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Local electronic structural effects and measurements on the adsorption of benzene on Ag„110…
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The adsorption of benzene on the Ag~110! surface has been investigated using low-temperature scanning
tunneling microscopy~STM!. We found that benzene molecules preferentially adsorb above step edges at 66
K, leaving the terraces free of molecules. The preference for the step edge adsorption is attributed to the
Smoluchowski effect enhancing the empty states to which charge is donated from thep orbitals of the

benzene. However, only the@11̄0# step edges are decorated. We attribute this to the presence of the band gap
that exists at the@001# step edge, reducing the Smoluchowski effect—the charge transfer across step edges—
and thus the adsorption on these steps. We have also explored the deposition of additional benzene onto this
surface at 4 K, where benzene populates a weak adsorbed state. A saturated monolayer of these species
arranges hexagonally, commensurate along one direction with the Ag surface. These overlayers present inter-
esting transparency effects in the STM images. The transparency is highly dependent upon changes in the
tip-sample distance and is believed to be due to dielectric screening of the Ag orbitals by the benzene.
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The scanning tunneling microscope~STM! is particularly
useful for elucidating the atomic-scale nature of adsorb
substrate systems because it simultaneously probes bot
pographic and electronic features. Numerous studies h
yielded insight into the physical and electronic structural
fects for benzene, a weak nucleophile, interacting with m
surfaces.1–10

It has been demonstrated both theoretically10 and
experimentally1,6,7 that benzene at dilute coverage is capa
of adsorbing at a variety of surface sites. Yoshinobuet al.
found that on Pd~110! at 100 K, molecules adsorbed on te
races demonstrated no special affinity for step edges.7 In
contrast to this, but similar to work described here, We
and co-workers have studied benzene on Cu~111! and have
found that at high enough temperatures benzene molec
preferentially bind at all step edges.1–4 Our results indicate
that benzene molecules prefer even more specific bind
sites on Ag~110! than previously found for other surfaces.

Experiments by Somorjai and co-workers have sho
that benzene alone does not form well-ordered monola
on the close-packed Rh~111! ~Ref. 5! and Pt~111! ~Ref. 11!
surfaces. At high coverage, benzene was reported to for
c(432) overlayer on Pd~110!.7 Our observations of benzen
overlayers on Ag~110! are considerably different from thes
systems.

Electronic structures and properties of the adsorbate,
face, and surface defects such as steps control the phy
preferences and characteristics of adsorbed molecules.3,12 By
using the STM to image benzene on Ag~110!, we have been
able to elucidate the electronic effects that influence the
tem.

In the present experiment, benzene was deposited
Ag~110!, first at 66 K, and subsequently at 4 K. Scanni
tunneling microscopy was used to determine the binding
preferences of benzene at low coverage, to elucidate the
tice structure of benzene at high coverages, to illustrate
electronic effects present at step edges, and to revea
characteristics of the decay of electronic states into
vacuum.
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Experiments were performed in a low-temperatu
ultrahigh-vacuum STM~Ref. 13! with the capability of rais-
ing the temperature in a controlled manner up to 80 K.14 The
Ag~110! samples were cleaned by repeated cycles of A1

sputtering and annealing. After this, they were transferred
the microscope chamber, which was kept at 4 K. The b
silver surface was imaged at this temperature before do
to confirm its cleanliness. A natural defect density on t
order of 1022 defects/nm2 was observed. The surface wa
exposed to benzene by backfilling the main, roo
temperature chamber and allowing the molecules to re
the sample. The STM was used to calibrate the coverag
each dosing temperature, although all the images prese
were acquired at 4 K.15

After an initial benzene dose at 66 K, only molecul
decorating the@11̄0# step edges were observed in STM im
ages. As seen in Fig. 1, molecules adsorb only at the en
the silver close-packed atomic rows, which form the@11̄0#
steps. At these sites, benzene adsorbs either isolated
small rows parallel to the step; these molecules do not ac
nucleation sites for any further growth at this temperatu
even after additional similar doses of benzene vapor. I
apparent from these images that the terraces and the@001#
steps remain completely free of molecules.

These results indicate that the sites at the end of the cl
packed rows are the only active sites for the adsorption
benzene at 66 K. The benzene molecules are above the
risers @see the schematic view in Fig. 1~c!#, and at typical
tunneling conditions (V5500 mV, I 50.1 nA), are imaged
as small protrusions centered in depressions 0.4 Å d
Similar to other$110% oriented metal surfaces,16 molecules
are adsorbed between the close-packed rows of the sur
as seen in the inset in Fig. 1~b!. At this dilute coverage,
groups of molecules at step edges are observed@Fig. 1~b!# to
be in registry with the silver lattice below, keeping an inte
molecular distance of 4.1 Å. This intermolecular distance
smaller than the distance found for solid benzene,17 as ob-
12 632 ©2000 The American Physical Society
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FIG. 1. ~Color! STM images acquired at 4 K after the deposition of benzene molecules on Ag~110! at 66 K: ~a! Vs550 mV, I
54.0 nA, size520 nm320 nm and~b! Vs52500 mV, I 50.1 nA, size521 nm321 nm. Arrows in both images point in the surfac

@100# direction. The benzene molecules only adsorb on the@11̄0# step edges. The benzene molecules are positioned between the

packed substrate rows as shown in the inset.~c! Schematic of benzene molecules adsorbed on the upper terrace of the@11̄0# step edge.
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served for adsorption at steps on other metal surfaces.3 We
expect that the benzene molecules are still lying flat such
their p orbitals lie parallel to the surface on the Ag~110! in
accord with previous studies.18

Steps, like other surface defects, often act as prefere
sites for adsorption as they represent an interruption of
periodicity of a surface.19 At these defect sites, the two
dimensional electronic structure is disrupted and the ato
can be displaced from their bulk positions. This can lead
both positive and negative changes in the ‘‘local adsorpt
energy.’’ Often, the higher-coordination numbers of ads
bates at these defect sites can explain the higher adsor
energy. However, electronic effects such as the Sm
chowski effect20 or the local density-of-states~LDOS! modu-
lation at steps21–23 can also generate preferential adsorpt
at step edges in some aromatic systems.2,24 For the case of
benzene on Cu~111!, Weiss and co-workers explain that th
increased interaction of the molecules at the step edges is
to a combination of the following in order of decreasin
strength: the charge transfer at the step edge~Smoluchowski
effect!, the perturbations due to molecules already at
step, and the enhanced LDOS at the step edge cause
surface-state electron scattering.2,3,12 They also found mol-
ecules packed tightly into these most electronically favora
sites.

FIG. 2. Ag surface projected band structure reprinted with p

mission~Ref. 25!. A band gap exists at the Y¯ point of the surface
Brillouin zone. It is this gap that is believed to reduce the Smo
chowski effect and therefore inhibit adsorption on the@001# step
edge.
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Our results show that benzene deposited at 66 K doesnot
adsorb to the@001# step edges. Chenet al. discovered that
substituted thiophenes on Ag~111! adopt different orienta-
tions, but observed no adsorption preference at different
edges.24 The electronic structure and adsorption energy w
differ based on the geometrical arrangement of surface at
at each step. In the case of Ag~110!, anisotropy in the pro-
jected bulk density-of-states exists as shown in Fig. 2;25,26 a
gap in the density-of-states at the Fermi level is found at
Ȳ point of the surface Brillouin cell. This gap causes char

r-

-

FIG. 3. ~Color! Consecutive STM images of a complete mon
layer of benzene adsorbed on Ag~110!. These images were taken o
the same area at the same bias voltage but at different tunn
currents. The sample states decay more quickly into vacuum c
pared to the overlayer states, so at large tip-sample distances,
the overlayer states are probed@~a! Vs52100 mV, I 50.1 nA,
size58.4 nm38.4 nm#. When the tip-sample distance is sma
@~d! I 54.0 nA#, the sample electronic states are probed, and
intermediate distances@~b! I 50.4 nA, ~c! I 51.0 nA# the image
reflects an interference of both the surface and the molecule e
tronic states. Inset in each image is the corresponding Fourier tr
form.



e
.

io
th

o
a

te
k

t
A
la
i

lu
i-
la

nc

o
s
pr
n
n
p
s
e

dic
th

ha

ve
th
on

t
a

ag
c

d
i

rt
o

s
nt
th

een
ro-

-
s a
s.

held
to

rob-
ad-
nic

va-
er
ts
ion
n be
ing
nc-
en-
rru-
of
of

onic
eir
ied
m

ges
6 K.

of
ad-
par-
ull

nce
b-
er.

e-
ncy,
e-
ft
u-
nd

12 634 PRB 62BRIEF REPORTS
transfer to be reduced for@001# steps, therefore reducing th
ability of the step sites to accept charge from the benzene
other words, the@001# step edges are less active adsorpt
sites because of their different electronic structure than

@11̄0# step edges.
In contrast to these results, dosing larger quantities

benzene at 4 K results in saturation of the surface with
benzene monolayer. However, a different adsorption sta
now populated, in which benzene molecules interact wea
with the substrate. As it is shown in Fig. 3~a!, the weak
surface-adsorbate interaction of these species allows
overlayer to form with a highly ordered hexagonal lattice.
surprising observation is the high density of the molecu
packing. The value observed for the overlayer periodicity
approximately 3.7 Å, much smaller than the expected va
from solid benzene.17 This value is also smaller than prev
ously observed close-packing densities of benzene mono
ers on other metal surfaces.7

An intriguing experimental observation is the depende
of the STM images on the tip-sample distance. As shown
the series of images in Fig. 3, the hexagonal periodicity
the benzene overlayer gradually becomes less apparent a
decrease the tip-sample distance to a point where we
dominantly image the rectangular silver lattice. This is do
by increasing the tunneling current, while maintaining a co
stant bias voltage. For intermediate current values, the su
position of both substrate and overlayer lattice create
Moire pattern in our STM images. As observed in the imag
in Fig. 3, the interference creates long-wavelength perio
ity, associated with the in-plane interference of both
Ag~110! and the overlayer lattices.

In the images in Fig. 3, we can additionally observe t
the benzene monolayer is oriented along the substrate@001#
direction. This orientation is found exclusively; we ha
never found domains oriented otherwise. We propose
the overlayer orientation is dictated by the step directi
While the Smoluchowski effect is dominant at the@11̄0#
step edge, this charge transfer is localized very close to
steps. This results in a single row of benzene molecules
sorbed at the step edge, as shown in the experimental im
in Fig. 1. Additionally, the short-range nature of this effe
has been calculated by Yanget al. for similar steps on the
Cu~110! surface.27 Therefore, the formation of the secon
and subsequent rows is dominated by molecule-molecule
teractions and/or adsorbate-induced surface electronic pe
bations. The latter was found to control the adsorption
benzene on Cu~111! steps.3,12 Either or both of these effect
in combination with Smoluchowski pinning would accou
for the one-dimensional commensurate orientation of
ng
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benzene monolayer.
The STM imaging transparency phenomenon has b

previously discussed in the literature for the case of an a
matic molecular overlayer.28,29 In these studies, the STM im
ages significantly depend on the applied bias voltage a
probe of different contributions from the overlayer state
Our measurements were performed with the sample bias
constant while only the tunneling current was modified
adjust the tip-sample distance. In this manner, we are p
ing only the decay and interference of the substrate and
sorbate wave functions without varying the probed electro
states.

We can extract a simple interpretation of these obser
tions from the set of STM images in Fig. 3. The Fouri
transformations~FT’s! of the STM data, presented as inse
in Fig. 3, give quantitative measurements of the corrugat
amplitudes for the substrate and the overlayer. These ca
extracted from the intensities of the FT peaks correspond
to each periodicity. The rapid decrease of the Ag wave fu
tions can be explained by the dielectric screening of the b
zene monolayer. This also explains why the benzene co
gation amplitude remains fairly constant as a function
tip-sample separation. The small corrugation amplitude
the benzene is due only to the tails of the benzene electr
wave functions that are sampled by the STM tip. Due to th
weak interaction with the Ag surface, the highest-occup
and lowest-unoccupied molecular orbitals remain far fro
the Fermi energy, close to which we image.

By imaging benzene on Ag~110! using low-temperature
STM, we have found that electronic effects at step ed
strongly influence adsorption preferences of benzene at 6

Benzene molecules adsorb above@11̄0# step edges due to
the Smoluchowski effect, while the electronic structure
the @001# step edges inhibits electron transfer and thus
sorption at these sites. We have also investigated the ap
ent transparency of the molecules in STM images of f
benzene monolayers deposited on Ag~110! at 4 K. This
transparency is very dependent on the tip-sample dista
and we attribute it to the dielectric screening of the Ag su
strate electronic wave functions by the benzene monolay
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