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Recently, a hardness similar to that of diamond has been reported for a quasiternary, nitride-based
nanocomposite. The related, quasibinary nanocomposite ‘‘nc-TiN=a-Si3 N4 ,’’ which may be regarded as
the prototype of the family of superhard nc-metal-N=a-Si3 N4 systems, also exhibits a significant hardness
enhancement. Extensive density-functional theory calculations indicate that the superhardness is related to
the preferential formation of TiN(111) polar interfaces with a thin -Si3 N4 -derived layer. The strength of
TiN in the h111i direction is similar to that of the weakest bonding direction in diamond. Oxygen
impurities cause a significant reduction of the interface strength.
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There has been considerable effort in recent years in
identifying and developing new and improved super- and
ultrahard materials [1–9]. Such structures clearly have
huge potential technological and industrial applications
[10] but are also of fundamental interest with regard to
understanding the mechanisms responsible for the enhanced hardness. In particular, the most challenging quest,
to find a material harder than diamond, is proving elusive.
One strategy, however, that has led to reported hardnesses
equal to, and exceeding, that of diamond (100 GPa) [5]
is based upon a generic design concept involving selforganized spinodal phase segregation, leading to a nanocomposite ‘‘nc-TiN=a-Si3 N4 =a- and nc-TiSi2 ,’’ with
strong, sharp interfaces between nanocrystalline regions
and thin amorphous layers. The related, more simple
quasibinary nanocomposite nc-TiN=a-Si3 N4 , which exhibits a reported superhardness of 50 –60 GPa [5,6,11–
13], is the most quantitatively studied and may be regarded as the ‘‘prototype’’ for the nitride-based family of
nanocomposites, which include nc-MN=a-Si3 N4 (M 
W;V;Al1x Tix ) and nc-TiN=a-BN. Not all investigations,
however, have found such a high hardness: For example,
Ref. [14] obtained <32 GPa for the model nc-TiN=
a-Si3 N4 nanocomposite, and, for TiN-Si3 N4 heterostructures reported in Refs. [15,16], the maximum hardness
reached only about 33 GPa. Clearly, it is of significant
importance to understand the origin and extent of the
superstrengthening effect in ceramic nanocomposites,
and critical experimental and theoretical evidence is
needed to verify and understand reported results, which
should include detailed structural and mechanical
characterization.
In the present Letter, we perform extensive densityfuntional theory (DFT) calculations to investigate the
atomic structure of the interface between the TiN nanocrystalline and silicon-nitride-like regions. For typical experimental conditions, our investigations show the
importance of the preferential formation of TiN(111) polar
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interfaces with that of a thin -like Si2 N3 layer resembling
 in which the Si atoms are
a partial layer of -Si3 N4 1010,
purely N-coordinated and tetrahedrally bonded. The
strength in the h111i crystallographic direction of titanium
nitride is significantly higher than in other directions and
similar to that of the weakest bonding direction in diamond. Oxygen impurities are predicted to diffuse to the
interface region and cause a significant reduction of the
strength. This effect, together with possible nonrealization
of these polar interfaces due, e.g., to too low growth
temperatures or too low nitrogen pressures, is proposed
to explain the varying hardness values reported [11].
The DFT calculations are performed using the DMol3
code [17] with the generalized gradient approximation for
the exchange-correlation functional [18]. We use the
double-numeric quality basis set with polarization functions and pseudopotentials which include scalar relativistic
corrections. Convergence tests show that an atomic cutoff
radius of 9 Bohr is sufficient [19]. Calculations of the bulk
properties of TiN and -, -, and -Si3 N4 are in excellent
agreement with experiment [19].
High-resolution transmission electron microscopy studies [20] of interfaces in nc-TiN=a-Si3 N4 nanocomposites
show that the main crystallographic planar orientation


relationship is 1010Si
3 N4 k 111TiN. The f111g lattice
planes of TiN are polar, terminated by either nitrogen or
 lattice planes of titanium atoms; similarly, the f1010g
and -Si3 N4 are polar containing either nitrogen or silicon
atoms. Therefore, in the interface, it is conceivable that
nitrogen atoms are shared between silicon nitride and
titanium nitride.
In order to identify low energy interface structures, we
calculate the interfacial formation energy Ef :
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tot and Eslab are the total energies of the interfacial
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as obtained by manipulation of the ideal gas equations
[22]. Here pN2 is the nitrogen pressure, p0 corresponds to
atmospheric pressure, and kB is the Boltzmann constant.
The temperature dependence of 
~ N T; p0  is taken from
thermodynamic data [23].
We first consider three simple (1  1) interface structures: (i) inserting a Si layer between the two 10-layer
TiN(111) slabs (resulting in N-Si-Ti bonding), (ii) a SiN
layer (resulting in N-Si-N-Ti bonding), and (iii) a TiSi layer
(resulting in N-Ti-Si-Ti bonding); see Figs. 1(d), 1(a), and
1(e), respectively. In this notation, the N and Ti layers at
the interface side of the lower and upper slabs, respectively,
are in italics. Clearly, the interface layer could be in various
possible lateral positions with respect to the surrounding
slabs. We considered all possible variations (top, fcc, hcphollow, bridge sites) yielding 16 different configurations
for each interface type.
We also consider more complex interface geometries,
based on the three bulk phases of Si3 N4 . In particular, one



complete layer of 1010-,
1010-,
and 111-Si3 N4 ,
with lateral unit cells of (2  3) (giving 148 atoms in the
cell), (1  3) (74 atoms), and (2  2) (94 atoms), respectively. In addition, we also consider thinner ‘‘Si3 N4 derived’’ layers in which all Ti, N, and Si atoms are
coordinated to their neighbors as in bulk TiN and Si3 N4 .
Specifically, for the -like interface (6.50 Å thick, not
depicted), two layers of 2.24 and 4.26 Å are considered,
which are denoted as ‘‘-like Si2 N3 ’’ and ‘‘-like Si4 N5 ,’’
respectively. Similarly, for the -like interface (4.52 Å
thick, not depicted), two thinner interface structures are
also considered, namely, -like Si3 N4 films of 2.09 and
2.43 Å, respectively. Since the Si atoms in the former
structure are sixfold coordinated to the surrounding N
atoms, we call it ‘‘-like Si3 N4 6,’’ and in the latter they
are fourfold coordinated, thus labeled ‘‘-like Si3 N4 4.’’
Further details of all these structures are given in Ref. [19].
The formation energies of all resulting 55 structures
(except those which lie off the scale) are plotted in
Fig. 2. It can be seen that, for nitrogen-rich conditions,
the lowest energy structure is the -like Si2 N3 [Fig. 1(b)]
configuration and the next most favorable, the -like
Si3 N4 4 structure [Fig. 1(c)], followed by top-top-SiN
[Fig. 1(d)]. In all of these structures, the Si atoms are
bonded only to N atoms. These configurations are consistent with x-ray photoelectron spectroscopy results [5,6]; in
particular, the calculated difference between the Si 2p core
level in bulk Si3 N4 and these interfaces is very similar to
experiment, while the differences for the interfaces involving Ti-bonded Si are not. For lower (more negative) values
of the chemical potential, the hcp-fcc-TiSi (Ti-Si-Ti
bonded) interface is preferred. We note that the calculated
vibrational and entropic contributions to the free energies
of formation for the -like Si2 N3 interface for temperaInterface formation energy (eV/Å )

system under consideration and a 20-layer TiN(111) slab
with interface area S, respectively; ni and i are the
number and chemical potential of atoms of species i (i.e.,
N, Si, Ti), respectively, that are added to the TiN slab in
order to create the interface of interest. The interface
region is sandwiched between two 10-layer TiN(111) slabs
and surrounded by a vacuum region of 20 Å.
To make contact with experiment, we consider nitrogenrich and nitrogen-poor (or Ti-rich) conditions. For the
former, we use N  12 EN2 (half the total energy of the
N2 molecule), and for the latter we use Ti  Ebulk
Ti , which
is the total energy of a bulk hcp Ti atom. We assume that in
equilibrium TiN  Ti  N , where TiN is the chemical
potential of bulk rocksalt TiN. For N-rich conditions, we
then have Ti  ETiN  12 EN2 , and, similarly, for N-poor
[21]. The Nconditions we have N  ETiN  Ebulk
Ti
chemical potential can be correlated to its dependence on
the N2 gas pressure and temperature as
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FIG. 1 (color online). Low energy interfaces: (a) (1  1) toptop-SiN, (b) -like 1  3-Si2 N3 , (c) -like 2  2-Si3 N4 4,
(d) (1  1) top-hcp-Si, and (e) (1  1) hcp-fcc-TiSi. Small dark,
large gray, and white circles represent N, Ti, and Si atoms,
respectively. Selected interlayer distances are given in Å.
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FIG. 2 (color online). Interface formation energies as a function of the nitrogen chemical potential N . The nitrogen chemical potential has been correlated with the pressure for two
temperatures of 600 and 1000 K [cf. Eq. (2)] and is given with
respect to half the total energy of N2 .
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FIG. 3 (color online). Tensile stress for various low energy
interface and bulk systems: (a) for a uniform strain and (b) for
applying strain only between two atomic planes and thereby
deliberately breaking the bonds.
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at the interface and the strength is reduced compared to that
of approach (i). This can be seen from Fig. 4 (solid curves).
For the bulk systems, to compare more closely with the
strength of the relaxed interface systems, we deliberately
break the bonds between a plane of atoms by applying
strain only between the two atomic planes involved. Full
atomic relaxation of all the other atoms is carried out. The
results are shown in Fig. 3(b). The values of the strength
are considerably smaller than those of Fig. 3(a) (and more
similar to the values in Fig. 4), but the same trend is found
as in Fig. 3(a). Comparing these values to those of the four
interface systems (Fig. 4, solid curves), we can notice that
the strength of bonding between TiN(111) planes is still the
highest ( 48 GPa) and that of the interface system -like
Si2 N3 has the next highest strength ( 35 GPa). After these
 interplanar bonding is next hightwo, bulk -Si3 N4 1010
est ( 27 GPa). Given that the strength of bonding between
TiN(111) planes is the greatest, it indicates that the enhanced hardness of the nc-TiN=a-Si3 N4 nanocomposites is
primarily due to their affording and enhancing predominant interfaces involving the polar TiN(111) planes.
Figures 3(a) and 3(b) show that the strength of diamond
in the h111i direction is greater than that of the -like
Si2 N3 interface, consistent with measured hardness results.
We now address the effect of oxygen on the strength of
the interface systems. We first determined the preferred
adsorption site in the (1  1) top-top-SiN and hcp-fcc-TiSi
interfaces and the -like Si2 N3 and -like Si3 N4 4 interfaces. For the (1  1) interfaces, we investigate both
‘‘high’’ and ‘‘low’’ oxygen concentrations, where for the
latter, we use larger (2  2) cells.
For the top-top-SiN interface, for nitrogen-rich conditions, for both low and high concentrations, oxygen prefers
to occupy an interstitial site at the interface. For the (1  3)
-like Si2 N3 interface, a N-substitutional site at the interface is most favorable, as is the case for the -like Si3 N4 4
interface. Thus, for these three interfaces, favored under
nitrogen-rich conditions, oxygen will diffuse to the inter-

Tensile stress (GPa)

 2 ) and thus
tures up to 1000 K are very small (j3jmeV=A
do not significantly affect the relative stabilities [24]. For
the experimental conditions used in the works of Veprek
et al. [5,13] (T  773 K, p  104 atm) and Meng et al.
[14] (T  523 K, p ’ 2:3  107 atm), in which a hardness of 50 –60 GPa and a hardness of <35 GPa was
obtained, respectively, Fig. 2 indicates that, on thermodynamic grounds, the most stable interface geometry is the
-like Si2 N3 . The different hardnesses could be due to the
lower temperature employed in the work of Ref. [14],
which may kinetically hinder the system in reaching equilibrium. Alternatively, a cause may be oxygen contaminants, the effect of which we explore below.
In the search for new super- and ultrahard materials,
often structures with high values of the bulk modulus and
shear modulus are sought. A more stringent test may be
provided by the ideal strength, i.e., the stress at which a
crystal becomes mechanically unstable [25]. By determining the stresses along various inequivalent crystallographic
directions, the weakest link that sets the limit on the
material strength can be identified. In the following, we
calculate the ideal strength of the interfaces, as well as
various bulk systems. To do this, a tensile strain is applied
perpendicular to the plane of the interface (or of the
crystallographic plane of interest for the bulk systems),
i.e., an elongation along the loading axis. We then determine the stress from the derivative of the total energy with
respect to the strain, divided by the initial volume. The
lateral dimensions of the supercells are kept constant during this process. We consider both (i) applying a uniform
strain and (ii) allowing certain atomic relaxations (explained below). The results for (i) are shown in Fig. 3(a).
It can be clearly seen that TiNh111i has the highest tensile
strength, where it is greater than 90 GPa. This value is very
similar to the tensile strength of diamond in the h111i
direction, which is notably less than in the other directions,
and limits the critical stresses that diamond can withstand
[26]. The structures with the next highest strength are all

the interfaces, followed by bulk -Si3 N4 in the h1010i
direction. TiNh110i and TiNh100i have the lowest strength.
In the second approach, we do as for (i) but fix the
positions of the atoms in the upper and lower layers of
the slab and relax all other atoms. In this case, bonds break
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FIG. 4 (color online). Tensile stress with no oxygen (solid
curve) and with different oxygen concentrations as indicated
(see text) for the (a) top-top-SiN, (b) -like Si2 N3 , (c) hcp-fccTiSi, and (d) -like Si3 N4 4 interfaces.
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face region. For the hcp-fcc-TiSi interface, oxygen prefers
to occupy a N-substitutional site outside the Ti-Si-Ti
interface.
The tensile strength of the interfaces with O impurities is
presented in Fig. 4 (dashed and dotted-dashed lines), which
include full atomic relaxation. For the top-top-SiN and
-like Si2 N3 interfaces, oxygen induces a significant reduction in the strength. For the former, oxygen binds
strongly to the Ti atoms causing Ti-N bonds to break at
the interface. For the -like Si2 N3 interface, the presence
of oxygen causes different bonds to break as compared to
without oxygen: Here in the local vicinity of the oxygen
impurity, the Si-O and the lower Ti-N bonds break, in
contrast to the ‘‘upright,’’ single Si-N bonds for the case
of no oxygen. We attribute this behavior to the greater bond
strength of O to Ti as compared to Si [27], which has the
effect of weakening (and elongating by 12%), and ultimately breaking under applied strain, the bond the Ti atoms
have with the N atoms.
For the -like Si3 N4 4 and hcp-fcc-TiSi interfaces,
oxygen does not cause any reduction in the strength since
the structure breaks at weaker bonds at the interface, not
involving oxygen atoms. Thus, we find that the effect of
oxygen on the strength of the interface depends on the
details of the atomic geometry —for the theoretically predicted relevant interface, it induces a distinct weakening of
the system. This mechanism may be responsible for the
lower reported hardnesses.
In summary, from first-principles calculations, we predict the atomic geometry of interfaces occurring in the
novel superhard and highly thermally stable nc-TiN=
a-Si3 N4 nanocomposite. The favorable interface formed
under the technically relevant N-rich conditions involves a
Si layer tetrahedrally coordinated to N atoms. The tensile
strength of TiN in the h111i direction is found to be notably
greater than in the h100i and h110i directions and also
greater than that of the interface systems. We predict that
the enhanced hardness of these nanocomposites is related
to their affording and enhancing predominant interface
formation involving the polar TiN(111) planes with a
 layer. Oxygen impurities
thin polar partial -Si3 N4 (1010)
are predicted to diffuse to the interface region, giving rise
to a striking reduction in the tensile strength. This deteriorating effect signals the importance of avoiding oxygen
contamination for the practical creation of the nanocomposites if super- and ultrahard materials are desired.
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