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Fig. 1. Functional principle of frequency modulation AFM and Af(z) as well as the corresponding force curve F (z)0051:
(a) Schematic of a gPlus-based NC-AFM with a CO-tip; the cantilever oscillates at an amplitude of A and the tip-sample force-in-
duced frequency shift of the cantilever from its natural resonance frequency fo is AfPU; (b) frequency shifts in FM-AFM; (c) plot
of tunneling current Iy (red), short range force (green), long range force (dark blue) and total force (black) as a function of dis-

tance z between center of front atom and plane defined by the centers of surface atom layer5!); (d) optical microscope photograph of

qPlus sensor; (e) schematic diagram of qPlus sensor model 2.
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Fig. 2. Pentacene imaged with CO-tip AFM®™ and Hexabenzocoronene model™: (a)—(c) constant height NC-AFM image, charac-

terization schematic diagram and three-dimensional force spectrum of pentaphenyl molecules on Cu(111); (d) hexabenzocoronene
model; (e), (f) constant height AFM measurements (A = 0.35 A) on HBC on Cu(111) at z = 3.7 A and 3.5 A; (g) calculated elec-

tron density at a distance of 2.5 A above the molecular planel™.
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Fig. 3. Schematic illustration of the Kelvin principle and local charge distribution): (a)—(c) Two different metals which are not
connected to each other share the same vacuum level Eyac; when the two materials are connected, their Fermi levels align, accom-
panied by an electron flow to the material with the greater work function; the contact potential difference can be compensated by
applying a dc voltage V = V* P (d) Simple electrostatic model for the double-barrier tunnel junction; schematic illustration of the
tip and sample system and equivalent circuit of the electrostatic model: Co, C1 and C2 denote the tip—substrate capacitance, the
tip— adatom capacitance and the adatom-substrate capacitance, respectively!!
before and after charge switching (d = 5.8 A, A = 0.6 A)17. Solid black lines show parabolic fits to the measured data and the res-

753, (e) Af (V) spectra measured above a Au atom

ulting LCPD values V" are indicated by arrows!*7.
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Fig. 4. Precursor and products generated by tip-induced decarbonylation!!. Structures are shown in column 1. AFM images
(columns 2 and 3) were recorded with a CO-functionalized tip at different tip offsets Az, with respect to an STM set point of I =
0.5 pA, V= 0.2 V above the NaCl surface. (a)—(e) Precursor; ((f)—(j) and (k)—(0)) the most frequently observed intermediates; the
bright features in the lower part of (1), (m), (q), and (r) correspond to individual CO molecules; columns 4 and 5 show simulated
AFM images based on gas-phase DFT-calculated geometries; (p)—(t) cyclo carbon. The difference in probe height between “sim. far”
and “sim. close” corresponds to the respective difference between “AFM far” and “AFM close”. The scale bar in (b) applies to all

experimental and simulated AFM images.
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Fig. 5. Atom exchange by vertical manipulation of AFMU: (a) Frequency shift Af (z) signal upon approach (black) and retrac-
tion (red) of the tip over the Si atom marked with a white circle in the left inset image, in this process, the Sn atom from the tip re-
place the Si atom in the substrate; (b) frequency shift Ajf (z) signal upon approach (black) and retraction (red) of the tip above
the Sn atom deposited in (a), pointed out by a black circle (left inset); (c) series of topographic images showing the creation and re-
move of atomic patterns displaying the symbol of silicon, implementing “write” atomic markers; (d) structural model of tip and sub-
strate during manipulation. These vertical-interchange manipulations involve complex multi-atom contacts between tip and surface.
Tin and hydrogen atoms are represented by yellow, blue and white spheres, respectively, and the tip apex and surface models cor-
respond to the atomic arrangements in the upper and lower halves respectively.
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Fig. 6. Resolution of Si, Sn, Pb by AFM: (a) Images of a single-atomic layer of Sn and Pb grown, respectively, over a Si(111) sub-

strate; probing short-range chemical interaction forces; (b) the same force curves as in (a), but the curves in each set are now nor-
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Fig. 7. Different atoms manipulation on different substrates and tip-substrate interaction by AFMB. (a) Simultaneous AFM and
STM measurements of individual adsorbates; an atomically sharp metal tip is oscillating in z with an amplitude A = 30 pm over a
flat metal surface on which an individual Co atom or CO molecule is adsorbed. The inset graph shows the tip motion z(¢) between
its closest distance (z) and farthest distance (2’ + 24) from the sample. The ball models of the surfaces are scaled to match the di-
mensions of the images in the following panels. (b), (¢) Measuring the force to move Co on Pt(111): (b) Schematic top view of the
Pt(111) surface atoms (gray) and the adsorbed Co atom (red). In the following panels, constant-height line scans in the direction of
easiest adsorbate motion (z direction) were taken at successively reduced tip sample separations until the Co atom hopped to the
adjacent adsorption site [red circle in (b)]. (c) The force F'* between tip apex and the Co atom can be divided into the lateral force
F, and the vertical force F. The total vertical force F; is the sum of F7 and the background force Fg. (d) Stiffness k, (circles
and gray lines). Note that these values are time-averaged over the cantilever oscillation between z = 2’ and z = 2/ + 24. (e)—(g)
Tip-sample interaction energy U, vertical force F7, and lateral force Fj extracted from the stiffness k, data in (d). Selected line
scans are labeled with the tip height z; the red arrows in (f) indicate the hop of the Co atom to the neighboring binding site.

Colored lines in (f), and (g) are fits with the s-wave model.
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Fig. 8. Three surface isomers of DMADAB molecules and surface reversible isomerization by AFM tipl'l: (a), (b) STM topographic
images DMADAB-1 and DMADAB-2 on the Ag(100) substrate, respectively; scale bars: 1 nm. (c) Four typical states in tip manip-
ulation on DMADAB taken from the SMD simulations on a successful isomerization. (d) The Af (z) curve recorded during a suc-
cessful manipulation on a DMADAB molecule. Insets are STM images of the DMADAB molecule before (left) and after (right) ma-
nipulation. Scale bars are 1 nm; z = 0 pm is defined as a tunneling junction height of ~300 mV, 10 pA on top of the dimethylamino
group. Regions I and II correspond to the tip approaching to the molecule from 0 to ~700 pm. Region III is where the tip stays at
~700 pm for 3 s; Rregions IV and V correspond to the tip retracting from-700 to 0 pm. (e) The short-range force curve calculated
from the Af (z) curve in region I; the red star marks the z position at ~476 pm, where Af (z) suddenly drops at the boundary of

regions I and II; the force curve is calculated via the Sader-Jarvis method®45.
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Fig. 9. Three adsorption configurations of NO molecules on Cu(110) and Af (z), U () curves of the tip-induced conversion of NO

molecules!"!l. (a)—(c) Tip-induced conversion of upright NO into flat-lying NO: (a) STM images of two upright NO molecules on

Cu(110) using a tNO tip; (b) STM images of the same area following approach of the tip to the surface over the red point in (a); (c)
STM images of the same area after the tip approached the surface over the red point in (b). (d)[(f)] Af (2) and (e)[(g)] U (z) for
(a) = (b)[(b) —(c)], the tip approach and retraction are indicated in red and blue, respectively. (h) U(z,z) map recorded with a

tNO tip near an upright NO on Cu(110). Inset shows an STM image of the target. The cyan line represents the z region of the map;

black arrows represent force vectors F(z,z) acting on the tip; green line indicates the region where the NO configuration changes

from upright to flat lying. (i) Depicting the side-view atomic structure immediately before conversion.
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Fig. 10. Af (V) curve and AFM images of azobenzene molecules at two charge states!'”: (a) Af (V) spectrum recorded on top of
an azobenzene molecule. Voltage was ramped from 1 to 3 V. The inset shows the chemical structure of azobenzene. (b) Constant-
height AFM image of A® at V = 0.5 V. (c) Constant height AFM image of A ' at V = 2.5 V, tip-sample distance reduced by 0.3 A
with respect to (b). (d), (e) Simulated AFM images of on-surface A? and A !, respectively. All scale bars correspond to 5 A. (f), (h)
Top view of the atomic models of A® and A !, respectively. (g), (i) Chemical structures of A® and A'!, respectively, with wedged
bonds representing out-of-plane conformations.
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Fig. 11. Af (V) curve and AFM images of porphine molecules at three charge states and the change of the bonds!"®: Chemical
structure of (a) neutral (F°) and (b) dianionic (F?) porphine, the red path shows the expected annulene-type conjugation pathway
for each charge state. constant-height and corresponding Laplace-filtered AFM images of (¢) and (d) F°, (e) and (f) F !, and (g) and
(h) F2. The constant-height AFM images in (¢) and (g) are taken at tip-sample distances larger by 0.5 A and 0.4 A, respectively,
than the AFM image in (c). (i) Af (V) spectrum of F; colored regions indicate the charge states. (j) Highlighted bonds in F. The
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bonds a, ¢, l1, I in porphyrins change with the charge state.
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Fig. 12. Charge state regulation of pentacene by AFM[!: (a) Schematic depiction of a closed charge-switching cycle (neutral-negat-
ive-neutral-positive-neutral), the dashed parabolas visualize the change of the local contact potential difference (triangles); (b)-—
(e) experimental manipulation spectra for detaching/attaching a single electron from the highest occupied molecular orbital
(HOMO) (b) and to the lowest unoccupied molecular orbital (LUMO) level (d) and the reverse processes (c), (e); the direction of
the applied bias ramp is indicated by arrows in each case; (f) lateral charge transfer between individual molecules; the overview
AFM image shown in the inset was taken in constant-height mode at a distance determined by a Ajf set point of 0.5 Hz at a
sample bias of 0 V. The Af (V) curve was taken at a distance 6 A further out from this set point. The time dependence is indic-
ated on the top horizontal axis. The individual segments of the Af (V') curve have been fitted by four parabolas (dashed lines) cor-

responding to the four different charge configurations.
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Abstract

In this review paper, we introduce representative research work on single atomic/molecular manipulations
by atomic force microscopy (AFM), which possesses extraordinary ability to resolve atomic and chemical bonds,
and charge density distributions of samples. We first introduce the working principle of AFM, then focus on
recent advances in atom manipulation at room temperature, force characterization in the process of
atom/molecule manipulation, and charge manipulation on insulating substrates. This review covers the
following four aspects: 1) the imaging principle of AFM and the atomic characterization of typical molecules
such as pentacene and Cgy; 2) the mechanical manipulation and atomic recognition capability of AFM at room
temperature; 3) the characterization of forces in the process of surface isomerization and adsorption
configuration changes of the molecules; 4) the manipulation of charge states and the characterization of single
and multiple molecules on insulating substrates. The capability of manipulation by AFM in these fields widens
the range in atomic/molecular manipulation, which can provide new and well-established schemes for the
analysis and precise control of the manipulation process, and can further contribute to the construction of

nanoscale devices, such as “molecular switches” and storage components.

Keywords: atomic force microscopy, atomic/molecular manipulations, manipulation mechanism, manipulation

of charge state, atom identification
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