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Model simulation of dynamic lateral force microscopy (DLFM) regulated by scanning tunneling microscopy
(STM) has been performed. The simulated STM/DLFM maps on Si(111)7 X7 exhibit marked transitions
depending on the lateral dithering amplitude, and they can successfully reproduce the experimentally acquired
maps for a wide range of operating conditions. This work describes the direct calibration of dithering-
amplitude-induced artifacts of STM/DLFM maps on Si(111)7 X 7 for a small time-averaged tunneling current
corresponding to a tip-sample distance larger than 5 A, where the atomic relaxation of the tip and the sample

is sufficiently small.
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Measurement techniques for lateral forces on the order of
magnitude of piconewtons are important for controlling the
atomic-scale ultralow friction' and superlubricity.”> Dynamic
force microscopy has been used both directly and indirectly
as a reproducible and nondestructive method for detecting
the lateral force. Dynamic vertical atomic force microscopy’
indirectly detects the lateral interactions. First, a two-
dimensional (2D) interaction potential map is extracted via a
measured frequency shift map along the vertical direction.*
Then, the lateral force and force gradient are calculated by
differentiating V as F;=—dV/dx; and F;=dF;/dx;, (x;}=x or
y). Although this method is not an in sifu measurement, it
can successfully obtain the lateral atomic resolution with
high accuracy.’™

On the other hand, dynamic lateral force microscopy
(DLFM) can directly observe the frequency shift Afrg and
energy dissipation.'®!% In this method, the unavoidable ther-
mal drift of the tip-sample distance at room temperature (RT)
is excluded by controlling the tip-sample distance using a

constant time-averaged tunneling current /,. In our previous
work,'3 the simulated and experimental maps were com-
pared. Both the simulated and experimental scanning tunnel-

ing microscopy (STM) profiles and DLFM maps for I,
=0.6 nA and Ay, =0.81 A are in good agreement. Here, the
lateral dithering amplitude Ay, must be set on the order of
magnitude of sub-Angstroms. Furthermore, A 4, dependence
of the two-dimensional pattern of STM-regulated DLFM
(STM/DLEM) maps is also revealed. Therefore, in the
present work, thoroughgoing studies of the effect of A, on
STM/DLFM have been performed theoretically and experi-
mentally. The direct calibration of A 4,-induced artifacts ob-
served in STM/DLFM maps becomes possible under the
condition that the tip is located far away from the sample
surface, in which case the atomic relaxation of the tip and
sample can be neglected.

The simulation method of STM/DLFM is shown in Fig.
1(a). The input parameters are the time-averaged tunneling
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current of STM, [, and the lateral dithering amplitude of the
cantilever, Agy,. For each raster scanning position (x,y), the
equation I,(x,y,z;Agm)=1lo is numerically solved to obtain
the STM profile, zgrm(x,y) =2z(x,y;Agm.1o). Here, the time-
averaged tunneling current is calculated as follows:

2

_ 1
1(x,y,2:Agin) = ;Tf I (xR + Agin cos 0)d0, (1)

0

where x1r denotes the lateral dithering coordinate of the tip.
Above the obtained STM profile, zgmpm(x,y), the frequency
shift along x1g
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FIG. 1. (Color online) (a) Algorithm of the simulation method
for STM/DLFM. (b) Schematic illustration of the rigid model: half
part of the Si(111)7 X 7 surface and the Siy[111] tip. (c) y-z maps of
the total energy V, (d) lateral force F,, and (e) lateral force gradient
F)', along P-Q. The approximately vertical lines in (d) indicate the
positions corresponding to F,=0.
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is calculated to obtain the DLFM image, where kg, frr,
and Fpr denote the effective torsional spring constant, tor-
sional resonant frequency of the cantilever, and short-range
tip-surface interaction force along the tip-dithering direction,
respectively.

The tunneling current /, and the lateral force F;(i=x,y)
can be calculated using any type of ab initio or empirical
method. First, I, is calculated by the independent-orbital
approximation,'"!® where the conductance distributions de-
rived from the overlaps of the p, components between the tip
and surface atoms are summed up as [,=X jI{; L
« cos* #e™2*". Here, j denotes the index of all the adatoms,
rest atoms, and corner holes of the surface, whose coordi-
nates were obtained by Brommer et al.!” using the first-
principles simulation and are assumed to be rigid. r and 6
denote the distance between the single tip-apex atom and the
surface atoms and the angle between the tip-surface bond
and the z axis, respectively. A typical decay constant of
=0.96 A~' (Ref. 16) is adopted. The tip-sample distance z is
defined as the vertical distance between the rigid tip-apex
atom and the rigid center (Ce) adatom. Here, the long-range
van der Waals and electrostatic interaction forces are inde-
pendent of the atomic site, although they homogeneously
increase in magnitude as the tip approaches the sample.
Therefore, the long-range interactions do not affect the STM/
DLFM measurement if the tip dithering is controlled per-
fectly parallel to the sample surface. Thus, only the short-
range Si-Si covalent lateral force F, is considered. F [Fig.
1(d)] and F ; [Fig. 1(e)] along P-Q are calculated by differ-
entiating the total energy V [Fig. 1(c)] that was obtained by
fitting the sum of the empirical Morse-potential functions
between the Siy[111] tip and the Si(111)7 X7 surface!d to
the first-principles simulated results between the Si tip and
the Si(111) surface.'® Figure 1(d) shows, F, =0 at Ce, corner
(Co) adatom, and the middle (M) position between the
neighboring Ce and Co for 5 A=z=7 A. It is noted that
the rigid single-atom tip and the rigid Sig[111] tip are used
for calculating I, and F, respectively. The latter tip is made
by adding three atoms to the apex atom along the (111) di-
rection.

As shown in Figs. 2 and 3, the Ay, dependence of the

STM/DLEM maps for 1,=0.5 nA is simulated for 0.37 A
=Aun=7.6 A=L. L=7.7 A corresponds to the nearest-
neighbor distance between Ce and Co along the y-dithering
direction. The transition of the two-dimensional pattern re-
produces the experiment extremely well. Here, the experi-
ment was performed using a homemade ultrahigh vacuum
DFM operating at RT.'3!92! The torsional resonance mode
of a commercially available Si cantilever (Nanosensor NCH-
SSS) was used to detect the tip-surface interaction. The tip
and sample preparations have been described in previous
works.!3!” The experimental parameters frg=2.2 MHz and
krr=1250 N/m were used in the simulation.
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FIG. 2. (Color online) (a) Simulated (left) and experimental
(right) STM topographies for Ag= (a) .37, (b) 1.9, (c) 2.5, (d) 2.9,
(e) 3.4, (f) 3.8(=L/2), (g) 4.3, (h) 4.9, (i) 6.1, (j) 6.8, and (k)
7.6(=L) A. Imaging parameters: I,=0.5 nA and Vi;,,=1.8 V.

The simulated and experimental STM profiles exhibit
quite similar transitions along P-Q with an increase in Ay, as
follows: bright spots at Ce and Co [Fig. 2(a)] — enlarged
bright spots and stripe [Figs. 2(b)-2(d)] — bright spots at M
[Figs. 2(e)-2(h)] — enlarged bright spots and stripe [Figs.
2(i) and 2(j)] — bright spots at Ce [Fig. 2(k)]. Similarly, the
DLFM images transition from the elliptic bright regions at
Ce and Co [Figs. 3(a)-3(g)] to the bright regions at M [Figs.
3(h)-3(k)]. In the STM profiles, the first and second inver-
sions of the contrast between Ce and M occur at A gy,
=29 A and 6.7 A, respectively [Figs. 4(a) and 4(c)]. In the
DLFM images, the inversion occurs at Ag;,=4.6 A [Figs.
4(b) and 4(d)]. Thus Figs. 2(j), 3(g), and 3(h) correspond to
the patterns near the contrast inversion.

The Ay, dependence of Afpgr along P-Q can be explained
as follows. First, the lateral force as a function of the dither-
ing coordinate y is simply modeled as Frr(y,z)
=Frgp(z)sin(2ry/ L), where y=0 and L/2 are assumed to cor-
respond to the positions of Ce and M, respectively. Then, Eq.
(2) gives,
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FIG. 3. (Color online) Simulated (left) and experimental (right)
DLFM images for Agi,= (a) .37, (b) 1.9, (¢) 2.5, (d) 2.9, (e) 3.4, (f)
3.8(=L/2), (g) 43, (h) 49, (i) 6.1, (j) 6.8, and (k) 7.6(=L) A.
Imaging parameters: frg=2.2 MHz, Qmr=1.1X 10, Z:O.S nA,
and V,;,,=1.8 V. The lateral position of the DLFM images is cali-
brated by considering the thermal drift.

Afrrly ;ZSTM(Adith)]
SR s (2")’> (277Adith)
== — Jl——/, @3
KrpAgin TR(ZSTM)COS 1 I3 (3)

where J; is the first-order Bessel function. Considering
J12mA giw/ L) — TAgin/ L for Agi,— 0, Eq. (3) leads to the
well-known formula under the small-amplitude limit, Afg
— —frr- Fg/2krg. Next, for the fixed atomic site y, the ex-
pression of the normalized reduction rate of Afr(Agm) as
compared to Afr(Agin=0), R(Agu), is derived as

_Afrr(Agin)
Afrr(Agin=0)

_ Frplzstm(Agin)] L (ZWAdi[h) @
Firlzstm(Adin =01 mAgim oL )

which is independent of the lateral tip position y. If

R(Agin) =
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FIG. 4. (Color online) Simulated maps of (a) zgam(Agim»y) and
() Afrr(Agimy) for 1,=0.5 nA. (c) and (d) correspond to the cross
sections of (a) and (b) at Ce and M. White broken curves in (d)
show Eq. (4), R(Agin) =Afrr(Agin)/ Afrr(Agin=0) at Ce and M.

Fr(Agin)/ Fig(Agn=0)  is

ekl zo)

F(”}R(Z)
o g 2K(e=20) _ with fitting parameters of
=1.270 A' and zy=2.375 A obtained by Pérez et al.,*> 5
Eq. (4) can excellently explain the simulated results at Ce
and M [Fig. 4(d)]. It is easily confirmed that R(0)=1. The
simulated results indicate that the dithering amplitude at Ce
and M must be set as Ay, =1.1 and 0.5 A in order to mea-
sure Afrgp within 95% of the theoretical value Afrr(Agin
=0) [Fig. 4(d)]. This explains the fact that our previous mea-
surement of Ag;,=0.81 A falls within a suitable operation
range.'> A similar condition has been pointed out by Sug-
imoto er al.;® who reported that Ag,=1 A is sufficiently
small to obtain F on the Si(111)-7 X7 surface directly by
DLFM. Thus, if Fip is evaluated by the relation Fig
=—2krr- Aftr/frr for finite Agy,, the unavoidable underesti-
mation  [Fig(Agin)/ Fr(Agin=0)|=|R(Agw)| <1  occurs.
However, this feature can be used for the calibration of A g,
of STM/DLFM.

It has been previously reported that the relaxation of the
tip apex and surface atoms markedly contributes to the
atomic resolution.®%%1822.24=27 In particular, in the case of
the Si(111)7 X7 surface, significant vertical and lateral re-
laxations occur below the critical tip-sample distance of
5 A. On the other hand, the present simulation shows that
the tip-sample distance at Ce and M ranges from 6.2 to
6.6 A and from 5.8 to 6.5 A, respectively [Fig. 4(c)]. At Ce,
even when the tip comes closest to the surface at zgmy
=6.2 A [Fig. 4(c) A], the maximum of |F,| is only 1.7 pN
during one dithering period, Trg=1/f1r=0.45 ws. The pre-
liminary molecular mechanics simulation of the Si(111) tip
comprised of 9454 Si atoms using the Tersoff potential,?®
exhibits the effective lateral spring constant of the tip-apex
atom, k{p™=6.8 N/m, which gives the lateral atom dis-
placement |Aytem=2.5% 107 A for |F,|=1.7 pN. The or-
der of magnitude of the lateral stiffness of the surface adatom
is expected to be the same as that of the tip, k{3 Thus, in

evaluated using
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the present work, the tip and the surface relaxations are suf-
ficiently small to have negligible influences on the two-
dimensional patterns of the STM/DLFM maps. This result
shows that STM/DLEM for a small , can minimize the in-
fluence of the tip and surface relaxations. For a larger I,
corresponding to z=5 A,? the simulation of the STM/
DLFM maps considering the atomic relaxation is required.
In this study, we investigated the lateral dithering-
amplitude dependence of two-dimensional maps of STM/
DLFM on Si(111)7 X7 using simulations and experiments.
The observed maps are well reproduced and explained by the

PHYSICAL REVIEW B 80, 193402 (2009)

simulated maps. This work gives the direct calibration of the
lateral amplitude of STM/DLFM maps of Si(111)7 X 7.
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