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SURFACE STRUCTURE

Subatomic resolution force microscopy
reveals internal structure and
adsorption sites of small iron clusters
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Clusters built from individual iron atoms adsorbed on surfaces (adatoms) were investigated
by atomic force microscopy (AFM) with subatomic resolution. Single copper and iron adatoms
appeared as toroidal structures and multiatom clusters as connected structures, showing
each individual atom as a torus. For single adatoms, the toroidal shape of the AFM image
depends on the bonding symmetry of the adatom to the underlying structure [twofold for
copper on copper(110) and threefold for iron on copper(111)]. Density functional theory
calculations support the experimental data. The findings correct our previous work, in which
multiple minima in the AFM signal were interpreted as a reflection of the orientation of a single
front atom, and suggest that dual and triple minima in the force signal are caused by dimer and

trimer tips, respectively.

he observation of “subatomic features” by

atomic force microscopy (AFM) (I) in ex-

periments where the front atom of the tip

was imaged by the highly localized dang-

ling bonds of the Si(111)-(7x7) surface atoms
(2) raised discussions within the community (3).
Similar observations were reported later for Si
adatoms imaging Si tips (4), CoSm tips (5), and
even in scanning tunneling microscopy (STM)
(6). The initial results were obtained at room tem-
perature, where the atomic configuration of the
tip changes frequently. The stability offered at
liquid helium temperatures allowed to resolve
small features in tip images spaced by merely
77 pm (0.77 A) (7). Again, the front atom of the
tungsten tip was imaged by a sample consisting
of light and small atoms (carbon in graphite) (7).
Later, we used CO molecules to establish the
COFI technique (carbon monoxide front atom
identification) (8, 9), building on expertise with
CO imaging when measuring the forces that act
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during atomic manipulation (70). The adsorption
geometry of CO molecules on Cu(111) surfaces is
critical for the effectiveness of COFI: CO adsorbs
perpendicular to Cu(111), with the C atom sitting
on top of a Cu surface atom (71).

However, the purpose of microscopy is to
image a sample, not to inspect the tip, so it was
important to design well-defined tips with front
atoms much smaller than typical metals. Gross
et al. created such a sharp and well-defined tip
by adsorbing a CO molecule to the metal tip,
demonstrating submolecular (72) resolution on
pentacene (13) and other molecules by AFM
with a resolution that exceeds STM. The CO mol-
ecule attaches to the tip with the carbon atom,
and the front atom of the tip is an oxygen atom.
Tip functionalization by adsorbing a CO mole-
cule on a metal tip had been introduced in STM
before (14), but the dramatic increase in AFM
resolution on organic matter was not foreseen
and is used widely now—for example, to deter-
mine bond order (75) and chemical reaction pro-
ducts (16). The use of CO-terminated metal tips
enabled reversing the experiment (8) and imag-
ing single atoms in various bonding configura-
tions to check whether subatomic resolution (72)

is possible on a sample. Here, we first analyze the
imaging of single adatoms and then expand to
image small clusters.

The contrast for CO tips at small distances
arises from Pauli repulsion forces that increase
with charge density (77), similar to the interaction
of closed-shell atoms with molecules (18). Pauli
repulsion allows for a descriptive interpreta-
tion where the AFM image represents the charge
density that is maximal on top of atoms—in con-
trast to STM, which maps the charge density at
the Fermi level. However, the CO molecule bonded
to the metal tip easily bends laterally (73, 19), and
artifacts such as lateral distortions, apparent bond
lengthening, bond sharpening, and cusplike max-
ima within aromatic rings must be anticipated
[see figure 1in (15)]. Thus, we first checked the
imaging characteristics of CO tips for adatoms
using silicon, with its well-known structure.

A CO-terminated tip created AFM images of
the Si(111)-(7x7) reconstruction (Fig. 1A) that
clearly display the 12 adatoms and even the 6
rest atoms in each unit cell. Adatoms and rest
atoms hybridize into four 3sp? orbitals, where the
orbitals normal to the surface appear as roughly
Gaussian protrusions. The calculated charge den-
sity of Si(111)-(7x7) (Fig. 1B) is similar to the ex-
perimental image in Fig. 1A. Figure 1B shows
the charge density of the protruding 3sp® orbitals,
and Fig. 1C (experimental) and Fig. 1D (calculated)
focus on a single Si adatom. The density calcu-
lations of Fig. 1 use Slater-type orbitals (STO) (20),
with details for Si in (4) and in (9) for the fol-
lowing metallic adatoms.

Figure 1E is an AFM image of a single Cu ad-
atom on a Cu(111) surface. Surprisingly, the Cu
adatom does not appear as a single protrusion
like the Si adatom in Fig. 1C but shows a toroi-
dal structure. We postulate that the origin of this
toroidal shape is in the electronic configuration
of the adatom. Figure S1 (21) shows the contrast
development for the Cu adatom with distance:
For larger distances, the adatom appears attract-
ive (fig. S1A); for an intermediate distance, a re-
pulsive ring appears (fig. S1B); finally, for very
close distances, artifacts from CO bending (which
have also been seen when imaging organic mol-
ecules) appear in which the repulsive ring be-
comes sharper (fig. SIC) and a repulsive center
cusp starts to emerge (fig. S1D). The electronic
configuration of a neutral Cu atom is [Ar]3d'4s".
Fully occupied subshells as well as the 4s elec-
tron of a free Cu atom yield a spherically sym-
metric charge density. However, the Smoluchowski
effect (22) leads to a positive charge of protruding
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surface features such as steps or adatoms, sur-
rounded by a surplus in negative charge. Imaging
the polar surface of Cu,N with a CO-terminated
tip has revealed that the CO-terminated tip forms
a dipole with the negative end at the oxygen atom
(23), in agreement with density functional theory
(DFT) calculations (24, 25) and similar to CO ad-
sorbed on several (111) metal surfaces (11).

Thus, the toroidal symmetry of the experimen-
tal image of a Cu adatom shown in Fig. 1E arose
from electrostatic attraction at the center and
Pauli repulsion at the circumference. The charge
redistribution created by the Smoluchowski effect
can be mapped on atomic states by a hybridiza-
tion of |4s> into a (|4s>-|4p, >)/ /2 state. Figure
1F shows the calculated charge density of this
state with STO orbitals, and the inset shows the
charge gradient in the 2 direction using DFT. The
calculation of the interaction of CO-terminated
tips with adatoms and clusters is still too com-
plex for the current status of DFT, so we use H
and Xe atoms as tip models in DFT calculations.
Given that the highest occupied states within bulk
copper have a bonding energy of ~5 eV, pertur-
bation theory yields an energetic lowering of the
|4s> state when hybridizing into a (|4s>-|4p, >)//2
state. This process would also explain why a Cu
adatom with its diameter of 255 pm has a much
lower apparent height of ~100 pm in STM. We
note that these toroidal symmetries have been
observed before in the reverse situation, where
a CO molecule adsorbed on Cu(111) probed the
metallic tip atom [see figure 1D in (8); figure 1, ¢
and h, in (9); and figure 1D in (Z0)].

Figure 1G shows a Cu adatom on a Cu(110)
surface. The (110) surface has a twofold symmetry,
and the toroidal image of the Cu adatom has
two dips in it, according to the twofold symme-
try of the substrate. It can be modeled in the
STO-based charge density by a 2% mixing of a

|4p,> orbital into the (|4s>-|4p, >)/\/2 state
as calculated in Fig. 1H.

Figure 11I is an AFM image of an Fe adatom on
Cu(111). A free Fe atom has an electronic config-
uration of [Ar]3d®4s®. Similar to the Cu adatom, it
shows an overall toroidal structure, and it is cen-
tered around a face-centered-cubic (fcc) site (see
fig. S2). However, the torus has three bumps that
point to the three next-nearest Cu atoms of the
substrate. Figure 1J is an STO-type charge calcu-
lation with a 4sp, hybridization. Possibly, further
hybridization with electrons from the unfilled 3d
states occurs that could explain the three bumps on
the torus-shaped image. The overall toroidal shape
with a threefold symmetry of the Fe adatom in-
teracting with a Xe tip is revealed by DFT using
the Vienna Ab-initio Simulation Package (VASP)
code (26) (inset of Fig. 1J and fig. S3). The possi-
bility of detecting subatomic contrast has been
discussed previously based on DFT calcula-
tions by Huang et al. (27) and Zotti et al. (28) for
silicon and Wright and Solares (29) for tungsten.
Figure 1K is an AFM image of an Fe atom on an Fe
island. Its threefold symmetry is explained by the
contribution of 3d states, as shown in Fig. 1L after
the calculations published in figure S10 of (9).

Although atoms can be positioned with atomic
precision by STM, their exact location is deter-
mined by the chemical bonds that develop. Be-
cause Cu(111) appears flat in STM under normal
tunneling conditions, adsorption-site determina-
tion by STM is difficult. Brune et al. (30) used STM
at low bias and high current to resolve the surface
lattice and adsorption site of C on aluminum(111).
Repp et al. (31) used STM and atomic manipula-
tion (32) to determine that single Cu adatoms on
a Cu(111) surface preferably adsorb at fcc sites,
under the assumption that stripes of Cu adatoms
also adsorb on fcc sites. Stroscio and Celotta (33)
have identified fcc sites as the preferred ad-

sorption sites of Co atoms on Cu(111) by moni-
toring the fluctuations of the tunneling current
during atomic manipulation. In the well-known
quantum corral experiment, 48 Fe atoms were
arranged in a circle on Cu(111) by atomic mani-
pulation by STM (34). The adsorption site was not
determined in the quantum corral, but evidence
was found later that Fe adatoms preferentially ad-
sorb on fec sites (35).

Figure 2A shows an STM image of a dimer,
Fig. 2E of a trimer, and Fig. 21 of a tetramer,
recorded with a metal tip. In agreement with pre-
vious reports (36, 37), STM only reveals single
roughly Gaussian peaks where the height depends
on the number of atoms (see fig. S4). It has been
observed before [figure 2 in (8)] that differential
STM data or Laplace filtering of STM data re-
corded with CO-terminated tips partially reveals
the highly resolved AFM data.

AFM with CO tips could directly image the
Cu(111) surface lattice (38), so adsorption sites
of Fe adatoms and clusters can be determined
by centering a lattice overlay that registers with
the Cu atom surface layer as in Fig. 2, C, G, and K.
Although CO tip-bending artifacts lead to an ap-
parent larger lateral size of clusters, the AFM
images allow conclusions about the adsorption
sites. Given that Fe monomers preferentially ad-
sorb on fcce sites, one would assume that the two
Fe atoms comprising a dimer also adsorb on fcc.
However, the AFM image of the dimer in Fig. 2, B
and C, does not share the symmetry of the sur-
face. Although some of that asymmetry might be
caused by a slight tilt in the CO tip molecule, DFT
calculations in fig. S5 predict an asymmetric ad-
sorption with adsorption sites near two next-
nearest bridge sites, as displayed in Fig. 2D.

Trimers adsorb in three different geometries.
The most prevalent adsorption symmetry is shown
in Fig. 2, F and G. This trimer is centered on top

Fig. 1. Constant-height mode AFM images (top row) and simulations (bot-
tom row) of silicon, copper, and iron surface atoms. (A) AFM image of the
Si(111)-(7x7) reconstruction using a CO-terminated metal tip. The rest atoms
are clearly visible. (B) Calculated valence charge density of Si(111)-(7x7) recon-
struction, using Slater-type orbitals as discussed in (4). (C) Magnified view of a
single adatom (center-faulted half). (D) Calculated charge density of that
atom. (E) Experimental AFM image of a Cu adatom on Cu(11l), showing a
ringlike symmetry that is caused by a toroidal charge density of the adatoms.
(F) Calculated charge density of the Cu adatom using a 4sp, hybrid state

SCIENCE sciencemag.org

(21). The inset shows the charge gradient calculated with DFT (see fig. S3D).
(G) Experimental image of a Cu adatom on a Cu(110) surface. (H) Calculated
charge density of the Cu adatom using a 4sp, hybrid state plus a 4p, state
(21). (1) Experimental AFM image of a Fe adatom on Cu(111), showing the Fe
adatom as a torus with three local maxima. (J) Calculated charge density of
the Fe adatom on Cu(111) using a 4sp, hybrid state. The inset shows the
charge gradient calculated with DFT (see fig. S3E). (K) Experimental AFM
image of an Fe adatom on an Fe island. (L) Simulated AFM image according
to supplemental figure S10 in (9).
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of a Cu atom, with the Fe atoms adsorbed near
bridge sites pointing toward the nearest neighbors
of the center atom. For this bonding geometry,
two orientations exist, and they can be rotated by
the AFM tip, as displayed in fig. S6. DFT confirms
that the bridge-site adsorption geometry is ener-
getically favorable over an fcc site geometry for
trimers that are centered on top of a Cu atom (fig.
S7). Experimentally, we also find a second type
of trimer centered around a hexagonal close-
packed (hcp) site (see fig. S8). DFT confirms that
this trimer has an even lower adsorption energy
(fig. S7A). Because of the symmetry of the surface
lattice, a trimer centered on an hcp site with Fe
atoms on fcc sites can only point in one orienta-
tion, with the three Fe atoms sitting on fcc sites.
Experimentally, we only found hcp-centered trim-
ers that show a triangle that pointed downward,
as displayed in fig. S8. Unlike the bridge-site trimer,
it was not possible to rotate or move the fce-site
trimer. A third type of trimer is depicted in fig.
S9A. The Laplace-filtered version of it in fig. SOB
shows that there is a mirror axis, but it is not
possible to assign atomic positions from the data.
Possibly, this orientation involves a dynamic state.
The identity of these structures as trimers was
verified by manipulating an additional Fe atom
to them, yielding a stable tetramer, as displayed
in Fig. 2J. For tetramers (Fig. 2J) and larger clus-
ters discussed below, the iron atoms apparently
adsorb on fcc sites.

Figure 3A shows AFM images of two large Fe
clusters. The right cluster is composed of 16 atoms,
with 15 atoms on the Cu(111) substrate and one
atom on top. The left cluster is built from 12 atoms,
with one atom on the top of the island. This top
atom moved during imaging and appeared as a
streak; it did not move in a consecutive fast scan of
the same two clusters shown in fig. S13. Figure 3B
is a Laplace-filtered version of Fig. 3A, and Fig. 3C
includes a lattice overlay. The central parts of the
clusters show that for large clusters, the Fe atoms
are located on fec sites. The edges of the clusters
appear strongly distorted, similar to the distortions
in edges of pentacene and other organic molecules
(13, 15). Resolving the structure of small clusters
should prove to be useful in many fields—for ex-
ample, in nanomagnets, where the structure of Fe
clusters influences their magnetic properties (37).

The initial goal of the present experiments was
to achieve subatomic spatial resolution of AFM
by reversing the experiment of (8), in which
COFI images of tungsten tips similar to Fig. 2B
were interpreted as single atom tips oriented
in a [110] crystal direction, and COFI images
similar to Fig. 2F were thought to originate from
a single atom tip oriented in a [111] direction. We
found that COFI images of Fe with its body-
centered-cubic (bcc) structure are similar to COFI
images of tungsten (also bcc) [see figure S4 in
(39)]. It is easier to evaporate Fe on Cu(111) than
W because of its lower melting point. Thus, we
compared constant-height AFM images that use
a CO tip to image Fe dimers and trimers with the
constant-height COFI images of Fe tips with dual
and triple minima in figs. S10 and S11, respec-
tively. The similarity in force values, lateral extent,
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and appearance is excellent, so we conclude that
the interpretation of tips 2 and 3 as pointing in a
[110] and [111] direction in (8) is incorrect. Rather,
we conclude that tips 2 and 3 were dimer and
trimer tips, respectively (40).

Constant-height AFM images of dimers showed
two local minima separated by a repulsive barrier
(fig. S10), and trimers showed a starlike structure
(fig. S11). Figure S12 shows the square of a super-
position of two (fig. S12A) and three (fig. S12B)
4sp, states that were centered on two and three

Fig. 2. Dimers, trimers,
and tetramers imaged by
STM, AFM, and their cal-
culated adsorption sites.
The first row shows con-
stant-current STM data
using a metal tip [(A), (E),
and ()] of an Fe dimer on

Cu atoms. Qualitatively, this charge density cal-
culated from the square of 4sp, states is similar
to the experimental constant-height images,
which suggests that the 4sp, states are important
for bonding the clusters. The interplay of inter-
nal cluster bonding and bonding to the substrate
allows manipulation for some clusters (fig. S6),
and second-layer atoms on clusters (Fig. 3 and
fig. S13) pose an interesting challenge for theory
and experiment in catalysis and surface science
in general.

Cu(111) (left column), Fe
trimer (center column), and
Fe tetramer (right column).
The second row [(B), (F),
and (J)] shows the AFM
signal (frequency shift)
recorded in constant-
current topographic imag-

ing with a CO-terminated

tip. The dark spots in the
flat regions correspond to
Cu surface atoms that
allow us to register the
lattice overlay in the third
row [(C), (G), and (K)]. The
last row [(D), (H), and (L)]

shows the proposed

adsorption sites, indicating
top, fcc, and hep positions.
An adatom centered on a
fce site thus continues the
bulk fcc structure, whereas
an adatom on a hcp site
would break the crystalline
order of the fcc bulk. DFT

calculations (21) reveal that

dimers (D) adsorb with the two Fe atoms close to two next-nearest bridge sites. On-top centered trimers
(H) also adsorb with the three Fe atoms close to bridge sites, and tetramers (L) adsorb on fcc sites. The

top row and the rows below show different clusters.

Fig. 3. Images of two nearby Fe clusters. (A) AFM image of two nearby Fe clusters. (B) Double
Laplace-filtered image of (A). (C) Same image as (B), including a lattice overlay that shows the
adsorption geometry. Both clusters have an additional atom on top; this atom has moved during
scanning in the left cluster. The edges of the clusters appear strongly distorted because of CO bending;
the center parts show that the Fe adatoms comprising the cluster adsorb on fcc sites.
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ACTIVE GALAXIES

A strong magnetic field in the jet
base of a supermassive black hole

Ivan Marti-Vidal,* Sébastien Muller, Wouter Vlemmings, Cathy Horellou, Susanne Aalto

Active galactic nuclei (AGN) host some of the most energetic phenomena in the
universe. AGN are thought to be powered by accretion of matter onto a rotating disk
that surrounds a supermassive black hole. Jet streams can be boosted in energy near
the event horizon of the black hole and then flow outward along the rotation axis

of the disk. The mechanism that forms such a jet and guides it over scales from a few
light-days up to millions of light-years remains uncertain, but magnetic fields are thought
to play a critical role. Using the Atacama Large Millimeter/submillimeter Array (ALMA),
we have detected a polarization signal (Faraday rotation) related to the strong magnetic
field at the jet base of a distant AGN, PKS 1830-211. The amount of Faraday rotation
(rotation measure) is proportional to the integral of the magnetic field strength along the
line of sight times the density of electrons. The high rotation measures derived suggest
magnetic fields of at least tens of Gauss (and possibly considerably higher) on scales of
the order of light-days (0.01 parsec) from the black hole.

he AGN jets, related to the accretion mech-

anism in supermassive black holes, consist

of relativistic plasma driven by strong and

ordered magnetic fields. As a result of the

magnetic interaction of the plasma, nonther-
mal (synchrotron) emission is produced (7). Study-
ing the polarization of this nonthermal emission
from AGN is a direct way to probe the structure
and strength of magnetic fields in the vicinity of
a black hole. Of particular importance is the ob-
servation of the rotation measure, RM, defined
as the change of polarization angle as a function
of wavelength squared. This quantity is directly
related to the plasma density and the strength of
the magnetic field along the line of sight.

To date, it has been extremely difficult to ob-
tain accurate polarimetric information from the
innermost (subparsec) regions of AGN; only emis-
sion at submillimeter wavelengths can escape
from these regions, due to a large synchrotron
self-absorption (SSA) that blocks the emission
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at longer wavelengths. Unfortunately, the sensi-
tivity of polarization observations at submillimeter
wavelengths has so far been strongly limited by
the instrumentation.

Previous attempts to detect Faraday rotation
at submillimeter (submm) wavelengths from
AGN have yielded only upper limits (2, 3) and
marginal detections (4) that require strong as-
sumptions about the absence of variability on
time scales of weeks. There is a more robust de-
tection for the Galactic center (5), although the
activity in this source is much lower than in AGN.
Recently, measurements of Faraday rotation in
the nearby AGN 3C 84 (redshift = = 0.018) have
been reported at mm wavelengths (6).

We have obtained measurements of Faraday
rotation at frequencies up to 300 GHz (about
1 THz in the rest frame of the source) from PKS
1830-211, a powerful gravitationally lensed AGN
located at a redshift of & = 2.5 (7). At these fre-
quencies, SSA is negligible in the whole jet of PKS
1830-211 (8), and the maximum emission origi-
nates at the jet region closest to the black hole;
the zone where the plasma is being injected and
accelerated into the main jet stream. At lower
frequencies, SSA hides this jet acceleration zone
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