
See	discussions,	stats,	and	author	profiles	for	this	publication	at:	https://www.researchgate.net/publication/316020277

Subatomic-scale	force	vector	mapping	above	a
Ge(001)	dimer	using	bimodal	atomic	force
microscopy

Article		in		Nature	Physics	·	April	2017

DOI:	10.1038/nphys4083

CITATIONS

0

READS

29

6	authors,	including:

Yoshitaka	Naitoh

Osaka	University

70	PUBLICATIONS			1,022	CITATIONS			

SEE	PROFILE

Yan	Jun	Li

Osaka	University

82	PUBLICATIONS			418	CITATIONS			

SEE	PROFILE

Ivan	Stich

Slovak	Academy	of	Sciences

133	PUBLICATIONS			3,889	CITATIONS			

SEE	PROFILE

Yasuhiro	Sugawara

Osaka	University

117	PUBLICATIONS			1,992	CITATIONS			

SEE	PROFILE

All	content	following	this	page	was	uploaded	by	Ivan	Stich	on	15	May	2017.

The	user	has	requested	enhancement	of	the	downloaded	file.

https://www.researchgate.net/publication/316020277_Subatomic-scale_force_vector_mapping_above_a_Ge001_dimer_using_bimodal_atomic_force_microscopy?enrichId=rgreq-8c33063f59352282d197bfa205e48f90-XXX&enrichSource=Y292ZXJQYWdlOzMxNjAyMDI3NztBUzo0OTQxNDIyNjgyMTkzOTJAMTQ5NDgyNDEwNTE0Mw%3D%3D&el=1_x_2&_esc=publicationCoverPdf
https://www.researchgate.net/publication/316020277_Subatomic-scale_force_vector_mapping_above_a_Ge001_dimer_using_bimodal_atomic_force_microscopy?enrichId=rgreq-8c33063f59352282d197bfa205e48f90-XXX&enrichSource=Y292ZXJQYWdlOzMxNjAyMDI3NztBUzo0OTQxNDIyNjgyMTkzOTJAMTQ5NDgyNDEwNTE0Mw%3D%3D&el=1_x_3&_esc=publicationCoverPdf
https://www.researchgate.net/?enrichId=rgreq-8c33063f59352282d197bfa205e48f90-XXX&enrichSource=Y292ZXJQYWdlOzMxNjAyMDI3NztBUzo0OTQxNDIyNjgyMTkzOTJAMTQ5NDgyNDEwNTE0Mw%3D%3D&el=1_x_1&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Yoshitaka_Naitoh?enrichId=rgreq-8c33063f59352282d197bfa205e48f90-XXX&enrichSource=Y292ZXJQYWdlOzMxNjAyMDI3NztBUzo0OTQxNDIyNjgyMTkzOTJAMTQ5NDgyNDEwNTE0Mw%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Yoshitaka_Naitoh?enrichId=rgreq-8c33063f59352282d197bfa205e48f90-XXX&enrichSource=Y292ZXJQYWdlOzMxNjAyMDI3NztBUzo0OTQxNDIyNjgyMTkzOTJAMTQ5NDgyNDEwNTE0Mw%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Osaka_University?enrichId=rgreq-8c33063f59352282d197bfa205e48f90-XXX&enrichSource=Y292ZXJQYWdlOzMxNjAyMDI3NztBUzo0OTQxNDIyNjgyMTkzOTJAMTQ5NDgyNDEwNTE0Mw%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Yoshitaka_Naitoh?enrichId=rgreq-8c33063f59352282d197bfa205e48f90-XXX&enrichSource=Y292ZXJQYWdlOzMxNjAyMDI3NztBUzo0OTQxNDIyNjgyMTkzOTJAMTQ5NDgyNDEwNTE0Mw%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Yan_Li35?enrichId=rgreq-8c33063f59352282d197bfa205e48f90-XXX&enrichSource=Y292ZXJQYWdlOzMxNjAyMDI3NztBUzo0OTQxNDIyNjgyMTkzOTJAMTQ5NDgyNDEwNTE0Mw%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Yan_Li35?enrichId=rgreq-8c33063f59352282d197bfa205e48f90-XXX&enrichSource=Y292ZXJQYWdlOzMxNjAyMDI3NztBUzo0OTQxNDIyNjgyMTkzOTJAMTQ5NDgyNDEwNTE0Mw%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Osaka_University?enrichId=rgreq-8c33063f59352282d197bfa205e48f90-XXX&enrichSource=Y292ZXJQYWdlOzMxNjAyMDI3NztBUzo0OTQxNDIyNjgyMTkzOTJAMTQ5NDgyNDEwNTE0Mw%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Yan_Li35?enrichId=rgreq-8c33063f59352282d197bfa205e48f90-XXX&enrichSource=Y292ZXJQYWdlOzMxNjAyMDI3NztBUzo0OTQxNDIyNjgyMTkzOTJAMTQ5NDgyNDEwNTE0Mw%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Ivan_Stich?enrichId=rgreq-8c33063f59352282d197bfa205e48f90-XXX&enrichSource=Y292ZXJQYWdlOzMxNjAyMDI3NztBUzo0OTQxNDIyNjgyMTkzOTJAMTQ5NDgyNDEwNTE0Mw%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Ivan_Stich?enrichId=rgreq-8c33063f59352282d197bfa205e48f90-XXX&enrichSource=Y292ZXJQYWdlOzMxNjAyMDI3NztBUzo0OTQxNDIyNjgyMTkzOTJAMTQ5NDgyNDEwNTE0Mw%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Slovak_Academy_of_Sciences?enrichId=rgreq-8c33063f59352282d197bfa205e48f90-XXX&enrichSource=Y292ZXJQYWdlOzMxNjAyMDI3NztBUzo0OTQxNDIyNjgyMTkzOTJAMTQ5NDgyNDEwNTE0Mw%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Ivan_Stich?enrichId=rgreq-8c33063f59352282d197bfa205e48f90-XXX&enrichSource=Y292ZXJQYWdlOzMxNjAyMDI3NztBUzo0OTQxNDIyNjgyMTkzOTJAMTQ5NDgyNDEwNTE0Mw%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Yasuhiro_Sugawara?enrichId=rgreq-8c33063f59352282d197bfa205e48f90-XXX&enrichSource=Y292ZXJQYWdlOzMxNjAyMDI3NztBUzo0OTQxNDIyNjgyMTkzOTJAMTQ5NDgyNDEwNTE0Mw%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Yasuhiro_Sugawara?enrichId=rgreq-8c33063f59352282d197bfa205e48f90-XXX&enrichSource=Y292ZXJQYWdlOzMxNjAyMDI3NztBUzo0OTQxNDIyNjgyMTkzOTJAMTQ5NDgyNDEwNTE0Mw%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Osaka_University?enrichId=rgreq-8c33063f59352282d197bfa205e48f90-XXX&enrichSource=Y292ZXJQYWdlOzMxNjAyMDI3NztBUzo0OTQxNDIyNjgyMTkzOTJAMTQ5NDgyNDEwNTE0Mw%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Yasuhiro_Sugawara?enrichId=rgreq-8c33063f59352282d197bfa205e48f90-XXX&enrichSource=Y292ZXJQYWdlOzMxNjAyMDI3NztBUzo0OTQxNDIyNjgyMTkzOTJAMTQ5NDgyNDEwNTE0Mw%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Ivan_Stich?enrichId=rgreq-8c33063f59352282d197bfa205e48f90-XXX&enrichSource=Y292ZXJQYWdlOzMxNjAyMDI3NztBUzo0OTQxNDIyNjgyMTkzOTJAMTQ5NDgyNDEwNTE0Mw%3D%3D&el=1_x_10&_esc=publicationCoverPdf


LETTERS
PUBLISHED ONLINE: 10 APRIL 2017 | DOI: 10.1038/NPHYS4083

Subatomic-scale force vector mapping above a
Ge(001) dimer using bimodal atomic
force microscopy
Yoshitaka Naitoh1*, Robert Turanský2, Ján Brndiar2, Yan Jun Li1, Ivan Štich2,3,4*
and Yasuhiro Sugawara1

Probing physical quantities on the nanoscale that have
directionality, such as magnetic moments, electric dipoles,
or the force response of a surface, is essential for charac-
terizing functionalized materials for nanotechnological device
applications1–3. Currently, such physical quantities are usually
experimentally obtained as scalars. To investigate the physical
properties of a surface on the nanoscale in depth, these
propertiesmust bemeasured as vectors. Herewe demonstrate
a three-force-component detection method, based on multi-
frequency atomic force microscopy on the subatomic scale4–9
and apply it to a Ge(001)-c(4 × 2) surface. We probed the
surface-normal and surface-parallel force components above
the surface and their direction-dependent anisotropy and
expressed them as a three-dimensional force vector distri-
bution. Access to the atomic-scale force distribution on the
surface will enable better understanding of nanoscale surface
morphologies, chemical composition and reactions10,11, probing
nanostructures via atomic or molecular manipulation12,13,
and provide insights into the behaviour of nano-machines
on substrates14,15.

Noncontact atomic force microscopy (AFM) is an excellent tool
not only for characterizing the atomic order on a surface but also for
detecting the exchange, electrostatic, and chemical force interac-
tions between the AFM tip and the sample surface16–19. However, the
conventional AFM, in which the force sensor oscillates perpendicu-
lar to the surface, reflects only the surface-normal component of the
tip force and ignores the surface-parallel components. Although the
parallel component of force has been calculated from the normal
component using a potential mapping extraction technique, this
method is only indirect20–24. To obtain the distribution of the parallel
components in three-dimensions (3D) with a higher accuracy,
the force sensor should be oscillated also in the direction parallel
to the surface25,26. Recently, a multi-frequency AFM method was
developed4 with the quest to investigate the physical properties of
materials in deeper detail5,6. This method utilizes both flexural and
torsional modes of the cantilever, thereby making it useful for de-
termining the force in a vector form by allowing the surface-normal
(Z direction) and one of the surface-parallel force components
(along the X or Y direction) to be simultaneously measured9.

Here we propose to detect all three components (X ,Y and Z) of
the total tip–surface force. For that purpose we use a clean Ge(001)
surface. The surface has alternately aligned buckling dimers that
form an anisotropic c(4× 2) structure even at room temperature19.

As shown in Fig. 1, this surface has a structure wherein two domains
are separated by a single step; across this step, the dimers are at an
angle of 90◦ to each other. Therefore, both X and Y surface-parallel
components of the tip–surface interaction can be obtained from
both domains without the need to rotate the tip or the sample26.
Thus, the normal (Z) and both parallel (X and Y ) components of
the force interaction above the Ge(001)-c(4 × 2) surface can be
obtained with this bimodal AFMmethod by measuring the flexural
frequency shift1fF simultaneously with the two torsional frequency
shifts 1fTx and 1fTy. Hereafter, the X and Y directions correspond
to the dimer and dimer row directions, respectively.

We now demonstrate the consistency of our approach and
compare experimental results with simulations. First, to determine
how the normal (Fz ) and the parallel (Fx and Fy) components of
the tip–surface force are distributed above the surface, we compare
the Z-dependence of the force component maps. Figure 2a,c shows
Fz and Fx maps on the XZ plane (1.6 × 0.4 nm2) based on data
collected above dimer atoms along the X direction depicted by a
ball model in the lower section of Fig. 2e. Figure 2b,d, shows Fz and
Fy maps on the YZ plane (1.2 × 0.4 nm2) based on data collected
above atoms in a dimer row along the Y direction. In all maps,
red and blue indicate the relative strength of the force fields in
the vicinity of the surface, which decay steeply with increasing Z
distance. There is a strong tip–surface force field between Z=0 and
120 pm. In this strong force field regime, Fx and Fy are∼100 and 50
pN, respectively, around the dimer atom, which is smaller than Fz
(∼300 pN). This is in agreement with the findings in the previous
study, which calculated the parallel and normal force fields on the
XZ plane above a highly oriented pyrolytic graphite surface using
bimodal AFM data9.

Furthermore, the obtained maps do not merely show the force
magnitude distribution—they also include information on the
force direction. In the strong force field regime of the Fz maps,
small and large blue peaks indicate the downward force above the
buckling down dimer atom (Bd) and buckling up dimer atom (Bu),
respectively. We note that these images are consistent with results
of a conventional AFM study19. In the Fx and Fy maps, however,
the values approach zero (white colour) for the surface atoms.
In addition, both Fx and Fy feature asymmetrically positive and
negative extremal values (red and blue peaks) around the surface
atoms, meaning the parallel force components reverse the direction
on both sides of the surface atoms26. Interestingly, at the centre of
a dimer in the Fx mappings, the force field is weak (∼50 pN) and

1Department of Applied Physics, Osaka University, Yamada-oka 2-1, Suita 565-0871, Japan. 2CCMS, Institute of Physics, Slovak Academy of Sciences,
84511 Bratislava, Slovakia. 3Institute of Informatics, Slovak Academy of Sciences, 845 07 Bratislava, Slovakia. 4Department of Natural Sciences, University
of Ss. Cyril and Methodius, 917 01 Trnava, Slovakia. *e-mail: naitoh@ap.eng.osaka-u.ac.jp; ivan.stich@savba.sk

NATURE PHYSICS | ADVANCE ONLINE PUBLICATION | www.nature.com/naturephysics 1

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

http://dx.doi.org/10.1038/nphys4083
mailto:naitoh@ap.eng.osaka-u.ac.jp
mailto:ivan.stich@savba.sk
www.nature.com/naturephysics


LETTERS NATURE PHYSICS DOI: 10.1038/NPHYS4083

Torsional mode: ΔfTx

Flexural mode: ΔfFx

[110]

[001]

SA step

Cantilever

Torsional mode: ΔfTy

Flexural mode: ΔfFy

Ge(001)-c(4x2)

Buckling up dimer atom (Bu)

Buckling down dimer atom (Bd)

FTotal

Fx

Fy

Fz

A

B

A′

B′

[110]

Figure 1 | Schematic of the 3D force detection method on a Ge(001)-c(4× 2) surface using bimodal AFM. The cantilever oscillates at both flexural and
torsional resonance frequencies to probe the normal (Z) and one of the parallel (X or Y) components of the interaction, respectively. The surface is
schematically illustrated by a ball model with one SA step, where red, orange and silver balls depict buckling up/buckling down dimer atoms (Bu/Bd), and
the atoms underneath, respectively. The buckling dimer structure of the surface is rotated by 90◦ across the step. The dimer row direction, which is
assigned to the Y direction, on the right terrace is parallel to the [11̄0] direction and parallel to the [110] direction on the left terrace. With this surface
structure all X, Y and Z components of the tip–surface interaction forces, Fx, Fy and Fz, can be conveniently determined from the measured1fTx,1fTy and
1fFx (or1fFy) data.

350 pN

50 pN Buckling up dimer atom (Bu)
Buckling down dimer atom (Bd)

Fz  (pN
)

−52

+55 Fy  (pN
)

−310

0

f

Z 
di

st
an

ce
 (n

m
)

a b

c d

Z 
di

st
an

ce
 (n

m
)

0.0 0.5 1.0 1.5
X distance (nm)

e

0.0 0.5 1.0
Y distance (nm)

0.0

0.2

0.4

0.0

0.2

0.4

0.0

0.2

0.4

Fz  (pN
)

−100

+106 Fx  (pN
)

−320

0

−0.2

−0.4

Figure 2 | Force component maps and force vector distributions above Ge(001) dimers. a,c, Maps of the Z and X components of the tip–surface total
force, Fz and Fx, on the XZ plane (1.6× 0.4 nm2), collected above the A–A′ line (see Fig. 1). b,d, Maps of the Z and Y components of the tip–surface total
force, Fz and Fy , on the YZ plane (1.2× 0.4 nm2), collected above the B–B′ line (see Fig. 1). e,f, Two-dimensional force vector (Fx, Fz) maps on the XZ plane
and (Fy , Fz) maps on the YZ plane above the A–A′ and B–B′ lines, respectively. The ball and bar models of the dimer structure are shown in the lower
section of the image with the atomic positions estimated from the force vector directions.

points toward the Bu, the reason being that the force field from the
Bu overcomes that from the Bd due to the dimer structural height
difference of 76 pm (ref. 27) between the Bu and Bd.

Figure 2e,f, shows a two-dimensional force vector field with
the (Fx , Fz ) and (Fy , Fz ) distributions on the XZ and YZ planes,
respectively. The force vectors are seen to point toward the surface
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Figure 3 | Force component mappings and lateral force vector distributions on the Ge(001)-c(4× 2) surface. a–c, Maps of the normal (Z) component of
the total force, Fz, on the XY plane of an area comprising six dimers (1.6× 1.2 nm2). d–i, Parallel (X and Y) components of the total force maps on the same
XY plane (Fx map (d–f) and Fy map (g–i)). The force map series a–c, d–f, and g–i, were obtained at Z=97, 48, and 0 pm, respectively. The red and blue
areas indicate that the force component direction is positive or negative, respectively. j–l, Two-dimensional lateral force vector (Fx, Fy) distributions at the
same height on the same area of the XY plane reproduced from the lateral force data, Fx and Fy . For reference, the Bu and Bd positions are shown by
superimposed red and orange balls.

atoms, as intuitively expected in the strong attractive force field. This
also means that our unique ability to experimentally determine the
3D force field can be used to estimate the surface atom position, its
height below the tip in particular, directly from the measured force
vector directions (see the Supplementary Information for details).
In Fig. 2e,f, the dimer atom structure models are shown with the
Bu location so determined at ∼420 pm below the Z= 0 position.
In both maps in the strong force field regime the force vector
magnitude is∼330 pNat the Bu site and∼300 pNat the Bd site. The
areas with the strongest force vectors are symmetrically distributed
on each dimer atom (Fig. 2f). However, the area with the strongest
forces in Fig. 2e deviates by 18◦± 2◦ to the outside of the dimer
from the surface-normal direction on the Bu site and by 15◦± 2◦
on the Bd site. The deviations are caused by the weak parallel force
field above the dimer and by the directionality of the dangling bonds
on the Bu and Bd (see also the Supplementary Information for
computed charge densities on the dimers). In summary, we have
demonstrated that the tip–surface force vector distribution and its
directionality, which reflects the surface anisotropy, can be detected
on the subatomic scale.

Next, to study the distribution of each component in the strong
force field area of the surface we determine the complete Fx , Fy and
Fz maps. Figure 3a–c shows the Fz maps on the XY plane for an area
comprising six dimers (160 × 120 pm2) at tip–surface Z distances
of 97, 48 and 0 pm. At Z = 97 pm, strong and faint local minima
(more and less negative values) are visible on the Bu and Bd sites,
respectively (Fig. 3a). Both local minima deepen as the Z distance
decreases (Fig. 3b), and Fz on the Bu site reaches theminimumvalue
(∼320 pN) near Z= 15 pm. At Z= 0 pm (Fig. 3c), the Bu and Bd
sites have a similar image contrast.

In Fig. 3, panels d–f and g–i, respectively, display a series of Fx
and Fy maps on the XY planes at Z distances identical to those
in Fig. 3a–c. The Fx and Fy maps exhibit a stripe-like modulation
with red and blue contrast (positive and negative values) along
the X and Y directions, respectively. The modulation amplitudes
increase as the Z distance is reduced. As can be observed in the
force component maps in Fig. 3, the Fx and Fy values approach
zero on the surface atoms, which are in good agreement with the
result of previous studies15,26. Fx and Fy have asymmetrically positive
and negative extremal values around the surface atoms, which are
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Figure 4 | Simulated force component mapping on the Ge(001)-c(4× 2) surface. a–c, Simulated force mappings corresponding to the experimental
images in Fig. 3c,f,i, respectively, calculated at Z=480 pm, defined as the distance between the tip apex and the Bu site prior to relaxation.
d,e, Two-dimensional force vector (Fx, Fz) maps on the XZ plane and (Fy , Fz) maps on the YZ plane above the A–A′ and B–B′ lines in Fig. 1, respectively,
corresponding to the experimental images in Fig. 2e,f. f, (Fx, Fy) maps at the height of Z=480 pm on the same area of the XY plane as in a–c,
corresponding to the experimental results in Fig. 3l. Ball and bar models of the dimer structure are superimposed for clarity.

indicative of the force component direction reversal on both sides
of the surface atom. Areas in which the force is zero are also
observed around the median lines between neighbouring surface
atoms. Their appearance indicates that the force fields from both
sides cancel each other out at these locations. Therefore, the above
results show that the parallel force components have a direction-
dependent anisotropy on the surface (XY plane).

Figure 3j–i displays the two-dimensional lateral force vector
(Fx , Fy) distributions on the XY planes at the same distances as the
above maps. The force vector distributions reflect the directionality
of the lateral force on the surface as well as the magnitude of the
force. Most of the lateral force vectors are directed to the nearest
surface atoms at any Z distance. This result is reasonable, as the
value of the tip–surface force falls in the attractive range. Only above
the centre area of a dimer does the vector around Bd site tend to
point toward the partnered Bu site because the lateral force from Bd
site is counteracted by the force from the partnered Bu site due to
the asymmetric properties of the dimer. Therefore, the lateral force
vectormagnitude is greater outside a dimer, particularly near the Bu
site, whose maximum value increases as the Z distance is reduced
from 48 pN at Z= 97 pm to 118 pN at Z= 0 pm. In summary, we
have successfully demonstrated the magnitude and direction of the
tip–surface lateral force on a subatomic scale in a 3D space and
visualized it as a vector distribution.

To understand the nature of the measured force vector mappings
we have performed DFT simulations of 3D tip–surface interactions
by directly calculating the force vectors acting on the tip28. Themost
salient features of the experimental images are the dimers which
are imaged as buckled at large tip–surface distances and as quasi-
symmetric at shorter distances and the extremely small measured
forces of ∼30–300 pN. For comparison, a typical tip–surface force
corresponding to a covalent interaction on a reactive semiconductor
surface is∼1 nN.Therefore, assuming a sharpW-terminated tip, the
tip–surface distance must be significantly larger than a typical cova-
lent bond distance of ∼200 pm. This excludes a direct mechanism

of dimer symmetrization induced via the tip interaction with the Bd
site which would lead to its lifting up as a result. Indeed, assuming
this scenario leads to tip–surface distances of ∼300 pm and tip–
surface forces an order of magnitude larger than those measured
experimentally (see the Supplementary Information for the simu-
lated images in this regime). Hence, the tip–surface distance must
be significantly larger. However, these assumptions lead to dimers
appearing as asymmetric at all tip–surface distances (see the Sup-
plementary Information). To reconcile the weak tip–surface forces
with symmetric dimer appearance in the interaction regime around
Z∼ 0 pm (Fig. 3c), we propose an indirect dimer symmetrization
mechanism via tip-inducedmodification of the electronic structure,
which in turn excites, via electron–phonon coupling, dimer rocking
vibrations, which then induce their symmetric image appearance
(see Supplementary Information for more details). Indeed, such a
scenario in which the electronic π and σ dimer states couple with
the dimer rocking vibrations was used to create dimer kinks on the
Ge(001)-c(4× 2) surface in STM experiments29.

Taking the symmetrization effect into account and taking the
W-terminated tip–surface distance to ∼480 pm leads to the AFM
force images shown in Fig. 4a–c, which compare very favourably
with the experimental results for Z= 0 pm in Fig. 3c,f,i. The only
quantitative difference from the experiment is the calculated Fx
value smaller than experimentally measured, which we were able to
trace back to the preselected model tip rotation with respect to the
surface. Indeed, the tip–surface distance of ∼480 pm, which gives
the best agreement with the experimental results, is in line with
the experimental estimates∼420± 60 pm. Simulation of the weak
and intermediate interaction regime (Fig. 3) force images at Z=98
and 48 pm, was not attempted, as in the former the maximum
experimental lateral forces are comparable to the achievable
DFT accuracy of ∼16 pN and in the latter quantification of the
dimer symmetrization effect is not straightforward. Nonetheless,
the proposed indirect distance-dependent tip–surface dimer
symmetrization scenario applies equally also here. We have also
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extracted the simulated 2D force vectormaps on three characteristic
planes, XZ , YZ and XY , shown in Fig. 4d–f, respectively, which
again show an excellent agreement with experiments.

The describedmethod of simultaneousmeasurement of the force
vector distribution in a 3D space is available only for the special cases
in which the sample surface has two domains rotated by 90◦. For
more general cases, including functional material surfaces with sub-
nanoscale structures, the tip or the sample has to be rotated to detect
both parallel force components on the surface.Hence,we suggest use
of a tip or sample rotational device where the sample displacement
is suppressed within a few micrometres after the rotation30. Then
the nanoscale positional recognition system31 will allow also in
this more general case detection of the force vector distribution
with subatomic resolution. It should be remembered that careful
control of the tip or sample movement are required to avoid any
modification of the tip apex structure. In addition, the tip apex
element, which can be modified via the metal coating32, should be
appropriately chosen considering its reactivity with the surface. For
instance, platinum or iridium is more appropriate for metal oxide
surfaces than tungsten.With thesemodifications, the bimodal AFM
method can be applied to any functionalized surface.

Using a combination of experiments and DFT simulations we
have demonstrated that the bimodal AFM method makes detec-
tion and understanding of the 3D tip–surface force field above the
Ge(001)-c(4 × 2) surface and its expression on subatomic scale in
the formof a vector distribution possible.With the proposedmodifi-
cation of the experimental set-up, the novel bimodal AFM technique
has the potential to detect both the magnitude and direction of the
tip–surface force and hence is expected to provide valuable informa-
tion not only on chemical reactions and nanostructure formation on
the substrate but also to provide new subatomic-scale insights on the
friction and lubrication phenomena. Finally, keeping in mind the
ability of bimodal AFM to access also the electronic and magnetic
properties, the technique has the potential of opening up a new
window also on investigation of functionalized surfaces.

Methods
Methods, including statements of data availability and any
associated accession codes and references, are available in the
online version of this paper.
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Methods
All experiments were performed using our custom atomic force microscopy
apparatus equipped with an optical fibre interferometer system operating at room
temperature under ultrahigh vacuum (UHV) below 3× 10−9 Pa (ref. 33). The
cleaned Ge(001) surface (As-doped, 0.5–0.6� cm) was obtained via several cycles
of Ar+ sputtering at 1 keV followed by annealing at 973–1,073K in the UHV
chamber. As a force sensor, a commercial Si cantilever (Tap190Al-G,
BudgetSensors) was adopted. Prior to the AFM experiments, the cantilever tip was
cleaned by Ar+ sputtering to remove the oxidized layer and was then uniformly
covered by tungsten via sputter-coating in the UHV chamber32. The cantilever was
simultaneously oscillated at the second flexural resonant frequency (fF=909 kHz)
and the fundamental torsional resonant frequency (fT=1.29MHz). The oscillation
amplitudes of the two modes, AF and AT, were maintained at 420 pm and 35 pm,
respectively, using phase-locked-loop electronics (HFLI2, Zurich Instrument). The
tip–surface force interaction was detected using the frequency modulation
technique—that is, the flexural and torsional frequency shifts,1fF and1fT, were
detected simultaneously. Both frequency shifts were measured in the spatial area of
4.0× 4.0× 1.6 nm3 above the surface. All three components of the total force, Fx ,
Fy and Fz , were calculated from the obtained frequency shift data,1fTx,1fTy and
1fFx by first converting them to time-averaged force components with the Z
component ascribed to the virtual component with zero lateral oscillation
amplitude with accuracy better than 93%. Fz was determined by subtracting the
long-range force contribution. Fx and Fy were acquired by integrating the
time-averaged components along the vibratory direction. More details can be
found in Supplementary Information.

In our calculations the surface was modelled using an eight-layer Ge-slab
H-terminated at the bottom with the upper six atomic layers allowed to relax. We
have used a supercell consisting of four c(4× 2) elementary cells. Several tip

models have been tested (see Supplementary Information for more details), and a
simple pyramidal (BCC (100)) tungsten model tip was used in the simulations.
Calculations of the energies and forces were performed using density functional
theory (DFT) with projector augmented-wave pseudopotentials34 and a 250 eV
plane wave cut-off as implemented in the VASP code35. Most calculations were
done using the Perdew–Burke–Ernzerhof (PBE)36 exchange–correlation functional,
with a smaller set of calculations performed with the hybrid
Heyd–Scuseria–Ernzerhof (HSE06)37 exchange–correlation functional.
Convergence of ionic forces to accuracy better than 16 pN was used as a
convergence criterion. More details can be found in Supplementary Information.

Data availability. The data that support the mappings within this paper and other
findings of this study are available from the corresponding authors upon
reasonable request.
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