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Lateral force gradient of down to 0.01 N/m on Si�111�-7�7 was directly detected by dynamic lateral-force
microscopy with an amplitude of 81 pm. Positive and negative torsional resonance frequency shifts of a silicon
cantilever caused by the attractive interaction inward and outward tip ditherings were detected on adatom and
nonadatom sites, respectively. The lateral force of down to subpiconewton was measurable with direct lateral-
force spectroscopy. The converted lateral force predicts a possibility of the stick-slip motion in the noncontact
region. The theoretical calculations were in good qualitative agreement with the experiments.
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I. INTRODUCTION

In 1995, an atomically resolved imaging was demon-
strated by frequency modulation-dynamic mode atomic force
microscopy �DFM�.1 The vertical interaction force gradient,
which is the second derivative of the potential in the vertical
direction, changes the resonance frequency of a cantilever
and the frequency shift is used to regulate the tip-sample
distance.2 The potential between tip and sample also distrib-
utes in the horizontal direction, raising the atomic lateral
force. However, most of the actual solid surfaces are rough,
at least on a microscopic scale, and measured lateral forces
are mainly caused by mechanical deformations at the large
contact area.3 Friction/lateral-force microscopy �LFM� �Ref.
4� has succeeded in reducing the contact area of down to
several nm2 and has enabled nanotribology studies while
avoiding the large deformations.5–7 Nevertheless, the contact
is of a multiasperity nature and atomic-scale deformations of
tip and sample usually happen.8 Moreover, since a soft can-
tilever is used, instabilities of the cantilever motion, the so-
called stick-slip motion, are usually caused and the actual
lateral interaction between tip and sample is not easily de-
tectable.

Recently, attempts to directly detect the atomic lateral
interaction were demonstrated with dynamic LFM
�DLFM�.9–11 In DLFM, the tip was being dithered parallel to
the surface and the lateral force gradient was detected via the
frequency shift. Since the detection is based on the frequency
modulation technique,2 a stiff cantilever can be used while
keeping a high sensitivity. Therefore, the stick-slip motion
can be avoided. Moreover, the high sensitivity enables detec-
tions far from the surface and the deformations of tip and
sample can be minimized. So far atomic contrast of
Si�111�-7�7 was obtained with this method.10,11 On the
other hand, indirectly the lateral force can be obtained by
differentiating the potential, which is converted from
experimentally detected two-dimensional vertical-distance-
dependence measurements in the lateral direction.12–14 Since
this approach includes numerical deviations the noise in the
measured frequency shift is enhanced and the detection sen-

sitivity would decline. Furthermore, setting the tip closer to
the sample surface increases the sensitivity but the atomic-
scale deformations of tip and sample would become larger.
In fact, the influence of the deformations to the converted
potential is not clear.15

Figure 1�a� shows the schematic drawing of Si�111�-7
�7.16 The XYZ axes are defined hereafter. Figure 1�b� shows
the calculated potential map along the longitudinal diagonal
of the unit cell with the Morse potential.17,18 The first and
second derivatives of the potential in the X direction give the
lateral force and the lateral force gradient as shown in Figs.
1�c� and 1�d�, respectively. Positive- and negative-force gra-
dients are observed around each adatom even with the attrac-
tive interaction and the distance dependence of the lateral
gradient in DLFM is stronger than that of the vertical-force
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FIG. 1. �Color online� �a� Schematic drawing of Si�111�-7�7.
Simulated �b� potential map U�X ,Z�, �c� lateral-force map FX�X ,Z�,
and �d� lateral-force-gradient map FX��X ,Z� in the X direction.
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gradient in conventional DFM. Once the force gradient on
the flat surface is averaged over a large amplitude, the
lateral-force conversion via the measured frequency shift be-
comes impossible. Therefore, the direct-force gradient detec-
tion with an ultrasmall amplitude operation is an imperative
technique. So far the lateral-force conversion by direct
DLFM has been demonstrated only at an atomic step where
the influence of the amplitude is less.9

Here we demonstrate a quantitative lateral-force-gradient
field mapping on Si�111�-7�7. The lateral force gradient
and its converted lateral force could be atomically resolved
with resolutions of below 0.01 N/pm and 1 pN, respectively.
The theoretical calculation was in good agreement with the
experimental results.

II. EXPERIMENTAL

The experiment was performed with a homemade
ultrahigh-vacuum DFM operating at room temperature
�RT�.19 The torsional resonance mode of a Si cantilever
�Nanosensor NCH-SSS� was used to detect the interaction
between tip and sample. The high mechanical quality factor
QTR of 110 810 with the high resonance frequency fTR of 2.2
MHz enhanced the detection limit2 and the high stiffness kTR
of 1250 N/m enabled a stable ultrasmall amplitude
operation.20,21 The tip was cleaned by Ar+ sputtering �t
=30 min, PAr=1.0�10−5 Pa, Iion�0.1 �A, and Uex
=610 eV� after removing water layers by baking at 150 °C.
The sample of Si�111�-7�7 was prepared in situ by dc heat-
ing at 1200 °C. The tip-sample distance, which had unavoid-
able thermal drifts at RT, was regulated with a constant time-
averaged tunneling current. The tunneling regulation is
desirable for this measurement because the tip-sample dis-
tance can be set larger than that in DFM, especially in the
case of the Si surface with a bias voltage of above 1.5 V, and
hence the deformations of tip and sample can be minimized.
The dithering amplitude Adith was directly calibrated with
amplitude-induced artifacts, appearing in scanning tunneling
microscopy �STM� topographies.22 When a peak-to-peak am-
plitude was fitted to the neighboring adatom gap a single
protrusion appeared at the middle of the gap due to the time-
averaged tunneling regulation.

III. RESULTS AND DISCUSSION

Figure 2�a� shows the atomically resolved frequency-shift
�fTR map at a constant tunneling resistance of 3 G�. The
fast-scan direction was the X direction. Since the dithering
direction of the tip was the Y direction, the detected fre-
quency shift can be regarded as a time-averaged force gradi-
ent in the Y direction. All of the adatoms could be clearly
resolved and were observed to have oval-shaped features
with a long diagonal perpendicular to the dithering direction.
The dithering amplitude of 81 pm was so small that the
distortion in the STM topographic map was negligibly small
�Fig. 2�b��. Since another image obtained with a scan direc-
tion rotated by 90° �Fig. 2�c�� and a simulated image �Fig.
2�e�� show just the same pattern as Fig. 2�a�, this shape of the
contrast was not due to the artifact of the fast scan. Positive

and negative frequency shifts were detected at the adatom
and nonadatom sites, respectively. It is worth noting that no
significant change in the frequency shift was detected by
changing the sample bias voltage. The long-range electro-
static force dependent on the bias voltage is non-site depen-
dent and homogeneously decreases with the tip-sample dis-
tance. Therefore, when the tip is being dithered perfectly
parallel to the sample surface, the long-range interaction
does not affect the lateral-force-gradient measurement. It
means that only the site-dependent short-range interaction,
arising from the Si-Si covalent bonding, contributed to the
lateral interaction on the flat terrace. Figures 2�e� and 2�f�
show simulated frequency shift and STM topographic maps,
respectively. In order to adjust to the detection direction in
the experiment, the lateral force was calculated by deviating
the potential in the Y direction. The calculation of the tun-
neling current was based on the independent-state model23

where the tunneling-matrix elements between tip pz state and
individual surface pz states contribute to the tunneling cur-
rent. The position of the adatoms, which is calculated with
the first-principles theory, was used.24 The calculation pa-
rameters were the same as those used in the experiment.
First, the STM topographic map was numerically calculated
by
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FIG. 2. �Color online� �a� Experimentally obtained frequency
shift map and �b� STM topographic map with a fast scan direction
of X. �c� Experimentally obtained frequency-shift map and �d� STM
topographic map with a fast scan direction of Y. �e� Simulated-
frequency map and �f� STM topographic map. Arrow shows the
direction of the fast scan. Imaging and simulation parameters; fTR

=2.216275 MHz, QTR=110810, Adith=81 pm, Īt=0.6 nA, and
Vbias=1.8 V.
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Īt =
1

2�
�

0

2�

It�Y + Adith cos ��d� = 0.6 nA. �1�

The parameters in the calculation of the tunneling current
were carefully adjusted to obtain the corrugation amplitude
of 70 pm. Next, the frequency shift map, corresponding to
the simulated STM topographic map, was numerically ob-
tained as25

�fTR = −
fTR

2�AdithkTR
�

0

2�

FY�Y + Adith cos ��cos �d� .

�2�

Due to the anisotropic lateral-force-gradient detection, the
adatoms are observed to be elliptical. As can be seen, Fig.
2�e� is in good agreement with Figs. 2�a� and 2�c�. The tip-
sample distance evaluated from the tunneling resistance was
in the range of 5.9–6.6 Å �the attractive interaction-force
region� and the tip was located 1–2 Å farther from the sur-
face than the tip in vertical DFM.18 The positive and negative
frequency shifts were thus caused by the inward and outward
directions of the attractive force with respect to the center of
the dithering. The lateral interaction force at the distance
�Z=5.9–6.6 Å� was found to be around �5 pN in Fig. 1�c�.
Furthermore, the simulated maps of the frequency shift �Fig.
2�e�� and the tunneling current �Fig. 2�f�� obtained by the
rigid tip-surface model are qualitatively in good agreement
with the experimental ones as shown in Fig. 2. Therefore,
deformations of the tip apex and the adatoms of Si�111�-7
�7 are negligible in the present work.

A series of 17 frequency-shift maps with Īt=0.1
�1.0 nA was obtained. Figure 3�a� shows one example ob-

tained with Īt=1.0 nA. The contour plot indicates the posi-
tions with zero frequency shift. By extracting line profiles
from each frequency-shift maps along A-A� the two-
dimensional frequency shift map in the X-Z plane was recon-
structed as shown in Fig. 3�b�. The tip-sample distance was

normalized with Znor=−ln�Īt /1.0 nA�. Since all images were
obtained in the attractive regime, the variation of the time-
averaged lateral force gradient was simply decreased with
increasing the tip-sample distance. The neutral X positions
with zero frequency shift stay constant at any tip-sample dis-
tance in the measured range. The time-average force gradient

was calculated by F̄Y� =−2kTR�fTR / fTR and reached below
0.01 N/pm while keeping atomic resolution.

Figure 4�a� shows the line profile as the same position as
along B-B� in Fig. 3�a�. The tip-sample distance was larger

than in Fig. 3�a� �Īt=0.25 nA�. As can be seen, a periodic
frequency shift curve was obtained. Since the line profile
along the Y direction was extracted from the lateral-force-
gradient map in the same Y direction, the lateral force con-
version is possible. In order to convert to the force, the po-
sition with FY =0 has to be first defined. In the vertical-force
conversion, the position can be simply set far from the
surface.15 On the other hand, the lateral-force conversion is
not simple. However, since we have the periodic frequency-

shift curve and since the position with F̄Y� =0 is independent

of the tip-sample distance as shown in Fig. 3�b�, the position
with zero frequency shift presumably equals to that with
FY =0. Here the lateral-force conversion is performed with
F�Y�=�YFY=0

Y −2kTR�fTR�y� / fTRdy. The formula for the large

amplitude26 was also tested but no significant difference was
confirmed. In other words, the dithering amplitude of 81 pm
was small enough for a direct-force-gradient detection at the
tip-sample distance. The amplitude satisfying the condition
of the small amplitude limit should be changed by the tip-
sample distance and the interatomic distance of the sample
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surface. Figure 4�b� shows the calculated lateral-force
curve.14 Contrary to the case with the large amplitude, the
frequency noises were averaged out in the conversion proce-
dure and thereby an extremely small lateral force of less than
1 pN, which is 1 order of magnitude smaller than the detec-
tion limit in static LFM,7 was detectable even at RT. The
amount of the interaction force was so small that the defor-
mation of the tip apex would be negligibly small. In other
words the force curve shown in Fig. 4�b� can be regarded as
the actual lateral interaction force without any influence of
the stick-slip motion and the deformations of tip and sample.

In static LFM,4 the frontmost atom of the tip is usually
assumed to be in the repulsive interaction region but the
friction measurement can, in principle, also be performed in
the attractive interaction region if an appropriate force sensor
to avoid the jump-to-contact instability is selected �i.e., pen-
dulum sensor27�. Here the experimentally detected lateral
force is used to investigate tip movements in noncontact
static LFM with a one-dimensional Tomlinson-type model.
In the model the tip always stays at the minimum of the total
potential Vtotal as28

Vtotal�Y tip� = Uts�Y tip� +
1

2
kTR�Ys − Y tip�2, �3�

where Ys and Y tip are the positions of the cantilever support
and the tip, respectively. By differentiating Eq. �3� the posi-
tion of the tip can be obtained and so that the converted
lateral-force �FY =�Uts /�Y tip� curve shown in Fig. 4�b� can
be directly used for this simulation. Then, the lateral force in
static LFM is obtained with FLFM=kTR�Ys−Y tip�. Figure 4�c�
shows simulated lateral-force curves with two different stiff-
nesses of 0.003 and 0.03 N/m. The tip movement was from
left to right. The results were strongly affected by the lateral
stiffness of the cantilever. In the case of kTR�0.003 N /m it
is found that the stick-slip motion happens even at the

attractive-force region. Therefore, the detected force in
DLFM is the origin of the stick-slip motion. With a higher
spring constant of 0.03 N/m, the tip traces the actual lateral
force. However if the stiffness of the cantilever becomes
comparable to that of the tip apex, the deformations of the tip
apex would become non-negligible.29 Nevertheless, since the
detection sensitivity in static LFM has an inverse relation-
ship with the spring constant �	FLFM /kTR�, the detection of
the actual force with a stiff-force sensor is not realistic.
These criteria practically fail the actual lateral-force detec-
tion in static LFM. On the other hand, since the detection in
DLFM is based on the frequency modulation technique, the
relation between the stiffness of the tip apex and the lateral
stiffness of the cantilever does not play a role. If the lateral
force gradient is lower than these two stiffnesses, the actual
force detection can be realized. As we demonstrated in this
study, detections in the noncontact region can fulfill this cri-
terion. Therefore, DLFM is an imperative technique for the
actual lateral interaction.

IV. CONCLUSION

In this paper we demonstrated the successful direct detec-
tion of the lateral force gradient of less than 0.01 N/m while
keeping atomic resolution with DLFM. The lateral-force
spectroscopy revealed that the corresponding lateral force
with the resolution of better than 1 pN indicates a possibility
of detecting and controlling the noncontact atomic stick-slip
motion. The theoretical simulations were in good agreement
with the experimental results.
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