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Abstract

In this paper, molecular dynamic (MD) simulation was adopted to study the ductile response of single-crystal GaAs during 
single-point diamond turning (SPDT). The variations of cutting temperature, coordination number, and cutting forces were 
revealed through MD simulations. SPDT experiment was also carried out to qualitatively validate MD simulation model 
from the aspects of normal cutting force. The simulation results show that the fundamental reason for ductile response of 
GaAs during SPDT is phase transition from a perfect zinc blende structure (GaAs-I) to a rock-salt structure (GaAs-II) under 
high pressure. Finally, a strong anisotropic machinability of GaAs was also found through MD simulations.

Keywords Molecular dynamic simulation · Single-point diamond turning · Gallium arsenide · Anisotropy · Ductile 
response

1 Introduction

The last few years have seen a wide exploitation of single-
crystal gallium arsenide (GaAs) in photoemitter devices [1], 
microwave devices [2], hall elements [3], solar cells [4], 
wireless communications [5], as well as quantum compu-
tation [6–8] due to its superior material properties such as 
higher temperature resistance, and higher electronic mobil-
ity and energy gap that outperforms silicon [9–12]. Ultra-
precision multiplex 2D or 3D free-form nanostructures are 
often required on GaAs devices, such as radio frequency 
power amplifiers and switches used in 5G smart mobile 
wireless communications [13–15]. Currently, lapping [16, 
17] and chemical–mechanical polishing [18–21] have been 
employed to successfully fabricate planar GaAs wafers. 
However, they are not competent for the fabrication of 2D 
or 3D nanostructures. Recently, focused ion beam (FIB) 
machining has been used to fabricate a hemispherical cav-
ity with highly directional emission on a GaAs workpiece 

[22]. However, this approach is not viable for mass produc-
tion for future commercialization due to the low material 
removal rate.

In this regard, single-point diamond turning (SPDT) 
[23–28] becomes a good candidate due to its capabil-
ity of mass production of 2D and 3D nanostructures with 
high form accuracy in a single pass. Through establishing 
machining parameters to meet brittle-to-ductile transition 
condition, some researchers [29–31] have already success-
fully obtained nano-smooth machined surfaces on GaAs 
although it is regarded as a difficult-to-machine brittle 
material, attributing to its low elastic modulus and fracture 
toughness. However, so far, the underlying mechanisms 
of material ductile response and removal during SPDT of 
single-crystal GaAs have not yet been revealed. This has 
significantly hampered the development of the SPDT pro-
cess for the manufacturing of 3D nanostructure on GaAs 
workpiece.

Molecular dynamic (MD) simulation has been proven to 
be a reliable theoretical approach to overcome the restriction 
of experimental observation to study ultra-precision machin-
ing brittle materials and has undergone prolific development 
in recent years [32]. It is capable of simulating structural 
characteristics of the work material at the atomic scale, 
which makes it possible to predict the motion and behavior 
of material atoms. Consequently, some fundamental issues 
related to nanomachining have been effectively investigated 
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by using the MD approach. For example, Goel et al. [33] 
firstly revealed that the root cause of ductile response in 
machining cubic silicon carbide (3C-SiC) was an order-to-
disorder transition, i.e., the sp3-to-sp2 structural transfor-
mation, during SPDT by using the MD simulation. Subse-
quently, Xiao et al. [34] employed MD simulation to find 
that the combination of high-pressure phase transformation 
(HPPT) and dislocation plasticity was the origin of ductile 
response during SPDT of 6H-SiC. Additionally, Dai et al. 
[35] used MD simulation to uncover that the diamond cut-
ting tool with a negative rake angle could experience a 
lower cutting resistance than the cutting tool with a positive 
rake angle during machining of single-crystal silicon. Like-
wise, Chavoshi et al. [36] presented plastic flow behavior 
of single-crystal silicon in stagnation region during SPDT 
at elevated temperature by displacement vectors analysis. 
Recently, Yi et al. [37] carried out a study of MD simula-
tion of nanoscratching process of GaAs using a rigid spheri-
cal abrasive tool. The work did not investigate the reason 
of ductile response, temperature distribution of the cutting 
zone, and did not carry out experimental validation using a 
geometric cutting tool. In a word, these works show that MD 
simulation is a very effective method for investigating the 
removal mechanism of hard and brittle materials. Therefore, 
this paper employed MD approach to systematically eluci-
date an insight of material-removal mechanism for SPDT of 
single-crystal GaAs along with cutting forces of the diamond 
cutting tool, visualized temperature distribution of the cut-
ting zone, structural changes of the machined GaAs work-
piece, and the anisotropic machinability. In addition, SPDT 
experiment was conducted to verify the MD simulation 
results qualitatively. Further SPDT of single-crystal GaAs 
trial guided by the findings has verified the effectiveness of 
this simulated study.

2  MD Simulation and SPDT Experimental 
Setups

2.1  Simulation Methodology

2.1.1  MD Simulation Model

In this study, an orthogonal MD simulation model for 
SPDT of single-crystal GaAs, as illustrated in Fig. 1, was 
established and implemented by using an open source code 
large-scale atomic/molecular massively parallel simulator 
(LAMMPS) [38]. The visualization of simulation results was 
performed by using visual molecular dynamics (VMD) and 
open visualization tool (Ovito) software [39]. In MD cutting 
model, the diamond turning tool has a negative rake angle 
of − 25°, a clearance angle of 10°, and a tool nose radius 
of 2 nm, as shown in Fig. 1b. Its size is 5.8 nm × 5.0 nm 

× 2.8 nm. To simplify MD simulation and save computa-
tional time, the diamond cutting tool was considered as a 
rigid body without wear and the machining took place with 
a velocity of 200 m/s on the (0 0 1) surface along the [1 1 0] 
direction in this study. The dimension of the single-crystal 
GaAs substrate was 21 nm × 10 nm × 13.4 nm containing 
Newton atoms, thermostat atoms, and boundary atoms, as 
shown in Fig. 1a, whose initial temperature was maintaining 
at 300 K by using the Nose–Hoover method [40] running 
for 50 ps. Periodic boundary condition was applied in the X 
and Z directions. The simulation was carried out by a depth 
of cut of 2 nm and a cutting distance of 16 nm and was con-
trolled under the NVE ensemble. The detailed simulation 
parameters are shown in Table 1. 

2.1.2  Adoption of Potential Energy Function

In MD simulation, the force field was made of a hybrid 
potential function. The C–C atomic interaction in the dia-
mond machining tool was described by the classic Tersoff 
potential function, which is consistent with the majority 
of published work on MD simulation of brittle materials 
[32, 41]. The interaction of single-crystal GaAs work-
piece (Ga–Ga, As–As, and Ga–As) was calculated using 
the updated bond order potentials (BOP) function based 
on quantum mechanical theory. BOP function, as shown 
in Eq. (1), is especially suitable for governing the gallium 
arsenide system because it considers an electron counting 
potential, which is used to address the distribution of elec-
trons on the GaAs surface. Additionally, the prediction of the 
structural changes and binding energy trends through BOP 
function matches experimental observations well [42, 43].

where the rij is the distance function for interatomic i and 
j �ij

(

rij

)

 is the repulsive energy and short-range two-body 
function, ��,ij

(

rij

)

 and ��,ij

(

rij

)

 present bond integrals, �
�,ij 

and �
�,ij refer to specific bond-orders, U

prom
 determines the 

promotion energy about sp-valent systems.
As Ziegler–Biersack–Littmark (ZBL) potential function 

[44] is suitable to calculate high-energy collisions accurately 
among C, Ga, and As atoms, it is employed to describe the 
occurrence of diamond cutting tool collision with GaAs 
workpiece edge, as follows in Eqs. (2–3).

(1)

E = 1∕2

N
∑

i=1

iN
∑

j=i1

�ij

(

rij

)

−

N
∑

i=1

iN
∑

j=i1

��,ij

(

rij

)

⋅ �(�,ij)

−

N
∑

i=1

iN
∑

j=i1

�(�,ij)

(

rij

)

⋅ �(�,ij) + Uprom

(2)EZBL

ij
=

1

4��
0

ZiZje
2

rij

�

(

rij∕a
)

+ S
(

rij

)



241Nanomanufacturing and Metrology (2020) 3:239–250 

1 3

where �
0
 is the electrical permittivity of vacuum, e is the 

electron charge, Z
i
 and Zj are the nuclear charges of the two 

types atom, rij is identical to mentioned above, S
(

rij

)

 refers 
to a switching function.

2.2  Experimental Setup

In order to verify the MD simulation results, SPDT of 
GaAs was carried out on an ultra-precision diamond turn-
ing machine equipped with air bearing slides and spindle. 
The experiment setup is shown in Fig. 2. The air bearing 
spindle has an axial motional error of less than 50 nm. 
A single-crystal GaAs wafer (diameter of 50 mm, thick-
ness of 5 mm) was glued on a copper fixture which was 

(3)a =
0.46850

Z0.23

i
+ Z0.23

j

mounted on the vacuum chuck. The cutting direction was 
along the [1 1 0] direction on the (0 0 1) surface. A cubic 
lattice structure diamond turning tool with a rake angle of 
−25 degrees and a clearance angle of 10 degrees, which is 
consistent with the tool geometry used in MD simulation 
was selected to conduct diamond turning trial. The depth 
of cut and cutting speed were set as 10 μm and 1.84 m/s, 
respectively. The detailed experimental parameters are 
shown in Table 2. The cutting force was measured by a 
dynamometer (Kistler 9129). Finally, the machined GaAs 
workpiece surface was measured by a white light inter-
ferometer (Zygo CP300) after ultrasonic cleaning in a 95 
vol% medical alcohol bath. The machining trials were 
performed on the (0 0 1) surface of the GaAs wafer under 
a dry cutting condition and at a room temperature of 20 
degrees in accordance with the MD simulation setup. 

Fig. 1  Orthogonal MD simula-
tion model of SPDT on GaAs 
(0 0 1) surface along the [1 1 0] 
direction
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3  Results and Discussion

3.1  Cutting Forces and Experimental Validation

The cutting force is a pivotal parameter for the study of the 
SPDT process, as it is directly related to the formation of 
cutting chip. Figure 3a shows the variation of the cutting 
forces in the X and Y directions during the cutting process. 
The tangential cutting force Fx rose steeply in the first 2 nm 
of cutting and then fluctuated around 90 nNs at the follow-
ing 14 nm of cutting with a peak force of 109.373 nNs. The 
normal force Fy increased dramatically in the first 7 nm of 
cutting and also slightly fluctuated at approximately 130 nNs 
with a maximum value of 149.33 nNs. These data indicate 
that the cutting chip was generated at the initial 7 nm of 
cutting and then stabilized in the following 9 nm of cutting. 

Table 1  MD simulation parameters for SPDT of GaAs

GaAs lattice structure Zinc-blende

GaAs lattice constant 5.65 Å
Atom numbers of GaAs substrate 190,080
Substrate dimensions 21 nm × 10 nm × 13.4 nm
Machining tool Cubic diamond
Diamond lattice constant 3.57 Å
Atom numbers of the machining tool 12,085
Machining tool dimensions 5.8 nm × 5.0 nm × 2.8 nm
Rake angle − 25°
Clearance angle 10°
Tool nose radius 2 nm
Machining depth 2 nm
Machining distance 16 nm
Machining velocity 200 m/s
Machining lattice plane (0 0 1), (1 1 0), (1 1 1)
Machining direction [1 1 0]
Equilibration temperature 300 K
Potential functions Tersoff, BOP, ZBL

Timestep 1 fs

Fig. 2  Experimental setup of single-point diamond turning of GaAs

Table 2  Diamond turning parameters

Parameters Unit Values

Cutting depth μm 0.3
Cutting speed m/s 1.84
Feed rate μm/rev 0.5, 1.0, 1.5
Tool nose radius mm 5
Tool cutting edge radius nm 73.79
Tool rake angle ° −  25

Tool clearance angle ° 10

Fig. 3  a Variation of the cutting forces in the X and Y directions 
against cutting distances. b Variation of friction coefficient of MD 
simulation results during stable machining stage
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During the fluctuation of cutting force, GaAs’s perfect zinc-
blende phase structure was squeezed and deformed by the 
diamond cutting tool and then the lattice recombined to 
evolve to a new phase, which will be presented in the fol-
lowing analysis of variation of coordination number (CN) 
section. In addition, as shown in Fig. 3a, the growth rate of 
the normal force along the Y direction is less than that of 
the tangential force along the X direction during the chip 
formation stage but it then became larger than that of the 
tangential force. This phenomenon is attributed to the use 
of a diamond cutting tool with a large negative rake angle, 
which provides a normal cutting force larger than the tan-
gential cutting force. Additionally, the average friction coef-
ficient (Fx/Fy) was calculated to be 0.719 during the stable 
machining stage from the cutting distances of 10–16 nm and 
its variation is shown in Fig. 3b.

The SPDT of GaAs workpiece experiments were car-
ried out under different feed rates (0.5, 1.0, and 1.5 μm/
rev). Firstly, the normal force was extracted for each case, 
as indicated in Fig. 4. It suggests that the normal force of the 
machining tool experiences a rapid increase in the first 20 s 
and keeps steady fluctuation after 40 s, which is responsible 
for the achievement of a stable chip. Consequently, it is obvi-
ous to see that the variation trend of experimental normal 
force in Fig. 4 is consistent with that of MD normal force 
simulation in Fig. 3a. Hence, the MD simulation results were 
verified qualitatively to some extent.

3.2  GaAs Material Ductile Response

Ductile response of single-crystal GaAs was observed from 
the MD simulation results, as shown in Fig. 7a, where no 
cracks or brittle fracture were observed. To reveal the under-
lying reason for the material ductile response, the average 
values of the hydrostatic stress at the cutting zone were 
calculated and are shown in Fig. 5. The hydrostatic stress 

firstly increased rapidly and then fluctuated around 4 GPa 
during the SPDT process. Additionally, the hydrostatic 
stress distribution within the machined GaAs substrate, as 
shown in Fig. 6, revealed that the maximum hydrostatic 
stress in the cutting zone took place underneath the cutting 
tool and could rise up to 17.5 GPa. Phase transformation 

Fig. 4  Variations of normal 
force Fy at the feed rates of 0.5, 
1.0, and 1.5 μm/rev, respectively

Fig. 5  Variation of hydrostatic stress value during SPDT

Fig. 6  Hydrostatic stress distribution of the machined GaAs substrate 
at a cutting distance of 12 nm
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of single-crystal GaAs under the same scale of hydrostatic 
stress was observed in Shigeaki et al.’s experimental work 
[45]. Therefore, the extremely high hydrostatic stress value 
during SPDT implies the occurrence of phase transformation 
of single-crystal GaAs. 

To further confirm the occurrence of phase transition 
of single-crystal GaAs under high hydrostatic stress dur-
ing SPDT, the coordination number (CN), i.e., the num-
ber of the nearest-neighbor atoms around a central atom 
in a compound, was calculated to characterize the phase 
transformation of GaAs. The threefold-coordinated value 
(CN of 3) is indicative of dangling bonds on the surface of 
GaAs and the fourfold-coordinated value (CN of 4) refers 
to the intrinsic cubic zinc-blende structure (GaAs-I). The 
sixfold-coordinated value (CN of 6) presents the rock-salt 
structure (GaAs-II) and the fivefold-coordinated value (CN 
of 5) atoms appears the intermediate status between intrin-
sic zinc blende structure (GaAs-I) and rock-salt structure 

(GaAs-II), followed by the amorphous structure of seven-
fold-coordinated value (CN of 7) atoms. Figure 7b shows 
that the machined deformation zone is largely comprised 
of two kinds of lattice structures: green color atoms with 
intermediate status CN 5 and yellow color atoms with rock-
salt structure (GaAs-II) CN 6, which is attributed to the 
slow evolution of amorphous structure of the atoms of CN 
7 located at the cutting chip. Additionally, the amorphous 
structure constituted the main part of the cutting chip. The 
study of temperature distribution among GaAs workpiece 
during nanomachining process showed that the maximum 
temperature appeared at the top of the cutting chip, which 
indicates that the amorphous lattice structure possessed very 
high lattice deformation energy. As can be seen from Fig. 7c, 
the number of atoms of CN of four significantly declined, 
while the atoms with CN of five, CN of six, and CN of seven 
increased rapidly with the increasing cutting distance. The 
CN change from four to six implies that the lattice struc-
ture of the single-crystal GaAs was transformed from cubic 
zinc-blende structure to rock-salt structure [46]. In other 
words, the phase of the single-crystal GaAs was changed 
from GaAs-I to GaAs-II. Therefore, the reason of the mate-
rial ductile response of single-crystal GaAs during SPDT 
is the occurrence of phase transformation of GaAs under 
extremely high stress, i.e., the so-called high-pressure phase 
transformation (HPPT) took place. Additionally, neither dis-
location nor twinning was observed in this MD simulation 
study. By contrast, various sorts of dislocations were found 
out in the MD simulation of diamond turning of Si and SiC 
[47, 48]. The authors would like to undertake and report 
a comparison study in the future to reveal the underlying 
reasons to cause the difference in MD simulation results 
although they are different brittle materials.

3.3  Temperature Distribution During SPDT

Rise of cutting temperature can cause thermal deformation 
or damage to the workpiece, therefore the cutting tempera-
ture is a significant influential factor on the machined sur-
face form accuracy and integrity. In this study, the cutting 
temperature is calculated by using the following equation,

where the K.E. refers to the kinetic energy of GaAs sub-
strate atoms, N is the atoms quantity, K

b
 represents the 

Boltzmann constant. The temperature was averaged over 
a cubic zone with a length of 10 Å. A defined elemental 
atomic volume (16 nm × 2 nm × 3 nm) was set to the pri-
mary cutting zone. A dramatic rise of cutting temperature 
with the increase of cutting distance was observed in the 
diagram of the variation of cutting temperature shown in 

(4)T =

2K.E.

3NK
b

Fig. 7  a Snapshot of MD simulation at cutting distance of 16 nm. b 
Cross-sectional image of CN distribution at the cutting distances of 
16 nm. c Evolution of various CN atoms against machining distance
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Fig. 8b. The cutting temperature reached a maximum value 
of 851.86 K after the cutting distance of 15 nm. Figure 8a 
illustrates the temperature distribution using various color 
zones. The same phenomenon has been observed on other 
ductile and brittle materials such as Cu, Al, and Si materials 
[40, 41]. According to temperature distribution, the highest 
temperature appeared at the top of the chip, which is up to 
1100 K. This is because the top of the chip experienced the 
most serious lattice deformation, which could possess the 

maximum transformation lattice energy. Furthermore, the 
diamond tool rake face and flank face also showed extremely 
high temperatures, nearly 900 and 700 K, respectively, since 
the rake face pressed against the GaAs atoms and friction 
occurred between the flank face and the machined GaAs 
surface. Additionally, the subsurface of the machine GaAs 
at 2 nm underneath the flank face showed a high temperature 
of approximately 700 K. Finally, most of the atoms beside 
the substrate edge could keep an almost stable temperature 
300 K, which benefited from the heat dissipation of the ther-
mostat layer atoms.

Fig. 8  a Temperature distribu-
tion on the GaAs workpiece 
after 16 nm of cut. b Increase 
of temperature during SPDT 
machining
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3.4  The In�uence of Crystalline Orientation

This paper analyzes the effect of crystalline orientation on 
the cutting chip, sidewall morphology, and friction coeffi-
cient among typical crystal orientations, including the (0 0 
1) surface along the [1 1 0] cutting direction, (1 1 0) surface 
along the [0 0 1] cutting direction, and (1 1 1) surface along 

the [1 1 0] cutting direction. According to Figs. 9 and 10, 
it is clear to see that the GaAs atoms piled up on both sides 
of the nanogroove when cutting the (0 0 1) and (1 1 1) sur-
faces. Furthermore, when cutting the (1 1 1) surface, the 
GaAs atoms were evenly distributed on both sides, while 
for cutting the (0 0 1) surface, more atoms were piled up on 
the right side than the left. Almost all the removed atoms 
were piled up on the right side for machining (1 1 0) sur-
face. Meanwhile, the left-hand side atoms could have more 
atom pile-ups than the right-hand side when cutting along 
the opposite direction [0 0 1 ] on (1 1 0) surface, as shown 
in Fig. 10c. This occurrence might be attributed to different 
atomic density and inter-atomic distance in different GaAs 
crystal surfaces.

Additionally, the cutting forces and friction coefficients 
were calculated for three different kinds of crystal surfaces. 
The results are shown in Table 3. The minimum friction 
coefficient of 0.630 was found when cutting the (1 1 1) face 
along the [1 1 0] direction, which means the SPDT pro-
cess has the least resistance in this crystalline orientation 
and cutting direction combination. The maximum friction 
coefficient of 0.719 was found when cutting the GaAs (0 
0 1) surface along the [1 1 0] direction. Cutting the (1 1 0) 
surface along the [0 0 1] direction shows the intermediate 
friction coefficient of 0.680. The results suggested that the 
[1 1 0] direction is the hardest machining direction on the (0 
0 1) surface. This finding is consistent with the conclusion 
drawn in the experimental study on circumferential distribu-
tion of material brittle fracture index of single-crystal GaAs 
by Chen et al. [31]. In theory, if the GaAs material showed 
ductile response on the difficult-to-cut surface and cutting 

Fig. 9  The colored morphology of cutting chip and sidewall pile-up 
during along the Y direction a GaAs (0 0 1), b GaAs (1 1 0), c GaAs 
(1 1 1)

Fig. 10  The pile-up of the sidewall during SPDT along the Y direction a GaAs (0 0 1), b GaAs (1 1 0) along [0 0 1], c GaAs (1 1 0) along [0 0 1 ] 
d GaAs (1 1 1)

Table 3  The average value of tangential force, normal force, and fric-
tion coefficient during SPDT on different crystalline orientations

Fx (nNs) Fy (nNs) FC

(0 0 1) 91.56 127.35 0.719
(1 1 0) 82.27 120.99 0.680

(1 1 1) 66.35 105.31 0.630
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direction, brittle fracture-free machined surfaces could 
therefore be achieved in other crystal orientations and cut-
ting direction under the same machining parameters. In this 
study, we selected the most difficult-to-machine (0 0 1) sur-
face to carry out SPDT experiments along the most difficult-
to-machine cutting direction [1 1 0]. The experimental result 
showed a nano-smooth machined GaAs surface finish with a 
surface roughness Ra of 8 nm could be obtained when using 
a feed rate of 0.5 μm/rev, a spindle speed of 800 rpm, and a 
depth of cut 0.3 μm, which is shown in Fig. 11.

4  Conclusions

In this work, both MD simulations and SPDT experiments 
have been employed to investigate atomistic aspects of duc-
tile response of single-crystal GaAs material. The conclu-
sions can be drawn as follows:

1. The SPDT is accompanied by a sharp rise in temperature 
in the cutting zone. The generated highest temperature is 
located at the cutting chip, in which the temperature can 
reach up to 1100 K. Furthermore, the rake face and flank 
face also have extremely high temperatures of nearly 900 
and 700 K, respectively.

2. The underlying reason for the single-crystal GaAs duc-
tile response during SPDT process is the high-pressure 
phase transformation (HPPT), in which the intrinsic 
zinc-blende phase structure GaAs-I of single-crystal 
GaAs transformed to a rock-salt phase structure GaAs-
II under high hydrostatic stress. In addition, the inter-
mediate phase structure and rock-salt phase structure 
dominate the machined deformation zone while the 
amorphization structure mainly consists of the formed 
chip.

3. Single-crystal GaAs shows the strong anisotropic 
machinability during SPDT. When cutting the (0 0 1) 
surface along the [1 1 0] direction, the simulated mor-
phology shows that more atoms pile up on the right side 
than the left side, while GaAs atoms are well distributed 
on both sides when cutting the (1 1 1) surface along 
the [1 1 0] direction. With regards to cutting the (1 1 0) 
surface along the [0 0 1] direction, almost all piled-up 
GaAs atoms appeared on the right side. The maximum 
friction coefficient is found when cutting the GaAs (0 0 
1) surface along the [1 1 0] direction while cutting the 
(1 1 1) surface along the [1 1 0] direction possessed the 
minimum friction coefficient. The friction coefficient 
when cutting the (1 1 0) surface along the [0 0 1] direc-
tion is intermediate among these three typical crystalline 
orientations and cutting-direction combinations.

Fig. 11  Measured machined 
surface of GaAs in the SPDT 
experiment
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