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Structural determination by single-molecule vibrational spectroscopy and microscopy:
Contrast between copper and iron carbonyls
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A scanning tunneling microscog&8TM) was used to synthesize @0O), FgCO), Cu(CO),, and Fe(CO)
from individual Cu atoms, Fe atoms, and CO molecules on &l2@ 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.

Dissociation of individual molecules with a scanning tun-  Using the above procedure, @0O), FECO), Cu(CO),,
neling microscopgSTM) on semiconductdr and metal®  and Fe(CO) molecules were formed on the surface with
surfaces has successfully demonstrated the use of the STélifferent CO isotope$? The spatial resolution was increased
as a tool for chemical transformation of matter on the atomidn the topographical scans by attaching a CO molecule to the
scale. Currently, the precision of STM-induced dissociatiorfip,® allowing direct imaging of the Ag atoms and the deter-
is such that single bond scission could be achieved in a polyhination of the adsorption sites: atop for the CO isotopes
atomic molecule while leaving another identical bond infact. @nd fourfold hollow for Cu, Fe, and the carbonyl products
The reverse process of single bond formation has also bedRig- D. ) o
realized® Chemical sensitivity of the STM provided by in- . Symmetry in the topographical image of @©) shown
elastic electron tunneling spectrosca@TM-IETS) (Ref. 7) 1N Fig. 2(6_1) implies that CO is bo_nded perpe_ndlc.ular to the
enabled identification and characterization of the products 0§urface[F|gs. Zgand (d)]. The slight elongation in the im
single-molecule dissociatiéfi and synthesi€. These capa- ade along th¢110] direction reflects the underlying silver
bilities of the STM, combined with manipulatién®are ex-
pected to contribute to the development of nanoscale mate-
rials and devices.

In the present work, we used a low temperature STM
operating in ultrahigh vacuuthto synthesize chemical spe- 3
cies on the surface and to characterize the reactants and prod-£#
ucts with spatial imaging and vibrational spectroscopy and
microscopy. Starting with a clean AYLO) surface at 13 K,
individual Cu atoms and Fe atoms were first evaporated onto
the surface, followed by adsorption of two isotopes of :
CO (*%c'0 and *3c*®0) from the gas phase. To prevent
interactions between coadsorbed species, exposures of Cu C) y
Fe, and CO isotopes were limited to yield coverages of @
~0.001 monolayer. In topographical images taken at 70 mv £
sample bias and 1 nA tunneling current, Cu and Fe atoms
appeared as protrusions of 0.48 A and 0.83 A, respectively.
Both CO isotopes appeared as depressions @80 A. Im-
ages of all these species exhibited azimuthal symmetry.

The controlled formation of a Cu-C(re-CO bond con-
sists of a series of systematic steps with the SThhe STM
feedback remains on throughout the process. After taking a *
topographical image of the surface at 70 mV sample bias and FIG. 1. Atomically resolved topographical images 6

0.1 nA tunneling current, the tip is positioned over a COCU(CO)’ (b) Fe(CO), (¢) Cu(CO),, and(d) Fe(CO), recorded at 70

moleclgle. The b“.is voltagg IS |ncrease_d (;O 25?] mv anfd thaV sample bias and 2 nA tunneling current with a CO molecule
tunneling current is ramped to 10 nA to induce the transfer o ttached to the tip. Size of each scan is<Z2 A%, Note that the

the CO molecule to the tip. The bias and tunneling currenyage of FECO) is a superposition of two possible orientations
are then reduced to 70 mV and 0.1 nA, and the tip is transpecause of frequent flips of the CO molecule during the scan with
lated and positioned over a GEe) atom. The Cu-CAFe-  these tunneling parameters. In these images, it is not the tip height
CO) bond is formed by first changing the biast670 mV, (3 that is displayed but its derivativelg/dy), wherey is the scan
followed by increasing the tunneling current to 10 nA, anddirection (from top to botton). This has the effect of illuminating
finally ramping the bias to about 7 mV (—4 mV for Fe-  the scan area from the top side of the image and accentuating small
CO). corrugations.
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FIG. 3. (Color) (a) 25x 25 A? image of F¢CO) recorded at 70
FIG. 2. (Colon (a) 25x 25 A? topographical image of G0)  my and 1 nA. LettersA through! denote the tip position for the
recorded at 70 mV sample bias and 1 nA tunneling current. Th@orresponding vibrational spectra shown (. (b) Spatially re-
color bar shows the color scheme used to represent the tip height gb|yed, background subtracted single-molecule vibrational spectra
each pixel point. The range of tip height shown in the color bar isyf Fe(CO). The side view(c) and top view(d) of F&(CO) show the
from —0.20 A (violet) to +0.46 A (red relative to the Ag surface. O to be tilted by angle- and bent by anglg as suggested by the
The same color bar is used in other figures. The underlying latticesymmetry in the imagés) and the spatial distribution of the vi-

orientation has been determined by scanning the area with a CGyational signal in(b). () Background subtractedl/dV spectra
molecule attached to the tiFig.1). (b) (Line A) Single-molecule  yecorded over the positions labeled(@.
vibrational spectrum of C3{C'®0). Background spectrum over the

bare Ag surface has been subtractddne B) Background sub- ) ) ) ]
tracted Spectrum for Cﬂﬁclso) (L|ne A_B) Difference between eCU|e, we placed the STM t|p at various locations in the
spectraA and B. The side view(c) and top view(d) of Cu(CO) image and recorded the vibrational spectra by STM-IETS
show the CO ligand to be perpendicular to the surface as implied bjfFig. 3(b)]. The spatial distribution of the C-O stretch signal
the symmetry in the imagéa) and the spatial distribution of the at 236 meV determines that the CO ligand in(€®) is
vibrational signal in(e). (e) Spatial distribution ofd?l/dV? at the inclined and gives rise to the side lobe in the topographical
C-O hindered rotation energy of GUO) on Ag(110). Color palette  image[Figs. 3(a), (c), and(d)]. A quantitative determination
is the same as the one i), but here the colors represent the of the tilt and bent angles requires theoretical calculations.
d?1/dV? signal: — 12 nA/V? (violet) to + 92 nA/V? (red). Scan size The symmetry in the topographical image of Cu(GO)
is 14x 14 A? with 0.5 A pixel resolution. [Fig. 4@a)] implies that the two CO ligands are symmetrically
located on the Cu atom, but the orientation of the CO ligands
lattice. Single-molecule vibrational spectroscopy by STM-cannot be determined from the image alone. The presence of
IETS provides chemical identification of the bonding. De-two mirror planes in the image is consistent with either of the
tails of STM-IETS have been described elsewHere!*For two sets of orientations 90° awaﬁ(and B vs C and D)
Cu(**C*®0), a C-O stretch mode at 262 meV and a C-OUnambiguous determination of molecular orientation can be
hindered rotation mode at 36 meV-@2 meV for negative  accomplished by forming a molecule with mixed isotopes,
sample biasare observedFig. 2b), line A]. These vibra-  cu(*?c®0)(*3c*®0), and performing STM-IETS on differ-
tional modes are shifted down to 249 meV and 34 meVent parts of the moleculgFig. 4b)]. The vibrational spectra
(=31 meV for negative sample biasrespectively, for taken at positiorA in Fig. 4a) revealed the'?C-1%0 stretch
Cu(**c*®0) [Fig. 2b), line B]. at 255 meV and thé?C-*%0 hindered rotation at 35.5 meV
In contrast, two orientations were observed foG®). (—34.3 meV for negative sample bjagig. 4(b), line A].
One orientation is shown in Fig(& and the other orienta- At positionB, peaks at 244 meV and 34.8 meV 83.8 meV
tion is a mirror image reflected about the plane containingor negative biaswere recorded for thé3C-1%0 stretch and
[110]. This asymmetry in the image suggests that the CChindered rotation, respectivelyFig. 4(b), line B]. On the
ligand in FECO) is tilted, bent, or has both tilt and bent other hand, spectra recorded over positiGrendD are simi-
angles. To determine the relation of the lobe to the CO moliar to each other. Therefore, we conclude that the molecular
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P (my) FIG. 5. (Colo (a) 25X 25 A? image of Fe(CO) recorded at 70

mV and 1 nA.(b) Background subtracted single-molecule vibra-
tional spectra of FE¢C®0), recorded over the positions labeled in
(8. The side view(c) and top view(d) of Fe(CO), show tilt-and-
bent geometry with angles’ and 8’ as suggested by the image
(a) and the spatial distribution of the vibrational signal(l) and
(e). (e) Background subtracted vibrational spectra of @t®0)

X (*3C*®0) taken over the left protrusiofine C) and right protru-
sion (line G). Difference between specti@ and G (line C-G).
Spectra shown irfe) were taken with a tip different from the one
used in(b), and therefore intensities cannot be directly compared.

FIG. 4. (Color (a) 25x25 A% image of Cul’C*®0)(*3c*0)
recorded at 70 mV and 1 nAb) Spatially resolved, background
subtracted single-molecule vibrational spectra of ‘BD{°0)

X (13C*®0). SpectraA throughE were recorded over the positions
labeled in(a). The side view(c) and top view(d) of Cu(CO), show
tilt-and-bent geometry with angles’ and 8” as suggested by the
image(a) and the spatial distribution of the vibrational signalim
and (e). (e) Spatial distribution ofd?l/dV? at the C-O hindered
rotation energy of Cu(CQ)on Ag(110. The color palette is the
same as that ofa), but here the colors represedtl/dV? signal:
—23 nA/V? (violet) to +26 nA/V? (red). Scan size is 1414 A2
with 0.5 A pixel resolution. The structures for Cu and Fe carbonyls show significant
contrast: lineaf Cu(CO)] versus inclined Fe(CO)] structure
structure for Cu(COy on Ag(110) is as shown in Figs.(4¢)  for monocarbonyl products while the plane of the molecule
and (d). Vibrational microscopy of the hindered rotation in for Cu(CO), and Fe(CO) are perpendicular to each other.
Fig. 4(e) provides further support of the structure. It is inter- The electronic properties of Cu and Fe are likely to be re-
esting to note that at positior, D, andE, electronic con  sponsible for these different structures. Steric interactions of
tributions to the spectra are significantly different from thatCO with the Ag atoms could also be important. Images ob-
on the bare Ag surface, contrary to positichandB where  tained with CO attached to the tip show rings which are
background subtracted spectra are nearly flat except for thgelieved to be associated with the CO ligands; the locations
vibrational features. of the rings in the images are consistent with the CO orien-

In the case of Fe(CQ) the symmetry of the topographi- tations(Fig. 1). Theoretical calculations are needed to fully
cal imagdFig. 5a)] implies that the two CO ligands are also understand the origin of the contrast in structure and bonding
symmetrically located on the Fe atom. Vibrational spectrébetween Cu and Fe carbonyls.
for Fe(*2C*®0), [Fig. 5(b)] show maximum intensity for C-O The C-O stretch and C-O hindered rotation energies mea-
stretching mode at the center of the molecule because twsured above for Q€O) and Cu(CO) are close to the STM-
identical CO ligands contribute to the intensity. As with the [ETS results for CO on Q001): 256 meV for ?C-%0
Cu(CO), case, a molecule with mixed isotopes, stretch, 244 meV fot3C-180 stretch, 36.3 meV fot?C-1%0
Fe(*2C®0)(**C'®0), was formed to determine the molecular hindered rotation, and 35.2 meV fot’C-'%0 hindered
orientation. The'?C-%0 stretch at 235 meV and®C-'%0  rotation!* Also, the observed isotope shift of 13 meV be-
stretch at 223 meV were revealed separately at each protriween Cuf?C'®0) and Cuf*C*0) is close to the calculated
sion in the topographical imad&igs. 5a) and(e)]. There- gas phase value of 11.8 mé¥We note that the C-O hin-
fore, we conclude that the geometry for Fe(GOh Ag(110 dered rotation energies for GQoO) and Cu(CO) show a
is as shown in Figs.(8) and(d). dependence on the direction of tunneling current; the abso-
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lute values of the peak positions at negative sample biabehind CUCO) on the surface. However, picking up the re-
were always lower than those at positive bias. This shift wagnaining CO from C(CO) was not as controlled. We were
also observed for CO on @01 and Cy110, and the pos- able to break the Cu-CO bond at 100 nA and 500 mV, but
sibility of a Stark shift was systematically eliminatétl. the CO molecule usually ended up on the Ag surface rather
Cu(CO) shows larger shift -4 meV) than Cu(CO) (~1  than on the tip. This higher threshold for breaking the Cu-CO
meV). bond is likely to be due to the stronger bond strength com-
Detailed vibrational analysis of Fe carbonyl products haspared to the(CO)Cu-CO bond. In comparison, Fe-CO and

been described elsewhér@he C-O hindered rotation mode (co)Fe-CO bonds could not be broken with voltages up to 1
was not observed for F€O) and Fe(CO), but instead there \; 5t 100 nA.

were enhancements in the ac conductanidédy/) near zero
bias [Fig. 3(e)], resulting in asymmetric line shape of the
d?l/dV? curves[Fig. 3b) and Fig. % b)]. This resonance

We have demonstrated the use of STM as a chemical
reactor and analyzer of atomic dimensions. These experi-
ments realize the concept of chemical synthesis and struc-
was not observed on a bare Fe atom adsorbed dd14y tural determination from the bottom up and offer the possi-

Asadslgoagfr(?s?r:fncio Ig nrtE2$C§) V;’?;gr?;?r\;% ttc;];ggt.cb'lity of understanding complex systems from the properties
P - Xperi '8t their constituents: individual atoms and molecules.

studies are needed in order to understand these results.

We have also examined the possibility of reversing the This research was supported by the Division of Chemical
bond formation process step by step. By ramping the currerfciences, Office of Basic Energy Sciences, Office of Energy
up to 100 nA at 250 mV sample bias, we were able to reproResearch, U.S. Department of Energy Grant DE-FGO02-
ducibly pick up a CO molecule from Cu(C@)nd leave 91ER14205.
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