
In high school chemistry experi-
ments, it’s easy to follow a chemical

reaction: Mix the chemicals in a test
tube, and watch for a change of color,
fizzing, or some other sign of chemi-
cal transformation. But what do you
do if you want to probe the spatial
limits of chemistry—that is, to initi-
ate and examine an individual chem-
ical reaction? In a recent paper in Sci-
ence, Wilson Ho of Cornell University
and his graduate student Hyojune
Lee provide an answer.1 By using
a scanning tunneling microscope
(STM), Ho and Lee combined atoms
and molecules on a metal surface to
make new molecules. But that’s not
all they accomplished. To confirm the
chemical identity of their molecular
creations, they measured the individ-
ual molecules’ vibrational energies—
again with the STM. “Their results
are truly remarkable,” comments the
University of Maryland’s Ellen
Williams, “not just creating the bond-
ing, but also the single-molecule spec-
troscopy.”

The other half
Originally conceived as a surface
imaging tool, the STM was used to
deliberately modify surfaces in the
early 1990s—most famously when
Don Eigler and Erhard Schweizer
arranged 35 xenon atoms on a nickel
surface to spell “IBM,” the name of
their employer.2 Since that coup de
théâtre, researchers have found that
the STM can also catalyze reactions,
pluck adsorbed atoms from a surface,
and break bonds in a molecule. But as
their experimental goal, Lee and Ho
wanted to make bonds, rather than
break them. “After all,” observes Ho,
“half of chemistry is making bonds.”

In principle, the properties of any
given chemical bond can be complete-
ly solved with quantum mechanics,
but in practice—especially in the case
of molecules adsorbed on surfaces—
it’s not so easy. “And that’s why we
need very accurate data at the molec-
ular level,” explains Ho.

The two Cornell researchers chose
to combine iron atoms and carbon
monoxide molecules on a silver sur-
face. Not only are metal carbonyls (as
the compounds of metals and CO are
known) relatively simple, but they

are also among the best-studied com-
pounds in surface science, thanks to
the importance of the metal–carbonyl
bond in industrial catalysis. Even so,
it has proven difficult to determine
how many CO molecules attach
themselves to the metal atoms, and
how they are bonded.

To begin their experiments, Lee
and Ho sprinkled a sparse layer
(0.001 monolayer) of Fe atoms on the
Ag surface by evaporating Fe over the
surface at 13 K. They repeated the
procedure with CO (also at 0.001
monolayer) to create a mixed cover-
ing of adsorbates, whose positions
they determined with their STM.

To form Fe(CO), they first posi-
tioned the STM tip over a CO mole-
cule and then increased the tunneling
current and voltage to draw the mol-
ecule from the surface—a technique
demonstrated three years ago by
Ludwig Bartels, Gerhard Meyer, and
Karl Heinz Rieder at the Free Uni-

versity of Berlin.3 Next, Lee and Ho
positioned the tip over an Fe atom,
reversed the current and reduced the
voltage to deposit the CO molecule. In
the last step of molecule building,
they created Fe(CO)2 by depositing a
second CO molecule on the newly cre-
ated Fe(CO) molecule.

The column of false-color images
in the figure below shows how the
various adsorbates appear to the
STM. In the top two images, Fe and
CO look symmetric, which means, in
the case of CO, that the molecule’s
bond is vertical. However, the image
of Fe(CO) is lopsided, indicating that
the CO molecule is tilted with respect
to the surface. The image of Fe(CO)2
has two matching side lobes, each
corresponding to a CO molecule.

’Tis in the bond
Just because you see atoms together
doesn’t mean they share a chemical
bond. An STM samples the electronic
structure of a surface—specifically,
the electronic states near the Fermi
level of the substrate and the outer
orbitals of the adsorbates. By itself,
the STM can’t directly determine the

chemical nature of a
surface. As Paul Weiss
of the Pennsylvania
State University puts
it: “With STM images
you get a picture of a
bunch of bumps.”
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Creating and Characterizing Individual Molecular
Bonds with a Scanning Tunneling Microscope

�Experiments offer the promise of
controlling chemical reactions

molecule by molecule.
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SCANNING TUNNELING

microscope images of var-
ious atomic and molecu-
lar species adsorbed on a
silver (110) surface. a:
Single iron atom. b: Car-
bon monoxide molecule.
c: Iron carbonyl. d: Iron
dicarbonyl. The image in
(e) shows the arrange-
ment of Ag atoms in the
substrate. Atomic resolu-
tion was obtained by
imaging the Ag surface
with a CO molecule
attached to the tip. The
sketches (f–i) represent
the configuration of
Fe(CO) and Fe(CO)

2
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(Adapted from ref. 1.)
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To characterize the bumps, Lee
and Ho made use of a technique
known as inelastic electron tunneling
spectroscopy (IETS). The threshold
phenomenon that forms the basis of
IETS was discovered by Robert Jakle-
vic and John Lambe in 1966—nearly
two decades before the STM was
invented. Working in Ford Motor Co’s
scientific lab, Jaklevic and Lambe
noticed that the differential conduc-
tance dI/dV in tunneling junctions
abruptly increased at certain bias
voltages.4 These voltages, they found
out, were consistent with the vibra-
tional energies of O–H and C–H
bonds found in impurities buried
somewhere in the thin metal oxide
layer that separates the two metal
electrodes.

The phenomenon is inelastic
because electrons excite molecular
vibrations (thereby losing energy) as
they tunnel across the gap. But the
electrons can excite a vibration only if
they retain enough energy to land
above the Fermi level when they
reach the other side of the gap—that
is, provided the voltage V is such that
eV > hn. Because the changes in
dI/dV are small and hard to spot,
IETS practitioners plot d2I/dV2,
which, as shown in the adjacent fig-
ure, should appear as a sharp peak at
a voltage of hn/e.

IETS has been successfully
applied to various junction systems
for some time, but it wasn’t until
1998 that Ho with his graduate stu-
dents Barry Stipe (now at IBM’s
Almaden Research Laboratory) and
Mohammad Rezaei (now at Trans-
action Information Systems, Inc)
obtained the first IETS spectrum of a
single molecule—acetylene—with an
STM.5 In effect, their technique makes
a junction of the surface, molecule,
and tip, and involves positioning the
STM tip over the molecule, turning off
the feedback (which controls the tip’s
vertical displacement) and ramping
the tunneling voltage from a preselect-
ed initial value through the expected
vibrational peak to an upper value
and back down again.

Despite its conceptual simplicity,
the technique of using an STM for
vibrational spectroscopy is extremely
exacting. The STM tip has to be posi-
tioned over the molecule with a preci-
sion finer than 0.01 nm horizontally
and 0.001 nm vertically. Tempera-
tures lower than 10 K are required to
reduce the temperature-dependent
broadening of the d2I/dV2 peak. And
background is a problem. Bumpy fea-
tures in the signal arise not only from
vibrational modes, but also from the

acute sensitivity of d2I/dV2 to the elec-
tronic structure of the tip-molecule-
surface junction. Even when the ploy
of plotting d2I/dV2 against V is used,
the vibrational peak may be impossi-
ble to discern because it is mixed in
with background features.

Fortunately, Ho and his group
had another trick up their sleeves:
isotopic substitution. As well as
making Fe(CO) and Fe(CO)2 with iso-
topically normal 12C16O, they also
made Fe(13C18O), Fe(13C18O)2, and
Fe(12C16O)(13C18O). Isotopic substitu-
tion helps not only to associate the
peaks with vibrational modes—
because it shifts the peaks by a pre-
dictable amount—but also to mitigate
the background features—because
the isotopically substituted spectrum
can be subtracted from the unsubsti-
tuted spectrum.

The value Lee and Ho obtained for
the vibrational energy of the C–O
stretch in Fe(CO), 236 meV, is close to
the value of 234 meV obtained with

infrared spectroscopy for a layer of
CO adsorbed on a Fe surface. And the
shifts in energy due to isotopic substi-
tutions match not only theoretical
predictions for gaseous iron carbonyl
and bicarbonyl, but also experimental
measurements for CO bonded to iron
in hemoglobin. Furthermore, the
small difference in the C–O stretch
energy between Fe(CO) and Fe(CO)2
agrees with the value calculated for
gaseous molecules.

The Cornell group’s feat impresses
Weiss: “What many of us were after—
and what Wilson was able to do a cou-
ple of years ago now—was to record
the vibrational spectrum of a single
molecule to identify the molecule
unambiguously. Here, he uses it in
combination with STM manipulation
to put together a molecule and con-
firm what he made. It’s a spectacular
piece of science.”

Successfully measuring the vibra-
tional spectrum of a single CO mole-
cule, difficult though it is, does not
mean that any molecule can be char-
acterized in that way. For one thing,
experiments have shown that not all
the vibrations of a molecule are
observable, and some peaks are even
negative. Moreover, the influence of
the surface shifts the vibrational ener-
gies from their values in the liquid and
gas phases. But as more data are col-
lected, the mechanisms that underlie
STM-IETS are becoming better under-
stood and, believes Ho, portend the
use of vibrational spectra as the fin-
gerprints of adsorbed molecules.

Theorists are also tackling STM-
IETS. To predict changes in differen-
tial conductance across vibrational
energies, Nicolas Lorente and Mats
Persson of Chalmers University of
Technology and Göteborg University
start with the Tersoff–Hamann theo-
ry of STM images. They add the elec-
tronic structure of an adsorbed mole-
cule calculated using density func-
tional theory, and then use perturba-
tion theory to calculate the coupling
between the tunneling electrons and
the vibrations. “Experiments are well
ahead of theory,” admits Persson,
“but we’re getting there.”

CHARLES DAY
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THE PRESENCE of vibrational states in a
tunneling junction provides an additional
inelastic component (a) to the conduc-
tance (b)—but only if the tunneling elec-
trons have enough energy to excite the
vibration and reach a state above the
Fermi level. The change in conductance is
usually so small that its derivative is plot-
ted instead (c), where the onset of inelastic
tunneling appears as a peak at hn/e.
(Adapted from P. K. Hansma, Physics
Reports, volume 30, page 145, 1977.)




