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We have developed a noncontact, scanning nonlinear dielectric microscopy �NC-SNDM� system operated
under ultrahigh vacuum and have used it to observe the surface of graphite. By using the NC-SNDM technique
�2� amplitude feedback mode�, we succeeded in obtaining clear SNDM images of the graphite surface. In the
SNDM image patterns �inverted contrast � amplitude image�, a number of convex spots, with threefold
symmetry, positioned at the corners of hexagons were observed when the probe tip was near the graphite
surface. In contrast, a number of convex spots, with threefold symmetry, were also observed in the normal
contrast � amplitude image when the distance between the probe tip and graphite was large. Current images
originating from tunneling were also observed in NC-SNDM and were similar to the � amplitude images.
Electrochemical capacitance between the probe tip and graphite surface with tunneling was introduced to
investigate the origin of the SNDM signal. Applying this model to the NC-SNDM measurement, we found that
the � amplitude signal is dependent on the ratio of the slope of the local density of states �LDOS� and the
energy curve, and the LDOS at the Fermi energy in the graphite surface. The convex spots and hollow spots in
the hexagons on the graphite surface also originate from the LDOS in the NC-SNDM measurements. This
means that the SNDM signal for the graphite surface reflects the LDOS on the graphite surface. Considering
the relationship between the � amplitude signal and LDOS on the graphite surface, the current signal observed
in the NC-SNDM measurement originates from the tunneling effect between the probe tip and graphite surface.
The proposed technique can potentially detect not only a unique carbon surface but also organic molecules on
a metallic surface.
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I. INTRODUCTION

A new and promising technique, “scanning nonlinear di-
electric microscopy” �SNDM�, was recently introduced.1–7

The SNDM technique has high sensitivity to variations in the
capacitance, on the order of 10−22 F and we were indirectly
able to use it to visualize electron and hole distributions in
semiconductor flash memory devices.8–10 The resolution of
the SNDM technique in contact mode operation is in the
subnanometer order for the measurement of ferroelectric do-
mains and charge distributions in a semiconductor device. In
contrast, Hirose et al. have recently developed noncontact
SNDM �NC-SNDM�, and have used this to visualize the to-
pography as well as the microscopic electric dipole moment
distribution induced by one adatom and three Si atoms below
this adatom on a Si�111�-7�7 reconstructed structure.11–14

Thus, NC-SNDM is a powerful technique to evaluate a sur-
face with microscopic electric dipole moments without dam-
aging the surface of the specimen.

Graphite is a stable-carbon material with a layered struc-
ture including a number of carbon sheets comprised of a
honeycomb structure made up of sp2 carbon atoms. Each
layer of graphite corresponds to “graphene” which has re-
cently been attracting much attention.15–18 The individual
sheets are strongly bonded by Van der Waals interactions. A
schematic representation of the structure of a bulk graphite
crystal is shown in Fig. 1, indicating two nonequivalent types
of carbon-atom sites. The A-site carbon in hexagonal graph-
ite �with ABAB stacking� has a neighbor directly below in
the second layer whereas the B-site carbon is located above

the center of a hexagon of the layer beneath. Thus, differ-
ences in the local density of states �LDOS� occur for the two
sites as a consequence of this carbon-site asymmetry and
interlayer interactions.

This difference in the LDOS in graphite has been reported
in previous scanning tunnel microscope �STM�
measurements.19,20 Images of graphite observed by STM
show complicated, varying patterns.20–23 One frequently seen
pattern is a hollow with convex spots with threefold
symmetry.20,21,23 A striped pattern is also observed due to the
condition of the probe tip.21,22 The most attractive pattern is
a clear honeycomb structure recognized in the inverted con-
trast images.23 In addition to the honeycomb structure, the
heights at alternating three carbon atoms �A sites� in the
hexagon are larger than those at the other three carbon atoms
�B sites�. This is due to the difference in LDOS between the
A and B sites. For this reason, images reflecting the LDOS in
the graphite surface were observed in the STM measure-
ments.

In this paper, we present SNDM images of the well-
known graphite �highly oriented pyrolytic graphite �HOPG��
surface by using the NC-SNDM technique under ultrahigh
vacuum. In the following sections, the principle of NC-
SNDM is described. In Sec. III, the experimental methods
used are described. In Sec. IV, we show the topographies,
SNDM images and current images of the graphite surface as
well as the approach curve of the Au�111� surface obtained in
this study. Section IV is devoted to a discussion on the origin
of SNDM images for a graphite surface using model calcu-
lations.
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II. PRINCIPLE

A. Principle of NC-SNDM

A system diagram of the NC-SNDM apparatus is shown
in Fig. 2�a�. The metal probe is connected to the inductance
�L� and capacitance �C� resonance circuit in a voltage-
control oscillator, and the resonance angular frequency is de-
fined as �r=1 /�LC. The total capacitance �Ct� between the
tip and the return ring is written as Ct�d�= �1 /CS-R�d�
+1 /CS-P�d�+1 /Ctip+1 /Cs�−1+CP-R, as shown in Fig. 2�b�.
Here, d, CP-R, CS-R�d�, CS-P�d�, Ctip, and Cs are expressed as
the distance between the probe tip and surface of the speci-
men, the capacitance between the probe and return ring, the
capacitance between the surface of the specimen and the re-
turn ring, the capacitance between the probe tip and the
specimen surface, the capacitance originating from the elec-
trical properties of the probe tip, and the capacitance origi-
nating from the electrical properties of the specimen, respec-
tively. Considering that the area of the return ring and the
distance between the return ring and specimen surface are
�10 mm2 and �1 mm, respectively, and the area and gap
between the probe tip and the surface in the NC-SNDM mea-
surement are �100 nm2 and �1 nm, respectively, we can
obtain CS-R�d�� �1 /Cs+1 /CS-P�d��−1. As a result, CS-R is ne-
glected in Ct�d� as shown in Fig. 2�c�, and Ct is expressed as
Ct�d��C�d�+CP-R where

C�d� � 	 1

Cs
+

1

Ctip
+

1

CS-P�d�
−1

�1�

and is the capacitance originating from the electrical proper-
ties of the probe tip and the surface of the specimen, and the
gap between the probe tip and the surface of the specimen.
Therefore, the measured resonance angular frequency is

�t�d� =
1

�L�C� + Ct�d��
=

1
�L�C� + CP-R + C�d��

, �2�

where C� is the stray capacitance in the oscillator circuit.
Here, it is to be noted that an understanding of the origins of
Ctip and Cs is the most important in this study. For this rea-
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FIG. 1. �Color online� Schematic of three successive layers of
hexagonal graphite in �a� top view and �b� side view. The two
nonequivalent types of carbon atom sites are shown: A types have
neighbors directly below in the second layer and B-types are located
above a hexagon. The in-layer nearest carbon-carbon distance is
1.42 Å and the carbon layers are separated by 3.35 Å.
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FIG. 2. �Color online� �a� Schematic of the NC-SNDM appara-
tus. The NC-SNDM technique utilizes the 2� amplitude signal as a
feedback signal for maintaining the gap between the tip and the
specimen. The topographical and � amplitude �variation in the ca-
pacitance� and phase �sign of the slope of the capacitance-voltage
curve� images were observed simultaneously for the same scanned
area. In this study, the amplitude and frequency of the applied al-
ternating voltage were 30 kHz and 0.4 Vp-p, respectively. �b� The
equivalent circuit between the probe and return ring. CP-R, CS-R�d�,
CS-P�d�, Ctip, and Cs are the capacitance between the probe and the
return ring, the capacitance between the specimen surface and re-
turn ring, the capacitance between the probe tip and specimen sur-
face, the capacitance originating from the surface structure of the
probe tip, and the capacitance originating from the surface structure
of the specimen, respectively. �c� The final equivalent circuit be-
tween the probe and return ring. Ct��1 /Ctip+1 /Cs+1 /Ctip

+1 /CS-P�d��−1+CP-R because of large CS-R�d�.
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son, the origins of these capacitances will be discussed later.
If Ctip or Cs or both Ctip and Cs depend on the applied

voltage �V�, the resonance angular frequency ��t�d�� also
depends on V, and therefore

�t�V,d� =
1

�L�C� + CP-R + C�V,d��
. �3�

Since an alternating voltage �V�t�=VA sin��t�� is applied be-
tween the probe tip and the lower electrode, �t�V ,d� also
depends on the time �t� as seen in Fig. 3�a�. Accordingly

�t�t,d� = �t�V�t�,d� =
1

�L�C� + CP-R + C�VA sin��t�,d��
.

�4�

Equation �4� is a periodic function between −� /� and � /�
and can be expanded by the basis functions �cos�m�t� and
sin�m�t�, m=1,2 ,3 , . . .�. These yield

�t�t,d� = �0�d� + 
m=1

�

�am�d�cos�m�t� + bm�d�sin�m�t�� ,

�5�

where

�0�d� �
�

2�
�

−�/�

�/�

�t�t,d�dt = �t�0,d� +
�

2�
�

−�/�

�/�

��t,d�dt ,

�6�

am�d� �
�

�
�

−�/�

�/�

�t�t,d�cos�m�t�dt

=
�

�
�

−�/�

�/�

��t,d�cos�m�t�dt , �7�

bm�d� �
�

�
�

−�/�

�/�

�t�t,d�sin�m�t�dt

=
�

�
�

−�/�

�/�

��t,d�sin�m�t�dt , �8�

�t�0,d� �
1

�L�C� + CP-R + C�V�0�,d��

=
1

�L�C� + CP-R + C�0,d��
, �9�

��t,d� � �t�t,d� − �t�0,d�

= �t�0,d�
n=0

�
�− 1�n

n!
��

k=0

n
2k + 1

2
�

�	 	C�t,d�
C� + CP-R + C�0,d�
n

�10�

	C�t,d� � C�VA sin��t�,d� − C�0,d� . �11�

Furthermore, using the relationship

Am�d� � ��am�d��2 + �bm�d��2, �12�


m�d� � arctan	am�d�
bm�d�
 . �13�

We can easily obtain the amplitude �Am�d�� and phase
�
m�d�� for the mth order and d. �0�d� in Eq. �5� corresponds
to the angular frequency of the carrier in FM. As seen from

V
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FIG. 3. �Color online� �a� The relationship between the applied
alternating voltage V�t� and the response function modulated by the
capacitance which depends on the applied voltage. The modulated
frequency �t�d� is expressed as �t�d�= �C+Ct�V ,d��−1/2 for d.
Since the �t�V� curve is nonlinear, �t�t ,d� or ��t ,d����t�t ,d�
−��0,d�� is a complicated curve and includes in not only the �
component but also the 2� component, the 3� component, etc. �b�
Computational method of the amplitude and phase for the � com-
ponent. For computing the � component, we need to integrate
��t ,d�sin��t� or ��t ,d�cos��t� between −� /� and � /�. Since
��t ,d�sin��t� is asymmetrical around t= �� /2�, the integration of
��t ,d�sin��t� is finite. On the other hand, the integration of
��t ,d�cos��t� is zero because ��t ,d�cos��t� is symmetrical around
t= �� /2�. The amplitude A1�d� and phase 
1�d� are easily ob-
tained from Eq. �13� in the principle of NC-SNDM. �c� Computa-
tional method of the amplitude and phase for the 2� component. By
similar computation as the � component, A2�d� and 
2�d� are easily
obtained.
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Eqs. �7�, �8�, �10�, and �11�, am�d� and bm�d� are proportional
to �, �t�0,d� and �	C�t ,d� / �C�+CP-R+C�0,d���n, respec-
tively. These parameters need to be as large as possible to
obtain high sensitivities of am�d� and bm�d�. It is easy to
change the amplitude of � because � is the angular fre-
quency of the applied alternating voltage. 	C�t ,d� strongly
depends on VA, as seen in Fig. 3�a�. Furthermore, to make
�t�0,d� large, the inductance or capacitance in the LC reso-
nance circuit needs to be reduced. If it is difficult to reduce
the inductance, C� or CP-R should be reduced because C�0,d�
does not strongly contribute to the resonance frequency in
the actual system, as described in Sec. IV C. CP-R depends on
the position of the return ring and probe. On the other hand,
C� depends on the circuit in the oscillator. Accordingly, it is
necessary to not only devise the settings of the return ring
and probe but also to choose an oscillator with a small C�. As
a result, the microwave is used as the carrier wave of the FM
modulation in the NC-SNDM measurement to obtain high
sensitivities of am�d� and bm�d�.

The most important component in Eq. �5� is normally the
second ��� component in the SNDM measurement because
the � component is reflected in the polarization of ferroelec-
trics and the polarity of the semiconductor device.1–10 Con-
tact mode atomic force microscopy �AFM� is typically used
for the SNDM measurements to observe the � component
and the topography of the specimen simultaneously. For this
reason, it is necessary to use a cantilever coated with a metal
and to connect the cantilever to the oscillator in the SNDM
measurement. However, it is difficult to observe the topog-
raphy by using the SNDM signal in the SNDM measurement
due to the large stray capacitance between the cantilever and
the surface of the specimen. To resolve this problem, we
have proposed the NC-SNDM measurement as shown in Fig.
2�a�.11–14,24,25 In the NC-SNDM measurement, not only the
second ��� but also the third �2�� component in Eq. �5� is a
very important component because the 2� amplitude signal
�A2� is usually used as the feedback signal to prevent the
probe tip from contacting the surface of the
specimen.11–14,24,25 The reason why the 2� amplitude signal
�A2� is usually used as the feedback signal, as described in
the next section. Furthermore, the vertical and lateral reso-
lution of the SNDM signal for the metallic surface in the
NC-SNDM measurement can be discussed by considering
the origin of the SNDM signal for a metallic surface in the
Sec. IV C.

B. Amplitude, phase, and current signals in NC-SNDM

First, we describe the characteristics of the � and 2�
components for the SNDM signal. In order to understand the
characteristics of the � and 2� components for d, a1, b1 and
a2, b2 are estimated. The notation d is neglected below since
it is an unnecessary parameter to understand the characteris-
tics of the � and 2� components. Assuming the C�V� curve
as shown in Fig. 3�a�, we can obtain the ��t� curve by using
Eqs. �3� and �10�. First, we calculate the � component for the
��t� curve in Fig. 3�a�. ��t�cos��t� is asymmetrical around
t= �� /2�, as seen from Fig. 3�b�. In contrast, ��t�sin��t� is
symmetrical around t= �� /2�. Accordingly, we easily un-

derstand a1=0 and b1=S1
1+S2

1, where S1
1 and S2

1 denote areas
of the right and left sides of ��t�sin��t�. A1 and 
1 are ob-
tained from Eq. �13�. If b1�0, as shown in Fig. 3�b�, A1 and

1 can be estimated as A1=b1 and 
1=0. Next, we calculate
the 2� component for the ��t� curve in Fig. 3�a�. Similar to
the � component, considering the symmetries of
��t�cos�2�t� and ��t�sin�2�t�, we can easily understand
a2=S1

2+S2
2 and b2=0, where S1

2 and S2
2 denote areas of the

right and left sides of ��t�cos�2�t�. A2 and 
2 are obtained
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FIG. 4. �Color online� �a� The response functions for two curves
for which the sign of the slope is different. Note that the notation of
d is neglected due to an unnecessary parameter to understand the
characteristics of the � and 2� components. The phase is different
in �n�VA sin��t�� and �p�VA sin��t�� only by �. �b� The integra-
tions for �n�VA sin��t��, �p�VA sin��t�� and �n�VA cos��t��,
�p�VA cos��t�� for the � component. The phase is different in �n

and �p only by �. �c� The integrations for �n�VA sin��t��,
�p�VA sin��t�� and �n�VA cos��t��, �p�VA cos��t�� for the 2�
component. Note that phase reversal does not occur for the 2�
component. �d� Variations in the capacitance and resonance fre-
quency for cases 1 �C1�V� and �t1�V�� and 2 �C2�V� and �t2�V��
within �VA. The magnitude of the variation in the C1�V� curve is
larger than that of the C2�V� curve within �VA. On the other hand,
the magnitude of the variation in the �t1�V� curve is smaller than
that of the �t2�V� curve within �VA due to Eq. �3�.
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from Eq. �13�. If a2�0, as shown in Fig. 3�c�, A2 and 
2 can
be estimated to be A2=a2 and 
2=� /2. Thus, A1, 
1 and A2,

2 for the optional C�V� curve shown in Fig. 3�a� can be
easily calculated from the symmetry of ��t�cos�m�t� or
��t�sin�m�t�.

The characteristics of A1 and A2 are examined next. First,
we consider the relationship between A1, A2 and the variation
in the Cs�V� curve within �VA, as shown in Fig. 3�a�. The
maximum ��t�VA�� and minimum ��t�−VA�� of the �t�V�
curve within �VA correspond to the minimum �Cs�VA�� and
maximum �Cs�−VA�� of the Cs�V� curve within �VA. Ac-
cordingly, Cs�VA� and Cs�−VA� are reflected in the amplitude
of the �t�t� curve. If the variation in the Cs�V� curve within
�VA becomes large, A1 is enhanced because A1 �b1� depends
on the amplitude of the �t�t� curve. Thus, A1 and A2 are
reflected in the variation in the Cs�V� curve within �VA.
Next, we consider the difference between A1 and A2. If VA is
very small, the �t�V� curve within �VA is assumed to be
linear. As seen from Fig. 3�c�, S1

2=−S2
2, and A2 becomes zero

although A1 is finite as seen from Fig. 3�b�. Accordingly, A2
is zero for small VA although A1 is finite as long as Cs de-
pends on V. Thus, A1 is finite regardless of the curvature of
the �t�V� curve whereas A2 is reflected in the curvature of
the �t�V� curve.

Next, the characteristics of 
1 and 
2 are considered. In
order to understand what parameter 
1 is in the SNDM mea-
surement, we assume two cases ��t

p and �t
n� as shown in

Fig. 4�a�. To make this problem easier to solve, the absolute
value of the slope of the Ct

p�V� curve within �VA is assumed
to be the same as that of the Ct

n�V� curve within �VA. Here,
Ct

p�V� and Ct
n�V� denote the voltage-capacitance curves

which lead to �t
p and �t

n. Taking into account the slopes of
both the Ct

p�V� and Ct
n�V� curves within �VA, it is clear that

the phase of �t
p�t� is different from that of �t

n�V� by �, as
seen from Fig. 4�a�. This suggests that phase reversal occurs
as the sign of the slope of the capacitance-voltage curve is
reversed. To observe the phases for �t

p and �t
n, the NC-

SNDM technique utilizes the phase for the � component.
Calculating 
1

p and 
1
n by a similar procedure as in Fig. 3�b�,

we obtain 
1
p=0 and 
1

n=� as seen from Fig. 4�b�. This indi-
cates that the relationship between 
1

p and 
1
n is the same as

the relationship between the phase of �t
p and that of �t

n.
Consequently, we can indirectly guess the signs of the slopes
for the Ct

p�V� and Ct
n�V� curves from the � phase signal. As

an actual example, we consider n- and p-type metal-
insulator-semiconductor �MIS� diodes.10 The slope of the
C�V� curves for n-type and p-type MIS diodes are negative
and positive in the NC-SNDM measurement. The reason
why these slopes are inverted is that the voltage to modulate
the capacitance is applied not to the gate electrode but rather
to the semiconductor in the MIS diode. Accordingly, the
C�V� curves for n- and p-type MIS diodes correspond to the
Cp�V� and Cn�V� curves in Fig. 4�b�. The � phase is � for the
p-type MIS diode, while it is 0 for the n-type MIS diode, as
seen from Fig. 4�b�. Thus, to investigate the � phase signal,
one needs to know the sign of the slope of the C�V� curve of
the specimen. Actually, the change in phase from 0 to �, i.e.,
phase reversal in the � phase signal, was observed in the p-
and n-type MIS diodes by contact mode SNDM measure-
ments. On the other hand, we can explain the characteristics

of 
2 although 
2 is not more important than 
1. Similar to
the calculation for the phase for the � component, we can
calculate the phases for the 2� component obtained from �t

p

and �t
n. The absolute value of the slope of the Ct

p�V� curve is
assumed to be the same as that of the Ct

n�V� curve. Calculat-
ing 
2

p and 
2
n, as shown in Fig. 4�c�, we obtain a2

p=a2
n=A2

and b2
p=0 , b2

n=0. Consequently, 
2
p=
2

n. This suggests that
phase reversal does not occur for the 2� phase. Hence, we
cannot use the phase of the 2� component to observe phase
reversal such as electric polarization.1–14,24,25

The signals for m=3 or more can be briefly explained.
Using a similar procedure as the calculations for the � and
2� components, we obtain the result that phase reversal oc-
curs as m is only odd. Accordingly, phase reversal on the
surface of a specimen can be investigated as long as the
phases for m=1,3 ,5 ,7 , . . . are observed. However, it is dif-
ficult to observe phase reversal for higher order odd compo-
nents because they are small compared to the � components
in general. Due to this, phase reversal on the surface of the
specimen can be investigated to a sufficient extent so long as
the � phase signal is observed.

Here, we briefly describe the features of the 2� amplitude
feedback signal �A2� used in the NC-SNDM measurement. If
A1 is utilized as the feedback signal, the possibility that the
probe tip contacts the surface of the specimen is very high
because A1 is momentarily zero as phase reversal in 
1 oc-
curs. However, the phase reversal in 
2 does not occur even
though phase reversal in 
1 occurs, as mentioned above. For
this reason, A2 is usually utilized for the feedback signal to
observe the topography of the specimen in the NC-SNDM
measurement. By using A2 as the feedback signal to observe
the topography, the A1 and 
1 signals can be used to inves-
tigate the variation and sign of the slope, respectively, of the
C�V� curve on the surface of the specimen, as mentioned
above. Thus, if a variation in and the sign of the slope of the
C�V� curve can be observed, the microscopic C�V� curve on
the surface of the specimen can be guessed from the NC-
SNDM measurement. It is thus important to investigate not
only the topography with the atomic structure but also A1 and

1 originating from the microscopic properties of the surface
of the specimen simultaneously by the NC-SNDM tech-
nique.

In a system of a metallic surface such as graphite and a
probe tip with a nanogap, corresponding to the situation for
STM, the NC-SNDM technique can detect not only the �
amplitude signal, the � phase signal and topography, but also
the current signal originating from the tunneling effect by the
applied alternating voltage. In the NC-SNDM measurement,
the tunneling current, which is induced between the probe tip
and the metallic surface, is modulated by the applied alter-
nating voltage to the specimen and is different from that for
STM. Similar to the procedure for the SNDM signal,
I�V�t��= I�VA sin��t�� can be expanded by the basis func-
tions �sin�m�t� and cos�m�t� , m=1,2 ,3 , . . .� because the
I�V� curve originating from the tunneling effect is generally
nonlinear, as shown in Fig. 5�a�. This yields

I�V�t�� = I0 + 
m=1

�

�am
c cos�m�t� + bm

c sin�m�t�� , �14�

where
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I0 =
�

2�
�

−�/�

�/�

I�VA sin��t��dt , �15�

am
c =

�

�
�

−�/�

�/�

I�VA sin��t��cos�m�t�dt , �16�

bm
c =

�

�
�

−�/�

�/�

I�VA sin��t��sin�m�t�dt . �17�

However, I0, which is a first order and direct current compo-
nent in the I�V�t�� curve, is only observed in the NC-SNDM
measurement because of the low-path filter �30 kHz� in
the oscillator as shown in Fig. 2�a�. Here, we consider the
effect of the current originating from the microwave �Im�.
Since the amplitude of the microwave is generally much
smaller than that of the applied alternating voltage ��VA�� in

the SNDM measurement, the Im�V� curve is considered to be
linear. For this reason, the direct current component obtained
from the Im�V� curve is considered to be canceled, and the
contribution of the microwave is neglected. Hence, we do
not need to consider the contribution of the microwave to the
current signal. Finally, we consider the two current-voltage
curves shown in Fig. 5�b� to understand the characteristics of
I0. The curvature is positive in the case of the red solid line
�I�1��V��. Therefore, I0

�1� �0. On the other hand, the curvature
is negative in the case of the blue solid line �I�2��V��. There-
fore, I0

�2��0. Thus, by investigating the sign of I0, we can
guess the shape of the I�V� curve within �VA in the NC-
SNDM measurements. I0 is also an important parameter to
understand the characteristics of the surfaces of conducting
materials.

III. EXPERIMENTAL METHOD

In this study, we used graphite in the form of HOPG and
a gold surface, Au�111�. HOPG was synthesized by
chemical-vapor deposition of polycrystalline graphite with
an ordered c-axis orientation. Au�111� structures were fabri-
cated on mica by a general deposition method. The NC-
SNDM and STM measurements were carried out with a
homebuilt SNDM/STM. Electrochemically etched Pt-Ir
probes were used as SNDM and STM tips because it is hard
to anneal a probe connected to the oscillator. STM images
were obtained at room temperature in an ultrahigh vacuum
with a tunneling current �I� of 0.5 nA and a bias voltage �V�
of 0.1 V in a constant current mode. NC-SNDM images were
also obtained at room temperature in ultrahigh vacuum. The
amplitude and frequency of the alternating voltage used in
the NC-SNDM measurements were 0.4 Vp-p and 30 kHz,
respectively. In order to control the gap between the probe
tip and the surface with high sensitivity, the 2� amplitude
signal was used as the feedback signal. Under this noncon-
tact condition, the � amplitude signal, phase signal, and di-
rect current can be simultaneously detected. The detailed
principle of NC-SNDM is described in Sec. II.

IV. EXPERIMENTAL RESULTS AND DISCUSSIONS

A. Graphite surface

Figure 6�a� shows the topographical image of the graphite
surface observed using NC-SNDM. To obtain the topological
image, the 2� amplitude signal �A2� was utilized as the feed-
back signal. The average of the height in the topographical
image is zero. Two patterns were observed in the topographi-
cal image excluding the edge part originating from the struc-
ture of the HOPG. Here, we will not discuss the origin of the
signal at the edge. In order to compare the quality of the
upper image with the lower image in the topography, we
investigated the error image shown in Fig. 6�b�. The error
image corresponds to the observed feedback signal. If a per-
fect feedback system is realized, the signals in the error im-
age are uniform. In this measurement, the A2 feedback signal
was set at 600 Hz which corresponds to the red line in the
scale bar. The error image of the upper part is reflected in the
topography more distinctly than that of the lower part, as
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FIG. 5. �Color online� �a� An illustration of the modulated wave
of the current by the applied alternating voltage. If the I�V� curve is
linear, the modulated wave is a sin wave, and the direct current
component �I0� is 0. However, I0 is not 0 because the I�V� curve
originates from tunneling in the nanojunction between the metallic
surface and the metallic probe. �b� The illustration of the modulated
waves for the I�1��V� and I�2��V� curves. The slope for the I�1��V�
curve increases with increasing V while the slope for the I�2��V�
curve decreases with increasing V. Accordingly, the direct current
component I�1��V� curve is positive while the direct current compo-
nent I�2��V� curve is negative.
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seen in Fig. 6�b�. For this reason, the lower image in the
topography reflects a better feedback system than the upper
image. Similar changes in the pattern in the topography are
frequently observed in the STM measurements. Accordingly,
the origin of the change in the pattern in the topography by
NC-SNDM is considered to be the condition of the probe tip.
It is also necessary to consider not only the surface structure
but also the condition of the probe tip to understand the
origin of the SNDM signal.

The characteristics of the topography observed by NC-
SNDM are next described. Here, we only consider the lower
part in Fig. 6�a� because of the higher quality of the lower
image than that of the upper image. A number of convex
spots in the topography by NC-SNDM are observed with a
period of �0.25 nm. This value is consistent with the dis-
tance between alternating atomic sites in the signal hexago-
nal ring or the centers of two neighboring hexagonal rings, as
seen in Fig. 1�a�. Considering the quality of the topography,
we cannot distinguish the periodic structure originating from
alternating atomic sites in the signal hexagonal ring from the
periodic structure originating from the centers of neighboring
rings. To solve this problem, we focus on the simultaneously
observed � amplitude �A1� image. Fortunately, the quality of
the A1 image is higher than that of the topography originating
from the A2 signal in the graphite surface. Accordingly, we
need to investigate the A1 image in detail to understand the
characteristics of the graphite surface observed by NC-
SNDM.

Before explaining the A1 image, we describe the charac-
teristics of the � phase �
1� image. The 
1 image of the
graphite surface is shown in Fig. 6�c�. The 
1 image and the
topography in Fig. 1�a� were simultaneously observed in the
same area. The 
1 image was detected under the condition
that the A2 signal was constant for maintaining a constant
distance between the probe tip and graphite surface. The
value of the phase signal observed by NC-SNDM was not �

but �0 in all areas of the 
1 image, although the pattern was
barely observed. This indicates that the sign of the slope of
the C�V� curve in the scanned area is not changed and is
negative even though the magnitude of the slope of the C�V�
curve is changed. The slope of the C�V� curve observed in
this measurement is the same as that for the n-type MIS
diode. Thus, phase reversal of the A1 signal does not occur
for the graphite surface.

Figure 6�d� shows the A1 image of the graphite surface.
The A1 image and the topography in Fig. 6�a� were simulta-
neously observed in the same area. The A1 image as well as
the 
1 image were also detected under the condition that the
A2 signal was constant. The quality of the A1 image for
graphite is much higher than that for the topography obtained
by the A2 feedback signal. This indicates that the height de-
pendence of A1 is remarkable compared to A2 for the graph-
ite surface. A clear periodic structure and a number of hollow
spots, with threefold symmetry, were observed in the A1 im-
age. To investigate the complicated structure observed in the
A1 image, we expanded the squares drawn in Figs. 6�a� and
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FIG. 6. �Color online� �a� Topographical image of the graphite
surface obtained using the NC-SNDM technique. The feedback sig-
nal utilizes the 2� amplitude �A2� signal. The applied alternating
voltage is 0.4 Vp-p. �b� Error image corresponding to the observed
A2 signal which is the feedback signal. In this measurement, the A2

feedback signal was set at 600 Hz. �c� Simultaneous � phase �
1�
image of the graphite surface with the topography. �d� Simultaneous
A1 image of the graphite surface with the topography.
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FIG. 7. �Color online� �a� An expanded view topography of the
square �A, A�� in Fig. 6�a�. The contrast in the figure is the same as
that in Fig. 6�a�. �b� A1 image which is an expanded view of the
square �A, A�� in Fig. 6�d�. Similar to Fig. 7�a�, the contrast of the
figure is the same as that in Fig. 6�d�. �c� Topography which is the
same as that of Fig. 6�a�. The contrast is changed from normal to
inverted contrast. �d� A1 images, which are the same as that of Fig.
6�b�. Similar to Fig. 6�c�, the contrast is changed from normal to
inverted contrast.
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6�d�. The expanded A1 image is shown in Fig. 7�c�. The
expanded topography is also shown in Fig. 7�a� to compare
the topography with the A1 image. The area of the expanded
topography is the same as that of the expanded A1 image.
Furthermore, the inverted contrast images of the topography
and the A1 signal are also shown in Figs. 7�b� and 7�d�, since
Atamny et al.23 pointed out that the inverted contrast image
of the graphite by the STM reflects a “true” atomic surface.
Next, in the following paragraphs, we describe the character-
istics of the SNDM images for the normal and inverted con-
trast in detail.

Figures 7�a� and 7�c� show the topography and A1 image
for the normal contrast, respectively. Not only a number of
convex spots but also hollow spots surrounded by the convex
sites were observed, although a large number of convex
spots, with threefold symmetry, were only observed in the
topography. Investigating the hollow sites, we found that the
distance between two hollow sites is consistent with the dis-
tance between alternating carbon sites �A-A or B-B� in the
signal hexagon as shown in Fig. 1�b�. However, this distance
is the same as the distance between the centers of two hex-
agonal rings. We can thus consider two arrangements of the
single hexagonal ring corresponding to cases �1� and �2� in
Fig. 7�c�. In case �1�, alternating carbon atoms, correspond-
ing to the blue circle in the single hexagonal ring, are posi-
tioned on the convex site, and the center of the hexagonal
ring is positioned on the hollow site, as shown in Fig. 7�c�. In
contrast, in case �2�, the center of the single hexagonal ring is
positioned on the convex site, and alternating carbon atoms
corresponding to the red or blue circle are positioned on
three hollow sites as shown in Fig. 7�c�. The arrangement in
the case of �1� is similar to that for the patterns reported in a
number of studies on STM measurements. If the origin of the
SNDM signal is similar to that of the STM for the graphite
surface, there is a possibility that NC-SNDM may detect A
and B sites in the hexagon. However, in the STM study by
Atamny et al.,23 the honeycomb structure and the hollow site
corresponding to alternating carbons in the single hexagon
was observed and the possibility that the hollow site in nor-
mal contrast topography by the STM may be the alternating
carbon atoms in the single hexagonal ring was pointed out.
Hence, we cannot determine the position of the carbon site or
hexagon from the topography or the A1 image for the normal
contrast. Similar to the study by Atamny et al.,23 it is neces-
sary to investigate the topography and A1 image for the in-
verted contrast in detail in order to determine the position of
the carbon sites.

The topography and A1 image for the inverted contrast are
shown in Figs. 7�b� and 7�d�. The atomic structure in the
graphite surface could not be confirmed in the topography
for the inverted or normal contrast. However, a clear honey-
comb structure could be recognized in the A1 image for the
inverted contrast. This indicates that the structure made up of
graphene could be directly observed by NC-SNDM. The A1
image for the inverted contrast for the NC-SNDM measure-
ment shows a much clearer and sharper hexagon compared
to the similar STM image by Atamny et al.23 Accordingly,
we could determine the position of the carbon. In this mea-
surement, the arrangement of the hexagon is considered to
correspond to the case of �2�. As a result, the hollow and

convex sites correspond to every other carbon and the center
of the hexagon, respectively. Similar characteristics were ob-
served in the STM images for inverted contrast by Atamny et
al.23

The NC-SNDM technique can detect not only the topog-
raphy and the SNDM images but also the current image as
seen in Fig. 2�a�. As indicated in Figs. 8�a�–8�f�, we ob-
served not only the error image, the A1 image, the 
1 image
and topographical image, but we also simultaneously ob-
tained the current image. Similar to the case of Fig. 7, the A2
signal was utilized as the feedback signal. The feedback sig-
nal is 400 Hz in this measurement. This value is smaller than
that of Fig. 7 �600 Hz�. This means that the position of the
probe tip in this case is higher than of the position for Fig. 7.
The characteristics of the topography, error image, A1 image
and 
1 image are next described before the explanation for
the current image. The ratio of the error and feedback signals
for Fig. 8 is similar to that for Fig. 7. A detailed comparison
of the error signals for Figs. 7 and 8 is shown in Fig. 9�a�.
Focusing on the topography in Fig. 8�a�, we could recognize
the structure with sixfold or threefold symmetry. Although
there is a possibility that this structure observed in the topog-
raphy may be a honeycomb structure, the origin of this struc-
ture cannot be completely determined for the present reso-
lution. On the other hand, a number of clear convex sites,
with threefold symmetry, could be recognized in the A1 im-
age in Fig. 8�d�. Two possibilities are considered to explain
the origin of the convex sites, with threefold symmetry, in
the A1 image. One is the same case as the A1 image in Fig.
7�d�. In this case, the convex site corresponds to the center of
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FIG. 8. �Color online� �a� Topographical image of the graphite
surface obtained using the NC-SNDM technique. The probe and
surface used in Fig. 7 were different from those in Figs. 6 and 7.
The applied alternating voltage was 0.4 Vp-p. �b� Error image cor-
responding to the A2 signal which is a feedback signal. In this
measurement, the feedback signal was set at 400 Hz. �c� Simulta-
neous 
1 image of the graphite surface with the topography of Fig.
7�a�. �d� Simultaneous A1 image of the graphite surface with the
topography of Fig. 7�a�. �e� The current image of the graphite sur-
face with the topography of Fig. 7�a�. �f� The distribution of the
current signal in the scanned area. In this measurement, almost all
current signals are negative.
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the hexagon, from consideration of Fig. 7�d�. A second pos-
sibility is the arrangement of the single hexagon as illustrated
in Fig. 8�a�. In this case, the convex site corresponds to the
position of the carbon. Unfortunately, the honeycomb struc-
ture could not be completely recognized in the A1 image in
Fig. 8�d� even though the contrast is inverted similar to the
case of Fig. 7�b� and 7�d�. Hence, we could not distinguish
between the convex site corresponding to the position of
alternating carbon atoms and the center of a single hexagon.
Thus, measurements with higher resolution are needed to
resolve this problem. Finally, we describe the 
1 image.
Phase reversal was not observed in this measurement as well,
as shown in Fig. 8�c�. The value of the 
1 signal is the same
as that for Fig. 6�c�. This suggests that the sign of the slope
of the C�V� curve in this measurement is the same as that in
Fig. 6�c�. Thus, the anomalies originating in the surface
structure were not recognized in the 
1 image for the mea-
surements in Fig. 8 as well as those in Fig. 6.

The crucial point in the measurement for Fig. 8 is that the
current image is similar to the A1 image. Figure 8�e� shows

the current image obtained by the A2 feedback system. The
signals in the current image are modulated by the applied
alternating voltage. As mentioned in Sec. II, the direct cur-
rent component originating from the nonlinear I�V� curve is
only observed in the NC-SNDM measurement because of the
low-path filter, as seen from Fig. 2�a�. The current image in
Fig. 8�e� is similar not to the A2 amplitude image but rather
to the A1 amplitude image. This indicates that the variation
of the C�V� curve within �VA reflects the direct current
component �I0� originating from the nonlinear I�V� curve by
the tunneling effect within �VA. The distribution of the cur-
rent signal in Fig. 8�e� was investigated to understand the
characteristics of the current signal in detail. Figure 8�f�
shows the distribution of the current signal in Fig. 8�e�. The
sign of the I0 signal obtained by NC-SNDM is negative in
the scanned area. This indicates that the I�V� curve observed
between the probe tip and the graphite is similar to the I�2��V�
curve in Fig. 5�b�. This is a very important result to under-
stand the origin of the C�V� curve. The relationship between
the C�V� and I�V� curve and the origin of the C�V� curve are
discussed in the section on model calculations.

The distributions of the error signals and height signals
�A2� of the topography obtained from the A2 amplitude feed-
back signal for Figs. 7 and 8 were also investigated. Figure
9�a� shows the distribution of the error signals in the scanned
area for Figs. 7�b� and 8�b�. The error signal plotted in Fig.
9�a� �	S /SF� is defined as 	S /SF= �SE�x ,y�−SF� /SF, where
SE�x ,y� and SF denote the error signals at the �x ,y� position
in the scanned area and the A2 feedback signal to observe the
topography. As seen from Fig. 9�a�, both distributions of the
error signal are almost similar and symmetric around
	S /SF=0. This means that the relationship between the to-
pography height of the graphite surface and the A2 feedback
signal is linear for both cases. If the A2 height �A2�d�� curves
for Figs. 7 and 8 are the same, the sensitivity of the height
for Fig. 8 is considered to be lower than that for Fig. 7
because the position of the probe tip in Fig. 7�a� �SF
=600 Hz� is lower than for Fig. 8�a� �SF=400 Hz�. The dif-
ference between both distributions of the height of the topog-
raphy obtained from Figs. 7�a� and 8�a� was clearly recog-
nized. The distribution of the height in Fig. 8�a� is extended
to a greater extent than in Fig. 7�a�. This means that the
variation in the position of the probe tip in Fig. 7�a� is
smaller than that in Fig. 8�a�. In addition, the honeycomb
structure was clearly observed in the measurement not in
Fig. 8 but rather in Fig. 7. It is important to consider the
reasons for the difference between the two measurements.

The height dependence of the height profile is guessed to
understand the situation in Figs. 7�a� and 8�a�. The profile of
the height in Fig. 7�a� is different from that in Fig. 8�a�, as
shown in Fig. 9�c�. The solid black line corresponds to the
height profile guessed from Fig. 7�a� since the A2 feedback
signal is constant. As explained in Fig. 7, the highest position
in the height profile corresponds to the center of the hexagon.
In contrast, the hollow spot corresponds to the position of the
alternating carbons in the hexagon. It is important to under-
stand why the highest position in the height profile corre-
sponds to the center of the hexagon. The key to understand
that the hollow spot corresponds to the position of alternating
carbon in the hexagon is STM studies by Atamny et al.23

-0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2 0.3 0.4
0

2x10-3

4x10-3

6x10-3

8x10-3

10x10-3

12x10-3

F
re
q
u
e
n
c
y

∆S/SF

SF = 600 Hz

Error

-80 -60 -40 -20 0 20 40 60 80
Height (pm)

0

2x10-3

4x10-3

6x10-3

8x10-3

10x10-3

12x10-3

F
re
q
u
e
n
c
y

SF = 600 Hz

Topography
(A2 signal)

∆S = (SE(x,y)-SF)/SF
SF : Feedback

Signal

(a)

(b)

Carbon

Hexagon

(c)

SF = 600 Hz

Height Profile

(A2 signal)

Side View

Top View

z

SF = 400 Hz

SF = 400 Hz

Probe

SF = 400 Hz

P1

P2

Scanning

Probe

FIG. 9. �Color online� �a� The distributions of the error signal in
the scanned area for Figs. 7 and 8. �b� The distributions of the
height obtained from the topography by the A2 feedback signal in
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profile by the A2 feedback signal for Figs. 7 and 8.

OBSERVATION OF ELECTROCHEMICAL CAPACITANCE IN… PHYSICAL REVIEW B 82, 245427 �2010�

245427-9



They suggested that the interaction between the probe tip and
the graphite surface is very important in this system because
the size of the atom on the surface is similar to that of the
probe tip. Accordingly, the atomic number which contributes
to the interaction between the probe tip and graphite surface
is the maximum as the probe tip is positioned on the center
of the hexagonal ring as seen from Fig. 9�c�. For this reason,
it is considered that the highest position of the probe tip
corresponds to the center of the hexagonal ring for the STM
by Atamny et al. Although the section on calculations and
discussions is described, NC-SNDM as well as STM can
detect the tunneling effect. Consequently, we can understand
that the highest position of the probe tip is the center of the
hexagon in the case of the NC-SNDM measurement. Thus,
not only in the STM but also in the NC-SNDM measure-
ment, the interaction between the probe tip and graphite sur-
face is very important. Therefore, the profile of the height,
which is guessed as shown in Fig. 9�c�, is considered to be
reasonable.

On the other hand, the profile of the height guessed from
Fig. 8�a� is considered to be two simple cases due to the poor
resolution, and is illustrated by the red solid �P1� line and the
blue dotted �P2� line in Fig. 9�c�. The former is the lowest at
the center of the hexagon while the latter is the highest at the
center of the hexagon. To guess which height profile of P1 or
P2 was realized in Fig. 8, we assume a spatial change from
the case of Fig. 7 to that of Fig. 8. Retracting from the probe
tip from the case of Fig. 7 to the case of Fig. 8, the height
profile is considered to be changed from the black solid line
corresponding to Fig. 7�a� to the red solid line in the case of
P1 which corresponds to Fig. 8�a�. This means that the inter-
action between the probe tip and the graphite surface is
changed by changing the height of the feedback. Therefore,
the height profile for Fig. 8�a� can be guessed to correspond
to the case of P1. Thus, the periodic and complicated struc-
ture observed in the topography in Fig. 8�a� can be assumed
to reflect the honeycomb structure differently from the case
of Fig. 7 due to the height profile for P1. As a result, a
number of convex sites with threefold symmetry in Fig. 8�d�
can also be guessed to be carbon sites. Thus, we can obtain
the origin of the pattern of the SNDM images in Fig. 8 from
the relationship of the height profile between Figs. 7 and 8.
However, it is difficult to further discuss the characteristics
of images in Fig. 8 so long as the SNDM images with higher
resolution than those in Fig. 8 can be observed.

B. Au(111) Surface

The well-known Au�111� surface was also observed by
NC-SNDM and STM. Thus, not only the graphite surface but
also the Au�111� surface could be observed by NC-SNDM to
investigate whether the SNDM image can be observed on
another metallic surface. Prior to the NC-SNDM measure-
ment, we confirmed the surface of the Au�111� by STM.
Figure 10�a� shows an STM image of the Au�111� surface.
Although the resolution is poor, the periodic structure origi-
nating from the ordered surface of Au�111� could be ob-
served. Since the Au�111� surface could be confirmed by
STM, we carried out the NC-SNDM measurement on the

same area. Unfortunately, a periodic structure in the topog-
raphy similar to that in the STM image was not observed in
the NC-SNDM measurement. For this reason, we tried to
observe the approach curve as well as the SNDM images in
order to easily confirm whether the SNDM images of the
metallic surface were finite. The approach curve of 
1 and 
2
for the Au�111� surface are shown in the upper figure in Fig.
10�b�. The approach curve of A1 and the current signals for
the Au�111� surface are shown in the lower figure in Fig.
10�b�. As the probe tip approached the Au�111� surface, the
values of 
1 and 
2 became 
1�−10° and 
2�−160°, re-
spectively. This indicates that the Au�111� surface as well as
the graphite surface has a nonlinear C�V� curve. The values
for 
1 and 
2 of Au�111� are the same as those for graphite.
A1 tends to be enhanced by the probe tip approaching the
Au�111� surface. Thus, we could also confirm the SNDM
signal for the Au�111� surface by using the approach curve
measurement. Furthermore, the approach curve of the current
signal could also be observed, and the sign of the current
signal is basically negative near the Au�111� surface although
the current at the position of the probe tip near the surface is
positive. The sign of the current for Au�111� is considered to
be the same as that for the graphite. Thus, there is a possi-
bility that the characteristic of the graphite surface may be
similar to that of the Au�111� surface. This result is useful to
understand the origin of the mesoscopic capacitance between
the metallic surface and probe.

C. Model calculations

1. Electrochemical capacitance in a nanojunction

One should consider the origin of the C�V� curve in a
system with tunneling between two metallic electrodes in
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FIG. 10. �Color online� �a� Topographical image of the Au�111�
surface obtained by STM. �b� The upper figure is the approach
curve of the 
1 and 
2 signals. The lower figure is the approach
curve of the A1 and current signals.
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order to understand the origin of the SNDM images for the
graphite surface. The key to understanding the origin of the
C�V� curve is the STM study by Hou et al.26 They experi-
mentally demonstrated the importance of the electrochemical
capacitance originating from the local density of states for
the probe tip and self-assembled monolayers by using STM.
On the other hand, theoretical studies of the electrochemical
capacitance in the system with and without tunneling be-
tween two metallic electrodes are being advanced not only
due to STM studies but also due to recent developments of
various nanodevices.27–34 Theoretical studies suggest that the
electrochemical capacitance in a nanojunction is composed
of the classical capacitance of the gap between the two elec-
trodes, the electrochemical capacitance originating from the
local density of states at the surface of the electrode and the
contribution of the tunneling. Accordingly, by substituting
the probe tip and the graphite surface for both electrodes, we
can easily understand that the capacitance observed by NC-
SNDM originates in the gap between the probe tip and the
graphite surface. This indicates that there is a possibility that
the origin of the C�V� curve observed in the NC-SNDM
measurement may be reflected in the local density of states
in the surface structure of the graphite.

To interpret the SNDM images for a graphite surface, we
focused on the theoretical studies of the electrochemical ca-
pacitance with a leaky nanocapacitor by Zhao et al.33 An
electrochemical capacitance with a leaky nanocapacitor
originated from the tunneling effect has three regions, two
scattering regions and two electrodes which correspond to
the probe tip and metallic surface as shown in Fig. 11�a�.
Here, the two scattering regions correspond to regions ��s
and �t� of scattering and the transition of electrons between
two metallic electrodes as shown in Fig. 11�a�. The electro-
chemical capacitance is closely related to the variation of the
local band, −eUt and −eUs, in �t and �s. Ut and Us are
induced by the internal potential originating from Coulomb
interaction as Vt and Vs are applied to the metallic surface
and probe, respectively33 as seen from Fig. 11�b�. It is to be
noted that Ut and Us are different from the applied voltages
−eVt and −eVs, which occur at contacts far away from the
variation in the barrier.

a. First-order electrochemical capacitance, C11 . We now
estimate the first-order electrochemical capacitance between
the probe tip and the graphite surface, C11. At equilibrium
conditions, the electron energies for the probe tip �s� and
metallic surface �t� near the barrier are given by Ett�Vs ,Vt�
=EF−eVt−eUt�Vs ,Vt�, Ets�Vs ,Vt�=EF−eVt−eUs�Vs ,Vt�,
Est�Vs ,Vt�=EF−eVs−eUt�Vs ,Vt� and Ess�Vs ,Vt�=EF−eVs

−eUs�Vs ,Vt�, respectively. Here, EF is the Fermi energy for
the probe tip and metallic surface without an applied voltage,
and Ett and Ess denote the energies corresponding to the elec-
tron incidented from the probe tip and metallic surface,
which are scattered back to the probe and metallic specimen.
Ets and Est denote electron energies which are launched at the
probe tip and metallic surface but end up in the probe and
metallic specimen. Next, we present the number of electrons
in the metallic surface �s� and probe tip �t� incident from the
contact s , t by ��� �� ,�=s , t�. The number of electrons in-
cident from the metallic specimen to the metallic surface is

expressed as �ss=�ss�Ess�=�ss�EF−eVs−eUs�Vt ,Vs��. The
number of electrons incident from the probe to the probe tip
is expressed as �tt=�tt�Ett�=�tt�EF−eVt−eUt�Vt ,Vs��. The
number of electrons incident from the probe tip to the me-
tallic surface is expressed as �st=�st�Est�=�st�EF−eVt

−eUs�Vt ,Vs��. The number of electrons incident from the
metallic surface to the probe tip is expressed as �ts

=�ts�Ets�=�ts�EF−eVs−eUt�Vt ,Vs��. As shown in Fig. 12,
the charges measured from the equilibrium value in the
probe tip and metallic surface are expressed as 	Qt�Vs ,Vt�
=��=s,t	Nt��Vs ,Vt�=��=s,t��t��Et��Vs ,Vt��−�t��EF�� and

	Qs�Vs,Vt� = ��=s,t	Ns��Vs,Vt�

= ��=s,t��s��Es��Vs,Vt�� − �s��EF��

respectively. Accordingly, we can obtain

	Qt�Vs,Vt� = C0�Ut − Us� = 
�=s,t

	Nt��Vs,Vt� , �18�
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FIG. 11. �Color online� �a� Relationship between the metallic
surface and probe for Vs=0 and Vt=0, where Vs and Vt are the
voltages applied to the metallic surface and the probe, respectively.
�b� Relationship between the metallic surface and probe for Vs�0
and Vt�0. In this case, the gap between the metallic surface and
probe tip is divided into two regions of �s and �t, and surface
potentials, Us�Vs ,Vt� and Ut�Vs ,Vt� are induced by the applied volt-
age and internal coulomb interaction between the metallic surface
and probe tip.
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	Qs�Vs,Vt� = C0�Us − Ut� = 
�=s,t

	Ns��Vs,Vt� = − 	Qt�Vs,Vt� .

�19�

Because the same charge defines the electrochemical capaci-
tance C�, given by C�=e	Qk / �Vt−Vs�, we have

C0�Ut − Us� = C��Vt − Vs� . �20�

Expanding Eqs. �18� and �19� with respect to Vt−Ut, Vs

−Ut, and Vs−Ut, Vs−Us, we can expand C0�Ut−Us�
=C0�Ut�Vt ,Vs�−Us�Vt ,Vs�� and obtain

C0�Ut − Us� = 
n=1

�
1

n!

d�n��tt�Ett�
dEtt

�n� �Vt − Ut�n

+ 
n=1

�
1

n!

d�n��ts�Ets�
dEts

�n� �Vs − Ut�n, �21�

C0�Us − Ut� = 
n=1

�
1

n!

d�n��st�Est�
dEst

�n� �Vt − Us�n

+ 
n=1

�
1

n!

d�n��ss�Ess�
dEss

�n� �Vs − Us�n. �22�

Considering the first order only, we get

C0�Ut
�1� − Us

�1�� � DttVt + DtsVs − �Dtt + Dts�Ut
�1�, �23�

C0�Us
�1� − Ut

�1�� � DstVt + DssVs − �Dst + Dss�Us
�1�, �24�

where Dtt�d�tt�EF� /dE, Dts�d�ts�EF� /dE, Dst

�d�st�EF� /dE, and Dss�d�ss�EF� /dE, respectively. The
above partition of the local charge according to where it
originates can be equally applied to the scattering from local
partial density of states �LPDOS�. Hence, for example, Dts is
the LPDOS, which is the DOS for an electron incident from
the metallic surface passing through the scattering region �t

and reaching the probe tip. Similarly, Dtt is the LPDOS,
which is the DOS for an electron incident from the probe tip
passing through the scattering region �t and eventually re-
turning to the probe.33,35 Both of these LPDOS describe the
tunneling process. This latter term is neglected for semiclas-
sical calculations and is nonzero for quantum analysis.33

From Eqs. �23�, �24�, and �20�, solving for Ut and Us, we
can obtain

Ut
�1� = Ut

�1��Vt,Vs� =
�DstVt + DssVs��C0 + Dtt + Dts�

C0�Dtt + Dts + Dst + Dss�
,

�25�

Us
�1� = Us

�1��Vt,Vs� =
�DttVt + DtsVs��C0 + Dst + Dss�

C0�Dtt + Dts + Dst + Dss�
,

�26�

where Ut
�1� and Us

�1� are first-order Ut and Us. Therefore, the
linear electrochemical capacitance of C�, C11 can be ex-
pressed as

Us(Vs,Vt)

∆Qs(Vs,Vt) =∆Nss+∆Nst
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FIG. 12. �Color online� �a� The charge of the metallic surface
�	Qs�Vs ,Vt�� upon application of a voltage to the metallic surface
and probe. 	Qs�Vs ,Vt� is the total of 	Nss+	Nst, where Nss is the
number of electrons accumulated from the inside of the metallic
material to the surface and Nst is the number of electrons emitted
from the probe tip to the metallic surface and accumulated on the
surface. The dotted line in the distribution of the charge at the
metallic surface corresponds to 	Qs�r� which is the distribution of
the charge expected from the rigorous model. �b� The charge of the
probe tip �	Qt�Vs ,Vt�� upon application of a voltage to the metallic
surface and probe. 	Qt�Vs ,Vt� is the total of 	Nts+	Ntt, where Ntt

is the number of electrons accumulated from the inside of the probe
to the probe tip and Nts is the number of electrons emitted from the
metallic surface to the probe tip and accumulated at the probe tip.
The dotted line in the distribution of the charge at the probe tip
corresponds to 	Qt�r� which is the distribution of the charge ex-
pected from the rigorous model.
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C11 =
C0�Ut

�1� − Us
�1��

Vt − Vs

=
� Dtt

Dtt + Dts
−

Dst

Dst + Dss
�Vt + � Dst

Dtt + Dts
−

Dss

Dst + Dss
�Vs

�Vt − Vs�� 1

C0
+

1

Dtt + Dts
+

1

Dst + Dss
� .

�27�

In the semiclassical limit,33 the LPDOS is given by

d�k��EF�
dE

= Dk��EF� = 
�=t,s

Dk�EF�	T

2
+ ����R��k −

T

2
�
 ,

�28�

where T and R are the electron transmission and reflection
probabilities of the nanojunction, respectively, Dt=Dtt+Dts

and Ds=Dst+Dss are the total local DOS at the probe tip and
the metallic surface. Substituting Eq. �27� into Eq. �28�, we
finally obtain

R

C11
=

1

C0
+

1

Dt�EF�
+

1

Ds�EF�
. �29�

Note that both C0 and R are a function of d, which is the gap
between the probe tip and the metallic surface. For this rea-
son, C11=C11�d� and C11 is independent of Vt and Vs or Vt

−Vs.
b. Second-order electrochemical capacitance, C111 . Fur-

thermore, we can expand Eqs. �18� and �19� to obtain the
second-order electrochemical capacitance, C111.

C0�Ut
�2� − Us

�2�� � DttVt + DtsVs − �Dtt + Dts�Ut

+
1

2
	dDtt

dE1
�Ut − Vt�2 +

dDts

dE2
�Ut − Vs�2
 ,

�30�

C0�Us
�2� − Ut

�2�� � DstVt + DssVs − �Dst + Dss�Us

+
1

2
	dDst

dE3
�Us − Vt�2 +

dDss

dE4
�Us − Vs�2
 .

�31�

Using Eq. �28� and the expression33

d2�k�

dE2 =
dDk�

dE

= D̄k�

=
dDk

dE
�T + �1 − 2T���k�

= D̄k�T + �1 − 2T���k� �32�

we can obtain

C0�Ut
�2� − Us

�2��

� Dt�T

2
+ R�Vt + Dt

T

2
Vs − DtUt

�2�

+
1

2
	 dDt

dE1
R�Ut

�2� − Vt�2 +
dDt

dE2
T�Ut

�2� − Vs�2
 , �33�

C0�Us
�2� − Ut

�2��

� Ds
T

2
Vt + Dt�T

2
+ R�Vs − DtUs

�2�

+
1

2
	dDs

dE3
T�Us

�2� − Vt�2 +
dDt

dE4
R�Us

�2� − Vs�2
 . �34�

Here, Ut
�2� and Us

�2� are the second-order components for Ut

and Us. Since �Ut
�2�−Vt�2, �Ut

�2�−Vs�2, �Us
�2�−Vt�2, and �Us

�2�

−Vs�2 are included in the components which are greater than
the second order, we substitute Ut

�2� and Us
�2� for Ut

�1� and
Us

�1�, and solve for Ut
�2� and Us

�2�

Ut
�2� = Ut

�2��Vt,Vs� =
C0� + �C0 + Ds��

C0�Dt + Ds� + DtDs
�35�

Us
�2� = Us

�2��Vt,Vs� =
C0� + �C0 + Dt��

C0�Dt + Ds� + DtDs
. �36�

where

� � Dt�T

2
+ R�Vt + Dt

T

2
Vs +

1

2
RD̄t�T

2
+

C11

Dt
�2

�Vt − Vs�2

+
1

2
RDt�R +

T

2
−

C11

Dt
�2

�Vt − Vs�2, �37�

� � Ds
T

2
Vt + Ds�T

2
+ R�Vs +

1

2
RD̄s�R +

T

2
−

C11

Ds
�2

��Vt − Vs�2 +
1

2
RDs�T

2
+

C11

Ds
�2

�Vt − Vs�2. �38�

Similar to the calculation of C11, we calculate C0�Ut−Us�,
yielding

C0�Ut − Us� = C11�Vt − Vs� +
1

2
C111�Vt − Vs�2, �39�

where

C111 = C11� D̄s�EF�
Ds�EF�

	T

2
+

C11

Ds�EF�

2

−
D̄t�EF�
Dt�EF�

	T

2
+

C11

Dt�EF�

2�

+
T

R
C11� D̄s�EF�

Ds�EF�
	R +

T

2
−

C11

Ds�EF�

2

−
D̄t�EF�
Dt�EF�

	R +
T

2
−

C11

Dt�EF�

2� . �40�
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As seen from Eq. �39�, C111 is the second order nonlinear
electrochemical capacitance in terms of microscopic quanti-
ties such as various LPDOS. Similar to C11, C111 depends on

d due to T�d�, R�d�, and C11�d�. As Dt=Ds and D̄t= D̄s, Eq.
�40� gives C111=0. As a capacitor without dc coupling be-
tween the probe tip and metallic surface, i.e., for cases T
=0, Eq. �40� becomes

C111
class = �C11

class�3� D̄s�EF�
�Ds�EF��3 −

D̄t�EF�
�Dt�EF��3� , �41�

where C11
class is the classical electrical capacitance, and corre-

sponds to C11 for R=1.
If the probe tip is assumed to be approximately comprised

of an isolated single atom or a few atoms, it is considered
that Dt is larger than Ds, and Dt can be neglected in Eq. �29�.
For this reason, we choose Dt=1 pF /nm2. R can be approxi-
mately written as R=1−e−d/l where l��8m� /�2�1/2

�0.04 nm because � and VA are estimated to be �5 and 0.4
V for the graphite surface.36–40 However, an understanding
of the electrical properties between the probe tip and a me-
tallic surface is needed to establish a strict model and to
carry out a strict calculation. In this paper, we neglect the
effect of the probe tip in the below discussion in order to
understand the capacitance between the probe tip and the
metallic surface.

As seen from Fig. 13, C11�d� is smaller than the classical
parallel plate capacitance C0=�0 /d. This can be easily under-
stood from Eq. �29�. As tunneling occurs, the C11�d� curve is
suppressed by Ds. Considering that C11�d� is used in the
NC-SNDM measurement, we cannot expect to obtain an
atomic image by using C11�d� due to the smaller variation in
the C11�d� curve than the STM or AFM approach curves. In
addition, since C11�d� is related to Cg�d� which corresponds
to the classical capacitance between the probe and a flat me-

tallic surface because C0�d� related to Cg�d� is included in
C11�d�, the contribution of C11�d� is small in Cg�d�. Actually,
we estimate the Cg�d� curve to investigate the contribution of
C11�d� in Cg�d�. First, we calculate the Cg�d� curve. Assum-
ing the radius of the probe tip to be 10 nm, the Cg�d� curve
is shown in Fig. 14�a�. Here,

Cg�d� = 4��0a	1 +
a

r − a
+ � a

r − a
�2

+ � a

r − a
�3

+ 2� a

r − a
�4

+ 3� a

r − a
�5

+ ¯
 �42�

is obtained from the calculation of the capacitance between
the metallic sphere and surface where a is the radius of the
tip. To compare C11�d� with Cg�d�, we need to introduce the
effective square area S11 and assume that S11 is less than
10 nm2, at least because the shape of the probe tip is ap-
proximately a sphere. In Fig. 14�a�, the C11�d� curve for
S11=1 nm2 is also plotted. C11�d� is smaller than Cg�d� for
S11=1 nm2 while C11�d� is comparable to Cg�d� for S11

=10 nm2. Accordingly, it is considered that C11�d� is com-
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FIG. 14. �Color online� �a� Calculated C11S11-d �S11C11�d��
curve for Ds�EF�=10−4 pF /nm2 �C11S11� and Cg-d �Cg�d�� curves
and C�+CP-R. Here, S11 is the square area for the capacitor in drawn
in the figure and 1 nm2. Cg�d� is the classical capacitance between
the probe and flat metallic surface. C� is the stray capacitance in the
oscillation circuit. CP-R is the capacitance between the probe and the
return ring as shown in Fig. 2. Note that C+CP-R is not a function of
d.
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parable to or less than Cg�d�, at least in this range. As a
result, the contribution of C11�d� is considered to be small in
Cg�d�. These capacitances are related to the resonance fre-
quency; we cannot expect that C11�d� or Cg�d� correspond to
the signal to detect the atomic surface as seen in Fig. 14�a�.

We investigated two resonance frequencies without an ap-
plied voltage to estimate C�+CP-R and L. It is very important
to investigate C�+CP-R and L because these values in this
system are needed to understand the electrochemical capaci-
tance between the probe tip and metallic surface. One is
the resonance frequency ��0, �0.5 nm�= �L�C�+CP-R

+Cg��0.5 nm���−1/2, where d�0.5 nm is estimated to be
the gap as the probe tip is approached. Another is the
frequency ��0,d→��= �L�C�+CP-R+Cg�d→����−1/2

→ �C�+CP-R�−1/2 for the large distance between the probe tip
and the metallic surface �d→�� due to Cg�d→��→0.
��0,d→���2 GHz and ��0, �0.5 nm��1.999 GHz are
actually obtained from the observation of resonance frequen-
cies at d→� and d�0.5 nm. Solving C�+CP-R and L
from ��0,d→�� and ��0, �0.5 nm�, we obtain C�+CP-R

�1.1�10−3 pF and L�35 �H. The ��0,d� curve esti-
mated from the obtained C�+CP-R and L is shown in Fig.

14�b�. We also cannot utilize C11 or Cg to detect the atomic
surface in the NC-SNDM measurement because C11�d�S11

and Cg are much smaller than C�+CP-R, as seen from Fig.
14�b�. This indicates that ��0,d� is not applied to the feed-
back signal to detect the atomic surface due to the poor
variation in ��0,d�. To resolve this problem, the nonlinear
electrochemical capacitance, which is related to the applied
voltage, needs to be introduced.

2. SNDM Signal in NC-SNDM

Before calculating the second order electrochemical ca-

pacitance �C111�d�V�, we need to estimate D̄t to obtain the
C111�d� curve. Scanning tunneling spectroscopy �STS� is a

useful reference to estimate D̄t for the graphite surface. STS
on A and B sites in the graphite by STM were strictly simu-
lated by Tsukada et al.41 STS is generally obtained from the
�dI /dV� / �I /V�−V curve. To easily understand STS of the
graphite surface, we substitute the formula of the tunneling
current for a small applied voltage I�V��DF�EF−eV�V by
using the Tersoff-Hamann theory42,43 for the �dI /dV� / �I /V�
−V curve. As a result, the �dI /dV� / �I /V�−V curve is ap-
proximately expressed as �dI /dV� / �I /V��1+ ��dD�EF
−eV� /dV� /D�EF−eV��V by carrying out the easy calcula-
tion. Accordingly, the slope of the �dI /dV� / �I /V�−V curve at
V corresponds to �dD�EF−eV� /dV� /D�EF−eV�. For the
graphite surface and a Pt probe, �dD�EF−eV� /dV� /D�EF
−eV��1 V−1 around the Fermi energy.41 This means that

D̄s�EF� /Ds�EF��1 V−1 for the graphite surface. Using this
relationship, we can estimate the C111�d� curve. Figure 15�a�
shows the C111�d� curve for Ds=10−4 pF /nm2 and D̄s

=10−4 pF /V nm2. D̄t at EF is very small as assuming that the
electric property of the probe tip is a metallic. Accordingly,

D̄t=10−8 pF /V nm2 is used in the model calculations. The
solid black line corresponds to the C111�d� curve obtained
from Eq. �40�. The solid red line corresponds to the C111

class�d�
curve obtained from Eq. �41�. The kink at d�0.7 nm is
recognized in the C111�d� curve. Below d�0.7 nm, the
C111�d� curve exponentially increases with decreasing d.
This indicates the possibility that the C111�d� curve is similar
to the AFM or STM approach curve. On the other hand, the
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kink is not recognized in the C111
class�d� curve, and a drastic

increase occurs below d�0.1 nm although C111
class�d� is con-

sistent with C111�d� above d�0.7 nm. Furthermore, C111
class�d�

is smaller than C111�d� between d=1 and 0 nm.
Actually, NC-SNDM can indirectly detect the nonlinear

capacitance due to the modulated resonance frequency re-
flected in the capacitance between the probe tip and metallic
surface as described in the principle of NC-SNDM. Accord-
ingly, we need to understand the relationship between the
resonance frequency and total capacitance. As mentioned
above, Cg�d� and C11S11 are neglected in the total capaci-
tance because C�+CP-R is much larger than Cg�d� and
C11�d�S11 in the NC-SNDM measurement. Accordingly, sub-
stituting C�VA sin��t� ,d��C111�d�S111VA sin��t� /2 in Eq.
�3�, we obtain

�t�t,d� �
1

�L�C� + CP-R + C�t,d��

= ��d��1 − 
l=1

� �
k=1

2l−1

�2k − 1�

2�2l−1��2l − 1�!	C111�d�VAS111

C� + CP-R

2l−1

�sin��t� + 
l=1

� �
k=1

2l

�2k − 1�

22l�2l�!

�	C111�d�VAS111

C� + CP-R

2l

cos�2�t� − ¯� , �43�

where

��d� �
1

�L�C� + CP-R�
�44�

and S111 is the effective square area for C111. Accordingly,
the A1�d� and A2�d� curves are

A1�d� = �b1�d��

= ���d�
l=1

� �
k=1

2l−1

�2k − 1�

2�l−1��2l − 1�!	C111�d�VAS111

C� + CP-R

2l−1� ,

�45�

A2�d� = �a2�d�� = ���d�
l=1

� �
k=1

2l

�2k − 1�

2l�2l�! 	C111�d�VAS111

C� + CP-R

2l� .

�46�

The A1�d� curve is expected to be larger than the A2�d� curve
for a graphite surface if VA is very small. Actually, the qual-
ity of the image for A2�d�, which corresponds to the topog-
raphy in Fig. 7�a�, is considered to be poorer than that for
A1�d� which is the � amplitude image in Fig. 7�d�. This

indicates that the approximation described above to under-
stand the origin of the capacitance in the graphite surface is
almost satisfied. However, in order to understand the charac-
teristics of the SNDM signals or images for the graphite
surface in detail, it is necessary to theoretically investigate
the relationship between the height of the probe tip and the
SNDM signal. For this reason, we calculated A1�d�, as shown
in Fig. 15�b�. We used C�+CP-R=1.1�10−3 pF which is ob-
tained from the ��0,d� curve in Fig. 14�b�. The effective
square area for C111 is estimated to be S111�0.01 nm2 at
least due to the surface structure with �0.1 nm in the graph-
ite surface observed by NC-SNDM. The A1�d� curve is simi-
lar to the C111�d� curve as seen from Fig. 15�a�. The reason
for the C111�d� curve being consistent with the A1�d� curve is
that C111VAS111 is much smaller than C�+CP-R. As a result,
the first term in A1�d� is the most dominant, and A1�d�
�C111�d�VA. Accordingly, A1�d� is much smaller than �0�d�.
Actually, as seen from Figs. 7�c� and 15�b�, the observed
A1�d� is from �100 Hz to �1 kHz and corresponds to the
calculated A1 below d �0.2 nm. In the NC-SNDM mea-
surement, d, which is the gap between the probe tip and the
metallic surface, is estimated to be very small although the
accuracy of the approximation in this model is poor. This
means that it is necessary to bring the probe tip as close as
possible to the surface to detect the graphite surface in the
NC-SNDM measurement. Furthermore, we consider the
function of the A1�d� curve. To compare another STM tech-
nique, the e−d/l /d curve, which is similar to the function ex-
pected from the approach curve for STM44,45 is also plotted
in Fig. 15�b�. For d0.7, the A1�d� curve is similar to the
e−d/l /d curve. This means that the function of the signal dis-
tance for NC-SNDM for the small gap between the graphite
and probe tip is considered to be similar to STM or AFM.
Next, we discuss the resolutions for lateral and vertical di-
rections in the NC-SNDM measurement. In the NC-SNDM
measurement, the signal-to-noise ratios �k1 and k2� for the �
and 2� amplitudes can be easily estimated from Fig. 7 as
k1 ,k2�1000 since the resolution of the FM demodulator
used in this study is almost �1 Hz. The vertical resolution
can be estimated to be �z� l /ki=40 fm from �Ai−�Ai� /Ai
=exp�−�d / l��1−�d / l for �d / l�1 due to Ai�exp�−d / l�.
The lateral resolution for the probe tip can be additionally
estimated to be �x��2a��d�−1/2�3 pm since the radius of
the probe tip is a�0.1 nm corresponding to the size of a
single atom of the probe tip. This indicates that NC-SNDM
can also detect the atomic structure of the metallic surface.
Thus, the origin of the signal observed by NC-SNDM is
considered to be the electrochemical capacitance related to
negative and positive carriers induced in the interface be-
tween the probe tip and the metallic surface by the applied
voltage.

The A1�d� curves for various Ds and D̄s are calculated to
understand the A1 obtained from the electrical properties of
the region between the probe tip and the graphite surface in

detail. Figure 16 shows various A1�d� curves for Ds and D̄s
from 10−7 to 10−2 pF /nm2 and 10−7 to 10−2 pF /V nm2. For

Ds=10−7 pF /nm2 and D̄s=10−7 pF /V nm2, the peak is rec-
ognized to be at d�0.05 nm. Above d�0.05 nm, the A1�d�
curve decreases. With increasing Ds and D̄s, the individual
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A1�d� curves are divided into two parts. The first is similar to

the A1�d� curve for Ds=10−7 pF /nm2 and D̄s
=10−7 pF /V nm2 above d�0.05 nm. However, the absolute

of A1 is smaller than that for Ds=10−7 pF /nm2 and D̄t
=10−7 pF /V nm2. The A1�d� curve in this region corre-
sponds to the classical contribution as seen from Fig. 15�b�.
Another is similar to the e−d/l /d curve. Focusing on the A1�d�
curve for Ds=10−4 pF /nm2 and D̄s=10−4 pF /V nm2, we
find that the A1�d� curve depends on A1�d��e−d/l /d below
d�0.7 nm and is expressed as A1�d�=Ce−d/l /d, where C is a
constant. A similar tendency is recognized in the A1�d�
curves below Ds=10−3 pF /nm2 and D̄s=10−3 pF /V nm2 al-
though the positions of the kink are different in all the
curves.

The difference in the A1 signals between the A and B sites
on the graphite surface is considered. It should be remem-

bered that the values of Ds and D̄s were estimated from the
�dI /dV� / �I /V�−V curve for the Pt probe obtained from
theory or STM observations.41 The difference in the
�dI /dV� / �I /V�−V curve on the A and B sites is not consid-
ered in the above discussion, and the slope of �dI /dV� / �I /V�
at EF is �D̄s /Ds�1 V−1. However, the �dI /dV� / �I /V�−V

curves at A and B sites are different.41 Actually, D̄s /Ds for

the A site is approximately twice D̄s /Ds for the B site around

V�0 V�E�EF�.41 Accordingly, D̄s /Ds for the B site is set
to 1 /2 V−1. Figure 17 shows the calculated A1�d� curves for

D̄s /Ds=1 V−1 and 1 /2 V−1. A1�d� for D̄s /Ds=1 /2 V−1 is

approximately twice A1�d� for D̄s /Ds=1 V−1. This relation
is reflected in the experimental results in Fig. 7�d�. Thus, we
can understand that the principle of NC-SNDM is very simi-
lar to that of STM, and the tunneling effect is very important
in both measurements.

Similar to the A1�d� curve, we can calculate the A2�d�
curve from Eq. �46�. Figure 18 shows the calculated A2�d�
curve for Ds=10−4 pF /nm2 and D̄s=10−4 pF /V nm2. The

A1�d� curve for Ds=10−4 pF /nm2 and D̄s=10−4 pF /V nm2

is also plotted in Fig. 18. The A2�d� curve is much smaller
than the A1�d� curve. As described in the section on the
principle of the SNDM, if VA=0.4 Vp-p can be estimated

to be small, the Ct�V� curve is approximately linear in the
range of �0.4 V, and Ct�VA sin��t� ,d��CP-R+Cg�d�
+C111�d�S111VA sin��t� /2 is considered to be appropriate.
However, A2 used in the NC-SNDM measurement is larger
than the calculated A2. For this reason, higher order capaci-
tance greater than the second-order one is needed to be in-
troduced in Ct to obtain A2 used in the measurement. How-
ever, it is not easy to introduce the higher order capacitance

in this paper due to the calculation of dD̄s /dE=d2Ds /dE2,
which is obtained from the theoretical calculation.33 We hope
to carry out the calculation considering the higher order ca-
pacitance, greater than the second-order one, by using first-
principles calculations in the future.

3. Current in NC-SNDM

The current image of the graphite surface in the NC-
SNDM measurement is considered next. As mentioned
above, the electrochemical capacitance originating from the
band structure, as shown in Fig. 11, is crucially important to
understand the origin of the SNDM signal for the metallic
surface in the NC-SNDM measurement. Figure 11 also
shows the band structures of the metallic surface and the
probe tip for STM. By applying voltage to the specimen, a
difference in the Fermi energies between the probe tip and
the graphite surface occurs, and a tunneling current flows due
to the applied voltage. Thus, as mentioned above, although
we considered the electrochemical capacitance with the tun-
neling, this phenomenon is the same as that for STM. There-
fore, it is considered that the current image in the NC-SNDM
measurement reflects the tunneling effect between the probe
tip and the graphite surface, and is similar to the SNDM
image in the NC-SNDM measurement.

Next, we consider the relationship between the current
image and the SNDM images. If the amplitude of the alter-
nating voltage �V�t�� used in this study is very small, the
tunneling current can be expressed as I�t�= I�V�t���Ds�EF
−eV�t��V�t�=Ds�V�t��V�t�.42,43,46 In this case, the local den-
sity of states for the graphite surface is approximately esti-
mated to be
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Ds�V� �
dDs�EF�

edV
�eV − EF� + Ds�EF�

= − D̄s�EF��eV − EF� + Ds�EF� . �47�

Substituting V�t�=VA sin��t� for I�V�t�� and calculating the
direct current component �I0�, we can obtain

I0 �
�

2�
�

−�/�

�/�

I�VA sin��t��dt � −
VA

2
D̄s�EF� . �48�

Since C111 is approximated to C111� D̄s�EF�, as seen from
Eq. �40� and as mentioned above, I0�−VAC111�d�. There-
fore, I0 is finally approximated to be I0�A1�d� because
A1�d��VAC111 for the graphite surface as mentioned above.
This means that I0 is reflected in the � amplitude signal
observed by NC-SNDM �A1�d��.

The sign of I0 is considered to be negative �I00� be-

cause D̄s�EF��0 as expected from the dI /dV−V curve for
0 T for the graphite surface.47 As a result, the I�V� curve for
the graphite surface is expected to approximately correspond
to the case of I�2��V� in Fig. 5�b�. The expected sign of I0 is
consistent with the sign of the observed current signal, as
seen from Fig. 8�f�. This shows that the current observed in
the NC-SNDM measurement �I00� is reflected in the cur-
vature of the I�V� curve originating from the tunneling be-
tween the probe tip and the graphite surface. Thus, the NC-
SNDM technique can detect not only the electrochemical
capacitance but also transport by the quantum effect and pro-
vide significant information on the interface between the
probe tip and graphite surface, as well as fullerenes, carbon
nanotubes and organic molecules on a metallic surface.

V. CONCLUSIONS

We have observed clear SNDM images of graphite and
Au�111� surfaces by using the NC-SNDM technique in an
ultrahigh vacuum. The honeycomb structure formed from
many hexagons was observed in the inverted contrast � am-

plitude image as the probe tip was close to the graphite sur-
face. A number of convex sites, with threefold symmetry,
positioned at the corners of the hexagons were also observed
in the inverted contrast � amplitude image. On the other
hand, a number of convex sites, with threefold symmetry,
were also observed in the normal contrast � amplitude image
as the distance between the probe tip and the graphite surface
became larger. The results suggest that the hollow in the �
amplitude image for the low position of the probe tip corre-
sponds to the A site. In contrast, the convex in the � ampli-
tude image for the high position of the probe tip corresponds
to the B site. Furthermore, current images modulated by the
tunneling current were also observed in the NC-SNDM mea-
surement and reflected in the variation of the LDOS by the
applied alternating voltage. The current image thus was simi-
lar to the � amplitude image in the NC-SNDM measure-
ment.

The electrochemical capacitance between two metallic
surfaces in a nanojunction was introduced to explain the ori-
gin of SNDM and current images. We succeeded in quanti-
tatively showing that the � amplitude signals in the graphite
surface were reflected in the ratio of the slope of the LDOS
on the graphite surface �Ds� and Ds. This suggests that not
only STM and NC-AFM but also NC-SNDM techniques can
detect LDOS in the graphite surface although the observation
parameter utilized in the three techniques is different. Inves-
tigating the LDOS of the surface using the NC-SNDM tech-
nique is very important to not only observe the structure with
atomic resolution but also to understand the properties in the
interface between the probe tip and the graphite surface, pro-
viding a new point of view.
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