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Recently, charged solitons have been found in a two-dimensional CoCl,/HOPG system, whose microscopic nature
remains to be elusive. In this work, we investigate the charged solitons in monolayer CoCl, using scanning tunneling mi-
croscopy (STM) and atomic force microscopy (AFM). Moreover, we study the electrical properties of the charged solitons
at zero electric field by measuring local contact potential difference (LCPD) via Kelvin probe force microscopy (KPFM)
using the Af (V) method. The compensation voltage corresponding to the vertex of the parabola is obtained by fitting the
quadratic relationship between Af and sample bias. The results show that, without an external electric field, the solitons
behave as negatively charged entities. Meanwhile, the LCPD mapping characterizes the spatial distribution of the potential
at the charged solitons, which agrees well with those obtained from STM band bending measurements.

Keywords: scanning tunneling microscopy (STM), atomic force microscopy (AFM), Kelvin probe force mi-

croscopy (KPFM), cobalt dichloride
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1. Introduction

Recent research on the cobalt dichloride (CoCl,;) mono-
layer, a two-dimensional transition metal dichalcogenide
(TMD) material grown on highly oriented pyrolytic graphite
(HOPG), has revealed the formation of local charged solitons.
These solitons are the result of cooperative charge—lattice de-
formations confined in the unit-cell scale. In the CoCl,/HOPG
system, charged solitons can be both electrically and posi-
tionally manipulated using the STM tip.!!3! Additionally, the
electrical polarity of these solitons can be controlled by the
electric field applied via the STM tip."3] Through band struc-
ture characterization, our previous study observes an antipar-
allel band bending effect, where the conduction or valence
band bends upward under positive bias and downward un-
der negative bias, respectively.l’! This finding is supported
by nc-AFM measurements, which reveal paraelectric dipole
characteristics of the solitons.*! However, STM provides only
an indirect method for determining the electrostatic potential

[4-61 which can be easily influ-

by probing the band positions,
enced by factors such as defects,!”! band tailing effects!®! and
so on. In contrast, the nc-AFM based KPFM technique can
directly image the electrostatic potential distribution in real

space, offering a more intuitive and accurate method for po-
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tential measurement.!”11 In this study, we present a detailed
investigation of the spatial distribution of electrostatic poten-
tial at the charged solitons in the CoCl,/HOPG system using
both STM and KPFM techniques.

STM and nc-AFM are both powerful methods to investi-
gate sample surface in real space. Nc-AFM can achieve higher
spatial resolution with suitable functionalized tip apex.!!-13]
Compared to STM, nc-AFM-based KPFM technique has ob-
vious advantages in electrostatic potential detection.'*] Nc-
AFM based KPFM measurement usually operates in Af(V)
spectroscopy mode, where frequency shift (Af) is recorded as
a function of sample bias. When electrostatic force caused
by LCPD is compensated by sample bias, interaction force
gradient between tip apex and sample is minimized.!">! If
the electrostatic potential is not homogeneous over the inter-
face, the bias required to compensate local contact potential
varies in space. Recording the compensating voltage varia-
tion constructs the surface potential map (LCPD mapping),
which also represents the electrostatic force distribution. The
KPFM technique based on nc-AFM has been widely used in
the measurement of dipole orientations of adsorbed molecules
on metal surfaces.'”) Depending on the extraordinary sensi-
tivity of LCPD, the KPFM technique can even distinguish the
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charging and discharging processes of a single electron.!!6]

The KPFM technique plays an important role in condensed

matter physics research.!17-18]

2. Methods
2.1. Sample preparation

Monolayer CoCl, samples were grown on cleaved HOPG
substrate by MBE method using a Knudsen cell (K-cell)
source at a base pressure of about 1.0 x 107! mbar. The
source temperature was set to 340 °C to evaporate CoCly,
and the substrate was kept at 42 °C during the growth pro-
cedure. The whole growth process lasted 1.5 hours. Reflective
high-energy electron diffraction (RHEED) was performed to
monitor the growth process. After growth, samples were an-
nealed at 110 °C for one hour before being transferred to the
chamber where STM and nc-AFM measurements were per-
formed by a home-built UHV suitcase (base pressure lower
than 5.0x 10~ mbar).

2.2. STM/AFM measurements

All experimental data were acquired by a home-built
cryogen-free low temperature STM/nc-AFM system with a
base pressure lower than 5.0x 10~ mbar, operating at a tem-
perature of 5.4 K. The STM tips were calibrated on a Au
(111) surface by checking the surface states around —0.5 V.
Scanning tunneling spectroscopy (STS) was obtained using
the lock-in amplifier technique with a modulation frequency
of 984.58 Hz and a modulation amplitude of 40 mV.
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Home-built gplus sensor was used to perform nc-AFM
measurement. AFM tips (tungsten wire, 0.025 mm) were also
calibrated on a Au (111) surface by checking if the frequency
shift was suitable at a specific tunnelling parameter. The fre-
quency shift of each tip was processed to about —1 Hz to
—2 Hz at 0.1 V and 10 pA tunneling parameters. The resonant
frequency of the tuning fork is fo = 29013 Hz. The stiffness
is k = 1800 N/m, and the Q factor is 78821. Nc-AFM imag-
ing and KPFM mapping with gplus sensor were performed at
frequency modulation mode with an oscillation amplitude of
100 pm.

3. Result and discussion

Figure 1(b) shows the side view atomic structure of
1T phase CoCl,. Bulk CoCl, is a vdW material. In each
vdW layer, there is a sandwich structure consisting of a Co
All Co?* ions are

arranged in a triangular lattice (Fig. 1(a)). Each Co”* ion

sub-layer between two Cl sub-layers.

and six nearest neighbor C1™ ions form an octahedral struc-
ture. The large area STM topography is shown in Fig. 1(c),
where high quality monolayer CoCl, islands can be seen.
Consistent with our previous studies, randomly distributed
‘dark spots’ exist on the island at high bias voltage (1 V,
Fig. 1(d)), while a complete atomic lattice is clearly visible
at low bias voltage (—0.1 V, Fig. 1(e)). Unlike static defects,
these solitons can be easily written, manipulated, and erased
by the tip.l!'=3] Moiré pattern can also be clearly observed.
High-resolution nc-AFM image of the same region (Fig. 1(f))

1 2 3 4 5 6
Distance (nm)

Fig. 1. STM, AFM topography and band bending effect of solitons measured on CoCl,/HOPG system. (a), (b) Front and side views of crystal structure of
single layer CoCl,. (c) Large scale STM topography of monolayer CoCl, grown on HOPG, illustrating high quality epitaxial film. The inset shows terrace
height of about 800 pm. (V; = 1.0V, I; = 10 pA) (d)—~(f) STM topography in different tunnelling condition and nc-AFM atomic resolution in exactly the
same area. The STM topography shows an isolated distribution of solitons at large sample bias (Vs = 1.0 V, I; = 40 pA) and a complete atomic lattice with
moiré pattern at small sample bias (V; = —0.1 V, [; =40 pA). AFM image shows that each soliton corresponds to a trimer structure. STM and AFM atomic
resolution images show a lattice constant of ~ 3.6 A (V; =0V, Af = —6.0 Hz, A = 100 pm). (g) 2D dI/dV plot cross soliton along the dash white line in
Fig. 2(a) indicates antiparallel band bending effect. dap is about 3.5 nm, which means the extent of impact of single soliton is about 3.5 nm. Spectroscopic
condition: Vy = 1.0 V, I; = 60 pA.
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shows that each ‘dark spot’ position corresponds to a trimeric
structure orientated in the same direction. By employing nc-
AFM force curve analysis which is able to serve as finger-
prints for identification of chemical elements, we have ascer-
tained that the soliton trimer exhibits a Morse potential con-
sistent with other Cl ions.['%->2] Height difference of these
trimers with respect to the trivial position ranged from a few
picometers to several tens of picometers depends on the sam-
ple bias.’!

The most intriguing phenomenon in the CoCl,/HOPG
system is the appearance of the ‘dark spots’ at large bias
voltages, which we refer to as solitons.!'=3 In our previous
work,*! we conducted d7/dV measurements on and away
from the soliton, revealing a tunnelling mechanism difference,
i.e., tunnelling to HOPG occurs on soliton site and tunnelling
to CoCl, occurs away from the soliton site, depending on the
comparison of local band edge and tunneling bias. dI/dV line
profile measurements cross the soliton reveal antiparallel band
bending at positive and negative sample bias. At large pos-
itive bias, the influence of the soliton extends over a region
of approximately 3.5 nm (as indicated by dap in Fig. 1(g),
~ 3.5 nm).

However, STM is unable to directly access the charge
polarity of soliton in real space, whereas KPFM measure-
ments based on nc-AFM can achieve this purpose by measur-
ing LCPD.?* The LCPD measurements are affected by many
factors, such as the tip shape, tip chemical components and
tip—sample distance. To control the tip shape effect, the tips
we use for KPFM measurements are carefully calibrated on
Au (111) single crystals before imaging the sample. In this
case, tips can be considered as clean metal tips, whose dipole
effect can be ignored,!**! and also do not have irregular shapes
that are affected by impurities. (After impurities are adsorbed
onto the tip, solitons in AFM imaging will not be a perfect
trimer shape, through which we can confirm the tip shape.) To
control the effect of tip—sample distance, we experimentally
characterize the relationship between the LCPD and Az (tip—
sample distance). Figure 2(a) is the STM topography, where
we measured the Af(V) spectroscopies at a series of continu-
ously varying tip—sample distances from the point at the center
(red triangle mark) of the soliton and the point at the bottom
left corner (blue square mark) of the image. For each spectral
line (Fig. 2(b)), the horizontal coordinate of the parabolic ver-
tex is LCPD (compensation voltage, Vi cpp), and the vertical
coordinate is the sum of the remaining force gradients exclud-
ing the effect of bias voltage (denoted as Af*). Figure 2(c)
plots the LCPD as a function of the tip—sample distances. We
define the tunnelling height corresponding to the setpoint of
1V, 10 pA as Az = 0. Starting from the initial point, negative
Az means that the tip is closer to the sample, while a positive
Az means the tip is further away. At all tip—sample distances,

we observe that the LCPD at the soliton center is higher than
that at the soliton free area. As the tip—sample distance in-
creases, LCPD at the soliton center gradually decreases, while
the LCPD at the soliton free area gradually increases but will
never exceed that at the soliton center. We find that the LCPD
at both locations change very slowly after Az is higher than
400 pm, maintaining a LCPD difference of about 40 mV-
70 mV. At tip—sample distances less than 400 pm, the LCPD
difference between the soliton center and the soliton free area
increases as the tip approaches the sample. This phenomenon

t.241 As an example,

can be explained by the averaging effec
for the soliton center position, when the tip is very close to the
sample, the influence of surrounding soliton free region on the
LCPD measurement is small. When the tip—sample distance
increases, the surrounding soliton free region shifts the LCPD
at the center of the soliton towards a smaller value. Similarly,
the result of the averaging effect on the soliton free area is
to shift the LCPD towards a larger value. The difference of
LCPD between the two sites will gradually decrease when we

lift the tip away, which perfectly fits our experimental data.
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Fig. 2. Influence of tip—sample distance (Az) on LCPD. (a) Constant-current
STM image (Vs = 1.0 V, I; = 10 pA). dI/dV plot is performed along dash
line direction from bottom left corner to top right corner. It is important to
note that the dash line only marks the d//dV plot direction, the length of the
dash line is not equal to the actual d7/dV plot length. (b) Af(V) curve mea-
sured at blue square point in (a). This curve is fitted by means of a parabola,
where the horizontal coordinate is LCPD (the compensating voltage), and the
vertical coordinate is defined as Af™*, which represents the sum of the gradi-
ents of the other forces that are not affected by the sample bias. (c) LCPD
measured at different tip—sample distances (Az) and positions with feedback
loop off. Blue squares and red triangles represent soliton free and soliton cen-
ter, respectively. The Af(V) curves were measured for each tip height and
the LCPD was obtained by parabolic fitting. LCPD is shown as a function of
Az. (d) LCPD shown as a function of Af*, which means that the same LCPD
contrast can be obtained using frequency modulation mode. The tip did not
change in all of the above measurements.

For the LCPD mapping measurement modes of the Af (V)
method, there are two options to choose from: constant height
mode and frequency modulation mode (constant frequency
mode). In constant height mode measurement, there is no
need to set up a feedback loop for Af. Therefore, this is

(25,26

the preferred mode for LCPD measurement. I However,
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constant height measurement inevitably generates temperature
drift during long and fine mapping measurements (about 6—
10 hours), and the absolute height between tip and sample
will change. The measurement results of LCPD are distance-
dependent, so we have to consider the possibility of using
frequency modulation mode to measure LCPD mapping. In
Fig. 3(a), at —0.4 V scanning bias voltage, trimer (soliton posi-
tion) is about 10 pm higher than the surrounding atoms which
are considered as soliton free area in high sample bias. How-
ever, this height difference depends on the bias voltage, with
the height difference being smaller at positive bias than at neg-
ative bias.l3) If the scanning bias voltage for LCPD mapping
is set to a positive bias voltage (0.2 V, for example), and the
Af(V) curves start scanning from the same value. In this case,
the height difference of the tip as it scans over the trimer is

3

y (nm)

(©) 10V »
»
» 8
» - 6
» - 4
' k- nm. 2
- a
| —| 00 2 4 6
0 335 pm = (nm)

8 10 12

only a few picometers. This implies that, during scanning in
frequency modulation mode, the relative distance between the
tip and the sample varies very little, which is comparable to,
or even smaller than, the variation caused by temperature drift
over a long period of mapping time. To verify this, we con-
ducted a comparison between the constant frequency mode
and constant height mode. With appropriate feedback loop
settings, both modes produced identical experimental results.
This conclusion is further supported by Fig. 2(d), where the
contrast of LCPD mapping in the constant frequency mode is
consistent with that in constant height mode. Therefore, for
long-duration and fine spectroscopy measurements, we ulti-
mately chose the frequency modulation mode to acquire the

LCPD mapping data.

"« Soliton: free
« Solitoni center
« Solitoni top atom |

—294mV | —73 mVi —70 mV
—600—-400 —200 0 200
Bias (mV)

© Surrounding Cl ¢
O Soliton Cl ()

Fig. 3. LCPD mapping measurements for single soliton and multiple solitons. (a) Frequency modulation nc-AFM image of a single soliton
(Vs =—-04V,Af = —-6.0 Hz, A = 100 pm). (b) LCPD mapping of a single soliton shown in (a). (c) Constant-current STM image of several
solitons (Vs = 1.0 V, I; = 10 pA). (d) LCPD mapping of multiple solitons shown in (c). The distance between points A and C is 3.5 nm. The
distance between B and C is 3.2 nm. (e) Af(V) curves measured at different points marked in (a). Black square represents soliton free region,
blue triangle represents soliton trimer vertex atom, and red circle represents soliton center. (f) A schematic illustrating the dipole orientation

(pointing from vacuum to the sample).

Figure 3(b) presents the experimental results of LCPD
mapping obtained using frequency modulation mode measure-
ments. We perform LCPD mapping of a single soliton as well
as multiple solitons. Before starting the mapping measure-
ment, single Af (V) spectra at soliton and soliton free area are
firstly measured. These measurements are conducted with the
feedback loop off and positioned at the corresponding points
in Fig. 3(a) (red circle, blue triangle and black square). Owing
to the ultra-high atomic resolution of nc-AFM, we are able to
finely measure the difference between the compensation volt-
ages of each atom in the trimer compared to the surrounding
atoms in the trivial positions, as shown in Fig. 3(e). We ob-
serve that the compensation voltage for the top atom in the
trimer and trimer center is —73 mV and —70 mV, respec-

tively, while the compensation voltage in the trivial position
is —294 mV. This LCPD shift indicates that a smaller negative
voltage (absolute value) is required to compensate the LCPD
at the soliton position, whereas a larger negative voltage in ab-
solute value is needed at the trivial positions. The frequency
modulation LCPD mapping setpoint is Af = —2 Hz. In ad-
dition to the LCPD shift between soliton center and soliton
free area, we also find that a larger attractive force is always
observed at the soliton center compared to the soliton free re-
gion. This is consistent with the nc-AFM images, where the
tip needs to be retracted at the soliton center to maintain the
same Af as in the surrounding region. Immediately after the
completion of the single-point spectroscopy measurements,
we proceeded with the LCPD mapping by dividing the ex-
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perimental area into a grid and performing single-point Af (V)
spectroscopy at each pixel. The spatial distribution of the com-
pensating voltages was then fitted to generate the LCPD map-
ping. The LCPD mapping confirmed that the LCPD at the
soliton position is significantly higher than that at the soliton-
free area, which means that the soliton behaves as a negatively
charged entity without external electric field. This, combined
with the band bending observed in the opposite direction, im-
plies the presence of a dipole with its orientation pointing from
the vacuum towards the sample.?’! The dipole distributed in
this direction locally raises the work function, which means
that the sample must be biased towards a more positive di-
rection to compensate for the effect of the negative charge
here.[1%2829] It is worth noting that the LCPD measured by
KPFM does not simply represent the absolute strength of the
dipole, while the direction of LCPD shift depends and only de-
pends on the direction of the dipole at that particular position.

After completing the measurements on single solitons,
we also perform LCPD mapping on regions where multiple
solitons coexist. The results, as shown in Fig. 3(d), reveal
that the LCPD mapping for multiple solitons does not differ
from that of a single soliton. At all soliton locations, we ob-
serve localized LCPD elevations. Additionally, we find that
if the center-to-center distance between different solitons ex-
ceeds 3.5 nm (e.g., soliton A and soliton C, dac = 3.5 nm),
their potential distributions do not overlap. However, when
the center-to-center distance between two solitons is less than
3.5 nm (e.g., soliton B and soliton C, dgc = 3.2 nm), their
potential distributions clearly overlap, forming an elevated po-
tential plateau. This observation aligns with the conclusion
from the STM band bending measurements, where the dipole-
induced bending effect on the band is almost negligible outside
a circle with a radius of 3.5 nm centered at the soliton (dag in
Fig. 1(g) is 3.5 nm).

4. Conclusion and perspectives

We used STM and nc-AFM to characterize the atomic
structure and charged properties of the solitons on monolayer
CoCl, grown on HOPG. In STM images, the charged soli-
tons appear as circular depressions forming dark spots at high
sample bias, and a complete atomic lattice at low sample bias.
Combining with STM band bending experimental results, the
LCPD shifts obtained from nc-AFM based KPFM measure-
ments show that the negatively charged soliton could be a sin-
gle dipole whose direction points from vacuum to the sample.
Its potential is distributed in a circular area with a radius of
about 3.5 nm centered on the soliton center, which is consis-
tent with the range of influence length obtained by measuring
the band bending effect in STM.

Our work has successfully elucidated the polarization ori-
entation of solitons within the CoCl,/HOPG system at zero

electric field with the KPFM technique. This discovery ad-
vances our comprehension of the behavior of charged soli-
tons in this particular system. Looking ahead, one can per-
form experiments involving the reversal of electric fields to ex-
plore the intriguing outcomes that LCPD may exhibit follow-
ing the reversal of soliton polarization. Since scanning volt-
ages are required during KPFM measurements, it is difficult
to obtain LCPD mapping with a constant polarized electric
field. It is hoped that d/dz (proportional to work function)
mapping %31 at different voltages will solve this difficulty.
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