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Abstract 

The nanoindentations of a silicon (111) substrate covered with a manipulated C84 

monolayer are explored by molecular dynamics (MD) simulation calculations and further 

verified by experiment. Calculations show that pop-in events and stick-slip event are 

exhibited in the C84/Si substrate during the loading process, where the pop-in events are 

caused by the severe deformation of the C84 molecule, while the stick-slip event takes 

place at the interface between tip and C84 molecule. The resulting deformed 

conformations and mechanical properties influenced by the diverse indentation 

mechanisms are also presented. Such a nanoindentation simulation model provides a 

powerful way to understand at an atomic level the interaction of the parts of an interface, 

and of the system as a whole. The experimental measurements from ultra-high vacuum 

atomic force microscopy (AFM) are compared with theoretical findings. Our 

investigations offer a possible replacement for semiconductor carbide. 
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1. Introduction  

In recent years, the various physical and chemical characteristics of silicon carbide 

(SiC), which bonds carbon and silicon, have been studied for prospective uses in the 

semiconductor industry
1
. Such SiC is a wide bandgap semiconductor with extreme 

properties including wear/corrosion resistivity, high breakdown field, high current density 

and high thermal conductivity, which make it a promising material for device 

applications that are integral to high-temperature, high-power circuit elements
2, 3, 4

. 

Further, SiC possesses abundant properties such as high strength, high hardness, high 

elastic modulus, superior chemical inertness, excellent thermal stability, which are crucial 

for mechanical, chemical, and aerospace applications. 

A large area single SiC crystal synthesized using the Acheson process and Lely method 

approach
5, 6

 is generated mainly in the temperature range of 1700 °C to 2700 °C, with 

temperatures above 2500 °C necessary to obtain high purity single crystal SiC. 

Regulating pressure throughout the different stages is also a very important factor for 

Lely method manufacturing. Although a large area single SiC crystal can be easily 

synthesized, its crucial problem of a high density of defects in substrate materials has still 

not been solved. In addition, these defects (micropipes and dislocations) could propagate 

into device structures and cause device failure, resulting in a decay of the electric 

transport property. As a result, we have developed a synthetic version of SiC by 

embedding C84 fullerene molecules into a silicon substrate surface rather than by 

compaction of SiC films or nanocrystals
7, 8, 9

.  

In 1985, Kroto et al. found a 32-sided molecule formed of 60 carbon atoms (C60), 

named a Buckminster fullerene or “Buckyball,” whose diameter is 7.1Å
10

.  Several 

fullerene molecules composed of spherical or spheroidal clusters of cage-like carbon 

molecules, such as C70
11

, C76
12

, C82
12

, and C84
14

, among others, have been either predicted 

or discovered. Among of them, 24 possible isomers of C84 have been reported, according 

to theoretical prediction
13, 14

. D2d(23) and D2(22) have been found to be the most stable 

and the second-most stable isomer. D2d(23) is 44-sided (32 hexagons and 14 pentagon 

sides) and has a symmetry-breaking dimension of 9 x7 Å , so as to result in large 

interaction forces between C84 molecules and a silicon substrate. In addition, these C84 

molecules can be further embedded into a silicon substrate surface and gradually form a 

hexagonal closed-packed array on the silicon substrate due to the advantages of a 

self-assembly mechanism
15

. The measured properties of a synthetic C84 monolayer on the 

silicon substrate (C84/Si) are comparable to that of SiC. 
16

 For example, the bandgap of 
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C84/Si is 3.14eV, whereas that of SiC is 3.03~3.26eV. The breakdown electric field of 

C84/Si (for field emission application) is 4x106 V/cm, whereas that of SiC is 

2.2~2.4x106 V/cm. Unlike SiC, C84/Si exhibits chemical inertness and a ferromagnetic 

property, which can enhance the stability of a system and extend the opportunity for 

advanced semiconductor applications. Therefore, this monolayer fullerene on Si thin film 

is proposed to scale down the size of current electronic device in a nano device, in 

contrast to the SiC substrate. In addition, the dramatic change in properties makes 

possible not only in the application of electronic device but also in that of 

optoelectronic
16

, batteries
17

, new generation photo-resists
18, 19

, non-volatile memories
20

, 

and cutting tool material. 

Nanoindentation is widely used as a measurement technique for exploring the 

mechanical properties of surface layers of bulk materials and of thin films. 

Nanoindentation can elucidate the mechanical properties on a small scale, as the elastic 

modulus and stiffness can be observed, as well as allowing for measurement of the 

sample hardness, wear resistance and adhesion characteristics
21, 22

. In the indentation 

stiffness tests, a sharp indenter is forced into the surface of the material while measuring 

the force imposed and the corresponding displacement of the indenter. The mechanical 

characteristics can therefore be measured directly by the force and displacement without 

observing the surface; accordingly, the nanoindentation method is useful in capturing the 

mechanical features of surfaces and films on a small scale
23, 24

.  

In this article, molecular dynamics (MD) simulation calculations are employed to 

model nanoindentation in the investigation of a monoloayer of C84(D2d)23 fullerene 

molecules on a Si(111) surface. It is found that pop-in events are displayed in the C84/Si 

substrate during the loading process and are illustrated. The simulations reveal enhanced 

mechanical properties as well as diminished structural deformation of the substrate. The 

results of nanoindentation derived from simulation modelling are qualitatively examined 

with ultra-high vacuum atomic force microscopy (AFM) measurements
15

. The findings 

show that a silicon surface fabricated with an embedded monolayer of C84 may serve as a 

successor to silicon carbide materials.  

2. Methodology  

In this work, the mechanical properties of a C84/Si substrate were determined by 

nanoindentation and compared with those of a pure Si substrate. Simulation models of the 

C84/Si specimen of the equilibrium structure of the C84 monolayer embedded into the Si 
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surface were prepared by the following four-step procedure. (1) A Si (111) 7x7 surface 

was annealed from 1550 K to room temperature at a cooling rate of 3 K/ps. (2) The 49 

C84 molecules were arranged in a honeycomb structure. The C84 molecules were confined 

in two repulsive walls and an equilibrium process was performed at 700K for 200ps. The 

system temperature was then annealed to room temperature. (3) The C84 monolayer was 

placed on the annealed Si substrate. A repulsive wall was placed upon the C84 monolayer 

and used to press the C84 monolayer into the Si surface. The system was then equilibrated 

at 1100K for 40ps and annealed to room temperature. (4) Finally, the silicon probe with a 

diameter of 5nm was positioned above the C84 monolayer at a distance of 5.0 Å , and 

allowed to move downward toward the specimen at a specified velocity. The final 

equilibrium model is illustrated in Fig. 1, which shows the indentation model of a C84 

monolayer embedded into the Si (111) substrate. For the Si specimen model, we used the 

annealed Si substrate model as the indentation specimen, as was prepared in step 1 of the 

C84/Si model procedure.  

Molecular dynamics (MD) code, LAMMPS
25

, developed by Sandia National 

Laboratories, was employed to study the indentations of the C84 monolayer embedded 

into the Si (111) substrate. As shown in Fig. 1, the silicon substrate with thickness of 8 

nm has a top Newtonian atom layer, a thermal control layer, and a bottom fixed layer. 

The Newtonian atom layer, thermal control layer, and fixed layer are 0.7, 2, and 5.3 nm 

thick, respectively. The C84 monolayers were also modeled as a Newtonian atom. The 

indentation probe, composed of 1734 silicon atoms, was assumed to be a rigid body. 

Consequently, the silicon atoms in the probe are in rigid body motion during the 

simulation. The simulation boxes were rhomboid in shape with periodic boundary 

conditions in the x- and the y-directions. The dimensions of simulation boxes were 

Lx=108.1 Å , Ly=93.6 Å  and LZ=140 Å . The Nosè-Hoover method
26

  is adopted to 

ensure the system remains at the desired temperature, and the velocity-verlet 

algorithmwas employed to predict the trajectories of the atoms. A time step of 0.2 fs was 

set for the time integration. In the present study, the AIREBO potential
27

 is employed to 

simulate the inter-atomic forces between the carbon atoms in the C84, while the Tersoff 

potential
28

 is utilized to model the Si-Si and Si-C interactions.  

For the experiment section, a Si substrate was pre-annealed at 800 
o
C for 30 minutes. A 

fullerene overlayer was deposited on top of this substrate in an ultra-high vacuum (UHV) 

held at a pressure of less than 5x10
-8

 Pa at 650
o
C via a K-cell (Vacweld, Miniature 

K-cell). The resulting flat, self-assembled single layer of fullerene C84 molecules on the 

Si(111) surface was then investigated using a variable temperature scanning probe 
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microscope (JSPM-4500VT), as can be seen in our previous work
15, 16

. For UHV-STM 

imaging, we employed a sample bias voltage and tunneling current of -2V and 0.1nA, 

respectively. A UHV atomic force microscope (AFM) (JSPM-4500VT) was employed to 

evaluate the nanomechanical properties on the surface using Si probes with radius of 

~5-20 nm and spring constants of ~43 N/m and ~ 26 N/m at a resonant frequency of ~300 

kHz.  

The Young’s modulus and surface stiffness extracted from the force-distance curve of 

indentation is based on Oliver and Pharr’s method
22

. An elastic recovery is expected after 

the load is released. A linear relation can be derived between the Young’s modulus and 

the unloading stiffness of the probe. The stiffness (i.e., the slope of the initial portion) of 

the unloading curve is defined as 

𝑆 =
𝑑𝑃

𝑑ℎ
= β

2

√𝜋
√𝐴𝐸𝑟 

where P, h, A, and 𝐸𝑟 are the indentation load, elastic displacement of probe, projected 

area of the indentation, and reduced modulus. β (=1 for circular indenter) is the shape 

modification factor. The Young’s modulus can be written as 

1

𝐸𝑟
=

(1 − 𝑣2)

𝐸
+

(1 − 𝑣𝑖
2)

𝐸𝑖
 

where E and v are the Young’s modulus and Poisson’s ratio for the specimen and 𝐸𝑖 and 

𝑣𝑖 are the same parameters for the indenter. The hardness, representing the material’s 

ability to resist local deformation, is defined as H = 𝑃𝑚𝑎𝑥/𝐴 , where 𝑃𝑚𝑎𝑥  is the 

maximum indentation force. To measure the stress of the C84 and the silicon substrate 

under indentation, atomic level stress
29

 is employed, which includes kinetic and potential 

effects.  

The indentation process includes four sub-processes—loading, holding, unloading, 

and retraction. During the indentation process, the probe moves downward to the 

specimen at a constant speed of 10 m/s until the specific loading depth. Such a velocity is 

suitable to observe
30

 and describe the plastic deformation behavior and material 

properties under nanoindentation because our results can be recognized as approximately 

quasi-static in nature
31

. Consequently, the results obtained from simulation are suitable 

for comparison with those from experiment. After that, the probe is held static for 100 ps 

to allow for relaxation of the atoms. Finally, the probe is extracted.  
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3. Results and Discussion 

The C84 monolayer coverage effect on the mechanical properties of Si substrate has 

been investigated by indentation tests. Figure 2 (a) and (b) plots the loading-displacement 

curves of C84/Si and Si specimens related to different indentation depths. The curves 

indicate that the silicon indenter has a slight adhesive force on the surface of the 

specimen before the indenter contacts the specimen. Figure 3 (a) depicts the enlarged 

force-distance curve of the C84/Si and the snapshots of the motion behavior of the C84 

molecules under indentation. The C84 molecules exhibit the jump-to-contact phenomenon 

when the indenter approaches the C84 monolayer as shown in label (ii) of Fig. 3 (b). As 

the indenter continually drops and contacts the C84 molecules, the configuration of the 

C84 molecules gradually sink, as demonstrated in label (ii) of Fig. 3(b). Carrying back to 

Fig. 2, the evolution of force-distance curves in the elastic-deformation regime is found to 

approximately follow a Hertzian behavior for the Si specimens, where the indentation 

force is proportional to the indentation depth. Only a slight fluctuation is found on the 

curves.  Compared to the curves of C84/Si specimen, the loading curve increases with 

significant fluctuations, as two pop-in events are observed at depths of –4.5~ –7 and –16~ 

–19Å  and the several force drops are found at depth of about –9.5, –13.5, -17, –22.8, 

and–27 Å . Both pop-in events can be associated with the deformation of the C84 

molecules. The force drops correspond to the stick-slip motion of the C84 

molecules/indenter interface and the plastic yielding event and nucleation of silicon 

atoms below the C84 layers. To verify that the pop-in events and stick-slip motion are 

attributed to the molecular behaviour of C84 molecules, Fig. 4 presents the individual 

contact stress-distance curves of the Si substrate and the C84 molecule of the C84/Si 

specimen.  

Note that the stress of Si substrate increases with slight fluctuation as the indentation 

depth increases. The result can attributed to the relaxation and local nucleation of the 

silicon atoms, which will be discussed in the following paragraph. However, it should be 

stressed that the stress of C84 increases with significant variation, which can be divided 

into linear, pop-in, and transition states, behaving in different deformation mechanisms. 

In linear state ranged in depth between 0 and -5 Å , it shows a linear relationship between 

the pressure and the indentation depth, where the compressed C84 molecules undergo an 

elastic deformation process as can be seen in Fig. 5(a) to (b). The two pop-in states 

(ranged in depth between–4.5~ –7 and –16~ –19Å ) drawn in Fig. 4, as depicted in Fig. 2, 

cause an obvious severe deformation of the cluster shape when a loading force is exerted 

upon them, which, therefore, releases the exerting force. The corresponding snapshots of 
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before and after pop-in states for the C84 layers are illustrated in Fig. 5(b)-(c) and 

(d)-(e).The shape of the C84 molecules gradually transform from a cage structure with 

smooth surface to a bowl-like structure with zigzag surface. When it drop into the 

transition state ranged in depth between -7and -16 Å , the C84 molecules surrounding the 

bowl-like C84 molecules exhibits the partial deformation and stick-slip motion at the C84 

molecules/indenter interface. Consequently, the fluctuation of the contact pressure 

represents a periodic cycle of alternating motion. A similar phenomenon has been found 

in the friction of the graphene by friction force microscopy experiment.
32

  

To clearly understand the effect of the C84 layer on the structural deformation of the 

silicon substrate under indentation, the distributions of the von Mises strain (ε𝑣𝑀) of all 

atoms are calculated and drawn in Fig. 6 (a) and (b), where the C84/Si and silicon 

specimen are at the maximum indentation depth of –10 Å , and have undergone the first 

pop-in event for C84/Si. The blue color (ε𝑣𝑀 < 0.14) represents the atoms in the elastic 

deform region, while colors ranging from green to red indicate the defect atoms in the 

plastic deform region. As for the C84/Si specimen, note that the C84 monolayer sinks into 

the silicon substrate. A pile-up event is not observed during the indentation, even at an 

indentation depth of –30 Å , which implies that the stiffness of C84 is more than that of the 

silicon surface. Moreover, through the von Mises strain analysis, we found that the C84/Si 

specimen has a wider elastic deformation region than the Si specimen. The phase 

transformation regions were identified and displayed in terms of coordination numbers 

(CN), shown in Fig. 6 (c) and (d), so that a portion of diamond cubic silicon with CN=4 

transforms to CN=5 in the deformation region. Comparing the C84/Si and Si specimens, 

we found that the CN=5 Si atoms of the C84/Si specimen have a lower density and a 

wider range of distribution than in the Si specimen. This can be attributed to the hollow 

structure of the C84 fullerene molecule that plays a role of a cushion and disperses the 

compression stress on the silicon substrate as a result of inducing a wider region of elastic 

deformation. In the following unloading process, pop-out events are observed around –8 

and –3Å , as shown in Fig. 2(a). A portion of CN=5 phase are transformed to the original 

diamond structure phase for both C84/Si and Si specimen, which is illustrated in the inset 

of Fig. 2(b). For the case of C84/Si, adhesion associated with the interaction between the 

probe and C84 clusters resulted in damage to the surface structure following retraction of 

the probe.  

Figure 7 shows the snapshots of the indentation process with maximum indentation 

depth of –10 Å . Some of the deformed C84 structures will be restored to their cage 

structure in the unloading process, as shown in Fig. 7(c). It should be noted that previous 
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study
33

 has reported that a free fullerene has been found to exhibit elastic behavior even if 

the different radii of fullerenes in the direction of compression are reduced to 1/2 that of 

free fullerenes. In the retraction process, the C84 molecules were uprooted by the probe, 

as indicated in Fig. 7(d) and (e). This result was later confirmed by AFM indentation as 

demonstrated in Fig. 8 with the plot of the snapshots of the C84/Si surface before (Fig. 

8(a)) and after (Fig. 8(b)) AFM indentation. In the AFM images, the two circles in white 

indicate reference positions which verify the same region in the two images, while the 

three crosses are the indentation locations. It is obvious that a portion of C84 fullerenes 

disappears from the Si substrate after the indentation, as can be seen in Fig. 8(b).  

The maximum indentation force, unloading stiffness, hardness, reduced modulus, and 

Young’s modulus are computed for both C84/silicon and silicon specimens, and listed in 

Table I. Note that the Young’s modulus of the C84/Si specimens is not presented here 

because there is no simply determined method to compute the corresponding Poisson 

ratio for a nanostructure such as this, whose properties at nanoscale level may not be as 

predictable as those observed at larger scales. For the Si specimen with different 

indentation depths, the hardness and Young’s modulus of ≈17~30 GPa and ≈177~252 

GPa are close to those obtained from experiment (hardness of 21.2GPa for hc<1nm, 

hardness of 21~18.5GPa for 1nm<hc<5nm
34

, and Young’s modulus of 185GPa for 

silicon (111)
35

) as well as those from theoretical research (Young’s modulus of 

188.7GPa
36

). The maximum indentation force, unloading stiffness, reduced modulus, and 

Young’s modulus all increase with increasing indentation depth. However, for the C84/Si, 

the reduced modulus gradually decreases at indentation depth <–4.5 Å , but begins to 

increase again at indentation depth <–10 Å . These findings imply that the deformation of 

the C84 molecules or the pop-in events affects the magnitude of the reduced modulus. 

Furthermore, comparing the reduced modulus between the C84/Si and Si specimens, we 

found that the coverage of C84 molecules can effectively increase the specimen’s reduced 

modulus when the loading depth >–10 Å .  

The loading stiffness with the depth of indentation was characterized using AFM and 

MD simulation force curves. In the AFM experiment, the probe with the larger spring 

constant resulted in surface indentations that were more pronounced. Surface elasticity 

played a key role when the probe first contacted the surface; however, the cantilever 

dominated the mechanical response as the probe notched more deeply into the surface. 

Thus, probes with a larger spring constant were able to present more information with 

regard to surface stiffness for indentation of a given depth. Figure 9 shows the loading 

stiffness of MD simulation and AFM experiment as a function of loading depth for C84/Si. 
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The stiffness trend from MD simulation is the same as that in AFM measurements. In 

addition, the slope of stiffness-distance curve at a depth >–5 Å  for both simulation and 

experiment is higher than that at a depth <–5 Å . These results imply that the coverage 

provided by a C84 monolayer effectively increase the surface stiffness. In addition, it is 

observed that the stiffness increases linearly at depth >–5 Å , whereas it increases with 

fluctuations at depths <–5 Å  for both experiment and simulation. The fluctuations 

phenomena can be attributed to the influence of the pop-in events at depths of –4.5 ~–7 Å  

and –16Å  ~–19Å  as mentioned above, leading to the two-stage deformation of C84 

molecules.  

4. Conclusions 

The mechanisms of a C84 monolayer on a silicon substrate under indentation have been 

investigated by molecular dynamics simulation and AFM experiment. The simulation 

results showed that the C84 molecules exhibit a jump-to-contact phenomenon when the 

indenter approaches the C84 monolayer. The coverage of C84 molecules increases the 

mechanical properties of the Si substrate, and also plays the role of a damper or cushion 

to disperses the compression stress on the substrate, which, therefore, induces the pop-in 

events and stick-slip motion in the compression process. The pop-in events, which lower 

the reduced modulus and loading stiffness, are observed due to the two-stage deformation 

of the C84 molecules. The stick-slip motion causes the significant force drops in the 

indentation curve. The phenomena found in the simulation results were further verified 

by AFM nanoindentation experiments qualitatively. 
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Table Caption 

Table 1：Mechanical properties of C84/Si and Si(111) specimens by nanoindentation. 

Pmax, S, HD, Er, and E indicate the maximum indentation force, unloading 

stiffness, hardness, reduced modulus, and Young’s modulus, respectively. 
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Table 1 

 Depth(Å ) Pmax(nN) S (N/m) HD(GPa) 𝐸𝑟(GPa) 𝐸(GPa) 

C84/Si 

–2.5 44.0 63.8 11.8 27.1 ─ 

–4.5 73.8 86.6 11.6 28.2 ─ 

–7.0 165.2 99.8 17.5 26.7 ─ 

–10.0 297.0 93.8 23.6 21.7 ─ 

–20.0 502.3 124.8 25.8 23.2 ─ 

–25.0 657.4 137.0 31.9 25.4 ─ 

–30.0 761.1 153.5 39.9 28.4 ─ 

Si 

–10.7 224.9 85.7 17.1 19.4 180.9 

–20.7 437.2 121.1 22.9 22.8 212.8 

–25.7 509.0 127.4 25.9 23.6 236.2 

–30.7 570.1 145.8 29.0 27.0 252.1 
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Figure Caption 

FIG. 1: (a) Simulation model of C84 monolayer on Si substrate. (b) Enlarged view of C84 

molecules embedded into the Si surface. 

FIG. 2: Force-distance curves for different indentation depths for (a) C84/Si (left panel) 

and (b) Si (111) specimens (right panel). 

FIG. 3: (a) Enlarged force-distance curves for C84/Si (left panel). (b) The corresponding 

snapshots of the C84 molecules at different indentation distances, where the probe 

is not shown (right panel). 

FIG. 4: Contact stress-distance curves of the C84 molecule and Si substrate of the C84/Si 

specimen. 

FIG. 5: Cross-sectional view of the indentation depth at (a)0 Å , (b)–4.5 Å , (c)–7 Å , (d)–

16 Å , and (e)–19 Å . (b) to (c) and (d) to (e) depict the pop-in process, whereas (c) 

to (d) represent the transition process. The C84 molecular structure is sliced to 

illustrate the deformation for clearly display. The arrows in red and blue indicate 

the C84 molecules with plastic (bowl-like structure) and elastic deformation, 

respectively. 

FIG. 6: The von-Mises strain distribution of (a) C84/Si and (b) Si(111) specimens at 

indentation depth of –10 Å , where values lower than 0.08 and higher than 0.25 are 

not shown. Panels (c) and (d) are the corresponding coordination number 

distribution of C84/Si and Si(111) specimens. 

FIG. 7: Indentation process of C84/Si for the case of maximum depth of–10 Å . Panels 

(a)-(e) show the snapshots at corresponding distances, labelled a-e in Fig. 2. 

FIG. 8: AFM images of C84/Si surface (a) before and (b) after the indentation at 25x25nm 

resolution. The two circles in white indicate reference positions that verifies the 

two images are the same region, while the three crosses are the locations of the 

AFM indentation. 

FIG. 9: Loading stiffness determined by MD simulations and AFM experiments as a 

function of distance for (a) C84/Si and (b) Si(111) specimens. The arrows indicate 

the sink points that represent the weakening of stiffness. 
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FIG. 2 
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(a)                                 (b) 

 

FIG. 3 
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FIG. 4 
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FIG. 5 
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FIG. 6 
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FIG. 7 
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FIG. 8 
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FIG. 9 
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