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The stress and elasticity tensors for interatomic potentials that depend explicitly on bond bending
and dihedral angles are derived by taking strain derivatives of the free energy. The resulting
expressions can be used in Monte Carlo and molecular dynamics simulations in the canonical and
microcanonical ensembles. These expressions are particularly useful at low temperatures where it is
difficult to obtain results using the fluctuation formula of Parrinello and Rahman [J. Chem. Phys.
76, 2662 (1982)]. Local elastic constants within heterogeneous and composite materials can also be
calculated as a function of temperature using this method. As an example, the stress and elasticity
tensors are derived for the second-generation reactive empirical bond-order potential. This potential
energy function was used because it has been used extensively in computer simulations of
hydrocarbon materials, including carbon nanotubes, and because it is one of the few potential energy
functions that can model chemical reactions. To validate the accuracy of the derived expressions, the
elastic constants for diamond and graphite and the Young’s Modulus of a (10,10) single-wall carbon
nanotube are all calculated at 7=0 K using this potential and compared with previously published

data and results obtained using other potentials.
[DOI: 10.1063/1.2338522]

I. INTRODUCTION

In computational material science, molecular simulations
play a critical role in relating atomic structure to bulk me-
chanical properties. The understanding of the relationship be-
tween stress and strain, i.e., elastic constants, in a particular
material is of major importance for the design and engineer-
ing of new materials and devices.

Typical molecular simulation methods are implemented
in a constant-volume ensemble, i.e., the canonical or micro-
canonical ensemble. In these ensembles, there are two com-
mon techniques for calculating the elastic constants. In the
first, the mechanical properties are determined by evaluating
the stress response due to the application of a finite strain to
the material of interest. Many simulations at different applied
strains must be done to determine the elastic constants, or
elasticity tensor, of the material. This can be time consuming
and has the potential to introduce errors because the elastic
constants are defined in the limit of zero strain. The advan-
tages to this approach are that only simple constant-volume
simulations are required and only the stress tensor, which can
be determined directly from the forces, needs to be evalu-
ated. In the second technique, the elastic constants are calcu-
lated directly from the second derivative with respect to the
strain tensor of the free energy.]’2 Some advantages of this
method are that it works well at low temperatures, it con-
verges more quickly than other fluctuation methods, only one
simulation needs to be performed, and that the elastic con-
stants are consequently evaluated in the limit of zero strain.
However, the second derivative with respect to strain of the
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interatomic potential needs to be evaluated, which can be
particularly challenging for multibody potential functions
that depend explicitly on intramolecular bond and dihedral
angles.

An alternative approach to calculating the elasticity ten-
sor is to use the constant-stress ensemble of Parrinello and
Rahman® and the strain-fluctuation formula for the elasticity
tensor.* This approach gives the full elasticity tensor in a
single simulation, but requires the use of a more complicated
simulation technique in which the size and shape of the
simulation box become new degrees of freedom. This
method is difficult to use near the melting point or glass
transition temperature5 when the shape of the box is free to
“flow” and highly elongated states are likely to occur. The
strain fluctuations are also slow to converge in these
situations.®”

In this work, the expressions for the stress and elasticity
tensors for potentials that depend explicitly on bond and di-
hedral angles are derived. As an example, the equations for
the second-generation reactive empirical bond-order (REBO)
potential&9 are derived. However, the equations are appli-
cable to all the so-called bond-order potentialsgf19 and useful
for other angle-dependent potentials. In addition to the ad-
vantages mentioned above, the stress-fluctuation expressions
for the elasticity tensor provide information regarding local
or atomic stress and elastic constants™*’ and their relative
contributions to the bulk elastic constants. However, due to
the complexity of angle-dependent potentials, the derivation
and implementation of these expressions can be tedious. This
is particularly true for bond-order potentials,g_19 such as, the
second-REBO potential.

Tersoff was the first to introduce a bond-order potential
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for carbon'® and later he extended it to silicon and
germanium.11 Brenner et al. adapted Tersoff’s formalism and
created the REBO potential for C-H interactions.'>"? The
REBO potential has spawned a number of potentials for
C-Si-H intereactions,15’16’18 a potential for Si-H
inter::1ctions,14 and a potential for C-H interactions that in-
cludes intermolecular forces.'’ Recently, Brenner et al. up-
dated the form of the REBO potential and produced the
second-generation REBO potential.8 Several potentials based
on this slightly changed formalism have appeared in the lit-
erature. These include a potential for C-O-H interactions'’
and the adaptive intermolecular reactive bond-order
(AIREBO) potential.'” One unique feature of the bond-order
potentials is that chemical reactions can be modeled. This
allows the REBO potential to model processes where bonds
are broken and formed such as what might occur when two
surfaces are in sliding contact.”'* Intermolecular forces
were added to the REBO potential, to create the AIREBO
potential, in such a way as to preserve the ablity to model
chemical reactions by Stuart et al.’ This potential has been
used to model compression- and shear-induced polymeriza-
tion in monolayers composed of diacetylene chains® and to
model thermal conductivity of nanotubes.*®

The REBO potential has also been used in many studies
of the elastic properties of carbon nanotube systems.ﬂ’44 The
mechanical properties of amorphous carbon films have also
been studied.” In all these works, the mechanical properties
were determined by evaluating the stress response due to the
application of a finite strain to the material of interest. Using
the results presented here, it is now possible to calculate the
elasticity tensor for these systems and to examine their me-
chanical properties at the local and atomic levels as a func-
tion of temperature. For example, we have recently calcu-
lated the elastic properties of diamond as a function of
temperature using the stress-fluctuation method.*’

In Sec. II, the general expressions for the stress and elas-
ticity tensors in terms of the strain derivatives of the free
energy are given. Special attention is given to the strain de-
rivatives of angle-dependent terms in typical multibody po-
tentials. A brief description of the second-generation REBO
potential and an outline of its many terms is given in Sec. III.
In Sec. 1V, the first and second strain derivatives of the terms
that make up the REBO potential, and contribute to the stress
and elasticity tensors, are presented. Results for the elasticity
tensors for diamond and graphite at zero temperature are
given. Finally, the Young’s Modulus of a (10,10) single-wall
carbon nanotube at 0 K is also calculated. The (10,10) nano-
tube was selected, in part, due to the fact that these tubes are
the most abundant product in the laser ablation apparatus.46
In addition, we have used (10,10) nanotubes as model scan-
ning probe microscope tips in molecular dynamics
simualtions*’ and examined the mechancial properties of
these tubes filled with Cg, butane, and other molecules.?”*

Throughout this paper, Greek subscripts (a, 8, u, v) rep-
resent Cartesian coordinates and Latin subscripts (i,7,k,1)
represent atomic indices.

J. Chem. Phys. 125, 144506 (2006)

Il. ANGLE-DEPENDENT POTENTIALS
The stress and elasticity tensors are derived by taking the
first and second derivatives of the free energy with respect to
strain. For a detailed discussion on evaluating strain deriva-

tives, see Refs. 47 and 48. In the canonical ensemble, the
stress tensor is

Oap= <0'§B> - PkBT5aﬁ (1)

and the elasticity tensor is

|4
B
CaB,uV = <Caﬁ,u,y> - &,[(Ugﬁo'ﬁ) - <G§ﬁ><0ﬁy>]
+ pkBT(ﬁa/Lﬁﬁv + 5011/5@41,)9 (2)
where
1 9U
Tap= o (3)
Vﬁeaﬁ
and
1 &FU
Cf&ﬁ,u.v =5 . (4)
V d€ g€y,

Here, the total potential energy of the system is U, kp is
Boltzmann’s constant, 7 is the temperature, V is the volume,
p is the density of the system, and J,4 is the identity tensor.
The first term in Eq. (2), the Born term, is the configurational
contribution to the elasticity tensor. The second term is the
stress-fluctuation term and the last term is the ideal gas con-
tribution, which is related to the strain derivatives of the
volume. Typically, only the first two terms contribute signifi-
cantly to the elastic constants.

Although the stress-fluctuation formula for the elasticity
tensor has several advantages, its use has been limited by the
difficulty in evaluating the Born term for complex atomic
potentials.ﬁ’49 For many potentials, multibody interactions
such as bending and torsion make the use of the stress-
fluctuation formula unattractive. Exact expressions for the
Born term for potentials that include bending and torsional
contributions have not previously appeared in the literature.
An approximate method for estimating the Born term for
potentials that only depend on interatomic forces was re-
cently proposed by Yoshimoto et al.”® One advantage of this
method is that it only requires knowledge of the interatomic
distances.

Bending and torsional potentials commonly contain
terms that include the cosines of the bond angles (cos 6;;)
and dihedral angles (cos wy;;), i.e., the total potential energy
can be written as

U=> uj(cos O;;) + > Ujji(COs W), (5)
ik ijikl
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where the summations include all atoms that participate in
each bond. Note that only the contributions from the bonds
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oUu &u,«jk d cos Hjik 8ul~jk[ d cos wkijl

k)

Jes = dcos Oy e 1 0COS wy;y  JE
are considered here; typical potentials have additional pair- B ik gk Thep M kit b
wise contributions that will not be discussed here. The first (6)
step is to evaluate the first and second strain derivatives of
Eq. (5). The first derivative of the potential energy is and the second derivative is
|
FU _ [ Pugy dcos O dcos O duy & cos Gjik}
€4pI€,,, ik | dCOS 9?% € €y d €08 O} I€,g0€,,,
&Zuiikl dcos wkijl dcos wkijl &uiik[ (92 COS wkijl
+ ) + . (7)
ijkl L 0 €OS @ J€qp Je,, d oS wy;j; JELIE,,
I
Next, the strain derivatives of the cosines of the bond angles 0o
that appear in Egs. (6) and (7) are evaluated (Fig. 1). cos Oy = w0 (10)
The bond angle 6, formed by the vectors 7;; and r; can
be expressed in terms. of tl}e dlstanc'es Tij» Tj> and ry; by using and the dihedral angle is
the law of cosines. Likewise, the dihedral angle wy;;; formed
by the plane containing atoms k, i, j and the plane containing o _
.. . . vXu uXw
atoms i, j, [ can be expressed in terms of the distances be- COS Wy = . . (11)
Toloxal Jaxwl

tween atoms i, j, k, and [ by using the law of cosines in a
tetrahedron.”? These expressions for ;; and wy;; can then
be used to obtain the Born term using the general formula
provided Raty,5 ? which depends only on the interatomic dis-
tances. However, this procedure is tedious and leads to com-
plicated expressions, especially for the dihedral term.

The approach used here is to express the cosines of the
bond and dihedral angles in terms of the bond vectors be-
tween atom pairs (Fig. 1). Using this technique, the bond

angle is given by

cos O = , (®)
Tjilki
where 7;=F,—7; and r;;=|F;|. The dihedral angle is given by
T Xri; 1 Xrg;
COS wkiﬂ L L - U (9)

|7 X 7l |7y X 7yl

For clarity, the substitutions u=7r;, v=r,;, and w=r;; are
Ji ki lj

made. Then the bond angle is

FIG. 1. Vectors defining the angle 6;; and dihedral angle wyj.

For the dihedral angle, the further substitutions m=0 X it and
nn=uXw are made, so that

3
3

(12)

COS Wy = .
mn

The strain derivative of the product of two vectors ap-
pears repeatedly in the derivation of the following results.
For this reason, this tensor is given explictly here for refer-
ence. For two general vectors 0 and w that depend explictly
on the strain tensor, the derivative of their product at arbi-
trary strain is given by

=5QWB+Wa~B. (13)

Symbols with a tilde, e.g., U, indicate that this vector quan-
tity is evaluated in the reference state, i.e., at zero strain, and
is therefore considered a constant in subsequent strain de-
rivatives. The fact that the derivative in Eq. (13) is a constant
with respect to strain for arbitrary values of the strain tensor
is a consequence of the definition of the strain derivative.*’

For convenience, we give formulae for the strain deriva-
tives of natural log of the cosine of the angles. If required, it
is then trivial to obtain the derivatives of the angles them-
selves. The first derivative of cos 6;; comes from

(14)

dln cos Gﬁk _ ﬁa ﬁ+5aﬁﬁ _ ( u ~ﬁ Jaijﬁ)
u-v '

ol
+
J€qp u? v?

and the second derivative comes from
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1 & cos i & In cos Ok
cos O deqpde,,, - €4p0€,,
d1Incos 6 d1n cos Gjik’ (15)
J€qp J€,,
where
& In cos 6 _ (Ol + W,0) (0,01, + ,0,)
D€ apIE (- 0)*
Unll gl jit,, U,0g0,0
+2< “54" L+ “54" "). (16)

For the dihedral angle, it is more convienent to work
with In cos? wy;j- The first derivative comes from

dlncos’ wyy 1 dm-n)* 1 am* 1 on’
J€ap (- n)? J€ap m? J€ap n? Je€ap
(17)
and the second derivative is given by
& In cos® @y 1 dm-n)?dm-n)?
D€ g€, (m-)* denp  O€,,
1 &#m-n)? 1 om* om®
+ JR—
(7 - 1) J€upi€,, M’ d€,pz€,,
1 Pm? 1 on* on®
T deppiey, | 1 denyd
m éaﬁ 6/“’ n Gaﬂ 6/“’
1 #n?
- (18)
n* de,pde
where
om-n
teus = (0 W)@ W+ Wyilg) + (it - W) (0l g+ 0 p)
(29
= (0 - Wity g+ it g) — (it - W) (T W5+ Wol ),
(19)
I _ (5t 5,0, T,7.)
= (Ol + a0 g) Wil + i, W,
€qpI€L,
+ (Wil + W) (0,00, + i1, U))
— (U W+ WD p) (il,il,, + i)
— (il g+ i ji g) (U, W, + W, 0,), (20)
am?
;—Z[M ] vﬁ+v Uoilg— (U - ) (O,lig+ 1,05, (21)
aB
an® 9 e o
P =2[u"W W+ wilyilg— (W - it) (Wil g+ i, W) ],
Eaﬁ

(22)
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I G )-2(5 )
= VU M +Lt Lt U UV U I/t +I/t l)

0 g€, i B B B

X0, + 1,0,)], (23)
and

T’ (W W gl 1, + T, gW W) — 2(W il g + T, g)

=4(w Wwgl b, + U g W,) —2(W g+ U W

aEalB&E B M B M B B
X (Wit + i,7,). (24)

The strain derivatives of the cosine of the bond angle are
determined by the combination of Egs. (14)—(16). The strain
derivatives of the cosine of the dihderal angle are determined
by combination of Egs. (17)—(24). The stress and elasticity
tensors can then be obtained by combination with Eqgs.
(1)~(4), (6), and (7).

lll. REBO POTENTIAL

In what follows, a brief outline of the second-generation
REBO potential is provided. The terms that are given below
have been included because they are presented in a slightly
different, but equilvalent, form than originally published in
an effort to make their implementation more clear or because
they are discussed later in the manuscript. Full descriptions
of the REBO potential, including parameter values and
spline coefficients, are given elsewhere.®”

The total potential energy is given by

=32 Vi+b,Ve, (25)
1}#1

where V’ and Vf] are the pairwise repulsive and attractive
terms, respectlvely The bond-order term, b;;, is a many-body
term, which modifies the attractive part of the potential based
on the local environment of atoms i and ;.

Both the pairwise repulsive and attractive terms contain
a cutoff function, Wijs which is piecewise continuous and
depends on the distance, r;;, between atoms i and j. The

function w;; is given by

lj’

1, for (0,7

9 [j
W= %[1 + cos(m(r;;—

lj mln)/(rmax
0, for (rm‘“, ),

mln))] for( :‘l;ln’ :‘l]’laX

(26)

where r;’j““ and r

types of i and j.

The angular dependence enters the REBO through the
bond-order term, b;;. The bond order is the sum of the cova-
lent and the 7 contributions to the bond order and is given by

b _E[plj +pjlﬂ—-|+7T (27)

1% are parameters that depend on the atom

The covalent contribution to the bond order, pl‘-;”, contains a
fifth-order spline, gj;;, that is a function of the bond angle 6,
between atoms j, i, and k, where i is at the vertex of the
angle. If atom i is a carbon atom, then
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gjik(cos ) = gc +Sz](sz)(gC _gc) (28)

and if atom i is a hydrogen atom, then g;;(cos 6;;)=gy.
Additional details regarding the spline functions
g(cl)(cos i) g(cz)(cos 0;), and gy(cos 6;;) can be found
elsewhere.”

A number of terms within the REBO potential depend on
the local coordination number, N;;. For example, the two-
and three-dimensional spline funct10ns PU(NS,NS) and

i (Nij» j,,NCD“J) and the switching function S;; are all func-
tions of N;;. The form of the §;; function is identical to that of
the w;; sw1tch1ng function Wlth the distances, r;;, replaced by
the local coordination, N;;. The local coordination number is
the sum of the carbon and hydrogen coordination numbers,
N;; NC+NH The functions NC and NH have the same form

w1th Nb glven by

u = 2 Sicwae (29)
k#ij

The three-dimensional cubic spline function 7Trjc depends

on N;j, Nj;, and the local degree of conjugation, N°°“J which
is defined as N°°"J— 1 +X2 +Yl2], where
X;j= > SewuST(N,). (30)
ki

The function Y;; has the same form as X;; except in this case
the summation is over atom [/ instead of atom k. The function
S°°“J has the same form as S, but with slightly different
values for the parameters N™" and N™*.

The remaining contribution to the bond-order term, 7T7jh,
is related to the dihedral angles formed by the local neigh-
bors of the bond between i and j and is given by 7Tdh

T;(N;;, j,,NCO")ZU, where

E 2 Sll’l wkljlwlk l

k#i,j 1#i,j.k
X O(sin 0 — s™")O(sin 6;;— s™"), (31)
and T;(Ny, ],,Nc"m) is another three-dimensional cubic

spline function. The dihedral angle wy;j; is defined in Fig. 1.
The function w/; ;; has the same form as wy;, but with slightly
different values for r™" and r™* and O is the Heaviside step
function.

IV. THE REBO POTENTIAL DERIVATIVES

The first strain derivative of the REBO potential energy
is
au avi. by A%

—=5> L+ Vbt (32)
&Gaﬁ ij#i &6043 afaﬂ &eaﬁ

The second strain derivative of the REBO potential energy is

FU _1 >V, . Py o Vi by
O€ag0€L, i jzi V€apI€y,  OE€4RJE,, J€qp €,
ab;; V¢, >V,
+—L—iy e (33)
J€qp3 €, &eaﬁo’?e
where
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v, 19V,
= s (34)
(9€a'3 rl-j &rij
and
PV 1(PV. 19V,
L= | 5t - =TTl i (35)
V€apd€yy 15\ Ory 1y Ory) ‘

The derivatives of Vf’J are defined similarly. In what follows,
only the strain derivatives of the individual terms in the
REBO potential are provided. Due to the large number of
terms in the REBO potential, it is impractical to provide
single expressions for the stress and elasticity tensors. How-
ever, their construction should be clear using the following
equations.

It should also be noted that although the REBO potential
was carefully constructed such that its first derivative is a
continuous function, the same is not true of subsequent de-
rivatives. One example of this is the switching function, w;;.
A discontinuity arises for r values of ™" and »™*, but is well
defined at these values. Special care must be taken at the
points of discontinuity when evaluating the second deriva-
tives of the terms in the REBO potential. The convention
used here is to take the midpoint of the left and right hand
side values as the value at the point of discontinutity. For
example, if the second derivative of the function f(x) has a
discontinuity at x=x,, then f”(x,) takes the value

['(xo) = 3[1im f"(x) + Tim f"(x)]. (36)

XHXO XHXO

Despite the fact that the second derivative is discontinuous,
its evaluation over the entire domain of interest is possible
and does not prevent the evaluation of the elasticity tensor.

The resulting expressions for the first and second deriva-
tives for the terms of second-generation REBO potential are
given below. Because several terms in the potential have
similar forms, only the strain derivatives of one term with
each particular form is presented. It is a simple matter,
though time consuming, to construct all the required terms.
This task is left to the reader for the sake of brevity.

ob;;: 1| ap?™  apS oS om
_:Lz_{&u g }+_7TL+_L -
aé’alg 2 aEaB aeaﬁ 06&3 &Eaﬁ

Pby 1{ P PP L Pt

J€qpd€y, 2| J€qpdE,, O€,50€,, | J€qp0€,,
—’—3277?'}! (38)
J€,p0€,,,
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apiT 1 Wiy g N | 9Py
P NJAE I { g ik w, k—g”_k Nk 4 Wiig jike f"‘—L} (39)
86aﬁ 2 k#ij aéalg &Eaﬁ &Eaﬁ &fa,B
Fpi” 3 i 1 L {g ﬂ N I8 jik MW INjik Wi . Wix 98 ik
~ S Pij jik jik
I€0pd€ny Py O€ap I€y, 277 &eaﬂ&e iz U Oeqpie,,  Oeqgie,, TV deng€,,  deup0€,,
. P 9N 98 ik .. MW ONjik 98k WNjir ‘. (‘”\iik Ny PN ) ik (40)
ik F€qp0€ 'ké'eaﬁ 9€,,, /'kaeaﬁ 9€,, 'k8eaﬂ 9€,, kS jik 0€qp 0€,,  0€,p0€,, ’
owy 1 3Wzk~ =
ik , 41
&faﬁ Fa (9r,k Tikal® ikB ( )
&zwik 1 (&zwik 1 ank) (42)
= = r N
aeaﬁaeﬂy rizk (9r,;k i ar;k Tikal’ sz lk,LL lkV
M, @H(a-aﬁ-- _ akaﬁk,g), @3)
€up Tij Tik
072)\[ik -4 ( FikaFik,BFik,u;:ikv rl/arl/,Brt/p,rl/V> (44)
&eaﬁ&eﬂv iH ’”1‘31( rf’/ ’
dgu gl dcos G ISy Ny g agd) \acos 6;
g!lk — gC jik + ( (2) (1)) + S g gC jik (45)
J€ug  JCOS b I€up IN;j J€, dcos O ~ dcos Oiix/  J€qp ’
(1) ®) (1)
Pou__| P PSy g <1>) My Ny 9y _ vy PNy 35, Z( oge el )
€ p€ 9 cos Oj° (9NU I€ap I€,, aN,J 8¢ %e €0pd€ny  ON;\ 3OS Oy 3OS Oy
2 1
><(8()05 bjix ONyj N ON;; d cos B ) . S~~< &zg(c) _ &Zgg) ) d cos B d cos O . &g( )
Jeup  O€,, O€ug O€,, “\dcos 6> dcos 0 de,pg €y, d cos O
g ¢ @ ag & cos 0;
dcos O dcos i/ | deqpde,,
gP; Py ONj; Py oNjj
T kTR (47)
a ING; P€qp N aeaﬁ
H H H
PPy _ FPy NG NG aPy PN P; ( ONG ON  ONG aNC) PP, N N PN )
ap€us  INC Veap I€, Ta G 0€apl€,, aNCaN Peap 06, D€us Py, N Iea P &Nl.j I€apd€,,’
=>4 (49)
aeaﬁ m#i,j (9€aﬁ
mC
T J€4p0€,,,
c c c 4 onj
o 077’ A N o ONji N ams IN;; 51)

afaﬁ (9N afaﬁ (9N afalg o"NC nj 86‘,!3
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Pmy  _omp PNy | omp PNy omp PNGMFmp oNg oNy P N N

= + -
9€,p0€,,  ONj; 0€,p0€,,  ONji O€4p0€,,  INI™ I€qpIE,, &Nizj J€qp €y, ﬁNJZ.i O€ap I€,,
Pl NG NG . P ((9N~ IN,; IN, aN,-») . Pl (azvi,- NG . NG aNf,‘)

i [y PNji, A O

+ : A
N Ieap 0€u,  ONyON;i\ O€ag 0y, D€apd€uy) — IN;ONG™\ Oeug D€u, — D€ap 9€u
. P (afo’“J Ny, Ny NG “J>
IN;MON;;\ D€ap O€y,  J€up O€y,
ANE™ aX;; Y
_’.Lzz( l_j_’L+Yij_’L ,
0"6043 (96a[g &eaﬁ
PN _2( X Ky X Ly PV )
€4p0€L, €43 €, ”é’eaﬁo"e#,, €43 €, ”o"eaﬁ&em, ’
X;; Wi oy IS
L=3 5kC( lksfl?m"'wik .
J€ap  k#ij  \O€ap J€up
FXy conj._ O Wik IS dwyy  dwy IS P8
= 2 Sic| Sif + + Wik ,
€€, iz €4pIE,, €z JE,, €y JE,, J€,30€,,,

dh
omy' _ Il o, azii’
J€up  €qp J€qp
;T 9Z:. dT;; Pz oT;; 97,

i ij 7.+ ij lg+ ij T + ij ij

O€0pd€ny  I€apd€y, " Dapde,, J€upie,, | deupd€,,’

oy _ 9Ty Ny | 9Ty Ny Ty oNG™

Jeap  ONjjO€qg  ONjideng  OINT™ denp

FT; Ty FN; ;&N ar,; N +a2T,-,. IN; &N,-!-+¢92T,-1- IN;; ON;;

= + -
0€apd€,, N 0€apd€y,  ONji 0€apdey,  INS™ D€qpie,,  INj I€qp €y,  ING D€up i€y,
. PT,; N N . PT;; PT;; (&N!-,» NG . NG aN!»,-)

(aNi- ONji N 0N,-!-)

i2 onj
INE™ 0€ap 0€u,  ONyIN;i\ €up €, 0€,p0€,,) IN;INV\ O€p O€,, — J€up €,
y conj N7 AN
. &>, (aNf Ny N, NS )
1 b
IN;UON;;\ O€ap O€y,  J€up O€y,
é)Zi[ d Sin2 wkiﬂ ro ) i,k ’ .2 ’ 0W[{l . min . min
= WaWji + sin Wiji - Wi + 8107 Wy Wiy X @(Sln Hjik ) )@(Sln Gl-ﬂ -S ),
J€ap  k#iji#ijk \  €ap ' J€ap J€qp
: 2 ! 202 U : 2 : 2 !
PZ;; : & sin Oijt , oWy 08In” wy; , oW dsin” @y , 9 8IN” @y Wy
0€op0€ ., dengie,, KT Vil f Wik é YT a
Eaﬁ E,LLV k#i,j 1#i,j.k eaﬁ EMV eaB €uv Eaﬁ €uv Ea,B e;w
! ! ! -2 ! ! !
. 072W»k . owy Owy; osin” wy;; owy owy; Iwy
+sin® wy; E—w!, + sin? Wy +w), L—L 4 sin? wp;——4
9€,, " 0€ 5 O€ de,p € " 0€,p de€
€ap?€ur ap %y ap v ap Py
Fw!
. il . ; . ;
+ Sln2 (L)kl-jlWi,k_'L @(Sln Gjik - Smm)®(81n 0ijl — Smm),
J€4p0€,,,

(52)

(53)

(54)

(55)

(56)

(57)

(58)

(59)

(60)

(61)
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Jsin’ wy;; 0 COS wy;;

kijl =—2cos (Uk,'j[ kijl i
06aﬁ (96a,3
& sin’ wy; 0 COS wy;;; J COS Wy;; & cos @y
kijl —_2 kijl kijl +Cos wk,’jl kij
J€qpI€E,, J€qp J€,, J€qp0€

V. RESULTS

To verify the accuracy of the expressions provided here,
the elastic constants of diamond and graphite, as well as
Young’s Modulus for a (10,10) carbon nanotube, at absolute
zero were calculated and compared to values available in the
literature. The elastic constants given in Table I are in good
agreement with the literature values. Harrison et al. esti-
mated the Young’s Modulus of a (10,10) nanotube at 300 K
to be 960 GPa by applying a strain along the axial direction
of the tube.*' In a subsequent work, the universal force field
was used to calculate the modulus of the (10,10) tube and a
value of 1.02 TPa at 0 K was obtained.’* In this work, a
Young’s Modulus of 1.15 TPa at 0 K for the (10,10) nano-
tube was obtained using the second-generation REBO poten-
tial and the expressions derived here. This value is in good
agreement with values obtained at nonzero temperature and
using other potential energy functions.

The authors have also evaluated the temperature depen-
dence of the elastic constants of diamond using the stress-
fluctuation formula given in this work.” In our previous
work, we calculate the internal stress tensor for a potential
containing three- and four-body terms. In the appendix, we
show that the tensor can be calculated using a formula simi-
lar to that used for two-body potentials. The results were in
good agreement with the elastic constants calculated using
the strain-fluctuation formula and with those calculated using
the direct method. In that work, the simulation box contained
approximately 1000 atoms and the time step was 0.25 fs for
all simulations. Because the time steps were the same regard-
less of the calculation method used, a comparison of effi-
ciency can be obtained by comparing the number of simula-
tion steps required to obtain a set of elastic constants at a
given temperature. When the direct method was used to cal-
culate the elastic constants at a given temperature, 12 simu-
lations of 400 000 steps, or 4.6 million steps, were required.
The strain-fluctuation method yielded the three independent
elastic constants in a single simulation, which took on the

TABLE 1. Results for the 0 K elastic constants.

References This

Material Constant (GPa) 8 and 9 work
Diamond Cy 1070 1075.6
Cp 120 1254

Cyy 720 738.0

Graphite Ch 1060 999.4
Cin 150 146.8

J. Chem. Phys. 125, 144506 (2006)

(63)

) . (64)

order of 20 million steps. In contrast, the stress-fluctuation
formula yielded converged values of the elastic constants at a
given temperature in 400 000 steps.

VIi. SUMMARY

The stress and elasticity tensors were derived for multi-
body potentials that include bending and dihedral angle con-
tributions. While expressions of this type have been derived
for two-body potentials6 and for ions and point dipoles,47
they have not been published for angle-dependent potentials.
The expression derived here can be used in Monte Carlo or
molecular dynamics simulations in the canonical and micro-
canonical ensembles. The stress-fluctuation method has the
advantage of converging faster than other methods for calcu-
lating elastic constants, being stable at low temperatures, and
it allows for all the elastic constants to be determined in a
single simulation. In addition, local elastic constants of het-
erogeneous materials, such as polymer glasses, can also be
calculated.”® As an example, the first- and second-strain de-
rivatives of the second-generation REBO potential were pre-
sented. This multibody potential was used because of its
widespread use. The expressions presented here were used to
evaluate the elastic constants of diamond and graphite at ab-
solute zero and to calculate Young’s Modulus for a (10,10)
single-wall carbon nanotube. The results agree well with pre-
viously published work. In a separate work, the expressions
presented here were used to calculate the elastic constants of
diamond as a function of temperature.45 The values obtained
were in good agreement with other methods for calculating
the elastic constants.
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APPENDIX: INTERNAL STRESS TENSOR FOR
THREE-BODY INTERACTIONS

The multi-body term of the REBO potential contains
three-body and four-body terms. In this appendix, we show
that the equation for the internal stress tensor, given below,
can be calculated using a formula similar to that for a two-
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body potential. We have used this equation to calculate the
stress tensor in diamond as a function of temperature.45
The internal stress tensor is given by

Uaﬁ_ (E m vtavtB + E ljafljﬁ)

(<))

(A1)

where o, is the a8 component of the stress tensor, V' is the
volume of the system, m; and v; are mass and velocity of
atom i, respectively, r;;, is the Cartesian component of the
vector from atom j to atom i in the @ direction, and f;;z is the
force acting on atom i by atom j in the B direction.

To show that this equation is valid for multi-body terms,
we take the three-body term,

Us=2 Ugjk, (A2)
ijk

as the example. The four-body term can be dealt with the

same way. The stress tensor from this term is*®
1 oU l < du;;
O'Q,B=———3=—— _['Lk (A3)
V(?Gaﬁ V[jk (96aﬁ
Split into three terms using the chain rule,
o 12 ujji Irij N ik Irip . i Irjx
\% ijk (9}’ afaﬁ (?r,-k afaﬁ (?r]k &EC’B
(A4)

Here we assume that the potential is only a function of the
distance between each pair of particles, which is the case for
REBO potential. Next, swap k and j in the second term and
switch i —k, j—1i, and k—j in the third term,

E 12 (9ul-kl- ﬂl’ii
V ijk o"r 0€a'3 Vl-kj 0—'}’[‘]‘ ﬁfaﬁ
1 Oy Oy
= O%kij OTij ] (AS)
\% kij (?r” 8Ea5
Change order of summations and combine,
&rl"
= _E or (uljk + Ui + Mkz])é’_‘L
ljk lj Eaﬁ
1 o"u’-’» dri;
- (A6)
\%r ijk (97’ (9€a'B

o _ -
where w; =u;j+uy;+uy;. Then split into two terms and
switch i and j in the second term,

1 c?u c?r 1 au &r

Uaﬁ_ (A7)
2Vijk &rl‘j 0—'604; 2Vjik 07 ji afalg

Change order of summation, use r; =i in the second term,
and combine,

ar;;
= - + —L . A8
aﬁ ZVUE/( o (utjk u tk) aéaﬁ ( )

Plug in dr/de p=rqrp/ r*

J. Chem. Phys. 125, 144506 (2006)

E l l[a z[[_%

= A9
0(,3 2Vljk (9}’ r; ( )

ij

where u; = U ugy U ik On the other hand, the force on particle

i from the interaction Uj is

U ouy;
T N (A10)
ia 1k Iia
Therefore,
d
fm=—2 (uljk+ujlk+ujkl)_ 2 _L (All)

Jk (9m Jjk &mz

As u; is only a function of the distance between each pair of
particles,

o o
fi =-E<—La"""‘ﬂ+—%’”‘%) (A12)
“« Jjk &r[j ﬁrm ar[k ﬁria ’
My Tija i Tika
fia=— 2 | e~k ) (A13)
e \dry r o drg Ty
o’ r;
-3 Mialiie 5y M ik (A14)
ik ‘97 rz,/ & Ok Ti
Switching j and k in the second term, we have
u’, oy 1
2 k 2 Tkji Tija (AIS)
ik c9r r,J ik c?r r,j
Uik c?r
fia:_z & (ujkz+ukjt)_.L 2 & (A16)
Jk ij jk ij
Rewrite Eq. (A16),
m=2fija’ (A]7)
J
where
My 1
fa=—2 e, (A18)

. Orii

‘

ij lij

which is the total interaction force between atom i and j.
Finally, using Eq. (A18), Eq. (A9) becomes

Oup= ZVE ft]a ijB- (A19)
In term of the sum of each pair of atoms,
E fzja ijB- (A20)
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