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Soft graphite surface was atomically resolved by ultrasmall amplitude dynamic force microscopy operating
at 5 MHz. The giant corrugation amplitude of up to 85 pm appeared due to local vertical deformations of the
graphite surface. In simultaneous scanning tunneling microscopy and dynamic force microscopy, all of the
symmetric C atoms were resolved with the conservative interaction in the repulsive regime. Additionally, the
dissipative interaction showed a large difference of asymmetric � and � site C atoms, arising from the different
mechanical properties. The low stiffness of the graphite surface played a crucial role in the observations at
room temperature.
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The graphite surface has been one of the most extensively
studied surfaces with scanning probe microscopy. The sur-
face with the hexagonal lattice has two different kind of
sites, namely, the � and the � site C atoms. The � site atoms
are directly above in the adjacent planes, whereas the � site
atoms are located above the hollow sites. In general, the �
site atoms are only visible with scanning tunneling micros-
copy �STM�.1,2 Observation of all atoms has been challeng-
ing due to the asymmetry of the electric and mechanical
properties. Observed corrugation amplitudes are usually var-
ied and were up to several angstrom,3,4 commonly known as
the “giant corrugations.” It is inconsistent to values of
around 20 pm obtained by the first-principles calculation and
the He scattering measurement.5,6 It has been assumed that
deformations of the graphite surface layer by interaction
forces between the STM tip and the sample increase the ob-
served corrugation amplitude.7 Graphite has a laminated
structure, and the surface layer is connected to the second
layer with weak interactions, arising from the overlap of par-
tially occupied pz orbitals perpendicular to the three hybrid-
ized orbitals �van der Waals �vdW� force type�. On the other
hand, in the plane, C atoms are strongly connected to each
other by sp2 covalent bonds. This strong difference results in
the high compliance in the laminated direction. Although this
assumption is widely accepted, the giant corrugation has
been observed only with STM, which traces the surface with
a given charge density.

Dynamic force microscopy �DFM� is another well-known
technique to resolve surfaces with atomic resolution.8 Since
the tip-sample distance is usually regulated at a negative
slope of the time-averaged interaction force gradient via a
negative frequency shift of a cantilever,9 all kind of surfaces,
such as insulators, semiconductors, and metals, can be
observed.10 In the case of semiconductor surfaces, the strong
interaction of the covalent bonding enables discriminations
of surface atoms even in the same IV group.11 On the other
hand, vdW surfaces, such as graphite, carbon nanotubes, and
C60, are one of the most challenging surfaces even for
atomically resolved imaging due to their extremely low re-
activity and small C-C distance of 142 pm. These features
act to reduce the corrugation amplitude in DFM. Moreover
since the stiffness of the interlayer between the first and sec-

ond layers is very low, a stable imaging at a closer tip-sample
distance to enhance the interactions is difficult while avoid-
ing deformations. Atomically resolved observations have
been hence demonstrated only at low temperature �LT�,12–15

where the minimum detectable interaction force can be made
at least 2 orders of magnitude smaller than at room tempera-
ture �RT�. Observations with atomic resolution at RT has
remained a great challenge. This surface is suitable for study-
ing the phenomena in the observation of soft sample in
DFM.

Here, we demonstrate atomically resolved imaging on the
graphite surface with small amplitude DFM at RT. The giant
corrugation was observed at a constant frequency shift mode.
At a closer tip-sample distance controlled with a tunneling
current feedback, atomic features with the sixfold and three-
fold symmetries were observed by conservative and dissipa-
tive interactions, respectively.

All experiments were performed with our homemade ul-
trahigh vacuum �UHV� DFM, operating at RT.16 The clean
graphite �0001� surface was obtained by cleaving with a
polyimide adhesive tape in the preparation chamber �P�2
�10−7 Pa�. In order to detect small variation in interaction
between tip and sample, the following two techniques were
applied. First, an ultrasharp tip �nanosensor: SSS-NCH� with
a nominal radius of 2 nm was carefully prepared to reduce
the background long-range vdW force. Native SiO2 layers on
the tip were etched by vapor HF just before introducing into
the UHV chamber, and then H atoms presumably terminating
the Si tip were removed by gentle Ar+ sputtering �t
=30 min, PAr=1.3�10−4 Pa, Iion�0.1 �A, and Uex
=610 eV�. Second, higher flexural resonance modes of the
cantilever were used. Higher modes have higher effective
stiffness, and hence a stable ultrasmall amplitude operation
for selective detections of the short-range interaction can be
implemented.17,18 High resonance frequencies ��1 MHz� of
the modes are also expected to enhance the detection
sensitivity.9 Thermal drifts in the images were corrected af-
terward, and the measurements were analyzed with the
WSXM program.19

Figure 1�a� shows the DFM topography of the graphite
surface obtained with the second resonance mode. The con-
stant frequency shift �f2nd and the amplitude A2nd were
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−30 Hz and 650 pm, respectively. A clear monoatomic step
was observed. The step height of approximately 320 pm was
very close to the interlayer distance of 335 pm. Figure 1�b�
shows the atomically resolved DFM topography in an area of
3�3 nm2. In order to enhance the detection sensitivity of
short-range interaction, the amplitude was reduced to 220
pm, and then the frequency shift was adjusted to −28 Hz.
Observed corrugation amplitude of less than 10 pm was
nearly equal to one of 12 pm measured at LT.20 A previous
theoretical calculation shows that the hollow site should be
observed as the maxima in the attractive regime due to the
summation of the six C-Si interactions, and the � site should
be observed as the second protrusion.20 Therefore, the ob-
served maxima in Fig. 1�b� should be the hollow site, and the
resolution was not sufficient to resolve the � site. Some dis-
ordered features, which are indicated by arrows, were also
confirmed. It is most likely that deformations in either the
graphite surface layer or the tip should be the reason for the
distortions of the image. The interlayers of graphite are much
softer than the Si tip, and deformations of a local part of
graphite surface layer must be dominant. Since the tip-
sample distance was regulated with a constant negative fre-
quency shift, the attractive interaction force may have pulled
up the first layer toward the tip.

Figure 2 shows DFM topographies obtained with the third
resonance mode. The third resonance mode has a higher
stiffness than the second resonance mode, and a more stable
oscillation can be expected at small amplitudes. The slow

scan direction was from top to bottom. At the middle of the
image, the corrugation amplitude suddenly increased as indi-
cated with an arrow in Fig. 2�a�. No significant jump of the
topographic height signal, relating to tip deformations, was
observed. A weak feature with a long periodicity of 3 nm
indicated by red circles in the same image, which looks like
the giant lattice structure observed in STM,21 was also vis-
ible. Figure 2�b� shows the DFM topography obtained with
A3rd=210 pm at �f3rd=−6.0 Hz in an area of 1.2
�1.2 nm2. A clear atomic contrast was observed. Beside the
hollow site, the � site atoms were also detected. The inset
shows a schematic drawing of the hexagonal C atom ring.
Although the imaging contrast was similar to those in the
previous results, the corrugation amplitude was surprisingly
large ��85 pm� as shown in Fig. 2�d�, and was seven times
larger than the theoretical value.20 So far, the giant corruga-
tion has been widely observed in STM, but it has never been
seen by DFM. As observed in Fig. 1�b�, deformations of the
first layer play an important role to enhance the corrugation
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FIG. 1. DFM topographies of the graphite surface obtained with
the second resonance mode. �a� 100�100 nm2, f2nd

=1.765 551 MHz, Q2nd=8211, A2nd=650 pm, �f2nd=−30 Hz,
and the applied bias voltage Vbias=0 V. �b� 3�3 nm2, f2nd

=1.737 255 MHz, Q2nd=8156, A2nd=220 pm, �f2nd=−28 Hz,
and Vbias=0.2 V.
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FIG. 2. �Color online� DFM topographies obtained with the
third resonance mode. �a� �f3rd=−13 Hz, A3rd=120 pm, Vbias

=0.2 V, and 11�11 nm2. �b� f3rd=−6 Hz. �c� f3rd= +52 Hz.
��d� and �e�� Line profiles along A-A� in �b� and �c�, respectively.
A3rd=210 pm, Vbias=0 V, and 1.2�1.2 nm2. The � site �yellow�.
The � site �blue�. f3rd=4.790 437 MHz and Q3rd=10 085.
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amplitude. In contact mode AFM, repulsive interaction
forces have been shown to elastically deform the several lay-
ers from the graphite surface. Calculations indicated that the
sublayers make the first layer harder, and deformations of the
first layer hence becomes smaller by increasing the counting
number of layers.22 On the other hand, in the case of attrac-
tive interaction forces, pulling forces act mainly on the first
graphite layer. Therefore, the stiffness of the first layer must
have a strong asymmetry in the Z direction, and its deforma-
tion by pulling must be larger. Consequently, the small varia-
tion in interaction on the vdW surface would be enhanced by
tip-induced deformations of the first layer, and the giant cor-
rugation was observed. This situation is completely opposite
to that in measurements of the ionic crystal surfaces.23,24 In
that case, the Si tip is usually terminated with the sample
material and hence becomes very soft. The stiffness of the tip
should be much lower than that of the surface due to the its
low coordinate. When the interaction between tip and sample
is caused, the tip dominantly deforms and the corrugation
amplitude is hence enhanced.

With the same polarity of the Z feedback, the frequency
shift could be reduced �more positive� while keeping the
atomic resolution. Surprisingly, it could reach a positive
value. Figure 2�c� shows the DFM topography at �f3rd=
+52 Hz. The small corrugation of the � site atom disap-
peared, and a small change in the corrugation amplitude was
also confirmed as shown in Fig. 2�e�. When the tip was fully
retracted from the surface, the resonance frequency regained
to the initial value. Therefore, the positive frequency shift
was not due to the thermal drift of the resonance frequency
but due to the tip-sample interaction. The jump-to-contact
instability is caused in the case that

k0 �
�

�Z0

1

2	
�

0

2	

F�Z0 + A3rd�1 + cos 
��d
 , �1�

where Z0 is the closest distance in the oscillation. However,
this situation cannot exist with a static spring constant k0 of
approximately 42 N/m, A3rd=210 pm, and an ultra-sharp tip
under the small vdW interaction force F of much less than 1
nN.25 Moreover, if the tip were macroscopically connected to
the surface by the instability, the contact resonance fre-
quency should have been shifted at least in the order of sev-
eral kHz. A more reasonable possibility is that the first graph-
ite layer is elastically deformed by interactions and moved
toward the tip apex. In this case, the tip-surface potential has
several minima due to the movement of the first graphite
layer, and the positive slope of the frequency shift could be
caused even in a positive frequency shift region. The ampli-
tude was so small that the tip could stay at a certain negative
slope of the interaction force gradient, and a stable imaging
could be realized. The event shown by the arrow in Fig. 2�a�
is presumably the sign of the jump from the first negative
slope to the second one. Since this feature was not observed
with the LT measurements,12–15 the large thermal energy at
RT would have assisted to switch to the second negative
slope of interaction force gradient. A similar interaction po-
tential curve with several minima has been observed on a
highly flexible molecule �see Fig. 2 in Ref. 26�. Presumably,

the mechanism to produce the modulated potential is essen-
tially the same. However, in this experiment, the amplitude
of 210 pm was so small that the mobile first layer would
accompany the tip motion in the oscillation. Otherwise, the
large dissipative interaction, arising from the hysteresis loop
of the interaction force,27 should have prevented stable im-
aging. Figure 3 shows the summary of the corrugation am-
plitude in the images obtained at 24 different frequency
shifts with the same amplitude of 210 pm. Each corrugation
amplitude was calculated by averaging over three line pro-
files along with same direction A-A�. No clear tendency was
confirmed. It seems that once the first graphite layer was in
contact with the tip, the frequency shift in the range did not
play a role in the corrugation amplitude so much. The key
factor to produce the large corrugation should be whether the
first layer is in contact with the tip or not. This assumption is
in good agreement to the situation in STM. The giant corru-
gation is haphazard and is nearly incontrollable.

The low stiffness of the surface layer also played a crucial
role in observation in the repulsive regime. Figure 4 shows
the simultaneously detected conservative and dissipative in-
teractions and the STM topographic images obtained with
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FIG. 3. Observed corrugation amplitude as a function of the
frequency shift.
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FIG. 4. �Color online� �a� Conservative and �b� dissipative in-
teraction maps and �c� STM topography. ��d�–�f�� Line profiles
along A-A� in �a�, �b�, and �c�, respectively. Image size:

0.71�1.2 nm2, Vbias=−0.8 V, and Īt=400 pA. The cantilever was
the same as in Fig. 1�b�. A2nd� =50 pm. The � site �yellow�. The �
site �blue�.
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the second resonance mode. The tip-sample distance was

regulated with a time-averaged tunneling current Īt of 400
pA at Vbias=−0.8 V. The fast scan direction was from left to
right. The cantilever was oscillated with the constant excita-
tion mode.28 The amplitude far from the surface A2nd� was 50
pm, and the averaged damped amplitude at the surface was
approximately 23 pm. At the tunneling distance, a positive
frequency shift was detected on the entire surface. Due to the
low stiffness of the interlayer, the slope of the repulsive in-
teraction is gradual.29 In other words, the amplitude of
around 23 pm was small enough to realize a direct force
gradient measurement. Therefore, conservative and dissipa-
tive interactions can be simply converted as

F� = −
k2nd�f2nd

2f2nd
, �2�

�E =
k2nd�A2nd�2 − A2nd

2 �
2Q2nd

. �3�

An effective stiffness k2nd of the second mode was simply set
to 2000 N/m for the calculations. As shown in Fig. 4�a�, all
of C atoms were observed in the conservative interaction
map. Contrary, a threefold symmetric feature was detected
by dissipative interactions as shown in Fig. 4�b�. In DFM,
the dissipative interaction is mainly caused by the hysteresis
loop of the interaction force between forward and backward
in one oscillation,27 and stabilities of sample and tip are usu-
ally the key factors. The � site atoms are positioned above
the hollow site of the second layer and so that these stiffness
should be lower than those of the � site atoms. Therefore, the
observed corrugation in Fig. 4�b� should be the � site atom.
The amount of detected dissipative interaction was found to
be at least 1 order of magnitude smaller than that in the
previous LT measurement with A=250 pm.29 It is presum-
ably due to the smaller hysteresis loop of the interaction
force.30 When the amplitude is smaller than the hysteresis
loop, the amount of the dissipative interaction becomes
smaller. In other words, ultrasmall amplitude DFM disen-
ables the criterion of small amplitude operation proposed by
Giessibl.31 Especially on surfaces of the soft samples, this
feature gives a stable imaging condition. Distortions of the
observed corrugation was similar to the stick slip feature in

lateral force microscopy �LFM�.32 In this experiment, the
amplitude was so small that the tip was always connected to
the graphite surface in the whole one oscillation cycle.
Therefore, a shear force could be caused. The lateral stiffness
of the cantilever and its tip are higher than the binding stiff-
ness of the graphite interlayer, and a lateral shift of the first
layer should be caused by the interactions. It is likely that the
surface C atom or a local part of the first layer followed the
tip scan movement, and when the lateral force exceeded a
certain threshold, the C atom jumped back to its initial posi-
tion. This feature is in good agreement with previous theo-
retical studies.33 Figure 4�c� shows the simultaneously re-
corded STM topography. With the imaging parameters, the
maximum tunneling current should flow at the � site,1,2 but
the maxima were shifted from the � sites. In the case of the
graphite surface, the tip mainly traces a constant local den-
sity of state �LDOS� at the Fermi energy of the surface, and
the LDOS might be modulated by tip-sample interactions. If
this assumption “modulated LDOS” is correct, the mecha-
nism of the giant corrugation in STM can be explained with
our DFM results. On the hollow site, the first layer is lifted
up with the attractive interaction force as shown in Figs. 2�b�
and 2�c� and is observed as maxima. On the other hand, the
surface C atoms are pushed down to the second layer with
the repulsive force as shown in Fig. 4. In this experiment, no
strong giant corrugation in STM topography ��23 pm� was
observed, but the oscillating tip presumably relaxed defor-
mations of the first graphite layer.

In this work, we demonstrate high-resolution imaging by
small amplitude DFM with higher modes of a sharp Si can-
tilever. Enhanced sensitivity enabled the atomically resolved
imaging of the soft graphite surface even at RT. The giant
corrugation amplitude was observed in the second positive
slope of the frequency shift. With this experimental results
obtained by DFM, it can be concluded that the mechanical
interaction produces the giant corrugation. All of C atoms
were resolved by the conservative interaction. On the other
hand, only the � site was resolved by the dissipative inter-
action.
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