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Abstract: The structure, equation of state and transport properties of warm dense nitric oxide
(NO) were investigated in wide density and temperature ranges by ab initio molecular dynamics
simulations. Both the Perdew–Burke–Ernzerhof (PBE) and the strongly constrained and appropriately
normed functional with revised Vydrov–van Voorhis nonlocal correlation (SCAN−rVV10) functionals
were used in the simulations, and the pressures predicted by the SCAN−rVV10 functional were
found to be systematically lower than those predicted using PBE and experimental data along the
shock Hugoniot curve. Along the Hugoniot curve, as density increased, we found that the system
transformed towards a mixture of atomic nitrogen and oxygen liquids with molecular NO that
remained present up to the highest densities explored. The electrical conductivity along Hugoniot
indicated that nonmetal to metal transition had taken place. We also calculated the electrical and
thermal conductivities of nitric oxide in the warm dense matter regime, and used them to compute
the Lorentz number. In addition, we also report the electronic density of states.

Keywords: warm dense matter; nitric oxide; structure; ab initio simulations; transport properties

1. Introduction

Materials under extreme conditions show unusual physical and chemical properties
compared with normal conditions [1–5]. With the development of experimental and
theoretical methods, materials under extreme conditions are studied widely. Shock loading
technology is used to explore the equation of state of warm dense matter, which is useful
for understanding detonation products and the interior of gas planets [2,6–8]. On the other
hand, the method of ab initio molecular dynamics simulations (AIMD) [9] and path integral
Monte Carlo (PIMC) [10] with supercomputer application make it possible to simulate
different types of materials, such as, hydrogen [11–15], helium [16,17], oxygen [5,18,19],
nitrogen [4,20–25], nitric oxide [24,26], ammonia [27–31], and methane [32].

Nitric oxide (NO) is part of the explosive compounds, and the principal Hugoniot
equation of state (EOS) of NO is important for understanding the explosive process [24].
The NO system is as a calibration for the more complex H−C−N−O system [26,33]. NO
also exists in star−forming regions [34]. Therefore, understanding the behavior of the NO
system in a warm dense regime is important for the explosive process, shock compression
experiments, and celestial evolution. The Hugoniot EOS of liquid NO was measured
within the pressure range of 14–66 GPa by uniaxial shock wave technology [33]. Based
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on quantum molecular dynamics simulations, the reaction process of liquid NO along the
Hugoniot was analyzed, which indicated nitrogen molecules form when NO dissociates
and oxygen remains in atomic form in the whole density–temperature range [26]. Then,
the nonmetal–metal transition in fluid nitrogen oxide was observed at about 40 GPa by
first principle molecular dynamics simulations [24]. However, the structure and transport
properties of warm dense NO have still not been investigated systematically.

In the present work, the EOS and transport properties of warm dense NO were studied
by ab initio molecular dynamics simulations. The Hugoniot EOS, pair correlation function
(PCF), electrical conductivities, thermal conductivities, and Lorenz number were calculated
in the warm dense matter regime. Based on the above analysis, the nonmetal–metal
transition was investigated. At the same time, the density of states (DOS) of warm dense
NO were shown.

2. Computational Method
2.1. Equation of State Calculations

The equation of state of warm dense NO was calculated at pressures up to 270 GPa
using the Vienna ab initio simulation package (VASP) [35,36]. The present simulation was
by the projector augmented wave (PAW) method [37]. Electronic exchange and correla-
tion interactions were considered by the Perdew–Burke–Ernzerhof (PBE) [38] generalized
gradient approximation (GGA) and the strongly constrained and appropriately normed
functional with revised Vydrov–van Voorhis nonlocal correlation (SCAN−rVV10) func-
tional [39,40], respectively. The calculations were performed for a canonical ensemble
(NVT) with the conserved temperature, volume, and particle number in the cubic box
within the Born–Oppenheimer approximation. The equal electron and ion temperatures
based on local thermodynamic equilibrium were modeled by Fermi–Dirac distribution and
Nosé–Hoover thermostats. The values 2s22p3 and 2s22p4 were considered in the pseudopo-
tential for the valence electrons of nitrogen and oxygen, respectively. All the simulations
were started using molecular NO as initial conditions. The simulations employed 27 NO
molecules and relaxed 10–40 ps with 1.0 fs time step; at the same time, the Γ point and
1000 eV energy cutoff was used in the calculations. The number of bands was from 192
to 576 for 27 NO molecules in the temperature range of 122–43,070 K, and the number of
bands in each calculation tested for thermal occupation was converged to better than 10−4,
which was equivalent to using 600 bands when simulating aluminum in a cell of 64 atoms
at a temperature of 1 eV (1 eV = 11,604.522 K) [41].

2.2. Calculations for Transport Properties

The electrical and thermal conductivities were calculated using the Kubo–Greenwood
formula [42–45],

σ = L11,

κ = 1
e2T

(
L22 −

L2
12

L11

)
,

Lij(ω) = (−1)i+j }e2

V ∑
k′ ,k

[ f (εk)− f (εk′)]δ(εk − εk′ − }ω)

×〈ψk|v̂|ψk′〉〈ψk′ |v̂|ψk〉(εk − µe)
i−1(εk′ − µe)

j−1,

(1)

where σ is electrical conductivity, κ is thermal conductivity, e is the electronic charge, T is
the temperature, Lij is Onsager kinetic coefficient, ω is the photon frequency of an external
field, h̄ is the reduced Planck’s constant, V is the volume of the cell, εk is the energy of
eigenstate k, µe is the electronic chemical potential, v̂ is the velocity operator on the wave
function, and f (εk) is the occupation of the eigenstate of energy εk according to the Fermi
occupation function. The electrical and thermal conductivity were obtained using Abinit
code [46–49]. In the calculations of transport properties, we used 10 uncorrelated snapshots
from AIMD simulation at every density and temperature with 2 × 2 × 2 k points and
PBE functional. The 480 to 800 bands were used in the calculation of transport properties.
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The direct−current (dc) electrical and thermal conductivity was the zero−frequency limit
of σ(ω) and κ(ω). The Lorentz number was computed by taking the ratio between the
electrical and thermal conductivities, which was then compared to the Wiedemann–Franz
law. The number of bands and k−points were carefully tested for convergence.

3. Results and Discussion

Before the calculations of EOS, 27 and 64 NO molecules were used to calculate the pres-
sure and internal energy for testing the system−size convergence. Internal energy and pres-
sure at 2.60 g cm−3 and 5947 K were −9.25 eV/molecule, 39.2 GPa and −9.27 eV/molecule,
38.9 GPa for 27 and 64 NO molecules, respectively. The error of internal energy and
pressure was within 2% by comparing with the results of 27 NO and 64 NO in the den-
sity and temperature range studied. On the other hand, internal energy and pressure at
3.20 g cm−3 and 10,000 K were −5.84364 eV/molecule and 81.20 GPa considering the spin,
and −5.84114 eV/molecule and 81.25 GPa without considering spin. The spin considera-
tion in the simulations had a negligible effect on the pressure and internal energy. Therefore,
27 NO molecules and exclusion of spin were appropriate for the present simulation.

In order to obtain the Hugoniot of liquid NO, a series of calculations were imple-
mented for different densities and temperatures. The internal energy E and pressure P
were obtained by the calculations. Based on the Rankine–Hugoniot equation, (EH − E0)
and (PH + P0)(V0 − VH)/2 were calculated along different densities and temperatures,
where V is volume, and subscripts 0 and H mean the initial and shock states, respectively.
We solved the energy conservation Hugoniot equation, that is, when the difference be-
tween these two terms is zero, to obtain a state on the Hugoniot curve. An interpolation
method was used to obtain temperatures and pressures when the difference was equal to
0. The obtained temperatures and pressures with density were along the Hugoniot state.
Figure 1a shows the density and pressure line along the Hugoniot state of liquid nitric
oxide compared with other experimental and theoretical results [24,26,33]. The initial state
of liquid NO was set at a density of 1.263 g cm−3 and temperature of 122 K to correspond
with the shock−compression experiment of Schott et al. [33]. PBE and SCAN−rVV10 were
used in the present simulations. The present PBE pressures were in agreement with the
shock−compression experimental data. On the other hand, the present SCAN−rVV10 cal-
culations showed systematically underestimated pressures compared with the experimental
data, even though the SCAN−rVV10 functional was designed to include the long−range
interactions and preserve the short and intermediate−range description for the strongly
constrained and appropriately normed functional (SCAN). The present PBE result agreed
with the PW91 result calculated by Mazevet et al. [26]. Mazevet et al. used an initial state
of 1.22 g cm−3 and 122 K, but they did not calculate the energy of this state using AIMD.
Instead, they took the energy of an isolated NO molecule at an intermolecular distance
of 2.175 Bohr. The present PBE pressure was in agreement with the result of Zhang et al.
at a density lower than 3.30 g cm−3, but was lower than that of Zhang et al. at a density
higher than 3.30 g cm−3 [24], also shown in Table 1. A possible reason for the deviation
is the different parameters used in the AIMD simulation, such as particle number, energy
cutoff, and relaxation time. For the equation of state of higher densities and temperatures,
the first−principles equation of state (FPEOS) code is a method to extract the EOS of
the nitrogen−oxygen mixture from the EOS of a single element [3]. Figure 1c shows the
pressures as a function of compression ratio (ρ/ρ0) along the Hugoniot state. The present
compression ratio reached 2.77, and we did not observe the phenomenon with nitrogen
of the sharp change in slope along the Hugoniot state related to the dissociation [4]. One
possible reason is the present compression ratio is not large enough and the sharp change
in slope needs greater compression ratio. It should be noted that the initial state used by
Zhang et al. was 0.807 g cm−3 and 122 K. The P−ρ/ρ0 relationship of Zhang et al. showed
different trends compared with other results. The present PBE and SCAN−rVV10 T−P
lines were higher than those of Mazevet et al. and Zhang et al. as shown in Figure 1b, while
the present PBE and SCAN−rVV10 ρ−T lines were lower than the results of Mazevet et al.
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and Zhang et al. as shown in Figure 1d. Because the simulation using the SCAN−rVV10
functional showed the underestimated Hugoniot pressure compared with that of PBE, the
PBE functional was mainly used for the calculation of the pair correlation functions and
transport properties.
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line with triangle for PW91 functional of Mazevet et al. from initial state at 1.22 g cm−3 [26]) and 
experiment of Schott et al. (black diamond) [33]. 
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Pair correlation function g(r) is shown in Figure 2 and compared with the results of 
Zhang et al. and Mazevet et al. [24,26]. The present PCFs were obtained by using a visual 
molecular dynamics program (VMD) [50].The present PCFs and those of Zhang et al. 
showed the same peak position but different heights. At lower density and temperature, 
the molecular peak at 1.15 Å in the g(r)N−O indicated the existence of the nitric oxide 

Figure 1. The Hugoniot curve of liquid nitric oxide ((a): pressure as a function of density, (b): pressure
as a function of temperature, (c): pressure as a function of compression ratio, (d): temperature as
function of density). The present calculation: magenta solid line with sphere for PBE functional and
red solid line with star for SCAN−rVV10 functional both from the initial state at 1.263 g cm−3 and
122 K, compared with quantum molecular dynamics simulations (blue solid line with square for PBE
functional of Zhang et al. from initial state at 0.807 g cm−3 and 122 K [24] and green solid line with
triangle for PW91 functional of Mazevet et al. from initial state at 1.22 g cm−3 [26]) and experiment
of Schott et al. (black diamond) [33].

Table 1. The present Hugoniot EOS compared with the results of Zhang et al. [24] and Mazevet et al.
[26]; the density unit is g cm−3, all temperature units are K, and all the pressure units are GPa.

Density TPBE PPBE TSCAN−rVV10 PSCAN−rVV10 TZhang PZhang TMazevet PMazevet

1.92 1203 7.4 3720 13.2 3194 12.1
2.38 3319 27.6 2003 15.0 5267 29.4 4979 29.3
2.60 3945 35.2 3286 27.1 5947 38.0 6000 37.9
2.85 5168 48.8 5222 44.7 7437 49.6 6890 52.0
3.20 7803 74.6 7853 70.4 10,794 79.6 10,452 83.4
3.30 8922 84.4 8828 79.2 16,903 102.1
3.35 9723 91.0 22,451 112.4
3.40 10,741 98.9 10,288 90.9 27,685 138.3
3.45 12,004 108.3 30,000 160.0
3.50 13,445 118.8 13,047 111.4 43,070 204.7

Pair correlation function g(r) is shown in Figure 2 and compared with the results
of Zhang et al. and Mazevet et al. [24,26]. The present PCFs were obtained by using a
visual molecular dynamics program (VMD) [50].The present PCFs and those of Zhang et al.
showed the same peak position but different heights. At lower density and temperature,
the molecular peak at 1.15 Å in the g(r)N−O indicated the existence of the nitric oxide
molecules, while the molecular peak at 1.09 Å in the g(r)N−N represented the existence of
the nitrogen molecules. In Figure 2e,f, the present PCFs agreed with those of Mazevet et al.
as shown in the figure, the PCFs of O−O at 1.20 Å showed a very low peak, which indicated
that oxygen mostly keeps in the atomic state in the whole density−temperature regime [26].
On the other hand, although the PW91 functional used in Mazevet’s work was different
from the PBE functional used in the present calculation, the agreement of the PCFs between
our and Mazevet’s was better than that of ours and Zhang’s, where PBE was also used in
Zhang’s work. One possible reason for the difference of PCFs between ours and Zhang’s
may be related to the difference of the calculation parameters expected in the functional
used in the simulations. At the same time, the comparison of PCFs calculated using
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different functionals are shown in Figure 3. The pair correlation function calculated using
SCAN−rVV10 functional agreed with the result of the PBE functional.
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In order to quantitatively analyze the structure of warm dense nitric oxide, the
short−range local structures were counted by the calculation of the bond length using
the equilibrated configurations of AIMD simulations. The local structure contains atoms,
molecules, and clusters. If the distance between two atoms is less than 2 times of the
covalent radius, these two atoms are considered to be bonded. The covalent radius of
atoms is calculated by the effective coordination number (ECN) model [51–53],

ECN = 1
N

N
∑

i=1
ECNi =

1
N

N
∑

i=1

N
∑

j=1
exp[1− (

dij

di
av
)6],

di
av =

∑j dij exp[1−(
dij
di

av
)6]

∑j exp[1−(
dij
di

av
)6]

,

dav = 1
N

N
∑

i=1
di

av,

(2)
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where i and j are the indices of the nitrogen or oxygen atom, dij is the distance between
the ith atom and the jth atom, di

av is calculated self−consistently within three to four
iterations [51], and dav/2 is the covalent radius of the atom. As an example, one structure
at 2.85 g cm−3 and 5168 K calculated using PBE functional is shown in Figure 4. Red
spheres represent oxygen atoms, while blue spheres for nitrogen atoms. As shown in the
figure, nitrogen and oxygen atoms, NO molecules, nitrogen and oxygen molecules, and
N2O coexist.
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Figure 5 shows fractions of different components in warm dense nitric oxide along
the Hugoniot curve. As shown in the figure, the main components were NO molecules, O
atoms, and N atoms, which was consistent with Mazevet’s findings [26]. The dissociation
of NO molecules is related with the nonmetal to metal transition. On the other hand,
there are N2, O2, N2O, NO2, and O3 in warm dense nitric oxide, which comes from the
recombination of nitrogen and oxygen atoms due to temperature and pressure effects.
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The direct current (dc) conductivity was obtained as the static limit of dynamic con-
ductivity. The dynamic conductivity was calculated by Abinit using the Kubo–Greenwood
formula [42,43], and also the dc conductivity was directly obtained by Abinit. In local
thermodynamic equilibrium, 10 independent equilibrated ionic configurations are used for
calculating electrical conductivity [46–49]. The present result of electrical conductivity was
in agreement with that of Zhang et al. as shown in Figure 6. The electrical conductivity
reached 105 S m−1 at pressure higher than 40 GPa, which indicated liquid nitric oxide had
reached a metallic state.
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Figure 6. The direct current conductivities σdc using PBE functional along the Hugoniot curve,
compared with the result of Zhang et al. [24].

The comparison of the dc conductivity with nitrogen−oxygen 1:1 mixture at 2000 K
is shown in Figure 7 [54]. The dc conductivity of NO system was higher than the N−O
mixture system at the same pressure. Those two systems are different from the dissociation
process. In the NO system, the NO molecules dissociate nitrogen and oxygen atoms,
while nitrogen and oxygen atoms come from nitrogen and oxygen molecules in the N−O
mixture system. The difference in the dc conductivities with pressure may associate with
the different dissociation process.
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The dc conductivity of warm dense NO is shown as a function of density along
2000 K, 5000 K, 10,000 K, and Hugoniot in Figure 8. As shown in the figure, the electrical
conductivity increased with the increasing densities along different temperatures and the
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Hugoniot. The electrical conductivity increased with the increasing temperatures in the
whole density range. In the density range of 1.50–3.50 g cm−3, the electrical conductivity
changed from 0.5 × 105 to 4.0 × 105 S m−1 and it demonstrated liquid NO was in the
metallic state.
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and the principal Hugoniot using PBE functional.

The phonon and electron contribution to the thermal conductivity was different for
different materials [55]. Due to the metallic state of the liquid NO studied, the electronic
thermal conductivity, calculated using Equation (1), is shown as a function of density
along the same isotherms and Hugoniot as the electrical conductivity in Figure 9. With
increasing density, the thermal conductivity increased along all the isotherms and the
Hugoniot studied. When temperature was lower than 5000 K, the increase in the thermal
conductivity was mainly attributed to the density effect. On the other hand, compared with
the PCFs of liquid NO, with increasing density and temperature, NO molecules dissociated
company with the increase in delocalized electrons and because of the thermal excitation,
thermal conductivity gradually increased.
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The Lorenz number connects with electrical and thermal conductivity. The ratio of
thermal conductivity and electrical conductivity for metal at a given temperature is usually
assumed to be a constant, which is known as the Wiedemann–Franz law. The Lorenz



Inorganics 2022, 10, 120 9 of 13

number is L0 = 2.44 × 10−8 W Ω K−2 for simple metal. We investigated the validity of the
Wiedemann–Franz law for warm dense nitric oxide in the whole density and temperature
range studied, as shown in Figure 10. The Lorenz number along Hugoniot at a density
lower than 2.50 g cm−3 changed from 44.8 × 10−8 W Ω K−2 to 4.7 × 10−8 W Ω K−2,
which showed large deviations from the Wiedemann–Franz law. The difference with the
Wiedemann–Franz law along Hugoniot may be related to the dissociation of nitric oxide
and the nonmetal–metal transition. The Lorenz number along 2000 K isotherm was about
10−7 W Ω K−2, which indicated warm dense NO could not be regarded as a simple metal,
although the electrical conductivity at 2000 K in the density range of 1.80–3.50 g cm−3

reached 0.5 × 105–2.0 × 105 S m−1. The deviations from the Wiedemann–Franz law
were also observed in the warm dense hydrogen and nitrogen system [20,56]. However,
the Wiedemann–Franz law is valid at very high densities (beyond 3.0 g cm−3) when the
temperature is higher than 5000 K. The fact that the value of L changes with pressure and
temperature shows that the Wiedemann–Franz law is not always valid, in other words,
the ratio between thermal and electrical conductivity is not constant, but depends on both
temperature and density.
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In order to understand the metallic state of warm dense nitric oxide, the electric
density of states of NO along different densities and temperatures are shown in Figure 11.
The DOS of NO was obtained from VASP by averaging over 10 uncorrelated snapshots
chosen from the AIMD simulations with 27 NO molecules and 7 × 7 × 7 k−point grid
with Gaussian smearing of 0.01 eV. As shown in the figure, the band gap was closed at a
density of 1.92 g cm−3 and temperature of 2000 K, which is consistent with the electrical
conductivity on the magnitude order of 105 S m−1 in Figure 5. With the increasing densities
and temperatures, the electric DOS gradually moved to the Fermi level. At the same time,
the partial density of states at 1.92 g cm−3 and 2000 K is shown in Figure 12. As shown in
the figure, the 2s orbitals of nitrogen and oxygen were mainly in the range of −30–−20 eV,
while the 2p orbitals of nitrogen and oxygen were close to Fermi level.
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4. Conclusions

We employed ab initio molecular dynamics simulations to calculate the equation
of state and transport properties of warm dense nitric oxide up to 200 GPa. The EOS
of SCAN−rVV10 along Hugoniot showed relatively underestimated results compared
with shock compression experimental data and that of PBE. The pair correlation functions
indicated that nitric oxide gradually dissociates and oxygen remains in an atomic state.
The electrical conductivity along Hugoniot indicated the nonmetal to metal transition at
pressure above 40 GPa. The electrical and thermal conductivity increased with density
in the whole density and temperature range studied. The Lorenz number at 2000 K and
density lower than 2.50 g cm−3 along Hugoniot did not conform to the Wiedemann–Franz
law, which is related to dissociation and nonmetal to metal transition. The density of states
of warm dense nitric oxide were investigated for an understanding of the metallic state.
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