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Structural determination by single-molecule vibrational spectroscopy and microscopy:
Contrast between copper and iron carbonyls
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~Received 5 April 2000!

A scanning tunneling microscope~STM! was used to synthesize Cu~CO!, Fe~CO!, Cu(CO)2, and Fe(CO)2
from individual Cu atoms, Fe atoms, and CO molecules on a Ag~110! surface at 13 K. Inelastic electron
tunneling spectroscopy and microscopy together with topographical imaging revealed contrasting bonding
geometries for the single Cu and Fe carbonyl products.
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Dissociation of individual molecules with a scanning tu
neling microscope~STM! on semiconductor1,2 and metal3,4

surfaces has successfully demonstrated the use of the
as a tool for chemical transformation of matter on the atom
scale. Currently, the precision of STM-induced dissociat
is such that single bond scission could be achieved in a p
atomic molecule while leaving another identical bond intac5

The reverse process of single bond formation has also b
realized.6 Chemical sensitivity of the STM provided by in
elastic electron tunneling spectroscopy~STM-IETS! ~Ref. 7!
enabled identification and characterization of the product
single-molecule dissociation4,5 and synthesis.6 These capa-
bilities of the STM, combined with manipulation,8–10 are ex-
pected to contribute to the development of nanoscale m
rials and devices.

In the present work, we used a low temperature ST
operating in ultrahigh vacuum11 to synthesize chemical spe
cies on the surface and to characterize the reactants and
ucts with spatial imaging and vibrational spectroscopy a
microscopy. Starting with a clean Ag~110! surface at 13 K,
individual Cu atoms and Fe atoms were first evaporated o
the surface, followed by adsorption of two isotopes
CO (12C16O and 13C18O) from the gas phase. To preve
interactions between coadsorbed species, exposures o
Fe, and CO isotopes were limited to yield coverages
;0.001 monolayer. In topographical images taken at 70
sample bias and 1 nA tunneling current, Cu and Fe ato
appeared as protrusions of 0.48 Å and 0.83 Å, respectiv
Both CO isotopes appeared as depressions of20.30 Å. Im-
ages of all these species exhibited azimuthal symmetry.

The controlled formation of a Cu-CO~Fe-CO! bond con-
sists of a series of systematic steps with the STM.6 The STM
feedback remains on throughout the process. After takin
topographical image of the surface at 70 mV sample bias
0.1 nA tunneling current, the tip is positioned over a C
molecule. The bias voltage is increased to 250 mV and
tunneling current is ramped to 10 nA to induce the transfe
the CO molecule to the tip. The bias and tunneling curr
are then reduced to 70 mV and 0.1 nA, and the tip is tra
lated and positioned over a Cu~Fe! atom. The Cu-CO~Fe-
CO! bond is formed by first changing the bias to270 mV,
followed by increasing the tunneling current to 10 nA, a
finally ramping the bias to about27 mV (24 mV for Fe-
CO!.
PRB 610163-1829/2000/61~24!/16347~4!/$15.00
M
c
n
y-

en

of

e-

od-
d

to
f

u,
f

V
s

y.

a
d

e
f
t

s-

Using the above procedure, Cu~CO!, Fe~CO!, Cu(CO)2,
and Fe(CO)2 molecules were formed on the surface wi
different CO isotopes.12 The spatial resolution was increase
in the topographical scans by attaching a CO molecule to
tip,6 allowing direct imaging of the Ag atoms and the dete
mination of the adsorption sites: atop for the CO isotop
and fourfold hollow for Cu, Fe, and the carbonyl produc
~Fig. 1!.

Symmetry in the topographical image of Cu~CO! shown
in Fig. 2~a! implies that CO is bonded perpendicular to t
surface@Figs. 2~c! and ~d!#. The slight elongation in the im
age along the@11̄0# direction reflects the underlying silve

FIG. 1. Atomically resolved topographical images of~a!
Cu~CO!, ~b! Fe~CO!, ~c! Cu(CO)2, and~d! Fe(CO)2 recorded at 70
mV sample bias and 2 nA tunneling current with a CO molec
attached to the tip. Size of each scan is 22322 Å2. Note that the
image of Fe~CO! is a superposition of two possible orientation
because of frequent flips of the CO molecule during the scan w
these tunneling parameters. In these images, it is not the tip he
~z! that is displayed but its derivative (dz/dy), wherey is the scan
direction ~from top to bottom!. This has the effect of illuminating
the scan area from the top side of the image and accentuating s
corrugations.
R16 347 ©2000 The American Physical Society
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lattice. Single-molecule vibrational spectroscopy by ST
IETS provides chemical identification of the bonding. D
tails of STM-IETS have been described elsewhere.7,11,13For
Cu(12C16O), a C-O stretch mode at 262 meV and a C
hindered rotation mode at 36 meV (232 meV for negative
sample bias! are observed@Fig. 2~b!, line A]. These vibra-
tional modes are shifted down to 249 meV and 34 m
(231 meV for negative sample bias!, respectively, for
Cu(13C18O) @Fig. 2~b!, line B].

In contrast, two orientations were observed for Fe~CO!.
One orientation is shown in Fig. 3~a! and the other orienta
tion is a mirror image reflected about the plane contain

@11̄0#. This asymmetry in the image suggests that the
ligand in Fe~CO! is tilted, bent, or has both tilt and ben
angles. To determine the relation of the lobe to the CO m

FIG. 2. ~Color! ~a! 25325 Å2 topographical image of Cu~CO!
recorded at 70 mV sample bias and 1 nA tunneling current.
color bar shows the color scheme used to represent the tip heig
each pixel point. The range of tip height shown in the color ba
from 20.20 Å ~violet! to 10.46 Å ~red! relative to the Ag surface
The same color bar is used in other figures. The underlying lat
orientation has been determined by scanning the area with a
molecule attached to the tip~Fig.1!. ~b! ~Line A) Single-molecule
vibrational spectrum of Cu(12C16O). Background spectrum over th
bare Ag surface has been subtracted.~Line B) Background sub-
tracted spectrum for Cu(13C18O). ~Line A-B) Difference between
spectraA and B. The side view~c! and top view~d! of Cu~CO!
show the CO ligand to be perpendicular to the surface as implie
the symmetry in the image~a! and the spatial distribution of the
vibrational signal in~e!. ~e! Spatial distribution ofd2I/dV2 at the
C-O hindered rotation energy of Cu~CO! on Ag~110!. Color palette
is the same as the one in~a!, but here the colors represent th
d2I/dV2 signal:212 nA/V2 ~violet! to 192 nA/V2 ~red!. Scan size
is 14314 Å2 with 0.5 Å pixel resolution.
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ecule, we placed the STM tip at various locations in t
image and recorded the vibrational spectra by STM-IE
@Fig. 3~b!#. The spatial distribution of the C-O stretch sign
at 236 meV determines that the CO ligand in Fe~CO! is
inclined and gives rise to the side lobe in the topograph
image@Figs. 3~a!, ~c!, and~d!#. A quantitative determination
of the tilt and bent angles requires theoretical calculation

The symmetry in the topographical image of Cu(CO2
@Fig. 4~a!# implies that the two CO ligands are symmetrica
located on the Cu atom, but the orientation of the CO ligan
cannot be determined from the image alone. The presenc
two mirror planes in the image is consistent with either of t
two sets of orientations 90° away (A and B vs C and D).
Unambiguous determination of molecular orientation can
accomplished by forming a molecule with mixed isotope
Cu(12C16O)(13C18O), and performing STM-IETS on differ-
ent parts of the molecule@Fig. 4~b!#. The vibrational spectra
taken at positionA in Fig. 4~a! revealed the12C-16O stretch
at 255 meV and the12C-16O hindered rotation at 35.5 meV
(234.3 meV for negative sample bias! @Fig. 4~b!, line A].
At positionB, peaks at 244 meV and 34.8 meV (233.8 meV
for negative bias! were recorded for the13C-18O stretch and
hindered rotation, respectively@Fig. 4~b!, line B]. On the
other hand, spectra recorded over positionsC andD are simi-
lar to each other. Therefore, we conclude that the molec
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FIG. 3. ~Color! ~a! 25325 Å2 image of Fe~CO! recorded at 70
mV and 1 nA. LettersA through I denote the tip position for the
corresponding vibrational spectra shown in~b!. ~b! Spatially re-
solved, background subtracted single-molecule vibrational spe
of Fe~CO!. The side view~c! and top view~d! of Fe~CO! show the
CO to be tilted by anglet and bent by angleb as suggested by the
asymmetry in the image~a! and the spatial distribution of the vi
brational signal in~b!. ~e! Background subtracteddI/dV spectra
recorded over the positions labeled in~a!.
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structure for Cu(CO)2 on Ag~110! is as shown in Figs. 4~c!
and ~d!. Vibrational microscopy of the hindered rotation i
Fig. 4~e! provides further support of the structure. It is inte
esting to note that at positionsC, D, andE, electronic con
tributions to the spectra are significantly different from th
on the bare Ag surface, contrary to positionsA andB where
background subtracted spectra are nearly flat except for
vibrational features.

In the case of Fe(CO)2, the symmetry of the topographi
cal image@Fig. 5~a!# implies that the two CO ligands are als
symmetrically located on the Fe atom. Vibrational spec
for Fe(12C16O)2 @Fig. 5~b!# show maximum intensity for C-O
stretching mode at the center of the molecule because
identical CO ligands contribute to the intensity. As with th
Cu(CO)2 case, a molecule with mixed isotope
Fe(12C16O)(13C18O), was formed to determine the molecul
orientation. The12C-16O stretch at 235 meV and13C-18O
stretch at 223 meV were revealed separately at each pro
sion in the topographical image@Figs. 5~a! and ~e!#. There-
fore, we conclude that the geometry for Fe(CO)2 on Ag~110!
is as shown in Figs. 5~c! and ~d!.

FIG. 4. ~Color! ~a! 25325 Å2 image of Cu(12C16O)(13C18O)
recorded at 70 mV and 1 nA.~b! Spatially resolved, background
subtracted single-molecule vibrational spectra of Cu(12C16O)
3(13C18O). SpectraA throughE were recorded over the position
labeled in~a!. The side view~c! and top view~d! of Cu(CO)2 show
tilt-and-bent geometry with anglest9 and b9 as suggested by the
image~a! and the spatial distribution of the vibrational signal in~b!
and ~e!. ~e! Spatial distribution ofd2I/dV2 at the C-O hindered
rotation energy of Cu(CO)2 on Ag~110!. The color palette is the
same as that of~a!, but here the colors representd2I/dV2 signal:
223 nA/V2 ~violet! to 126 nA/V2 ~red!. Scan size is 14314 Å2

with 0.5 Å pixel resolution.
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The structures for Cu and Fe carbonyls show signific
contrast: linear@Cu~CO!# versus inclined@Fe~CO!# structure
for monocarbonyl products while the plane of the molecu
for Cu(CO)2 and Fe(CO)2 are perpendicular to each othe
The electronic properties of Cu and Fe are likely to be
sponsible for these different structures. Steric interactions
CO with the Ag atoms could also be important. Images o
tained with CO attached to the tip show rings which a
believed to be associated with the CO ligands; the locati
of the rings in the images are consistent with the CO orie
tations~Fig. 1!. Theoretical calculations are needed to ful
understand the origin of the contrast in structure and bond
between Cu and Fe carbonyls.

The C-O stretch and C-O hindered rotation energies m
sured above for Cu~CO! and Cu(CO)2 are close to the STM-
IETS results for CO on Cu~001!: 256 meV for 12C-16O
stretch, 244 meV for13C-18O stretch, 36.3 meV for12C-16O
hindered rotation, and 35.2 meV for13C-18O hindered
rotation.14 Also, the observed isotope shift of 13 meV be
tween Cu(12C16O) and Cu(13C18O) is close to the calculated
gas phase value of 11.8 meV.15 We note that the C-O hin-
dered rotation energies for Cu~CO! and Cu(CO)2 show a
dependence on the direction of tunneling current; the ab

FIG. 5. ~Color! ~a! 25325 Å2 image of Fe(CO)2 recorded at 70
mV and 1 nA. ~b! Background subtracted single-molecule vibr
tional spectra of Fe(12C16O)2 recorded over the positions labeled i
~a!. The side view~c! and top view~d! of Fe(CO)2 show tilt-and-
bent geometry with anglest8 and b8 as suggested by the imag
~a! and the spatial distribution of the vibrational signal in~b! and
~e!. ~e! Background subtracted vibrational spectra of Fe(12C16O)
3(13C18O) taken over the left protrusion~line C) and right protru-
sion ~line G). Difference between spectraC and G ~line C-G).
Spectra shown in~e! were taken with a tip different from the one
used in~b!, and therefore intensities cannot be directly compare
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lute values of the peak positions at negative sample
were always lower than those at positive bias. This shift w
also observed for CO on Cu~001! and Cu~110!, and the pos-
sibility of a Stark shift was systematically eliminated.14

Cu~CO! shows larger shift (;4 meV! than Cu(CO)2 (;1
meV!.

Detailed vibrational analysis of Fe carbonyl products h
been described elsewhere.6 The C-O hindered rotation mod
was not observed for Fe~CO! and Fe(CO)2, but instead there
were enhancements in the ac conductance (dI/dV) near zero
bias @Fig. 3~e!#, resulting in asymmetric line shape of th
d2I/dV2 curves @Fig. 3~b! and Fig. 5~ b!#. This resonance
was not observed on a bare Fe atom adsorbed on Ag~110!.
Addition of a third CO on Fe(CO)2 was observed to sup
press the resonance. Further experimental and theore
studies are needed in order to understand these results.

We have also examined the possibility of reversing
bond formation process step by step. By ramping the cur
up to 100 nA at 250 mV sample bias, we were able to rep
ducibly pick up a CO molecule from Cu(CO)2 and leave
s
s

s

cal

e
nt
-

behind Cu~CO! on the surface. However, picking up the r
maining CO from Cu~CO! was not as controlled. We wer
able to break the Cu-CO bond at 100 nA and 500 mV,
the CO molecule usually ended up on the Ag surface ra
than on the tip. This higher threshold for breaking the Cu-C
bond is likely to be due to the stronger bond strength co
pared to the~CO!Cu-CO bond. In comparison, Fe-CO an
~CO!Fe-CO bonds could not be broken with voltages up t
V at 100 nA.

We have demonstrated the use of STM as a chem
reactor and analyzer of atomic dimensions. These exp
ments realize the concept of chemical synthesis and st
tural determination from the bottom up and offer the pos
bility of understanding complex systems from the propert
of their constituents: individual atoms and molecules.

This research was supported by the Division of Chemi
Sciences, Office of Basic Energy Sciences, Office of Ene
Research, U.S. Department of Energy Grant DE-FG
91ER14205.
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