fur-
ther supporting our proposed adsorption mechanisms. This
excellent match demonstrates that the dumbbell-like features
possess more structural information that is inaccessible at the
normal STM resolution, and the interpretation based on these
features should be more reliable.

The above [2+2]-cycloaddition mechanism is supported by
previous studies as well as our calculations. Nitrosobenzene is
composed of a phenyl ring and a nitroso group. Both may re-
act with Ge(100), which is of highly reactive double-bonding
dimers. However, the formation of two nitrosoadducts is sup-
ported by a similar addition reaction when nitrosobenzene ad-
sorbs on Si(100).%* In addition, benzene is not reactive on
Ge(100) at room temperature.* Thus it is unlikely that ni-
trobenzene reacts with Ge(100) via the phenyl ring. As a
typical [2+2] cycloaddition on group IV surfaces,*® the ni-
troso group (-N=0) reacting with Ge dimer should be barri-
erless (also confirmed by our calculation) and facile to occur
at room temperature. Our calculations show that adsorption
energies of interdimer and intradimer nitrosoadducts are 1.35
and 1.65 eV, respectively. The discrepancy in adsorption en-
ergy is attributable to the loss of dimer bulking energy.*’ The
interdimer adsorption opens two dimers and releases two un-
paired dimer atoms of high energy, whereas the intradimer ad-

dition only saturates one dimer without generating unpaired
dimer atoms. This explains the fact that the intradimer fea-
tures 1 and 2 dominates over the interdimer adducts.

Since Ge(100) has lines of symmetry along the dimer row
direction, each phenyl ring has two stable orientations rela-
tive to the dimer row direction. Our calculation also proves
that the phenyl rings are readily to rotate through single C-N
bonds with negligible barriers (<0.3 eV, in Figure S3). This
means the conversion between each pair of stable enantiomers
can occur at room temperature. Indeed, the dumbbells rotated
themselves by 108° and convert to their enantiomers in an-
other scanning round (Figure 1b, inset). Interestingly, there
is only one orientation in each scanning run, indicating that
the azimuth and tilt angles of phenyl rings can be affected by
an external electric field, due to their large polarizability. 41-43
Under a lateral electric field (for example, induced by asym-
metrically charged tip covered by molecules in our case), the
azimuth angle of phenyl ring can be tuned and led to the uni-
form orientation, whereas the identical tilt angle of the phenyl
rings in Figure 2k and Figure 2i will dissimilate. Such a dis-
similation may result in the discrepancies in heights, as well
as projected lateral locations between features 3 and 4. Sim-
ilar splitting was observed between Features 1 and 2. Fur-
ther theoretical work considering the influences of the exter-
nal electric field and the tip shape will offer new details but
out of our scope here. Nevertheless, regardless of the actual
binding mechanism (interdimer or intradimer), the phenyl ring
planes are always almost perpendicular to the surface and able
to present analogous dumbbell-like features under STM.

In the Tersoff-Hammann scheme, constant current images
map the local density of states or the accumulation of orbitals
of a system at the energy window between Er and Er + €V,
where Er and V are the Fermi level and tunneling bias, re-
spectively.” In our experiments, the bias -1.6 eV is referred
to the substrate, thus only the occupied orbitals lower than
the substrate Fermi level by <1.6 eV are imaged. To ex-
tract which occupied orbitals of the molecule/substrate system
contribute to the dumbbell-like features, the partial density
of states (PDOS) of the nitrosobenzene fragment in adsorbed
state and total DOS (Figure 3) curves are plotted. The real
Fermi level of a semiconductor substrate is affected by many
factors and does not always coincide with the calculated result.
Constant current images at multiple biases or scanning tunnel-
ing spectroscopy (STS) spectra may reveal the discrepancy,
however was not obtained in our experiments due to limited
instrumental functionalities. Nevertheless, in Figures 3a and
3b, the valence band maximum (VBM) of each nitrosoadduct
is defined as the nominal Fermi level, lower than the real one,
which will always fall in the band gap.

Two nitrosoadducts have similar molecular PDOS curves
with many distinct peaks at the same energy, indicating that
the molecules in the two different adsorbed states undergo
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Fig. 3 (a) top: Total DOS of the intradimer nitrosoadduct; bottom:
PDOS of nitrosobenzene fragment. (b) top: Total DOS of the
interdimer nitrosoadduct; bottom: PDOS of nitrosobenzene
fragment. (c) and (d) “HOMO” and “HOMO-1" orbitals in (a). (e)
and (f) “HOMO” and “HOMO-1" orbitals in (b). (g) Molecular
orbitals of free nitrosobenzene. Isodensity: 0.03 e/A3. The energies
in parentheses are in the unit of eV relative to the vacuum level. The
green and red balls refer to N and O atoms, respectively.

analogous electronic interaction with the substrate. Figures
3a and 3b show that in the nominal bias range, there is only
one frontier orbital (marked as “HOMO”) of the adsorbed
molecule for each adduct. It is this “HOMO” that is responsi-
ble for the observed dumbbell-like features. In Figures 3c and
3e, each “HOMO” has a nodal plane (the phenyl ring plane)
to separate four lobes to its two sides. However, the orbital
lobes at the same side cannot be distinguished in the STM
images due to their superimposition along the tunneling direc-
tion. The next highest orbitals “HOMO-1" (Figure 3d and 3f)
of similar nodal planes may also contribute to the “dumbbells”
with less possibility. The deeper orbitals do not contribute to

the STM signals as they have much lower energy levels. In
short, here our images are highly interesting because they are a
“side view” of a single phenyl ring rather than the “top views”
of polycyclic aromatics in the previous reports. '3

Since nitrosobenzene molecules are chemisorbed onto
Ge(100) through covalent bonds, the above “HOMOs” and
“HOMO-1s” should be the molecule/Ge(100) system orbitals
rather than the pure molecular orbitals in free state. This is
also the general case for most of organic/semiconductor junc-
tions. However, by comparing these system orbitals with the
molecular orbitals of free molecules, it is possible to trace
the molecular contribution to these “HOMO” and “HOMO-
17 orbitals. Obviously, two “HOMOs” in Figures 3c and 3e
resemble the HOMO-1 of free nitrosobenzene (Figure 3g).
The nitrosobenzene’s HOMO is mainly composed of the N=0O
double bond, which has been reacted with Ge dimer atoms
upon adsorption. Two “HOMO-1" orbitals in Figures 3d and
3f have analogous nodal planes as the HOMO-2 of free ni-
trosobenzene. In comparison with benzene, nitrosobenzene’s
HOMO-1 and HOMO-2 orbitals originate from two degen-
erate 7 orbitals (mainly composed by six C 2p atomic or-
bitals) of free benzene (Figure S4). Energetically, these two
7 orbitals split in nitrosobenzene due to the symmetry break-
down by the nitroso group. From the PDOS curves in Fig-
ures 3a and 3b, it is found that such spitting remains even
though the N=O bond is reacted upon adsorption, indicating
the electronic properties of the phenyl fragment are well re-
tained when -N=O is sacrificed as a spacing/attaching group.
Figure 3g exhibits that the HOMO-1 and HOMO-2 of ni-
trosobenzene are mainly distributed on the phenyl ring and
it is this part being captured by STM. There is negligible con-
tribution from N and O atoms either before or after adsorp-
tion. Therefore we state that the imaged dumbbell-like fea-
tures correspond to the HOMO-1 (and HOMO-2) orbital of
free nitrosobenzene, resembling the 7 orbitals of benzene.

Conclusion

We successfully resolved the molecular orbitals of nitroben-
zene adsorbed on Ge(100) using in situ dosing technique. Ni-
trosobenzene reacts with Ge(100) via N=0O adding to a sin-
gle dimer or the paired end-bridge of two adjacent surface
dimers, resulting in the intradimer and interdimer [2+2] ni-
trosoadducts. The phenyl rings in both products are spa-
tially separated from the substrate and electronically de-
coupled from the surface states, thus are resolvable under
STM. In this self-decoupling binding mechanism, nitrosoben-
zene molecules are immobilized on Ge(100) through cova-
lent bonds, therefore allowing facile STM measurements and
manipulations. The sufficient thermal stability and mechan-
ical robustness of this kind of organic/semiconductor hybrid
system is also more feasible than the physisorption system
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for the applications in molecule-based devices. Our work
demonstrates that self-decoupling can be achieved by sacri-
ficing a double bond as the spacing group covalently attached
to a semiconductor surface. This may be possibly extended
to other molecule/substrate systems for orbital-resolving at-
tempts.
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