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By means of a density functional theory approach, materials properties of VN�001��100� �TiN�001��100�
multilayers are studied focusing on the elastic and mechanical properties of the interface. For the isolated bulk
phases of TiN and VN, elastic constants and moduli are derived in order to analyze the matching conditions at
the interface. Modeling of the mechanical properties was done in terms of brittle cleavage by calculating
cleavage energies and critical stresses for the bulk phases as well as for the multilayer system. The interface
energy of −0.054 J /m2 was derived for the lateral lattice parameter of MgO�100� according to the multilayer
growth on this substrate. For this case, also atomic interlayer distances and critical stresses are determined and
a Poisson ratio of the VN�001� and TiN�001� was evaluated. The values of �=0.279 and �=0.235, respectively,
agree very well with the available experimental data. The strain energy and the interfacial cleavage properties
of the multilayer are calculated as a function of the lateral lattice parameter illustrating growth conditions on
different substrates. The cleavage energy at the interface considerably changes with respect to the lateral lattice
parameter, but the critical stress of �27 GPa remains rather unchanged. The relaxation of atoms following an
epitaxial strain of VN layers transforms VN into the structure with tetragonal-like stacking. This fact is an
indication that stoichiometric VN is metastable against tetragonal distortion.
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I. INTRODUCTION

Experiments demonstrated that multilayered coatings
composed of transition metal nitrides exhibit a hardness
larger than 40 GPa, which is larger than for coatings of the
constituent monophase nitrides.1–3 Such coatings are promis-
ing for applications in which high hardness and wear resis-
tances are needed. VN /TiN phases may reach hardness of
56 GPa �Ref. 1� and techniques for such coatings �e.g., mag-
netron sputtering� may reach industrially relevant deposition
rates.

The hardness enhancement of multilayered phases is a
complex phenomenon and, therefore, it is not well under-
stood. Several models have been proposed. Shinn et al.3 in-
dicated that different elastic moduli of the constituent layer
materials are needed in order to increase the hardness of a
superlattice film. The approach of Chu and Barnett4 is based
on restricted dislocation glides across and inside the layers. It
is argued that the important issue is the difference in shear
moduli of the individual components in combination with the
formation of a well defined interface. This model provides a
good fit to the scarce experimental data. A variety of other
properties are suggested for the hardness enhancement,
such as elastic anomalies1 or coherency strains near the
interface.2,5,6

Theoretical studies so far aimed at metal/nonoxide ce-
ramic interfaces, and most of the effort was devoted to inter-
faces with transition metal carbides. Only three density func-
tional theory �DFT� studies considered nitride/metal
interfaces. Hartford7 derived the interfacial free energy for
the Fe /VN �100� interface, considering also the effect of
nitrogen vacancies. Siegel et al.8,9 studied the adhesion ener-
gies for Al / �VN,CrN,TiN� interfaces, including variations
in the interfacial stacking sequence. Usually coherent inter-

faces are studied, but misfit dislocations are within reach of
DFT, as shown recently for a NiAl /Mo eutectic composite.10

In the present work, we apply a DFT approach in order to
provide reliable atomistic data for elastic and mechanical
properties of a single-crystal VN /TiN multilayer system.
The multilayer orientation was chosen to be VN�001�
��100� �TiN�001��100� for several reasons: �a� �001� is the
directions of the nearest neighbor bonds in the rocksalt struc-
ture, �b� cleaving �100� layers is easiest as compared to other
directions, and �c� strengthening was observed in multilayer
superlattices precisely with this stacking.1

For the isolated bulk phases of TiN and VN, elastic con-
stants and moduli are derived in order to analyze the match-
ing conditions at the interface. Modeling of the mechanical
properties was done in terms of brittle cleavage by calculat-
ing cleavage energies and critical stresses for the bulk phases
as well as for the multilayer system. The interface energy
was derived for the lateral lattice parameter of MgO�100�
according to the multilayer growth on this substrate. For this
case, also atomic interlayer distances and critical stresses are
determined. The strain energy of the multilayer is calculated
as a function of the lateral lattice parameter illustrating
growth conditions on different substrates.

In a first step, the isolated bulk phases are studied. Elastic
constants of VN and TiN are calculated from which macro-
scopically averaged elastic moduli and shear moduli for
polycrystalline samples are estimated. By that, reliable dif-
ferences in elastic and shear moduli of both phases can be
derived. Furthermore, brittle cleavage properties in terms of
the cleavage energy and the critical stress are calculated for
bulk VN and TiN. The cleavage energy and the critical stress
are a fundamental property of the bonding in the material,
and they describe the onset of brittle crack propagation as
well.11
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The VN /TiN multilayer is simulated by a periodic slab
with ideal 1:1 metal and/or nitrogen stoichiometry. Defects,
such as vacancies on the nitrogen sublattice, are not consid-
ered. A coherent interface is modeled, for which the lateral
lattice parameter for both VN and TiN is the same. Well
defined interfaces are suggested to be a requirement for
the hardness enhancement, and in the case of VN /TiN
multilayer were actually observed.1 We also derive the inter-
face energy by calculating the difference between the total
energy per unit area of the multilayer system and the corre-
sponding total energies of the bulk phases. It represents the
change in chemical bonding due to the formation of the in-
terface. Diffusional and plastic degrees of freedom, which
may lower the interface energy considerably, are not taken
into account.

According to elasticity theory, the formation of a coherent
interface between two mismatched materials is accompanied
by uniaxial strains in both parts, which results in a common
value of the lateral lattice parameter. In our case, the strain
energy is calculated by changing the lateral lattice parameter
of the slab. By that, coherent growth on different substrates
with different lateral lattice parameters may be simulated. In
particular, a MgO�100� substrate, which is often used for
growing epitaxial single-crystalline nitride films, �for ex-
ample, Refs. 1, 12, and 13� and an Al�100� substrate is con-
sidered. Finally, we calculate the cleavage properties of the
VN /TiN multilayer at the interface, similar to the study of
the pure bulk phases.

II. DETAILS OF CALCULATIONS

For the DFT calculations, the Vienna ab initio simulation
package14,15 �VASP� was applied. The generalized gradient
approximation �GGA� of Perdew and Wang16 was chosen for
parametrization of the exchange-correlation functional.
Atomic forces were relaxed within the conjugate-gradient al-
gorithm wherever structural relaxations were required.

Both TiN and VN crystallize in the cubic rocksalt struc-
ture, which was considered for all studies. For studies of the
multilayer system, a suitable tetragonal cell was constructed.
In all cases, the ideal 1:1 stoichiometry of metal and nitrogen
is assumed, i.e., no defects were taken into account. The
convergency of the total energy with respect to computa-
tional parameters such as the number of k points for the
Brillouin zone integration was tested. An energy cutoff of
400 eV was considered to be sufficiently accurate. For the
high-accuracy calculations of elastic constants and lattice pa-
rameters of the bulk phases of TiN and VN, the cutoff was
increased up to 600 eV, for which also 15�15�15 k point
grid was used.

The elastic constants c11, c12, and c44 are evaluated by
means of the total energy calculated as a function of suitable
strains. The energy density was fitted by a polynomial ansatz,
and its second derivative at the equilibrium volume was de-
termined.

A VN /TiN multilayer of VN�001��100� �TiN�001��100�
orientation is studied. The multilayer is modeled in two
ways: �a� by a periodic slab with n number of layers of
VN�100� and the same number of layers of TiN�100� termi-

nated by free surfaces �at least three vacuum layers� and �b�
by periodically stacking the �100� layers, as depicted in
Fig. 1.

Convergency studies showed that six numbers of layers
are sufficient for a proper modeling of the interface. Geom-
etry �a� has the advantage that layer geometries may vary
without changing the actual slab size �i.e., unit cell�.

Brittle cleavage was modeled by a slab of geometry �a�,
as described above. Convergency of the cleavage energy as a
function of the slab thickness and vacuum spacing was
tested. Unit cells with six atomic layers separating the inter-
faces were sufficiently thick. Because the intention is to de-
scribe ideal brittle cleavage, no atomic positions were re-
laxed during cleaving.

Strain energies for the multilayer system were calculated
making use of geometry �b�.

III. VN AND TiN BULK PHASES

A. Elastic properties

Tables I and II show the lattice constants a0, bulk moduli
B0, and elastic constants of VN and TiN, respectively.

Comparing our values of a0 and B0 to full-potential lin-
earized augmented plane waves �FLAPW� results,22 one gen-
erally realizes very good agreement, if GGA was applied.
FLAPW is usually considered to provide the benchmarks.
DFT calculation using the local density approximation
�LDA� for the exchange-correlation functional illustrate the

(a) (b)

V

Ti

N

geometry

FIG. 1. �Color online� Model of the two geometries used in the
calculations: �a� repeated slab with six layers of VN�100� and six
layers of TiN�100� terminated by free surfaces �at minimum three
vacuum layers�; and �b� periodically repeated blocks of 6+6
VN /TiN�100� layers.
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well-known overbinding effect of LDA,23 namely, smaller
equilibrium volumes and higher values of elastic constants.
For TiN, results of two other approaches—the full-potential
linearized muffin tin orbital �FLMTO� method and a pseudo-
potential �PP� approach—also show reasonable agreement
with the other data, although the equilibrium volume of the
FLMTO approach is less satisfying. In comparison to experi-
ment, there is a significant discrepancy for elastic constant
c11: the experimental value is about 20% smaller than our
result. Presumably, the problem is the preparation of high-
quality single crystals, because nitrogen vacancies are cer-
tainly of importance.

A distinct feature of cubic refractory compounds such as
VN and TiN is the very large value of c11 �636 and 604 GPa,
respectively�. This elastic constant reflects the strong cova-
lent bonds between the metal d-like states and the nitrogen
p-like states along the �100� directions. This is expressed by
the direction-dependent uniaxial modulus �Eq. �A1�� which
is equal to c11 for these directions.

From the elastic constants c11, c12, and c44, the corre-
sponding compliances s11, s12, and s44 are obtained by
method described in the Appendix. Young’s modulus E in the
direction of the unit vector �hkl� is then evaluated by the
relation25

1

E
= s11 − 2�s11 − s12 −

1

2
s44��h2k2 + k2l2 + l2h2� . �1�

The values of the direction-dependent Young’s moduli in
these directions are listed in Table III. For both materials, the

modulus has its maximum in the �100� direction. It should be
noted, that—in contrast to TiN and VN—for most metals
with cubic crystal structure the expression �s11−s12− 1

2s44� is
positive and, consequently, Young’s modulus has a maximum
in the �111� direction and a minimum in the �100� direction.
On the other hand, an anisotropy, similar to VN and TiN,
found for metallic polonium is attributed to the simple cubic
structure, which is essentially a rocksalt structure if both at-
oms of the compounds are identical.26 This emphasizes the
common feature of both types, namely, the dominance of the
first nearest neighbor interactions.

Experimentally, the elastic constants of single-crystal VN
and TiN films were determined from surface acoustic wave
dispersions. The values in Tables I and II were measured on
films grown on MgO �100� substrates. The agreement is
rather good, if one takes into account that the residual
stresses—due to the lattice mismatch—are inherently present
in the experimental data, and the samples might contain a
certain �yet unknown� amount of defects.

For TiN, many experimental data for Young’s modulus—
most of them derived from hardness measurements—are
available. The value of 640 GPa found for stoichiometric
TiN thin film coated onto stainless steel27 is higher than our
value of Table III. However, the reported values of Young’s
modulus show some significant scattering. For example, the
films coated by a vapor deposition technique, Young’s modu-
lus of about 400 GPa was measured.28,29 It should be noted
that for these films, x-ray diffraction and transmission
electron microscopy reveal �220� and �111� preferential
orientations.30 According to Table III, the moduli in these

TABLE I. Calculated lattice parameter a �in Å�, bulk modulus B0, and elastic constants �in GPa� for
VN.

Method a B0 c11 c12 c44

Present work 4.128 320 636 162 126

GGA, FLAPWa 4.12 333

LDA, FLAPWb 4.092 372 752 183 121

Expt. 4.13c 268d 533d 135d 133d

aReference 17.
bReference 18.
cVN0.98 at 93 K �Ref. 19�.
dVN thin film �Ref. 12�.

TABLE II. Calculated lattice parameter a �in Å�, bulk modulus B0, and elastic constants �in GPa�
for TiN

Method a B0 c11 c12 c44

Present work 4.270 292 604 136 162

GGA, FLAPWa 4.26 286

GGA, FLMTOb 4.23 270 610 100 168

LDA, FLAPWc 4.229 328 706 138 175

LDA, PPd 4.22 261 516 129 132

Expt. 4.26e 320 625f 165f 163f

aReference 17.
bReference 20.
cReference 18.

dReference 21.
eTiN0.98 at 93 K �Ref. 19�.
fTiN thin film �Ref. 12�.
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directions are 439 and 410 GPa, respectively, now in good
agreement to these experiments. Of course, a number of
physical conditions are of influence for the deposition tech-
niques, such as substrate temperature, bias voltage, nitrogen
pressure, etc. The conditions during deposition may alternate
preferred orientation of grains or film texture and, conse-
quently, change the elastic properties of the film.

Because polycrystalline properties may be also of impor-
tance for coated materials, we estimated the elastic properties
of polycrystalline VN and TiN samples. Several averaging
procedures are in use by which the elastic moduli of a quasi-
isotropic polycrystalline materials are derived from its single
crystal elastic constants. The averaging is done over all ori-
entations of the crystal with a well-defined lower and upper
limit for the elastic moduli.

Inspecting the averaged elastic constants displayed in
Table IV, one realizes deviation of �20% between the Voigt
and Reuss averages. The Poisson ratio of TiN agrees well
with a recent experimental result of �=0.23±0.03 obtained
from a technique combining impact excitation and depth-
sensing indentation.31 The data for elastic properties of VN
are very sparse. That makes our results particularly useful
because Poisson’s ratio is important for the characterization
of coatings: it is used to estimate the mechanical properties
of coatings in techniques such as depth-sensing indentation32

and surface acoustic wave spectroscopy.33 Measuring Pois-
son’s ratio of a coating is extremely difficult and it is often
assumed that Poisson’s ratio of a coating is the same as that
of the bulk material. In general, that may not be the case.

B. Brittle cleavage properties

Ideal brittle cleavage between planes of orientation �hkl�
is described in terms of Griffith’s energy balance,11 accord-
ing to which cleavage generated by load mode I �i.e., exter-
nal load perpendicular to the cleavage planes� propagates
when the mechanical energy release rate G exceeds the
cleavage energy Gc, defined as the energy needed to separate

the solid material into two blocks. The energy G�x� depends
on the crack size or separation x of two blocks of the mate-
rial.

We determined the brittle cleavage properties of each ma-
terial by calculating total energies for a set of given fixed
separations xi.

34 The DFT derived values for G�xi� were then
fitted to the so-called universal binding energy relation,35

G�x� = Gc	1 − �1 +
x

l
�exp�−

x

l
�
 . �2�

Utilizing the definition of the stress ��x�=dG�x� /dx, the pa-
rameter l is the critical length, for which the stress reaches its
maximum, the critical stress �c,

�c ª max ��x� = ��x = l� =
Gc

el
. �3�

In general, the parameters Gc and l depend on the material
and the orientation �hkl� of the actual cleavage plane. The
critical stress �c represents the maximum tensile stress per-
pendicular to the given cleavage plane, which can be with-
stood without spontaneous cleavage. Because no relaxations
are allowed, the procedure corresponds to uniaxial strain ge-
ometry of tensile loading. It should be noted that Gc and �
are implicitly divided by the area of the cleavage planes, as
customarily done in the literature.

The calculated brittle cleavage properties of bulk VN and
TiN for the three main low-index cleavage planes were in-
cluded in the calculation. The results are displayed in Table
V. It is very remarkable that critical stresses and cleavage
energies vary strongly with direction, and for the �100�
cleavage, the values are by far the smallest ones. The order
of cleavage energies is according to the number of broken
nearest-neighbor p-d bonds of the rocksalt lattice. One, two,
and three p-d bonds for the �100�, �110�, and �111� orienta-
tions, respectively, are broken. This is directly related to the
very short critical length l, which is typical for cubic refrac-
tory compounds �such as the studied nitrides, VC, and TiC
�Refs. 34 and 36��. Clearly, the remarkably small value of l
indicates the brittleness of these materials, which presumably
breaks preferable between �100� planes �at least under mode
I loading�. Planes of �111� orientation are by far the hardest
to cleave. Such a cleavage would separate pure monatomic
planes containing either the metal or nitrogen only.

The curious bonding properties of VN and TiN �and re-
lated compounds� are revealed by an approximate expression
for the critical stress �c� in terms of the cleavage energy Gc
and the uniaxial stress C,

TABLE III. Calculated elastic compliances �in 10−12 m2 N−1� and direction-dependent Young’s modulus
E �in GPa� for three low-index directions as derived from the elastic constants in Tables I and II.

s11 s12 s44 E�100� E�110� E�111�

VN 1.75 −0.4 7.94 570 373 334

TiN 1.81 −0.3 6.17 554 439 410

TABLE IV. Calculated averaged elastic constants �in GPa� of
VN and TiN. Young’s modulus E, shear modulus �, and Poisson
ratio � according to the averaging procedures of Voigt and Reuss.

Method E � �

VN Voigt 434 170 0.27

Reuss 400 155 0.29

TiN Voigt 470 191 0.23

Reuss 458 185 0.24
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�c� � 0.24�CGc. �4�

�Naturally, all quantities depend on the orientation �hkl�, and
�c� and Gc are implicitly divided by the area of the cleavage
plane.� This model was derived from DFT calculations, uti-
lizing the concept of localized elastic energy. For more de-
tails, we refer the reader to Ref. 34. Table V shows that the
estimation of Eq. �4� describes the direction-dependent trend
of critical stresses reasonably well. Although the modulus C
is the largest for the �100� orientation, the corresponding
critical stress �c� is the smallest, because of Gc, which is the
smallest for the �100� case. This indicates stiff but brittle
bonds. The useful results of Eq. �4� clearly demonstrate that
there is no general, universal relation for cleavage �fracture�
properties solely expressed in terms of elastic properties: on
the right side of the equation, we find the product of an
elastic modulus and the cleavage energy.

To our knowledge, no reliable experimental fracture data
for bulk refractory nitrides such as VN and TiN are available.
Results for thin film layers, however, are published. There is
an experimental report about fabricating bulk TiN,37 but the
mechanical properties of the samples depend strongly on the
sintering conditions. One should be cautious to compare the
critical stresses of Table V directly to hardness measure-
ments �e.g., Refs. 1 and 38� because our calculations refer to
single crystals of ideal stoichiometry as cleaved by an
uniaxial loading of mode I.

IV. VN ÕTiN MULTILAYER

A. Strain and interface energy

Because of the significantly different lattice parameters of
VN and TiN �the value for TiN is about 3% larger�, there are
sizeable strain effects when a coherent multilayer system
with a common lateral lattice parameter is formed. Accord-
ing to elasticity theory, the formation of a coherent interface
between the two mismatched parts is accompanied by
uniaxial strains of both parts. In order to characterize the
strained state enforced by various substrates, we calculated
the strain energy �Est�alat� as a function of the lateral lattice
parameter alat for the �100� planes,

�Est�alat� = E�alat� − E0, �5�

in which E0 is the energy of the unstrained material. Such
calculations were performed for the pure bulk phases of VN

and TiN, as well as for the multilayer system VN /TiN by
fixing the lateral lattice parameter alat and letting the unit cell
relax in the �001� or z direction. By that, we can model
epitaxy of thick blocks of materials on substrates with �100�
fcc surfaces without considering the chemical interaction be-
tween substrate and grown material. According to Fig. 2, the
strain energy per layer has a minimum at x�4.18 Å some-
what smaller than the average of the bulk lattice parameter of
4.20 Å due to the additional compressive strain of the free
surfaces of geometry model �a�. Considering the bulk geom-
etry model �b�, one finds 4.195 Å for alternating blocks of
six layers which increases to 4.20 Å for 15 layer blocks,
approaching a value of 4.207 Å for very thick layer blocks as
derived from the bulk data shown in Fig. 2. If growth on
MgO�100� �alat=4.22 Å� is assumed, then the whole
multilayer experiences a tensile strain which costs about
0.04 eV per layer. The strain energy induced for the lattice
parameter of Al is considerably larger, indicating that growth
of perfect stoichiometric VN�100�/TiN�100� multilayers on
Al�100� is unfavorable, and presumably only thin layers
might grow in a well-ordered way. The strain energy may be
dissipated, for instance, by stretching softer Al to match the
dimensions of VN or by increasing the concentration of ni-
trogen vacancies in VN, because it is well known that tran-
sition metal nitrides may contain up to 20% vacancies in the

TABLE V. Calculated brittle cleavage properties of bulk VN and TiN: orientation �hkl�, cleavage energy
Gc �in J /m2�, critical length l �in Å�, uniaxial modulus C �Ref. 24�, critical stress �c, and critical stress �c� �all
in GPa� derived from a simplified model �Ref. 34�.

�hkl� Gc l C �c �c�

VN �100� 2.6 0.37 636 25 31

�110� 5.0 0.52 525 36 39

�111� 7.4 0.54 488 51 46

TiN �100� 3.0 0.39 604 28 32

�110� 6.0 0.53 532 42 43

�111� 9.5 0.57 508 61 53
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FIG. 2. Strain energy �Est�alat� per �100� layer vs lateral lattice
parameter alat for �100� planes of materials with fcc structure: �,
VN /TiN slab consisting of six layers for each nitride according to
model a�; �, bulk TiN; and �, bulk VN. Arrows mark the lateral
parameters corresponding to the bulk lattice parameters of some
selected materials �as denoted within the quotation marks�.
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nitrogen sublattice.39 For TiNx, significant changes of the
lattice parameter were observed.40 For VNx films, the rock-
salt structure is stable for a broad range of the nitrogen con-
centration and it is found that the average lattice parameters
derived from x-ray diffraction data are decreasing with de-
creasing nitrogen content.41

Considering the strain energy for the bulk phases, one
realizes that at the lateral parameter of MgO�100�, the strain
energy for pure VN is more than twice as large as for pure
TiN. One may estimate how many layers of the strained but
otherwise perfect material might grow on a substrate by con-
sidering the total strain energy for a block of n bulklike
layers, which is n�Est�alat�. �It should be noted that �Est is
the strain energy per layer according to Fig. 2.� If the total
strain energy equals the chemical bonding energy at the in-
terface or surface, then the strain energy might dissipate in
other ways, e.g., by misfit dislocations. The mentioned
chemical energy can be derived from the cleavage energy at
the interface, which in our case is Gc=3.2 eV for alat
=4.22 Å corresponding to MgO�100�. Because for VN at this
lateral parameter, the strain energy per layer is �Est

VN

=0.067 eV, whereas for TiN, we derive �Est
TiN=0.023 eV,

the critical layer numbers of �50 layers for VN and �140
for TiN can be calculated. As reported by Helmersson et al.,1

for layer thicknesses ranging from 0.75 to 16 nm �i.e., ap-
proximately from 4 to 76 atomic layers�, the VN /TiN single-
crystal multilayers grew coherent with no evidence of misfit
dislocation arrays, in accordance with our estimate. Of
course, the above estimate is rather an upper boundary of the
critical thickness, since the misfit energy of the dislocation is
usually lower than the cleavage energy.10

Based on the calculations above, the Poisson ratio for
�001� oriented samples can be predicted. The TiN layer is
compressed by an in-plane strain of �� =−0.0328 in order to
match to the smaller spacing of MgO. This in-plane strain
results in a strain of ��=0.0201 perpendicular to the inter-
face as a result of a calculation for fixed alat=4.22 Å and
relaxed �001� or z axis. The Poisson ratio is then derived
from the relation

� =
��/��

��/�� − 2
. �6�

For TiN, the result of �=0.235 agrees very well with the
averaged value in Table IV as well as with a current experi-
mental result �=0.23±0.03 obtained from a technique com-
bining impact excitation and depth-sensing indentation.31

Performing analogous calculation for VN, a value of �
=0.279 is obtained. This value is exactly the average Voigt’s
and Reuss’s estimates listed in Table IV. There exists, how-
ever, no experimental reference with which we could com-
pare our results.

The interface energy � per interface area A is defined as
the difference between the total energy EVN/TiN of the com-
bined VN /TiN multilayer system and the total energies EVN

layer

and ETiN
layer of the corresponding n bulk like layers of VN and

TiN,

� = �EVN/TiN − nEVN
layer − nETiN

layer�/A . �7�

For the actual calculation of �, it was assumed that
VN /TiN multilayers were grown on MgO�100� substrate.
Consequently, an overall lateral lattice parameter alat

MgO

=4.22 Å was fixed, corresponding to the calculated bulk lat-
tice parameter of MgO. With respect to the equilibrium lat-
tice parameters of bulk VN and TiN �see Tables I and II�,
VN�100� layers have to be stretched laterally, whereas
TiN�100� layers contract in order to match the MgO�100�
epitaxial conditions. Finally, for the calculation of the inter-
face energy, the VN /TiN multilayer system was allowed to
relax along the z axis in order to minimize the total energy.
The bulk layer energies may be derived from bulk calcula-
tions with suitable supercells which are constructed by stack-
ing of �100� planes. For the interface energy, we finally de-
rived a value of �=−0.054 J /m2. Its very small absolute
value indicates that the creation of the described VN /TiN
interface is very favorable, because VN and TiN �100� layers
are rather similar concerning their bonding properties. The
negative sign arises because the bulk layer energies were
derived for strained VN and TiN layers, as described above.
Taking bulk layer energies for the respective unstrained cases
of VN and TiN increases the interface energy up to �
=0.35 J /m2.

A DFT study for Fe�011��100�/VN�001��100� interfaces
reports that a single VN layer has an interface energy of
0.245 J /m2, whereas for thicker VN slabs, even negative val-
ues of the interface energy were derived.42 When comparing
these results to our study, one should note that our calcula-
tions were made for rather thick slabs consisting of six layers
for each nitride block. All the results indicate that the actual
value of the interface energy strongly depends on the strain-
ing conditions which the �multi�layers have to obey.

Because of the simple �100� fcc geometry, most of the
structural relaxation affects the interlayer distances. The
rumpling within the VN and TiN planes at the interface is
rather small: the Ti-N distance is 2.19 Å and the N-V dis-
tance is 2.09 Å. According to Fig. 3, in the VN block the
interlayer distances show strong periodic relaxations around
the bulk value in the range of 0.025–0.3 Å which is about
12%–14% of the bulk interlayer spacing. For the TiN block,
the relaxation are much smaller. The periodic behavior of
VN is not an artifact due to the size of the VN block. Actu-
ally, we obtained the same periodic relaxation also for a
block containing 15 layers of VN. This relaxation deforms
the VN layers into a structure with tetragonal-like stacking,
in which narrowly and widely spaced pairs of planes are
created. Notice that this relaxation follows as a reaction to
epitaxial strain acting on VN. One may consider it as an
indication of an instability against tetragonal distortion in
stoichiometric VN. Notably, for samples of nearly stoichio-
metric composition �N /V�0.99�, the transformation of the
NaCl structure into a tetragonal, noncentrosymmetric low
temperature modification was already observed,43 and con-
firmed by our DFT calculations to be more stable by
0.036 eV / f.u. Hence, a NaCl phase of VN in its stoichio-
metric form may be only metastable. The structure could be
stabilized, for instance, by creating nitrogen vacancies,
which agrees well with the experimental difficulty to synthe-
size NaCl-type VN samples close to stoichiometry.
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B. Brittle cleavage properties

The brittle cleavage properties at the interface for
VN /TiN multilayers at the lateral lattice parameter of alat
=4.22 Å of MgO�100� are studied in order to investigate the
difference to the cleavage properties of the single phases of
VN and TiN. The calculations were done in the same way as
described in Sec. III B. Before cleaving, the lateral lattice
parameter for the VN /TiN multilayer was fixed to alat
=4.22 Å according to MgO�100� but the structure was re-
laxed in the �001� direction.

According to Table VI, the cleavage energy of the
VN /TiN interface is approximately the average of the cleav-
age energies of VN and TiN in the interior regions. Compar-
ing the cleavage properties of VN and TiN in the interior of
the slab to the bulk phases with �100� orientation in Table V,
one realizes that TiN is weakened with respect to VN. By
compressing TiN to the lateral parameter of MgO�100�, its
cleavage energy decreases, whereas for stretched VN, the
effect is opposite. As described in the previous section, this is

due to the different perpendicular strains occurring in these
two blocks which is also realized from Fig. 3: the first inter-
layer distance for the VN block is strongly contracted by
0.04 Å, whereas for TiN, it is enlarged by only 0.02 Å.

The weakest part of the system is the TiN /MgO interface
with its cleavage of 1.8 J /m2, which is comparable to the
cleavage energy �which is twice the surface energy� of pure
MgO�100�. This result is in quantitative agreement with
other DFT based studies of nitride and/or metal adhesion.
For the Al�100�/VN�100� interface, an adhesion energy of
1.68 J /m2 was calculated, for which Al was strained to
match the dimensions of bulk VN.8

In the case of the VN /TiN interfacial cleavage, we also
explored an influence of the coherency strains on the cleav-
age strength of the interface. For that, we calculated cleavage
profiles at various values of alat �see previous section for
details�. Observing the results in Table VII, one realizes a
pronounced change of Gc when going from the lattice param-
eter of VN to that of TiN. Interestingly, the critical cleavage
stress is much less changed. The key factor is l, as its shrink-
ing compensates the changes of Gc and stabilizes the critical
stress at values around 27 GPa for alat varying from in the
sizeable range of 4.13–4.22 Å. This behavior indicates that
the cleavage strength of the VN /TiN interface is not sup-
posed to change much with respect to various substrates if
their lateral parameters are in the described range.

V. SUMMARY

We performed a DFT study of the properties of VN�100�/
TiN�100� multilayered superlattice system. For the bulk
single-crystalline phases of VN and TiN, strong anisotropies
of the brittle cleavage properties as well as the elastic prop-
erties were found. The anisotropy is due to the strong bonds
between N and the transition metals in the �100� direction of
the rocksalt structure. The lowest cleavage energy is derived
for �100� planes. Both materials exhibit remarkably high
critical stresses for the �111� cleavage faces, namely, 51 and
61 GPa for VN and TiN, respectively. In contrast to the
rather weak cleavage properties of the �100� planes, the
uniaxial elastic modulus is largest for the �001� direction for
both VN and TiN.

Our idealized model revealed that the strengthening ob-
served in multilayers is not directly connected to a change of

TABLE VI. Calculated brittle cleavage properties for the �001�
direction of the VN�100�/TiN�100� multilayer system at the lateral
lattice parameter of alat=4.20 Å of MgO�100�: cleavage energy Gc,
critical length l, and critical stress �c. For more details, see Sec.
III B.

Gc

�J /m2�
1

�Å�
�c

�GPa�

VN interior 3.3 0.37 33

VN /TiN interface 3.0 0.39 27

TiN interior 2.7 0.40 25

TiN /MgO interface 1.8 0.39 16

TABLE VII. Calculated brittle cleavage properties at the inter-
face for the �001� direction of the VN�100�/TiN�100� multilayer
system at varying lateral lattice parameters alat: cleavage energy Gc,
critical length l, and critical stress �c. For more details, see Sec.
III B.

alat

�Å�
Gc

�J /m2�
1

�Å�
�c

�GPa�

4.128 �VN� 3.13 0.407 27.7

4.18 3.08 0.411 27.0

4.22 2.91 0.387 27.1

4.27 �TiN� 2.66 0.370 25.9
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FIG. 3. �Color online� Relaxation of averaged, �z�Ti,V�+zN� /2,
interlayer distances �in Å� of VN�100�/TiN�100� multilayers for the
overall lateral lattice parameter alat

MgO=4.22 Å. Dashed lines indi-
cate the spacings for the equilibrium bulk phases. A model of the
interface is shown on top: small spheres denote N and large spheres
V and Ti, respectively.
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the cleavage properties. The cleavage energy of the interface
is an average between the energies of both materials. Accord-
ing to our calculation, the role of different substrates can be
excluded as well, because upon a rather large change of the
lateral spacing of the multilayer within 4.13–4.27 Å, no sig-
nificant effect on the cleavage properties of the multilayer
interface can be derived. Assuming multilayer growth on an
Mg�100� substrate �i.e., fixing the lateral parameter to the
calculated value of 4.20 Å of MgO�100��, the cleavage en-
ergy of VN is enlarged by 10%, whereas it decreases for TiN.
This is a consequence of strains in the coherently matched
VN /TiN multilayer slab, because after stretching VN to
match the MgO lattice parameter, its spacing in the direction
normal to the interface shrinks, thus improving its cohesive
properties in the �001� direction. For TiN, the effect is oppo-
site, because it has to compressed to match the epitaxial con-
ditions of the MgO substrate.

According to our results calculated for an ideal interface
of a perfectly matched VN�100�/TiN�100� multilayer, no ma-
jor increase of the cleavage properties may be expected from
such coatings with perfect interface conditions. A major in-
crease in the cleavage stress of a realistic material may be
expected if extensive dislocations and fracture in the �001�
directions are hindered because the critical stresses for �011�
and, in particular, for �111� directions are significantly larger
than for the �001� cases for both nitrides.

For the multilayer system VN�100�/TiN�100�, the calcula-
tion of the strain energy induced by different substrates re-
veals that the MgO�100� substrate—as commonly used in
epitaxial experiments—provides a low coherency stress par-
tially due to the softer bonding in VN: At a lateral lattice
parameter corresponding to bulk VN, the strain energy is
considerably smaller than at that of bulk TiN. Furthermore,
the relaxation of atoms following an epitaxial strain of VN
layers deforms VN into the structure with tetragonal-like
stacking; narrowly and widely spaced pairs of planes are
created. This fact is an indication that stoichiometric VN is
metastable against tetragonal distortion.

By compressing the TiN�100� layer to be lattice matched
with VN�100�, we evaluated the Poisson ratio. The value of
�=0.235 agrees well with a current experimental result �
=0.23±0.03. A similar calculation for VN yields �=0.279,
which seems to be useful, because no experimental value is
available. Knowledge of Poisson’s ratio is extremely impor-
tant for the characterization of coatings, as it is needed to
determine the mechanical properties of coatings in tech-
niques such as depth-sensing indentation and surface acous-
tic wave spectroscopy.

For the TiN�100�/MgO�100� interface, a cleavage energy
of 1.8 J /m2 was calculated. Comparing to the other theoret-
ical results for nitride interfaces with Al and Fe, one can
conclude that MgO substrates should be better suited. The
TiN�100�/MgO�100� multilayer system has a larger cleavage
energy and, according to our strain energy calculation, by
epitaxial growth of VN /TiN multilayers a relatively low co-
herency stress is induced. Finally, the interface energy for
epitaxial growth on MgO�100� is rather favorable, namely,

−0.054 J /m2. The negative sign arises because the bulk layer
energies were derived for strained VN and TiN layers.
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APPENDIX

For a cubic structure, the uniaxial modulus C is defined in
terms of the elastic constants c11, c12, and c44 by

C = c11 − 2�c11 − c12 − 2c44��h2k2 + h2l2 + k2l2� . �A1�

The corresponding compliances s11, s12, and s44 are ob-
tained given by25

s11 =
c11 + c12

�c11 − c12��c11 + 2c12�
, �A2�

s12 =
− c12

�c11 − c12��c11 + 2c12�
, �A3�

s44 =
1

c44
. �A4�

The general methodology of averaging the elastic constants
is outlined, e.g., in Ref. 44. We used the procedures accord-
ing to Voigt and Reuss which provide upper and lower
bounds for the averaged bulk and shear modulus. For a cubic
crystal, Voigt’s average results in relations for the Lamé con-
stant 	 and the shear modulus �,

� = c44 −
1

5
H , �A5�

	 = c12 −
1

5
H , �A6�

in which H is the anisotropy factor given as H=2c44+c12
−c11. From Reuss’s average for elastic compliances, the re-
lations

1

E
= s11 −

2

5
J , �A7�

1

�
= s44 +

4

5
J �A8�

are derived in which E is the elastic modulus and J=s11

−s12− 1
2s44. Poisson’s ratio of an isotropic material is then

defined by

� =
E − 2�

2�
. �A9�
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