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First-principles calculations on the elastic and

thermodynamic properties of NbN∗
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The elastic and thermodynamic properties of NbN at high pressures and high temperatures are investigated by the

plane-wave pseudopotential density functional theory (DFT). The generalized gradient approximation (GGA) with the

Perdew–Burke–Ernzerhof (PBE) method is used to describe the exchange–correlation energy in the present work. The

calculated equilibrium lattice constant a0, bulk modulus B0, and the pressure derivative of bulk modulus B′
0 of NbN

with rocksalt structure are in good agreement with numerous experimental and theoretical data. The elastic properties

over a range of pressures from 0 to 80.4 GPa are obtained. Isotropic wave velocities and anisotropic elasticity of NbN

are studied in detail. It is indicated that NbN is highly anisotropic in both longitudinal and shear-wave velocities.

According to the quasi-harmonic Debye model, in which the phononic effect is considered, the relations of (V − V0)/V0

to the temperature and the pressure, and the relations of the heat capacity CV and the thermal expansion coefficient

α to temperature are discussed in a pressure range from 0 to 80.4 GPa and a temperature range from 0 to 2500 K. At

low temperature, CV is proportional to T 3 and tends to the Dulong–Petit limit at higher temperature. We predict that

the thermal expansion coefficient α of NbN is about 4.20× 10−6/K at 300 K and 0 GPa.
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1. Introduction

Transition-metal (TM) nitrides have increasingly

attracted attention theoretically and experimentally

because of their outstanding mechanical, optoelec-

tronic, thermal, semiconducting, magnetic or super-

conducting properties, which can be used advanta-

geously in a variety of technological areas.[1−5] Fur-

thermore, their high hardness plays an important role

in applications; considerable efforts have been devoted

to investigating their mechanical properties.[6−14] The

special physical properties of niobium nitride make it

a suitable material exploited in superconducting and

high hardness coatings.[15,16] To study the mechan-

ical properties of NbN, the hardness measurements

have been performed by Vickers indentation method,

and its Vickers hardness is close to that of sapphire,

while its bulk modulus approaches that of cubic boron

nitride.[6,7] Amriou et al.[13] have investigated the elec-

tronic structures and bonding mechanisms of NbC and

NbN compounds using the full-potential linearized

augmented plane wave method (FP-LAPW). Wang et

al.[14] have studied the mechanical properties of NbN

with the density functional theory (DFT), which pro-

vides important insights into the physical origin of the

mechanical properties. However, to our knowledge,

even though NbN has been well known for a long time,

calculations on the elastic and thermodynamic prop-

erties of NbN have not been reported. In the present

work, we investigate the elastic and thermodynamic

properties of NbN by DFT combined with the quasi-

harmonic Debye model.

2. Computational method

We investigate the structural, elastic, and thermo-

dynamic properties of NbN by using DFT and combin-

ing the quasi-harmonic Debye model.[17] Vanderbilt-

type ultrasoft pseudopotential[18] is employed to per-

form the interactions of electrons with atoms for Nb

4s24p64d45s1 and N 2s22p3. The generalized gradient

approximation (GGA) with Perdew–Burke–Ernzerhof

(PBE)[19] is used to describe the exchange and corre-

lation energy. The plane-wave basis set with an en-

ergy cutoff of 430 eV is adopted. The special point

sampling integration over the Brillouin zone is based

on the Monkhorst–Pack method[20] with 6 × 6 × 6 k-

point mesh points, where the self-consistent conver-

gence of the total energy is about 2.0×10−5 eV/atom,
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the maximum atom force is less than 0.05 eV/Å

(1 Å=0.1 nm), the maximum atoms displacement is

less than 1.0 × 10−5 Å, and the maximum stress is

within 0.01 GPa. All the total energy calculations are

performed using the Cambridge Serial Total Energy

Package (CASTEP) code.[21,22]

3. Results and discussion

3.1. Structure of NbN

By checking the ICSD crystal database, we

present the basic crystal parameters of NbN as fol-

lows: the space group is Fm3̄m (225#) with rock-

salt structure, the atomic site of Nb is 4a (0, 0, 0)

and N is 4b (1/2, 1/2, 1/2). The ground state lat-

tice parameter a0 for the rocksalt structure of NbN

is obtained by optimizing the geometry, and the total

energy E and the corresponding primitive cell volume

V are calculated by setting a series of different lat-

tice constants. Then we obtain the zero pressure bulk

modulus B0 and its pressure derivative B′
0 by fitting

the E–V curve with the Brich–Murnaghan equation of

state (EOS).[23] All calculated results are listed in Ta-

ble 1. It is indicated that our results are in excellent

agreement with numerous theoretical[13,14,24−31] and

experimental[1,32−34] data. The calculated method

performed in the present work is reasonable.

Table 1. Values of lattice constant a0 (Å), bulk modulus B0 (GPa), pressure derivative B′
0 (GPa), and elastic

constants C11, C12, C44 (GPa) for NbN at zero pressure.

a0/Å B0/GPa B′
0/GPa C11/GPa C12/GPa C44/GPa

Present work 4.415 307.2 4.416 696.2 112.6 85.9

Ref. [14] 4.410 313.0 – – – –

Ref. [24] 4.410 309.0 – – – –

Ref. [25] 4.394 – – – – –

Ref. [26] 4.420 317.0 – – – –

Ref. [27] 4.378 – – – – –

Ref. [28]–[30] 4.392 – – – – –

Ref. [31] – 350.0 – – – –

Ref. [13]
4.430 (GGA) 307.4 4.214 498.0 212.0 89.0

4.363 (LDA) 349.9 4.922 604.0 223.0 184.0

Ref. [1] 4.390 320.0 – – – –

Ref. [32] – 287.0 – 556.0 152.0 125.0

Ref. [33] 4.379 292.0 354.0 – – – –

Ref. [34] 4.393 – – – – –

3.2. Elastic properties of NbN

According to Hooke’s law,[35] the stress (σ) and

strain (ε) for small deformation to a crystal are lin-

early related by

σij = cijklεkl (i, j, k, l = 1, 2, 3), (1)

where the fourth-rank tensor cijkl is the elastic con-

stant tensor. To calculate the elastic constants we

use the finite strain method and then the elastic con-

stants can be determined directly from the stress gen-

erated by small strain.[36] For the cubic crystal, there

are only three independent elastic constants, namely,

C11, C12, and C44. The strained lattice vector a′ is

used to determine the elastic constants versus the un-

strained lattice vector a by a′ = (I + ε)a, where I is

the identity matrix. The strain tensor is

ε =


e e/2 0

e/2 0 0

0 0 0

 (2)

so Hooke’s law is expressed as follows:

σxx = C11e, σyy = σzz = C12e,

σyz = C44e, σzx = σxy = 0. (3)

Obtaining the equilibrium primitive cell of NbN

by optimizing the geometry, a series of incremental

strains is applied to the crystal. At each step of strain,

only electrons can be relaxed while atomic positions

and the atomic basis vector orthogonal to the applied
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strain are fixed by the symmetry. Then the strain-

induced stresses are calculated and the values of C11,

C12, and C44 for NbN are determined by Eq. (3).

The ratio of stress to strain versus strain is plotted

in Fig. 1. The different strain magnitudes: e = 0.02,

e = 0.04, e = 0.06, e = 0.08, e = 0.10 are used to

deform the equilibrium primitive of NbN. From the

intercept of the best-fit line: σxx/e = C11 + A(e),

the values of C11, C12, and C44 are successfully ob-

tained to be C11 = 696.2 GPa, C12 = 112.6 GPa,

and C44 = 85.9 GPa at zero pressure. We repeat this

method of stress-induced strain and calculate the val-

ues of C11, C12, and C44 at different pressures. The

elastic constants completely specify the elastic prop-

erties and acoustic velocities of a single crystal.
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Fig. 1. Stress/strain ratios versus strain. The solid lines

represent linear fittings to the calculated values (solid cir-

cles) of stress/strains versus strain for three independent

stiffness constants.

As is well known, the mechanical stability for a

cubic crystal under isotropic pressure is judged by the

following conditions[37]

C̃αα > 0, C̃11 > |C̃12|, C̃11 + 2C̃12 > 0, (4)

where C̃αα = Cαα − P (α = 1, 4), C̃12 = C12 + P .

The calculated results indicate that when the

pressure is less than 80.4 GPa, the elastic constants

of NbN satisfy Eq. (4); namely, the structure of NbN

should be stable under these conditions. According to

the previous study, there is no structural phase tran-

sition for NbN at the temperatures up to 2500 K.[38]

Then, we investigate the elastic and thermodynamic

properties of NbN in a pressure range from 0 to

80.4 GPa and a temperature range from 0 to 2500 K.

In the case of hydrostatic pressure P , the shear mod-

ulus G and bulk modulus B are related to the elastic

constants Cij as follows:[39,40]

G = (GV +GR)/2, B = (C11 + 2C12)/3, (5)

where c′ = (C11 − C12)/2, GV = (2c′ + 3C44)/5,

GR = 15/(6/c′ + 9/C44), B is the bulk modulus, GV

is the Voigt shear modulus and GR is the Reuss shear

modulus. The results are listed in Table 2. The elastic

constants Cij and bulk modulus B at different pres-

sures and temperatures are shown in Figs. 2(a) and

2(b). The elastic constants and bulk modulus increase

with increasing pressure and decrease with rising tem-

perature. It is found that C11 and C12 increase with

increasing pressure; the variation of C11 is obvious

compared with that of C12, but the variation of C44

is very slight. The elastic constant C11 represents

elasticity in length. A longitudinal strain produces

a change in C11. The elastic constants C12 and C44

are related to the elasticity in shape, which is a shear

constant. A transverse strain causes a change in shape

but not in volume. For cubic crystals, there are two

shear moduli, c and c′, corresponding to the shears

along the {100} and {110} planes, respectively, which
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Fig. 2. Elastic constants versus pressure at T = 0 K (a),

and bulk moduli versus temperature at P = 0 GPa (b).
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can be used to estimate distortion in a certain plane

of NbN as follows:

c = C44, c′ =
1

2
(C11 − C12). (6)

As shown in Figs. 2(a) and 2(b), c varies just a lit-

tle with temperature and pressure, which shows that

pressure and temperature will not cause obvious varia-

tion of shear along the {100} plane. At the same time,

c′ varies substantially with the increase of pressure,

indicating that pressure will make the shear change

along the {110} plane. The change in c′ is inversely

proportional to temperature, but the amplitude of

variation is very small. The bulk modulus B reflects

the extent of difficulty of material compression un-

der hydrostatic pressure. Therefore, compressibility

of NbN is low at high pressure (T = 0 K), and large

at high temperature (P = 0 GPa).

Table 2. Values of the lattice constant (Å), density (g·cm−3), elastic moduli (GPa), wave velocities (km·s−1), and

Debye temperature (K) for NbN from 0 to 80.4 GPa at different pressures.

P a ρ C11 C12 C44 B GV GR G vP vS ΘD

0 4.415 8.250 696.2 112.6 85.9 696.2 168.3 119.7 144.0 7.78 4.18 629.1

5 4.392 8.379 746.5 120.4 86.2 746.5 176.9 121.4 149.2 7.94 4.22 639.2

10 4.371 8.504 795.5 127.3 86.4 795.5 185.5 122.8 154.1 8.08 4.26 648.5

15 4.351 8.623 845.1 135.7 86.5 845.1 193.8 124.0 158.9 8.23 4.29 657.3

20 4.332 8.736 892.3 142.7 86.4 892.3 201.8 124.9 163.3 8.36 4.32 665.4

25 4.314 8.844 938.5 149.2 86.3 938.5 209.6 125.6 167.6 8.48 4.35 673.0

30 4.297 8.951 985.6 156.8 86.1 985.6 217.4 126.0 171.7 8.60 4.38 680.2

35 4.281 9.052 1031.0 163.6 85.8 1031.0 224.9 126.3 175.6 8.71 4.40 686.9

40 4.265 9.151 1076.3 170.7 85.5 1076.3 232.4 126.5 179.5 8.82 4.43 693.4

45 4.251 9.246 1121.3 178.0 85.0 1121.3 239.7 126.5 183.1 8.93 4.45 699.5

50 4.237 9.338 1174.4 184.6 84.5 1174.4 248.6 126.4 187.5 9.05 4.48 707.0

55 4.223 9.427 1220.1 191.5 83.9 1220.1 256.1 126.2 191.1 9.15 4.50 712.9

60 4.210 9.515 1250.3 197.9 83.4 1250.3 260.5 125.7 193.1 9.20 4.50 715.6

65 4.198 9.601 1293.9 205.3 82.6 1293.9 267.2 125.0 196.1 9.30 4.52 720.4

70 4.186 9.684 1336.6 212.1 81.9 1336.6 274.0 124.4 199.2 9.38 4.54 725.3

75 4.174 9.766 1378.8 218.4 81.3 1378.8 280.9 124.0 202.4 9.47 4.55 730.3

80 4.163 9.845 1421.3 225.4 80.5 1421.3 287.4 123.1 205.3 9.55 4.57 734.6

80.4 4.162 9.852 1424.4 225.7 80.5 1424.4 288.0 123.0 205.5 9.55 4.57 735.0

3.3. Isotropic wave velocities

We calculate the longitudinal and shear-wave ve-

locities, vP and vS respectively, which are obtained

from Navier’s equation[41]

vP =

√
B + 4

3G

ρ
, and vS =

√
G

ρ
, (7)

where ρ is the density of NbN. The calculated densities

and wave velocities at different pressures are shown in

Table 2, and the plots of vP and vS versus pressure

are shown in Fig. 3. The longitudinal and shear-wave

velocities, vP and vS, increase with the increase of

pressure. However, the longitudinal wave velocity in-

creases more obviously than shear-wave velocity with

the increase of pressure. The high-pressure (80.4 GPa)

longitudinal and shear-wave velocities for NbN differ

by 22.8% and 9.3% from those at zero-pressure.

The averaged sound velocity can be computed us-

ing the above two equations and can be defined as[42]

υm =

[
1

3

(
2

v3S
+

1

v3P

)]−1/3

. (8)

Thus, the Debye temperature, which is proportional

to the averaged sound velocity, can be calculated from

the following equation:[43]

ΘD =
h

k

[
3n

4π

(
NAρ

M

)]1/3
υm, (9)

where h is the Planck’s constant, k is the Boltzmann’s

constant, NA is the Avogadro’s number, n is the num-
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ber of atoms in the molecule, M is the molecular

weight and ρ is the density. At 0 K, using the above

method, we obtain ΘD = 629.1 K. The Debye tem-

perature ΘD increases monotonically with pressure in-

creasing (see Table 2).
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Fig. 3. The isotropic longitudinal and shear-wave veloci-

ties of NbN versus pressure.

3.4. Elastic anisotropy

The acoustic vibrational modes of a solid in the

long wavelength limit are obtained from the Christof-

fel equation,[44]

ρω2ui = Milul, (10)

where ρ is the mass density, ω is the vibrational an-

gular frequency, ui is the displacement amplitude and

summation convention is used for repeated Cartesian

indices. The matrix Mil is given by

Mil = cijklkjkk, (11)

where cijkl is the elastic constant tensor element, and

kj is the wave vector component of the vibrational

wave. In the case of the cubic crystal, the Mil matrix

reduces to


C11k

2
x + (k2y + k2z)C44 (C12 + C44)kxky (C12 + C44)kxkz

(C12 + C44)kxky C11k
2
y + (k2x + k2z)C44 (C12 + C44)kykz

(C12 + C44)kxkz (C12 + C44)kykz C11k
2
z + (k2x + k2y)C44

 . (12)

For any direction, the eigenvector will be a

quadratic function of k = |k| and hence ω = Vn(k̂)k

with Vn(k̂) being the sound velocity for polarization n

and direction k̂. For example, for k along [100], kx = 1

and ky = kz = 0, the sound velocities become

VP([100]) =
√
C11/ρ,

VS1([100]) = VS2([100]) =
√
C44/ρ, (13)

where VP is longitudinal velocity; VS1 and VS2 are

shear-wave velocities polarized in the (1̄10) plane

(S1) and (001) plane (S2) along propagation direction

[100], respectively.

Similarly, for the [110] wave vector direction, the

sound velocities are given by the results

VP([110]) =

√
1

2
(C11 + C12 + 2C44)/ρ,

VS1([110]) =

√
1

2
(C11 − C12)/ρ,

VS2([110]) =
√
C44/ρ, (14)

where VP is the longitudinal velocity; VS1 and VS2 are

the shear-wave velocities polarized in the (1̄10) plane

(S1) and (001) plane (S2) along propagation direction

[110], respectively.

And for the [111] wave vector direction

VP([111]) =

√
1

3
(C11 + 2C12 + 4C44)/ρ,

VS1([111]) = VS2([111])

=

√
1

3
(C11 − C12,+C44)/ρ, (15)

where VP is the longitudinal velocity; VS1 and VS2 are

the shear-wave velocities polarized in the (1̄10) plane

(S1) and (001) plane (S2) along propagation direction

[110], respectively.
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Fig. 4. Longitudinal and transverse waves (two shear

waves) on propagation along different directions with

wave vector k polarized along directions [100], [110],

and [111].

The longitudinal and two shear-efficient elastic

constants at different pressures are presented in Ta-

ble 3. Velocities along different directions are shown

in Table 4 and Fig. 4. It is found that NbN is highly
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anisotropic in both longitudinal and shear-wave ve-

locities. Longitudinal wave velocities are extremal for

[100] and [111] propagation directions, whereas shear

waves polarized in the (1̄10) plane (S1) are extremal

along [100] and [110]. In addition, shear waves polar-

ized in the (001) plane (S2) show a local extremum

in the shear velocity for propagation along [1/2, 1/2,

1/
√
2].

Table 3. Longitudinal and two shear-efficient elastic constants (GPa) of wave vectors along [100], [110], and [111]

at different pressures.

CL CT1 CT2 CL CT1 CT2 CL CT1 CT2

[100] [110] [111]

0 696.2 85.9 85.9 490.3 291.8 85.9 421.7 223.2 223.2

5 746.5 86.2 86.2 519.6 313.1 86.2 444.0 237.4 237.4

10 795.5 86.4 86.4 547.8 334.1 86.4 465.2 251.5 251.5

15 845.1 86.5 86.5 576.9 354.7 86.5 487.4 265.3 265.3

20 892.3 86.4 86.4 603.9 374.8 86.4 507.8 278.7 278.7

25 938.5 86.3 86.3 630.2 394.6 86.3 527.4 291.9 291.9

30 985.6 86.1 86.1 657.3 414.4 86.1 547.8 305.0 305.0

35 1031.0 85.8 85.8 683.1 433.7 85.8 567.1 317.7 317.7

40 1076.3 85.5 85.5 709.0 452.8 85.5 586.5 330.3 330.3

45 1121.3 85.0 85.0 734.7 471.6 85.0 605.8 342.8 342.8

50 1174.4 84.5 84.5 764.0 494.9 84.5 627.2 358.1 358.1

55 1220.1 83.9 83.9 789.7 514.3 83.9 646.3 370.9 370.9

60 1250.3 83.4 83.4 807.5 526.2 83.4 659.9 378.6 378.6

65 1293.9 82.6 82.6 832.2 544.3 82.6 678.2 390.4 390.4

70 1336.6 81.9 81.9 856.3 562.2 81.9 696.2 402.1 402.1

75 1378.8 81.3 81.3 879.9 580.2 81.3 713.6 413.9 413.9

80 1421.3 80.5 80.5 903.8 597.9 80.5 731.3 425.4 425.4

80.4 1424.4 80.4 80.4 905.4 599.3 80.4 732.5 426.4 426.4

Table 4. Values of longitudinal and two shear-wave velocities (km·s−1) in three directions at pressures ranging

from 0 to 80.4 GPa.

[100] [110] [111]
P

VP VS1 VS2 VP VS1 VS2 VP VS1 VS2
∆P ∆S

0 9.186 3.227 3.227 7.709 5.947 3.227 7.150 5.201 5.201 25.41 56.77

5 9.439 3.207 3.207 7.875 6.112 3.207 7.279 5.323 5.323 26.34 59.52

10 9.672 3.187 3.187 8.026 6.268 3.187 7.396 5.439 5.439 27.20 62.05

15 9.900 3.167 3.167 8.179 6.414 3.167 7.519 5.547 5.547 27.91 64.40

20 10.106 3.145 3.145 8.315 6.550 3.145 7.624 5.648 5.648 28.59 66.57

25 10.301 3.124 3.124 8.441 6.680 3.124 7.722 5.744 5.744 29.23 68.60

30 10.493 3.101 3.101 8.569 6.804 3.101 7.823 5.837 5.837 29.79 70.56

35 10.672 3.078 3.078 8.687 6.922 3.078 7.915 5.924 5.924 30.33 72.41

40 10.845 3.056 3.056 8.802 7.034 3.056 8.006 6.008 6.008 30.80 74.13

45 11.012 3.033 3.033 8.914 7.142 3.033 8.094 6.089 6.089 31.24 75.80

50 11.214 3.008 3.008 9.045 7.280 3.008 8.195 6.192 6.192 31.83 77.77

55 11.376 2.984 2.984 9.153 7.386 2.984 8.280 6.272 6.272 32.25 79.36

60 11.463 2.960 2.960 9.212 7.436 2.960 8.328 6.308 6.308 32.43 80.39

65 11.609 2.932 2.932 9.310 7.529 2.932 8.405 6.377 6.377 32.78 81.90

70 11.748 2.908 2.908 9.403 7.620 2.908 8.479 6.444 6.444 33.10 83.28

75 11.882 2.886 2.886 9.492 7.708 2.886 8.548 6.510 6.510 33.42 84.58

80 12.015 2.859 2.859 9.581 7.793 2.859 8.619 6.574 6.574 33.72 85.94

80.4 12.024 2.857 2.857 9.587 7.800 2.857 8.623 6.579 6.579 33.75 86.03

Note: ∆P = [(VPmax − VPmax)/VPagg] · 100 and ∆S = [(VSmax − VSmax)/VSagg] · 100.
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From the Cristoffel equation[44] for cubic crystal,

the elastic anisotropy factor is shown as follows:

A =
2C44 + C12

C11
− 1, (16)

which is zero for an isotropic material. The

anisotropies of P, S1, and S2 waves are then given

by

AP =
2A

3
, AS1 = −A

2
, and AS2 = −3A

8
. (17)

The pressure dependences of the elastic

anisotropic factor A at pressures up to 80.4 GPa are

shown in Fig. 5, from which we can know that NbN

exhibits low elastic anisotropy at zero pressure and

the degree of the anisotropy increases with pressure

rising, and the anisotropy factor A = −0.59, close to

−0.62[33] at zero pressure. The anisotropy factor A

initially drops slowly with pressure rising, and then

more slowly decreases at higher pressures. The AP

decreases more slowly with pressure increasing than

A, at the same time, the variations of AS1 and AS2

are inverse. The above relations (Eq. (17)) explain

the corresponding pressure-induced variations in the

directions and polarizations of P and S waves with

extremal velocities. Both at zero pressure and at high

pressure, P waves are fastest along [100] and S waves

are fastest along [110] (Table 4).
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Fig. 5. Anisotropy factors, A, AP, AS1, and AS2 versus

pressure for NbN.

3.5.Thermodynamic properties

In order to investigate thermodynamic proper-

ties of NbN, the quasi-harmonic Debye model[17]

is employed, the non-equilibrium Gibbs function

G∗(V ;P, T ) of NbN is written as

G∗(V ;P, T ) = E(V ) + PV +Avib(Θ(V );T ), (18)

where Θ(V ) is the Debye temperature and Avib is

the vibrational Helmholtz free energy. Considering

the phonon effect, introducing the quasi-harmonic

approximation[17] and using the Debye model of

phonon density of states, Avib can be expressed as

follows:[17,45−47]

Avib(Θ;T ) = nKT
[9
8

Θ

T
+ 3 ln(1− e−Θ/T )

−D
(Θ
T

)]
, (19)

where (DΘ/T ) represents the Debye integral and n

is the number of atoms per formula unit. For an

isotropic solid, Θ can be written as[46]

Θ =
~
K

[
6π2V 1/2]n

]1/3
f(σ)

√
BS

M
, (20)

where M is the molecular mass per formula unit,

f(σ) is given in Refs. [48] and [49], Poisson ratio

σ = 0.25,[50] BS is the adiabatic bulk modulus approx-

imated by the static compressibility and expressed

as[17]

BS ≈ B(V ) = V
( d2E(V )

dV 2

)
. (21)

The heat capacity CV and the thermal expansion co-

efficient α are given by[51]

CV = 3nk
[
4D

(Θ
T

)
− 3Θ/T

exp(Θ/T )− 1

]
, (22)

α =
γCV

BTV
, (23)

where γ is the Grüneisen parameter. Fortunately, this

method is successfully used to investigate the thermo-

dynamic properties of other materials.[52−56]

The thermodynamic properties are determined in

a temperature range from 0 to 2500 K, where the

quasi-harmonic model remains fully valid. The pres-

sure effect is studied in a 0 GPa–80.4 GPa range. The

relations between (V −V0)/V0 and the pressure at dif-

ferent temperatures are shown in Fig. 6(a) and the

variations of (V − V0)/V with temperature at differ-

ent pressures are displayed in Fig. 6(b). The positive

values of (V − V0)/V mean that the primitive cell is

expanded and negative values refer to the cell com-

pressed, V0 is the cell volume at P = 0 and T = 0.

From Fig. 6(a), we can see that the (V − V0)/V0 de-

creases with pressure increasing and the rate of de-

crease is very fast at 2500 K, indicating that the struc-

ture of NbN expands much more easily with the tem-

perature rising. But the expanding effect is restrained

when P > 4.39 GPa, T < 2500 K. Figure 6(b) shows
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the (V −V0)/V increases with temperature rising and

the rate of increase is very prominent at low pres-

sure. That is to say, the structure of NbN expands

easily at high temperature at low pressure. However,

the expanding effect is suppressed and the variation is

moderate with increasing pressure. These results are

consistent with the scenarios in Figs. 2(a) and 2(b).

Thus, we can obtain a result that the influences of

temperature and pressure on the crystal cell are op-

posite.
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Fig. 6. Values of (V − V0)/V versus pressure P at differ-

ent temperatures (a) and versus temperature T at different

pressures (b), where V is the cell volume at P = 0 and

T = 0.

The heat capacity of crystal is an old but interest-

ing research topic in condensed matter physics.[57,58]

Knowledge of the heat capacity of the substance not

only provides an essential insight into its vibrational

properties, but also possesses many applications. Two

well-known limiting cases are correctly predicted by

the standard elastic continuum theory.[58] At high

temperature, the constant-volume heat capacity CV

tends to the Dulong–Petit limit; while at sufficiently

low temperature, CV is proportional to T 3.[59] At in-

termediate temperatures, however, the temperature

dependence of CV is governed by the details of vibra-

tion of the atoms and has long been determined only

experimentally. Figure 7(a) shows the values of heat

capacity CV of NbN at different temperatures and

pressures. As temperature increases, the heat capacity

CV increases at different pressures, while the increase

gradually slows down. Due to the anharmonic approx-

imation of the Debye model, CV increases sharply with

temperature rising when T < 400 K. However, when

temperature goes up to 400 K the anharmonic effect

on CV is suppressed, and CV tends to the Dulong–

Petit limit (≈ 49.59 J·mol−1·K−1) gradually, which is

common to all solids at high temperatures.
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Fig. 7. (a) Curves of heat capacity (a) and thermal ex-

pansion (b) versus temperature at pressures in a range of

0 GPa–80.4 GPa

The curves of thermal expansion coefficient α ver-

sus temperature are plotted in Fig. 7(b) at different

pressures. Obviously, at low temperature, α increases

sharply, and then the tendency to increase becomes

weaker at high temperature. At a given temperature,

the higher the pressure, the smaller the thermal ex-

pansion is, which is absolutely consistent with the sce-

nario in Fig. 7(a). While at P = 80.4 GPa, T > 600 K,

α hardly changes anymore, indicating that high pres-

sure suppresses thermal expansion effectively. At a
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certain temperature, as pressure P increases, the ther-

mal expansion coefficient α decreases. Finally, we pre-

dict that the thermal expansion coefficient α of NbN

is about 4.20× 10−6/K at 300 K and 0 GPa.

4. Conclusions

The elastic and thermodynamic properties at dif-

ferent pressures and temperatures are investigated

by the plane-wave pseudopotential density functional

theory with CASTEP code. The equilibrium lat-

tice parameters are consistent with the experimen-

tal data and other theoretical calculations. Temper-

ature causes unobvious variation of the shear wave

along the {100} and {110} planes, whereas pressure

makes the shear change more substantially along the

{110} plane than along the {100} plane. The high-

pressure (80.4 GPa) longitudinal and shear-wave ve-

locities for NbN differ by 22.8% and 9.3% as compared

with those at zero-pressure. It is found that NbN is

highly anisotropic in both longitudinal and shear-wave

velocities. Both at zero pressure and high pressure, P

waves are fastest along direction [100] and S waves

are fastest along direction [110]. The thermodynamic

properties are investigated by the quasi-harmonic De-

bye model. At sufficiently low temperature, CV is pro-

portional to T 3. At intermediate temperatures, how-

ever, the dependence of temperature towards CV is

governed by the details of vibration of the atoms. At

high temperature, the heat capacity CV is close to the

Dulong–Petit limit (≈ 49.59 J·mol−1·K−1). The ther-

mal expansion coefficient α of NbN is predicted to be

about 4.2× 10−6/K at 0 GPa and 300 K.
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