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Stacking-fault structure explains unusual elasticity of nanocrystalline
diamonds
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This letter reveals that unusual elasticity of nanocrystalline diamond is consistently explained by
stacking fault inside the diamond grains instead of the graphitic plate inclusion, which was only
possible mechanism. Ab initio calculation shows that stacking fault introduced in the diamond
structure behaves as graphitic sp2 bonds, and the elastic constants calculated from the strain-energy
relationship agree with the acoustic measurements. © 2009 American Institute of Physics.
�DOI: 10.1063/1.3077124�

Nanocrystalline diamond �NCD� thin films deposited by
chemical vapor deposition �CVD� with a small amount of
nitrogen gas show highly smooth surfaces, and they are can-
didates for high-efficiency acoustic and electronic devices.1–3

However, incorporated nitrogen gas generates nanodefects
and various precipitates, deteriorating attractive mechanical
properties of diamond, which have great influence on the
lifetime of the devices. Thus, the relationship between the
microstructure of NCD and mechanical properties remains a
central issue. We previously investigated the influence of ni-
trogen gas on the elastic properties.4 Our study showed that
the increase in the nitrogen gas concentration decreases the
diagonal elastic constants C11, C33, and C66 of NCD, while it
significantly increases the off-diagonal components C12 and
C13. This behavior was analyzed by a macroscopic model,
considering small amount of inclusions in the diamond struc-
ture. As the possible inclusion, we assumed microcracks,
diamond-like carbon, and monocrystal graphite. Only the
monocrystal graphite inclusion can explain the significant
increase in the off-diagonal components.4 Such a microstruc-
ture is consistent with the studies by Birrell et al.,5,6 which
suggest that NCD structure consists of small amount of
sp2-bonded carbons near boundaries of sp3-bonded crystal-
carbon grains. However, the monocrystal-graphite plate will
not appear in the all grain boundaries and no study suc-
ceeded in observing them so far. Thus, the detailed mecha-
nism of the unusual elastic property of NCD remains un-
known and more appropriate microstructure model has been
searched.

In this study, we show evidence of the significant con-
tribution of stacking faults in diamond structure to the un-
usual elastic behavior using ab initio calculations. The peri-
odic stacking faults are introduced in the �111� stacking
sequence of diamond, and the elastic constants are calculated
from the energy-strain relationship. Then, the Hill-averaging
approximation is made to simulate a diamond structure in-
volving randomly oriented stacking-fault phases, which can
be a model for the NCD. The results are compared with
acoustic measurements we originally developed. The bond
structure is discussed using the partial density of states
�PDOS� of individual atoms.

We measure the elastic constants of three kinds of NCD
thin films considering them as isotropic materials. X-ray dif-

fraction patterns indicate insignificant texture of the NCD
specimens, allowing the isotropic assumption. NCD thin
films are deposited by the hot-filament CVD method with
various concentrations of nitrogen gas in the flow. Raman
spectroscopy clearly shows that the nitrogen gas develops
the sp2-bonded region. We here define the carbon atoms,
which are prevented from sp3-bond formation by the incor-
porated nitrogen as non-sp3 bonds �such as sp2-bonded car-
bons�. The elastic constants are determined by the resonant
ultrasound spectroscopy7 and Brillouin oscillations.8 Figure
1 shows the dependence of Young’s modulus E, shear modu-
lus G, and Poisson’s ratio � on the flow rate of nitrogen gas.
As the amount of nitrogen gas increases, E and G decrease
by 20%–30%, while � significantly increases by more than
200%. Such a large change in � cannot be achieved by usual
inclusions such as defects and amorphous impurities.

For example, we calculate the macroscopic elastic con-
stants using the micromechanics calculation9,10 and Hill-
averaging method,11 and compare them with measurements
in Fig. 1. The NCD structure is considered as a composite
consisting of isotropic diamond matrix and randomly ori-
ented pancake-shaped thin inclusions. The elastic constants
of such a model are calculated with changing the volume
fraction of the inclusion. The nitrogen gas decreases the
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FIG. 1. �Color online� Measured dependence of �a� Young’s modulus E and
shear modulus G and �b� Poisson’s ratio � on the flow rate of nitrogen gas
�solid marks�. The solid lines represent the dependence of �a� E and G and
�b� � on the volume fraction of thin-plate inclusions with the aspect ratio of
1000 calculated by the micromechanics calculation.
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grain size, causing the increase in the volume fraction of
grain boundaries, where the non-sp3 bonds appear.5,6 Be-
cause we simulate the non-sp3 regions by the inclusions, the
increase in the volume fraction of the inclusion corresponds
to the increase in the amount of nitrogen gas. For the non-sp3

region, we assume three inclusions: �i� monocrystal graphite
��=0.34�,12 �ii� incompressible air ��=0.50�, and �iii� isotro-
pic Au ��=0.43�.13 We adopt Au because it shows larger
Poisson’s ratio than that of diamond by a factor of 6.3. De-
spite the large Poisson’s ratio, air and Au inclusions fail to
explain the large increase �more than twice� in �. As demon-
strated in Fig. 1, only monocrystal graphite inclusion can
consistently explain it.

It would be, however, unrealistic that all grain bound-
aries are composed of monocrystal graphitic thin plates, and
such a microstructure has never been observed. Then, we
propose a microstructure, which contains graphitic bonds in
sp3-bonded diamond, that is the stacking fault. This structure
can be an essential model for non-sp3 bonds because there
are various distorted regions in NCD thin films, and their
bonds are certainly different from that by sp3. We perform ab
initio calculations using the PWSCF code,14 which is based on
a plane-wave pseudopotential approach to the density-
functional theory.15,16 The exchange correlation functional is
treated using the local density approximation. The energy
cutoff value of the plane-wave expansion for the wave func-
tion is 40 Ry, and that of the charge density is 200 Ry. The
k-point mesh for the calculations is 8�8�8. These calcula-
tion conditions give less than 0.1% fluctuations in the lattice
parameters and elastic constants.

We then consider the periodic stacking-fault structure. A
monocrystal bulk diamond has six atoms in the primitive cell
along the �111� direction as aa’bb’cc’. In order to construct
the stacking fault, the additional layers of aa’ are inserted, or
cc’ layers are removed from periodic stacking sequence of
diamond �111�. Thus, we construct four types of periodic
stacking-fault structures: �i� ABCA, �ii� ABCAB, �iii�
ABCABCA, and �iv� ABCABCAB �for the simplicity, set of
layers aa’, bb’, and cc’ are denoted as A, B, and C, respec-
tively�. In the optimization, the supercell is fixed to remain
hexagonal symmetry, and each layer is constrained not to
slide transversely in order to intentionally construct
non-sp3-bonded stacking fault in the sp3 structure. Because
�111� surfaces of diamond could cause rearrangement,17–19

carbon atoms facing the stacking fault could have been re-
constructed without any external restriction. However, we
ignore this rearrangement because of three reasons: �i� The
purpose of this study is to clarify the influence of the remain-
ing stacking fault on the elastic constants, not to determine a
stable defective structure. The surface rearrangement will re-
lax atoms near the stacking fault, making their influence on
the elastic property less significant. �ii� Even if the surface
relaxation vanishes the stacking fault and develops the
sp3-bonded regions, such a region is involved in the bulk-
diamond behavior and out of interest. �iii� There are many
impurities and defects at grain boundaries of real NCD mi-
crostructure, and they somehow contribute to restrict move-
ment of atoms near the defects. Because it is unrealistic to
simulate such complicated real microstructure by ab initio
calculation, the stacking faults can be an important possible
model when it consistently explains the unusual elasticity of
NCD.

Before the optimization, the thickness of the stacking-
fault layer was set to the interplane distance of the bulk
diamond. Figure 2 shows an optimized ABCAB supercell
and the interatomic distance in the out-of-plane direction
�along �111� direction� individually. The structure relaxation
changes the interplane distance for inner atoms only by 1%
from that of the bulk diamond, while it increases thickness of
the stacking fault by 20%–40%.

We then calculate the elastic constants of these structures
using the harmonic-lattice approximation.20 The total energy
is calculated by changing the strain from �1% to 1% by a
0.2% step, and the quadratic function is fitted to the energy-
strain plot. With this method, we determine the five elastic
constants c11, c33, c13, c12, and c44 with hexagonal symmetry.
The details to determine the elastic constants appear in the
supporting material.21 Figure 3�a� shows the relationship be-
tween the calculated elastic constants and the average of the
interplane distance. Because the increase in the average in-
terplane distance is mainly caused by the increase in the
thickness of the stacking fault �Fig. 2�b��, the increase in the
average interplane distance corresponds to the increase in the
volume fraction of defects, and then shows a positive corre-
lation with the amount of nitrogen gas. In Fig. 3�a�, as the
interplane distance increases, the out-of-plane elastic moduli
c33 and c44 decrease, indicating that the atoms facing stack-
ing faults are not bonded tightly in the out-of-plane direction.
On the other hand, the off-diagonal stiffness c13 increases
with the increase in the average interplane distance.

Because the measured NCD shows nearly isotropic poly-
crystalline structure, we make the direction averaging on the
calculated elastic constants using the Hill-averaging method
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FIG. 2. �Color online� �a� Optimized stacking-fault structure of ABCAB.
The solid box represents a unit cell. �b� Change in the interplane distances of
optimized structures.

2 2 . 1 2 . 2 2 . 3
0

2

4

6

8

1 0

1 2

1 4

0 . 6

0 . 8

1

1 . 2

D
ia
g
o
n
a
l-
e
la
s
ti
c
 c
o
n
s
ta
n
ts
 (
1
0

1

1

 P
a
)

A v e r a g e  i n t e r p l a n e  d i s t a n c e  [ Å ]

O
ff
-d
ia
g
o
n
a
l 
e
la
s
ti
c
 c
o
n
s
ta
n
ts
 (
1
0

1

1

 P
a
)

2 2 . 1 2 . 2 2 . 3

2

4

6

8

1 0

1 2

0 . 1

0 . 2

0 . 3

P
o
is
s
o
n
's
 r
a
ti
o
 ν

E
la
s
ti
c
 c
o
n
s
ta
n
ts
, 
E
, 
G
 (
1
0

1

1

 P
a
)

A v e r a g e  i n t e r p l a n e  d i s t a n c e  [ Å ]

c
1 1

c
3 3

c
6 6

c
4 4

c
1 2

c
1 3

E

G

ν

2 2 . 1 2 . 2 2 . 3
0

2

4

6

8

1 0

1 2

1 4

0 . 6

0 . 8

1

1 . 2

D
ia
g
o
n
a
l-
e
la
s
ti
c
 c
o
n
s
ta
n
ts
 (
1
0

1

1

 P
a
)

A v e r a g e  i n t e r p l a n e  d i s t a n c e  [ Å ]

O
ff
-d
ia
g
o
n
a
l 
e
la
s
ti
c
 c
o
n
s
ta
n
ts
 (
1
0

1

1

 P
a
)

2 2 . 1 2 . 2 2 . 3

2

4

6

8

1 0

1 2

0 . 1

0 . 2

0 . 3

P
o
is
s
o
n
's
 r
a
ti
o
 ν

E
la
s
ti
c
 c
o
n
s
ta
n
ts
, 
E
, 
G
 (
1
0

1

1

 P
a
)

A v e r a g e  i n t e r p l a n e  d i s t a n c e  [ Å ]

c
1 1

c
3 3

c
6 6

c
4 4

c
1 2

c
1 3

E

G

ν

FIG. 3. �Color online� �a� Dependence of the calculated elastic constants of
the hexagonal-symmetry diamonds with stacking faults on the average in-
terplane distance and �b� that of the elastic constants of aggregated structure
obtained by the Hill-averaging approximation. The broken lines represent
the calculated interplane distance of the defect-free diamond along �111�
direction.
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to construct randomly oriented stacking faults. Figure 3�b�
shows the results. The increase in the average interplane dis-
tance decreases E and G, and significantly increases �.
Therefore, the atomic-scale model proposed here reproduces
the significant increase in �. However, the average interplane
distance cannot quantitatively reproduce the changes in the
elastic moduli. For example, the interplane distance of 2.2 Å
causes the increase in � up to 0.18, which is close to mea-
sured � at the nitrogen flow rate of 0.5%. However, this
distance causes E and G smaller than the measurements.
Real NCD will involve many types of stacking-fault struc-
tures not only �111� stacking sequence but also �001� and
�110�. Also, any other structures such as impurities and nano-
defects exist. These complicated structures will make the
quantitative comparison with measurement difficult. The cal-
culated elastic trend is, however, well consistent with that of
the measurement, indicating that the non-sp3 structure in sp3

bonds has dominant influence on the elastic properties of
NCD.

Figure 4 shows the PDOS profiles of the 2pz orbital of
the carbon atom facing the stacking faults �s� and subsequent
three inner atoms �s-1�, �s-2�, and �s-3� indicated in Fig.
2�a�. For the inner atoms, their PDOS shows a similar distri-
bution to that of the bulk diamond. For the stacking-fault
atom, however, large peaks appear near the Fermi level. In
general, when an atom shows dangling bonds, such as graph-
ite, PDOS peaks are generated around the Fermi level. Thus,

the PDOS distribution indicates non-sp3 bonds along the
�111� direction between the stacking-fault atoms. This result
is consistent with the micromechanics calculation that thin
graphitic �non-sp3 bonded� region is required to explain the
unusual increase in Poisson’s ratio �or off-diagonal stiffness�.

In summary, our ab initio calculations predict a diamond
model with randomly oriented stacking faults, which consis-
tently explains the acoustic measurements and micromechan-
ics calculation. The elastic constants of such a diamond
structure reconstruct the unusual elastic behavior of NCD,
where Young’s modulus and shear modulus decrease, and
Poisson’s ratio significantly increases as the increase in the
volume fraction of the defects. The stacking-fault model pre-
sented here is a representative case and it provides us with
the essential behavior of the non-sp3 bonds on the stiffness.
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FIG. 4. PDOS of the 2pz orbital of carbon atoms in the �a� ABCABCA and
�b� ABCABCAB structures. The zero energy is set to the Fermi level. The
index �s� represents the atom at the stacking fault, and the �s-i� indexes
represent the ith subsequent atoms �see Fig. 2�. The filled areas represent the
PDOS of the bulk diamond.
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