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Using quantum molecular dynamics, we study the dissociation of nitrogen oxide along the principal and
reshocked Hugoniots. We obtain good agreement with available experimental data for the first and highest
second-shock Hugoniots. Reminiscent of the experimental and theoretical findings for shocked liquid nitrogen,
the calculation indicates little temperature variation along the second shock as the fluid dissociates. The
analysis of the concentration of molecular species along both Hugoniots indicates, as expected, that for low
final shock densities molecular nitrogen is forming when nitrogen oxide dissociates. In contrast to basic
assumptions used for high pressure modeling of nitrogen oxide, we find, however, that oxygen mostly stays in
an atomic state for the whole density-temperature range studied.
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I. INTRODUCTION

The study of materials under extreme conditions of tem-
perature and pressure has made significant progress in the
past few years, due to noticeable advances in both the ex-
perimental and theoretical techniques. On the experimental
side, Z pinch and laser-driven experimental setups have
pushed Hugoniot measurements into the megabar range.1,2

On the theoretical side, simulation methods, such as quantum
molecular dynamics and path-integral Monte Carlo,3–7 now
allow the study of materials under such conditions from a
mostly ab initio standpoint. However, the application of
these methods has up to now primarily focused on pure sys-
tems such as hydrogen, nitrogen, and oxygen, and lately on
complementing the study of the equation of state(EOS) with
the determination of the associated optical and electrical
properties.8–12

In the present work, we study the EOS and dissociation of
NO along the principal and second-shock Hugoniots using
quantum molecular dynamics(QMD). While NO presents a
natural extension to study the EOS of multicomponent
systems,13 it also serves as a prototype for the study of ex-
plosive compounds and their associated reactive chemistry.
Furthermore, the determination of reactive potentials,14,15

necessary for the study of technologically relevant and more
complex systems such as H-C-N-O, also requires first a cali-
bration to the NO system. Up to now, this calibration has
been solely supported by the experimental measurements of
the first (principal) and second-shock Hugoniots.13 To
complement the latter, we first calculate the principal and
second-shock Hugoniots as well as the corresponding tem-
perature up to pressures of, respectively, 83 GPa and
65 GPa.

We further paid particular attention to the constituency of
the fluid along each Hugoniot as the chemistry induced by
such an increase of pressure and temperature remains among
the most challenging aspects in the modeling of such sys-
tems. Quantum molecular dynamics methods, where the
electrons receive a fully quantum mechanical treatment, are
particularly suited for the study of such chemical processes
as ionization, recombination, dissociation, and association of

the various atomic species present in the media, as well as
many-body effects, which are treated on an equal footing
within the framework of the density-functional theory
(DFT). Using this parameter-free method, we show that for
these overdriven experiments, where the shock front propa-
gates faster than the reaction front, the dissociation of nitro-
gen oxide leads, as expected, to the formation of molecular
nitrogen at the lowest density. In contrast, we find that oxy-
gen mostly stays in an atomic state for the density-
temperature range covered by the principal and highest
second-shock Hugoniots. This challenges the basic assump-
tion used in the modeling of the high-pressure behavior of
nitrogen oxide13,16 where molecular nitrogen and molecular
oxygen are both assumed to be the only products of the
reaction.

II. PRINCIPAL AND RESHOCKED HUGONIOTS

In the present application, the molecular dynamics trajec-
tories were calculated using the VASP plane-wave pseudopo-
tential code, which was developed at the Technical Univer-
sity of Vienna.17 This code implements the Vanderbilt
ultrasoft pseudopotential scheme18 in a form supplied by
Kresse and Hafner19 and the Perdew-Wang 91 parametriza-
tion of the generalized gradient approximation(GGA).20 Tra-
jectories were calculated at fixed volume and at separate den-
sity and temperature points, selected to span a range of
densities fromr=1.90 to r=3.2 g/cm3 and temperatures
from T=1000 K to T=14 000 K to highlight the first and
second-shock Hugoniot regions. We used both 27/27 and
54/54 nitrogen/oxygen atoms in the unit cell and fixed the
plane-wave cutoff at 495 eV. All the simulations were started
using molecular NO as initial conditions. Integration of the
equations of motion proceeded with time steps of 2 fs and
for a total simulation time of up to 6 ps. During the simula-
tions, the ion temperatureTi was kept constant at every time
step using velocity scaling. The validity of this assumption
for the calculation of Hugoniot points was tested for the case
of nitrogen using microcanonical simulations.22 In turn, the
assumption of local thermodynamical equilibrium sets the
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electron temperatureTe to that of the ionsTi, and electronic
eigenstates occupied according to a Fermi-Dirac distribution.
We employed up to 225 and 350 electronic states for simu-
lations using, respectively, 54 and 108 atoms. Additional
tests indicated that this choice gave very good convergence
in energies and properties. Additional details on the trajec-
tory calculations can be found in Refs. 21 and 22.

The Rankine-Hugoniot equation23

sU0 − U1d + 1
2sV0 − V1dsP0 + P1d = 0 s1d

describes the shock adiabat through a relation between the
initial and final volume, internal energy, and pressure, re-
spectively,sV0,U0,P0d andsV1,U1,P1d. As described in Ref.
21, to calculate the Hugoniot point for a givenV1 and a set of
T1’s, the DFT-MDP andU for a fixedV1 were least-squares
fit to a quadratic function inT. P1 andT1 were determined by
substituting these functions and solving Eq.(1). For the prin-
cipal Hugoniot, we have chosen, in accordance with the ex-
perimental measurements, the initial conditionsP0=0 and
r0=1.22 g/cm3. The reference energy,U0=−5.87 eV/atom,
was selected such that the energy of the isolated NO mol-
ecule, with an internuclear distance of 2.175aB, is zero
s1aB=1 a.u.d. For the reshocked Hugoniot, we concentrated
on the initial conditions corresponding to the highest first-
shock Hugoniot point obtained experimentally,r
=2.38 g/cm3. In this case we choose as initial conditions for
the Rankine-Hugoniot equation(1), P0=29.3 GPa andU0=
−5.017 eV/atom as given by the QMD calculations for a
density ofr=2.38 g/cm3.

In Fig. 1, we compare directly the results of the QMD
calculations with the available experimental measurements13

for the first and highest second shocks. For the first shock,
we choose to plot the individual measurements instead of the
averaged ones as the highest density points represent the ini-
tial conditions for the second shock points that will be dis-
cussed below. For the highest density reached experimentally
along the first shock,r=2.38 g/cm3, we find a remarkable
agreement between the calculations and the measurements.

The QMD pressure at this density isP=29.3 GPa using 108
atoms in the simulation cell and compares well with the ex-
perimental one,P=28.47 GPa. This agreement carries over
to the particle and shock velocities where we obtainup
=3.29 km s−1 and us=7.02 km s−1 compared to the experi-
mental results of, respectively, 3.245 and 6.94 km s−1. The
agreement along the first-shock Hugoniot holds as the den-
sity is lowered, with a QMD pressure of 12.1 GPa at the
lowest density measured which compares rather well with
the experimental pressure of 14.47 GPa.

We find a rather small dependence on the number of par-
ticles used in the simulation cell for the pressures calculated
at these two Hugoniot points. For the lowest density point,
1.92 g/cm3, we obtain a pressure of 11.5 GPa using 54 at-
oms in the unit cell which compares well with the value of
12.1 GPa given above and obtained using 108 atoms. At a
density of 2.38 g/cm3, the Hugoniot pressures obtained us-
ing 54 and 108 atoms in the simulation cell are, respectively,
29.7 and 29.3 GPa. Simulations using 54 atoms at a density
of 1.92 g/cm3 also show little sensitivity to the inclusion of
spin in the calculation of the internal energy and final pres-
sure. This suggests that the simulations performed without
accounting for spin and using 108 atoms in the simulation
cell for the lowest density provide well-converged Hugoniot
points.

We find that the largest source of uncertainty in the cal-
culation of the Hugoniot points comes from the choice of the
zero of energy in relation(1). Ideally, the zero of energy
should be obtained by performing a simulation at the experi-
mental initial conditions of 1.263 g/cm3 and T=122 K and
corrected for the classical description of the nuclei. Both the
density, which leads to a large number of plane waves, and
the temperature, which requires long simulation time to
equilibrate, make such a simulation out of reach with current
computational capabilities. This results in some ambiguities
in the choice of the zero of energy. For the present calcula-
tions, we take, as reference, the energy of the isolated NO
molecule at the experimental internuclear distance of
2.175aB calculated with the Vanderbilt ultrasoft potential.
While accounting for spin affects the zero of energy by
−0.2 eV/atom, we made the choice of calculating the zero of
energy using the same ultrasoft potential and using the same
assumptions(i.e., without spin) as the ones used in the sub-
sequent simulations. This choice is motivated by the fact that
the Hugoniot relation(1) indicates that Hugoniot points are
determined by the internal energy change between the two
end points rather than the absolute internal energy of either
the initial or final state. This choice only affects the Hugoniot
point at the lowest density. At 2.38 g/cm3, the agreement
between the calculated and measured Hugoniot points is only
marginally affected by the particular choice for the zero of
energy.

For the second-shock Hugoniot, we plotted as experimen-
tal results the pressure points obtained for the highest first-
shock densities, between 2.28 and 2.38 g/cm3. The theoret-
ical second-shock Hugoniot is calculated using the QMD
results obtained for the principal Hugoniot at a density of
r=2.38 g/cm3 only. Such a small variation in the initial con-
ditions does not affect substantially the final second-shock
pressures. This variation does not, for example, explain the

FIG. 1. Principal and reshocked NO Hugoniots. The scatter of
the experimental points at a given density are representative of the
experimental error bars.
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consistently higher experimental pressures measured for the
second shock at densities between 2.5 and 2.75 g/cm3. A
closer inspection of Fig. 1 also reveals a significant scatter in
the experimental data for this density range and an improved
agreement as the density increases. These two points com-
bined with the good description of the first-shock Hugoniot,
suggest that QMD provides a satisfactory description of the
state of the fluid as the simultaneous increase in pressure and
temperature breaks the molecular bonds.

In Table I, we report the calculated temperature for the
first and second-shock Hugoniots. We see that along the prin-
cipal Hugoniot the increase in temperature presents a plateau
for densities between 2.6 and 2.85 g/cm3. This behavior is
usually indicative of the dissociation of molecular species in
the media and suggests that NO is dissociating in this density
region. For the second-shock Hugoniot studied here, the cal-
culations indicate that the temperature is only increasing by
about 10% while the corresponding pressure varies by al-
most two and a half times. Such a behavior in the second
shock was found both theoretically and experimentally for
shocked liquid nitrogen.22,24,25Nitrogen is the diatomic sys-
tem with the highest isolated dissociation energy and as such
presents a significant energy sink in the density region where
it dissociates. As the nitrogen oxide dissociation energy is
comparable to that of nitrogen, it is reasonable to assume that
a similar argument holds in the present case and that the
increase in energy during the second shock is absorbed in
breaking the molecular bonds rather than transferred as ki-
netic energy. This also suggests that the end products of the
reaction, molecular nitrogen and oxygen, also dissociate and
present a significant energy sink in this density region.

III. CONSTITUENCY ANALYSIS

To quantify the state of the fluid as the density increases,
we calculate the pair-correlation functions of each possible
diatomic species, NO, O2, and N2. Figure 2 shows such a
result along the first Hugoniot and extending beyond the den-
sity range explored experimentally. At the lowest densityr
=1.92 g/cm3, the nitrogen oxide and nitrogen correlation
functions, gN-Osrd and gN-Nsrd, peak at around 2aB, corre-
sponding to the equilibrium internuclear distances of the NO
and N molecules, respectively,rN-O=2.17aB and rN-N
=2.06aB. The pair-correlation functions at 1.92 g/cm3 indi-
cate that the NO fluid has partially dissociated and is consti-
tuted of a mixture of NO and N2 molecules. At this density,

the oxygen correlation functiongO-Osrd does not show a
maximum at a distance corresponding to the equilibrium dis-
tance of the oxygen moleculerO-O=2.282aB. This indicates
that, in contrast to nitrogen, oxygen does not recombine sig-
nificantly upon the dissociation of NO at this density. As the
density increases tor=2.38 g/cm3, the sizable reduction and
broadening of the maxima ofgN-Osrd around 2aB shows that
as both the density and temperature increase, NO molecules
now significantly dissociate. In contrast, thegN-Nsrd pair-
correlation function at this density indicates that upon disso-
ciation of NO, nitrogen recombines significantly to form
molecules. While a maximum at around 2aB is now also
noticeable for thegO-Osrd pair correlation function at this
density, its small magnitude suggests that in contrast to ni-
trogen, oxygen mostly stays in an atomic state at this density.
As the density is further increased to 2.6 g/cm3, the reduc-
tion and broadening of the maxima of the three pair-
correlation functions indicate that all of the molecular sys-
tems further dissociate. Figure 2 shows that this trend
continues up to a density of 3.2 g/cm3. At the highest den-
sity considered here, both NO and N2 have almost com-
pletely dissociated. Molecular nitrogen still represents a sig-
nificant fraction of the total number of molecular systems left
in the sample while oxygen mostly stays in an atomic state.

This finding challenges the conventional assumption used
to model the dissociation of nitrogen oxide along both the
principal and reshocked Hugoniot.13,16 When modeling the
high-pressure behavior of nitrogen oxide, it is generally as-
sumed that the dissociation of NO leads to nitrogen and oxy-
gen in a molecular state. This assumption is likely to be valid
when the media is shocked to low final densities, but the
simulations performed here suggest that this is no longer the
case for overdriven shocks. For such shocks, the shock front
propagates faster than the reaction front, and the simulations
performed here suggest that density effects on the end prod-
ucts of the reaction need to be taken into account in the
modeling of the reaction.

As the pair-correlation functions shown in Fig. 2 can be
sensitive to various assumptions used to perform the simula-
tions, we show in Fig. 3 a sensitivity analysis on the number
of particles used and on the inclusion of spin in the calcula-

TABLE I. Hugoniot points derived from GGA-MD simulation
for a final densityr. First sP1,T1d and secondsP2,T2d Hugoniots
for initial conditions as discussed in the text.

r1sg/cm3d P1sGPad T1sKd P2sGPad T2sKd

1.92 12.1 3194

2.38 29.3 4979

2.6 37.9 6000 37.7 5217

2.85 52.0 6890 48.4 5278

3.2 83.4 10452 68.2 5794

FIG. 2. (Color online) Pair-correlation functions along the prin-
cipal NO Hugoniot.
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tions. In Figs. 3(a) and 3(c), we show the sensitivity of the
pair-correlation functions using a total of 54 and 108 atoms,
at the two lowest densities along the principal Hugoniot. For
the lowest density, Fig. 3(a), we show that the pair-
correlation functions are not significantly sensitive to the
number of particles used in the simulation. This sensitivity is
the most noticeable for the nitrogen correlation functions and
indicates that the increase in the number of particles in the
simulation cell may affect the precise evaluation of the num-
ber of nitrogen molecules forming at a given density-
temperature point. More importantly, this increase in particle
number does not affect significantly the oxygen pair-
correlation function which is still representative of oxygen in
a mostly atomic state. In Fig. 3(b), we show at this same
density and temperature that the constituency analysis is not
sensitive to the inclusion of spin in the simulation. When

using a total of 54 atoms, the various pair-correlation func-
tions are rather similar when the total trajectory is calculated
with and without spin. Finally, in Fig. 3(c), we show that the
cell size dependence mostly disappear as the density and
temperature increase along the Hugoniot and is only notice-
able for the lowest density considered here.

As a final check of our simulations, we also compared the
properties of the isolated molecules, as calculated within the
DFT framework, with experimental data.28 We performed the
GGA calculations of the molecular properties using both the
Gaussian chemistry package27 (with a 6-31+G* basis) and
the VASP QMD package used in the present work. The
former implements a Gaussian basis set representation
while the latter uses plane waves. Table II shows that in
both cases, the molecular properties obtained(frequencies
ve and bond distancesre) are in excellent agreement with
the experimental data. While the GGA dissociation energies
are only within 2–15% of the experimental values, the
trend in bond strength is clearly maintained with
DesO2d,DesNOd,DesN2d. This suggests that the basic
properties of the various molecular species are properly de-
scribed within the bounds of the GGA method used in the
present study.

The sensitivity analysis shows that the number of atoms
used in the simulations provides a satisfactory description of
the pair-correlation functions, especially for the highest den-
sities studied here. While the exact concentration of each
species and the formation of larger molecular systems could
only be checked with simulations using an even larger num-
ber of particles, the results presented here clearly suggest,
however, that molecular oxygen is hardly present at the
density-temperature conditions corresponding to the princi-
pal Hugoniot. The variation of the molecular fraction of each
species along the principal Hugoniot can be partially under-
stood by an inspection of the various dissociation energies.
Nitrogen has the highest dissociation energy of the molecular
species considered here and, as such, is expected to be the
molecular system most likely to be present in the sample as
both the density and temperature increase. Furthermore, that
oxygen has a lower dissociation energy than nitrogen oxide
also suggests that oxygen is less likely to associate for
density-temperature conditions where NO is dissociated.
While this argument, based on the dissociation energy of the
isolated molecular species, explains the overall trend of the

FIG. 3. (Color online) (a), (c) Sample size dependence of the
constituency analysis.gN-Osrd 108 atoms(filled red), gN-Nsrd 108
atoms(filled black), gO-Osrd 108 atoms(filled green), gN-Osrd 54
atoms(blue), gN-Nsrd 54 atoms(pink), gO-Osrd 54 atoms(orange).
(b) Spin dependence:gN-Osrd 54 atom nonspin(filled red), gN-Nsrd
54 atom nonspin(black), gO-Osrd 54 atom nonspin(filled green),
gN-Osrd 54 atom spin(blue), gN-Nsrd 54 atom spin(pink), gO-Osrd 54
atom spin(orange). gN-Osrd andgN-Nsrd are shifted by 8 and 4 for
clarity.

TABLE II. Comparison of the GGA isolated molecule properties with experimental data(Ref. 28).

resAngd vescm−1dseVd DeseVd De (error)

N2 PW91-Gaussian 1.1151 2362 10.24 s+1.9%d
Expt. 1.0977 2359 10.05

PW91-VASP 1.111 2399 9.91 s−1.4%d
O2 PW91-Gaussian 1.2281 1560 6.11 s+15%d

Expt. 1.2075 1580 5.31

PW91-VASP 1.237 5.89 s+9%d
NO PW91-Gaussian 1.1684 1897 7.28 s+8.2%d

Expt. 1.1508 1904 6.73

PW91-VASP 1.171 1873 6.88 s+2.2%d
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simulation results, we also point out that the QMD findings
regarding the states of oxygen and nitrogen are also consis-
tent with the behavior of pure molecular nitrogen and oxygen
along their respective Hugoniots, where it is generally ac-
cepted that both species dissociate as the pressure and/or
temperature increase.22,26

We now turn our attention to the nature of the fluid along
the second-shock Hugoniot. Figure 4 shows the pair-
correlation functions of the various diatomic species along
the second-shock Hugoniot. As was mentioned above, we
find that the temperature is almost constant at around 5200 K
for the first three densities studied along the second-shock
Hugoniot. Following the evolution of NO along the second-
shock Hugoniot allows us to probe, as for pure nitrogen, the
effect of increased density on the constituency of the fluid
without the significant increase in temperature usually asso-
ciated with shock measurements. This aspect could be par-
ticularly useful in the determination of Tersoff type poten-
tials, such as the reactive empirical bond order potential,14,15

where the bulk of the effort centers on accounting for the
influence of density effects on the nature of the molecular
bounds.

Figure 4 shows similar molecule concentrations for the
reshock as for the principal Hugoniot. The pair-correlations
functions calculated indicate, as before, a significant fraction
of NO and N2 as well as a very small fraction of molecular
oxygen. Additionally, the initial density of the second-shock
Hugoniot shown in Fig. 4 corresponds to the conditions of
the first-shock Hugoniot where we have found that the con-
centration of molecular nitrogen is significant. Consequently,

the initial state of the second-shock Hugoniot consists of a
mixture of NO, N2, and atomic oxygen while the second-
shock Hugoniot describes the evolution of this particular me-
dia as the density increases. Figure 4 indicates that when the
density increases along the second-shock Hugoniot, NO and
N2 dissociate but to a lesser degree than along the principal
Hugoniot. This can be understood by the lower temperature
of the second shock. Furthermore, we also see that the nitro-
gen pair-correlation function indicates that while dissociating
as the density increases, a significant fraction of molecular
nitrogen remains along the second shock and up to a density
of 3.2 g/cm3. This analysis of the nature of the fluid along
the second-shock Hugoniot also sheds some light on the be-
havior of the second-shock temperature. We can indeed con-
clude that in addition to the large dissociation energy of the
nitrogen oxide molecule, the formation of molecular nitrogen
in the sample and its dissociation as the density increases
also contributes to the small temperature variation found
theoretically along the second-shock Hugoniot.

IV. CONCLUSION

We studied the high-pressure behavior of nitrogen oxide
along the first and second-shock Hugoniots. We find that
QMD provides a good description of the experimental data
for both Hugoniots. As for other diatomic systems such as
hydrogen, nitrogen, and oxygen, the increase in temperature
along the principal Hugoniot presents a plateau correspond-
ing to the dissociation of molecules in the media. This pla-
teau is more pronounced for the second-shock Hugoniot
where we find that the temperature remains mostly constant
for initial conditions corresponding to the highest shock den-
sity reached experimentally. Finally, we find that for the
overdriven conditions studied here, oxygen stays in an
atomic state for the whole density range explored. We further
find that while nitrogen is present in a molecular state for the
lowest density studied, it eventually also dissociates as the
density and temperature increase along both Hugoniots.
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