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Quantum molecular-dynamics study of the electrical and optical properties
of shocked liquid nitrogen
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Using quantum molecular-dynamics simulations, we show that the electrical and optical properties of
shocked liquid nitrogen change drastically as the density increases along the principal and second-shock
Hugoniots. Initially, a nonmetal molecular fluid at normal conditions, we find that nitrogen becomes a metal for
pressures of 60 GPa and higher. This nonmetal-metal transition for fluid nitrogen can be directly associated to
the continuous dissociation occurring along the Hugoniots, and is analogous to the high-pressure nonmetal-
metal transition observed experimentally for two other homonuclear diatomic fluids, hydrogen and oxygen.
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I. INTRODUCTION

The recent progress of both the theoretical and exp
mental tools appropriate for the study of matter under
treme conditions has provided new insights into the dra
changes in physical properties for material subjected to la
density variations.1 A particular area of research has emerg
with dynamic compression experiments, where a shock w
compresses a sample to several times its initial density.
ing this technique, diatomic fluids, such as hydrogen a
oxygen, have recently been shocked to pressures in the
GPa range~up to 300 GPa for the former!.2,3 For both spe-
cies, a nonmetal-metal transition was observed when
pressure was raised to, respectively, 140 GPa and 120
~Refs. 3,4! while the transition itself was identified as a Mo
transition.4 In the present paper, we address the issue o
high-pressure nonmetal-metal transition of another sim
diatomic fluid, nitrogen, using quantum molecular dynam
~QMD!.

Besides being the most stable diatomic molecule, nitro
forms numerous chemical compounds. This makes the s
of its properties under various pressure and temperature
ditions of considerable impact on a wide variety of field5

fluids, geology, shocks, detonation, and biology. Furth
more, experimental measurements of shocked liq
nitrogen6–10 indicate that this molecular system exhibits se
eral features such as the softening of the principal Hugo
as the density increases, small values of the Gruneisen
rameter, and only small increases in temperature when
material is reshocked. We have recently demonstrated
QMD provides a sound description of the equation of state
fluid nitrogen along the principal and second-sho
Hugoniots11,12 based on the overall agreement with the e
perimental gas gun results. Principal Hugoniot points are
density-pressure~and energy! points reached when the shoc
wave crosses the media while the second-shock Hugon
occur experimentally when the shock wave bounces b
across the sample for the second time. We also confirm
that most of the features observed experimentally could
related to the continuous dissociation of molecular nitrog
0163-1829/2003/67~5!/054201~7!/$20.00 67 0542
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as the increasing pressure breaks the molecular bond.11,12

Since QMD simulations combined with the Kubo
Greenwood formulation provide a consistent set of mater
electrical, and optical properties from the same simulation13

we turn ~in the present work!, to the electrical and optica
properties of shocked liquid nitrogen. We calculate the
properties along the principal Hugoniot, where both the d
sity and temperature increase, and along the second-s
Hugoniots, where the density steadily increases while
temperature remains nearly constant along the dissocia
region. The latter situation stresses the influence of incre
ing pressure and minimum temperature variation on the e
trical and optical properties of fluid nitrogen.

II. THEORETICAL METHOD

We briefly review some of the main points of our simul
tions approach; more details appear in earl
publications.11–13 The frequency-dependent conductivi
s(v) has both real and imaginary parts:

s~v!5s1~v!1 is2~v!. ~1!

The real part is derived from the Kubo-Greenwo
formulation14–16

s1~v!5
2p

Vv (
i 51

ns

(
j 51

ns

Fi j uDi j u2d~e j2e i2v!, ~2!

whereV is the atomic volume,v the frequency, andns the
total number of bands used.Fi j stands for the difference
between the Fermi-Dirac distributions at temperatureT while
uDi j u2 represents the velocity dipole matrix element obtain
using theith and jth wave functions found from the diago
nalization of the Kohn-Sham equations. To evaluate Eq.~2!,
we used a Gaussian broadening of thed functions as de-
scribed in Ref. 17. The width of the Gaussian is adjusted
each density to be the smallest value that allows the rem
of the oscillations in the optical conductivity resulting fro
©2003 The American Physical Society01-1
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the discrete band structure. For the case of nitrogen prese
here, the width of the Gaussian used is typically on the or
of 1 eV.

Other properties follow directly from the knowledge
the frequency-dependent real part of the conductivity.16 The
imaginary part arises from the application of a Krame
Kronig relation as

s2~v!52
2

p
PE s1~n!v

~n22v2!
dn, ~3!

whereP stands for the principal value of the integral. Th
dielectric functions then follow immediately from the tw
parts of the conductivity:

e1~v!512
4p

v
s2~v!, ~4!

e2~v!5
4p

v
s1~v!. ~5!

The realn(v) and imaginaryk(v) parts of the index of
refraction are, in turn, related to the dielectric function by
simple formula:

e~v!5e1~v!1 i e2~v!5@n~v!1 ik~v!#2, ~6!

or

n~v!5A1

2
@ ue~v!u1e1~v!#, ~7!

k~v!5A1

2
@ ue~v!u2e1~v!#. ~8!

Finally, from these quantities, the reflectivityr (v) and
absorption coefficienta(v) are defined as

r ~v!5
@12n~v!#21k~v!2

@11n~v!#21k~v!2
, ~9!

a~v!5
4p

n~v!c
s1~v!. ~10!

The latter quantity gives the length absorption or extincti
The above formulas apply to a spatial configuration oN

atoms at a single time step within an MD trajectory. W
calculate a trajectory-averaged optical property as

x5
1

nsnap
(
r 51

nsnap

x r , ~11!

wherex r depicts a representative optical property calcula
for a selected configurationr from the MD simulation and
nsnap is the number of representative configurations or sn
shots employed. The configurations, typically five in t
present calculations, are spaced at time steps separated
least the correlation time, thee-folding time of the velocity
autocorrelation function.
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In the present formulation of QMD, the molecula
dynamics trajectories were calculated using theVASP plane-
wave pseudopotential code that was developed at the T
nical University of Vienna.18 This code implements the
Vanderbilt ultrasoft pseudopotential scheme19 in a form sup-
plied by Kresse and Hafner20 and the Perdew-Wang 91 pa
rametrization of the generalized gradient approximat
~GGA!.21

Trajectories were calculated at fixed volume and at se
rate density and temperature points, selected to span a r
of densities fromr51.50 to 4.0 g/cm3, and temperatures
from T51000 K to 20 000 K to highlight the first- and
second-shock Hugoniot regions. We used 32 nitrogen at
in the unit cell and fixed the plane-wave cutoff at 435 e
Integration of the equations of motion proceeded with tim
steps of 2 fs. We employ both microcanonical and isokine
ensembles for the ions. In the latter, the ion temperatureTi is
fixed using velocity scaling. In turn, the assumption of loc
thermodynamical equilibrium sets the electron temperat
Te to that of the ions,Ti . We further point that the method i
based on the diagonalization of the electronic Hamilton
where the electron finite temperature is taken into accoun
a Fermi smearing over these states. Consequently,
method goes beyond a propagation of the ions on
ground-state Born-Oppenheimer surface. Additional det
on the trajectory calculations can be found in Refs. 11,12

For each snapshot in a given trajectory, the dipole ma
elementsuDi j u2 are evaluated using the projector augmen
wave method as supplied by Kresse and co-workers.22,23Ad-
ditional details pertaining to the electrical property calcu
tions can be found in Ref. 17.

III. RESULTS AND DISCUSSION

A. Electrical properties

We display in Fig. 1, the variation of the real part of th
frequency-dependent conductivitys1(v) at specific density
and temperature points dictated by the choice of the ini
conditions and the Rankine-Hugoniot relation. The Ranki
Hugoniot equation

~U12U2!1
1

2
~V12V2!~P11P2!50, ~12!

describes the shock adiabat through a relation between
initial and final volumes, internal energy, and pressure,
spectively@@U1 ,V1 ,P1) and (U2 ,V2 ,P2)]. For the principal
Hugoniot, we have chosenP150 GPa. r150.88 g/cm3 in
accordance to the experimental conditions, andU1 so that
the energy of the N2 molecule is zero. The second-shoc
Hugoniot points are defined similarly, but this time using t
final conditions of the first shock as initial conditions. Ea
experimental point in this case corresponds to a sepa
second-shock Hugoniot depending on the initial start
point from the principal Hugoniot. Across the dissociatio
region, the second-shock Hugoniots lie in a fairly narro
temperature band as the pressure increases with den
Therefore, in this regime, an isotherm gives a very go
approximation to the second-shock Hugoniot. We select a
1-2
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FIG. 1. Variation of the real part of the
frequency-dependent conductivitys1(v) along
the principal Hugoniot and 5000 K isotherm, re
spectively~left and right panels!.
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representative case the isotherm at 5000 K, which co
sponds to a final first-shock density of 2 g/cm3.

For the principal Hugoniot~left panels in Fig. 1!, s1(v)
was calculated at the temperature closest to the Hugo
point at which an actual simulation was performed. For
second-shock Hugoniot~right panel in Fig. 1!, as the tem-
perature can be considered as constant along the dissoc
region,12 s1(v) was calculated at various densities along
5000 K isotherm. Calculation ofs1(v) as given by Eq.~2!
typically involved 700 states, which insured adequate c
vergence over the frequency range diplayed in Fig. 1.13 This
number of states reflects in the usual sum rule*0

`s(v)dv
5pe2Ne/2mV, whereNe is the number of electrons in th
supercell volumeV, being satisfied to within 15%. As th
latter relation converges slower than the dc and lo
frequency ac conductivity, to increase the number of sta
further would only improve our results for photon energ
around 60 eV and higher.13

Figure 1 shows that for the lowest density and tempe
ture considered for both the principal and second-sh
Hugoniots, the fluid is an insulator. At these conditions,
dc conductivity, given as

sdc5 lim
v→0

s1~v!, ~13!

is zero. The maximum around 10 eV can be associated
transitions to the lowest excited singlet states of gas-ph
molecular nitrogen (N2). The excited states for molecula
nitrogen determined by the density functional approach
the GGA level compare well with experiment. As an e
ample, we find the first singlet excited states at energie
8.12 eV, 9.711 eV, and 11.70 eV, while the experimen
sequence is given by 8.40 eV, 8.55 eV, and 12.93 eV.
first peak at 10 eV in Fig. 1 corresponds to the spread
these excited states due to density effects.

As density and temperature increase along the princ
Hugoniot, the frequency-dependent conductivity mos
keeps the same shape but with the first maximum movin
lower frequencies. This results in a significant increase of
05420
e-

iot
e

tion
e

-

-
s

-
k

e

th
se

t

of
l
e
f

al
y
to
e

dc conductivity that reaches values of around 0.3–
3106V21 m21 for the highest density shown.

Inspection of Fig. 1 also indicates that this behavior p
tains along the second-shock Hugoniot where the temp
ture can be considered as almost constant for the den
range displayed. Both experimental and QMD results in
cate a small temperature variation along the second-sh
Hugoniot, i.e., when the material is reshocked.12 This unique
feature of shocked liquid nitrogen also provides the oppo
nity to probe experimentally the effect of increasing press
on the nitrogen dc conductivity while keeping the tempe
ture variation to a minimum. To generate experimental sta
in which the pressure substantially increases without the
sociated large variation in temperature is the motivation
hind the multiple-shock or ‘‘ringup’’ experiments performe
to measure high-pressure dc conductivity of hydrogen, ni
gen, and oxygen.1,3,4,24

The significant variation of the calculated conductivi
along the principal and second-shock Hugoniots is hi
lighted in Fig. 2~a! where the dc conductivities are displaye
as a function of pressure. The dc conductivity is negligib
along the first Hugoniot (sdc,0.13106V21 m21) for pres-
sures up to 40 GPa, rapidly increases up to 0
3106V21 m21 for pressures between 50 and 60 GPa, a
which a mostly constant behavior emerges. Following
evolution of the dc conductivity along the second-sho
Hugoniot ~5000 K isotherm! shows that a similar behavio
results even when the temperature variation is minimal.
noticed however that the increase in dc conductivity shifts
higher values of pressure. Along the second-shock Hugon
the dc conductivity becomes significant for pressure val
greater than 60 GPa.

In Fig. 2~b!, we compare our calculations of the condu
tivity along the principal Hugoniot and 5000 K isotherm wi
the currently available experimental data for nitrogen. W
see in Fig. 2~b! that the experiments8,9 also show a distinct
rise in the dc electrical conductivity in this critical regim
when measured along the principal Hugoniot. The magnit
1-3
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MAZEVET, KRESS, COLLINS, AND BLOTTIAU PHYSICAL REVIEW B67, 054201 ~2003!
of 0.503104V21 m21 at their final point of 60 GPa remain
considerably lower than the QMD result of;0.12
3106V21 m21. However, it should first be pointed out th
sdc exhibits considerable sensitivity to the pressure in t
region with a variation spanning almost seven orders of m
nitude along the principal Hugoniot. Furthermore, the Gau
ian broadening used in the present work brings the larg
uncertainties when the conductivity is small. The uncerta
ties on the evaluation of the conductivity have been e
mated at up to a factor of 2 for the smallest pressure poi
but reduces to about 10% at the highest pressure point
culated. A slight shift in the onset of this rapid increase
sdc would also improve the agreement between the exp
ment and simulations. We have witnessed a similar situa
in comparing to the shock reverberation experiments
hydrogen.25

Having the experimental conductivities for pressu
above 60 GPa would most probably elucidate some of
current discrepancies. Measurements from multiple-sh
~reverberation! experiments4 have been reported for a simila
diatomic fluid, oxygen. In Fig. 2~b!, we compare the conduc
tivity calculated for nitrogen along the principal Hugoni
and the 5000 K isotherm with the multiple-shock experime
tal measurements for oxygen.4 ~Similar measurements hav
already been made for nitrogen, but have not yet been

FIG. 2. ~a! DC conductivitysdc as a function of pressure alon
the principal Hugoniot and 5000 K isotherm.~b! Comparison of the
QMD dc conductivities with experimental results.
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leased in quantitative form.24! To follow the variation of the
nitrogen conductivity above 60 GPa, the limit of the seco
shock, into the regime of the reverberation experiments,
must extend the 5000 K isotherm to higher densities a
pressures. This seems an acceptable procedure since the
perature in the reverberation experiments also remains r
tively constant through the compression. In Fig. 2~b!, we first
notice that the conductivity for the nitrogen principal Hug
niot rises quickly, by about four orders or magnitude~experi-
ment! and six orders of magnitude~calculation! between 20
and 60 GPa. For pressures higher than about 60 GPa
conductivity for nitrogen reaches a plateau~maximum! for
both the principal Hugoniot and 5000 K isotherm. The val
of the maximum is in qualitative agreement with the ma
mum value measured in the oxygen experiment. Since
measured nitrogen conductivity is comparable to the oxy
values for pressures in the 100-GPa range,24 Fig. 2~b! further
shows that the disagreement between our calculations
currently available measurements is in the precise desc
tion of the rise in conductivity as the pressure increa
rather than in the magnitude of the maximum of the nitrog
conductivity. This rise is very sensitive to temperature alo
the shock trajectory; as discussed next, the mechanism o
conductivity is related to the dissociation of the molecul
With the multiple-shock technique, higher pressures can
achieved at relatively lower temperatures. For example
the oxygen experiment, the temperature ranges from 390
for P5100 GPa to below 7000 K for a pressure up to 2
GPa, whereas in the principal Hugoniot calculations the te
perature goes up to 16 000 K@Fig. 3~a!# at a pressure of 90
GPa.

To understand the mechanism giving rise to such a beh
ior, it is useful to follow the nature of the fluid as the densi
temperature, and pressure vary along the principal
second-shock Hugoniots. We show in Fig. 3~a! the variation
of the dissociation fraction as a function of density along
principal and second-shock Hugoniots. The dissociation fr
tion represents the percentage of monomers constituting
fluid. From the simulation, it is obtained by performing
cluster analysis12 of the MD trajectories. This procedure in

FIG. 3. ~a! Dissociation fraction along the first and 5000
isotherm.~b! Corresponding dc conductivitysdc as a function of
density along the principal Hugoniot and 5000 K isotherm.
1-4
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QUANTUM MOLECULAR-DYNAMICS STUDY OF THE . . . PHYSICAL REVIEW B 67, 054201 ~2003!
volves selecting an effective radius, in the present casr c
52.3aB , and considering all atoms within this distance
bound to a reference atom.11,12 The distribution of mono-
mers, dimers, and larger molecules obtained at each
step is subsequently averaged over the whole trajectory.
principal Hugoniot dissociation fraction shown in Fig. 3~a!
was calculated at density-temperature points above and
low the Hugoniot points where the simulations was p
formed. The ‘‘error bars’’ in Fig. 3~a! represent the sensitiv
ity of the dissociation fraction when calculated at these t
density-temperature points.

Figure 3~a! shows that for the principal Hugoniot, th
fluid starts to dissociate at a density of 2 g/cm3 and can be
considered as fully dissociated at the highest density sho
r53 g/cm3. The difference from unity at 3 g/cm3 stems
from the fact that the cluster procedure does not distingu
between dimers and binary collisions, which become m
important as the density increases. The dissociation frac
considered in parallel with the lifetime of the dimers a
higher-order molecular systems, indicates that at a densit
r53 g/cm3, the fluid is nearly dissociated. Inspection
Fig. 3~b! shows that along the principal Hugoniot, the var
tion of the dc conductivity as a function of density follow
closely the variation of the dissociation fraction with a d
sociated molecular fluid showing a conductivity of'0.4
3106 V21 m21.

This clearly suggests that the dissociation of the mole
lar fluid along the Hugoniot has major consequences for
electrical properties of the system. This point is further re
forced when inspecting the second-shock Hugoniot cond
tivity in conjunction with the corresponding dissociatio
fraction. The dissociation fraction along the second-sh
Hugoniot indicates that as the temperature is kept alm
constant, the fluid dissociates when the density increases
at a density higher than along the principal Hugoniot. W
also see that for a given density, as the temperature is
ered, the fluid is systematically less dissociated along
second-shock Hugoniot than along the principal one. T
directly reflects the behavior of the second-shock conduc
ity, which is smaller than that along the principal Hugon

FIG. 4. Variation of the frequency-dependent absorption coe
cientsa(v) along the principal Hugoniot and 5000 K isotherm.
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for the density range considered here. This result also s
gests that if the density along the second-shock Hugonio
increased further until the fluid is dissociated, the conduc
ity will also level at higher pressure as for the princip
Hugoniot.

At this stage, it is useful to mention that a similar beha
ior for the dc conductivity was found experimentally whe
hydrogen, nitrogen, and oxygen fluids were shocked.3,4,24 In
the case of fluid hydrogen, QMD simulations suggest that
high-pressure nonmetal-metal transition is also closely
lated to the breaking of molecular bounds as the press
increases.13,26The close connection given above between
behavior of the dc conductivity and the dissociation fracti
suggests that, as the molecules dissociate, the resulting a
~with unpaired electrons! act as dopants, and progressive
fill the dense-fluid band gap. For the case of hydrogen,
argument was sustained by calculating the density of st
for various temperature-density points corresponding to
experimental measurements.26 Inspection of Fig. 1, where
one sees a progressive filling of the minimum ins1(v) at
zero photon energy, suggests that for the case of nitro
dissociation is responsible for the high-pressure nonme
metal transition.

-

FIG. 5. Variation of the frequency-dependent reflectivityr (v)
along the~a! principal Hugoniot and~b! 5000 K isotherm. Variation
of the reflectivity as a function of pressure at fixed wavelengths
~c! 7200 Å and~d! 3500 Å.
1-5
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B. Optical properties

Having shown that a high-pressure nonmetal-metal tr
sition occurs for shocked fluid nitrogen along both the pr
cipal and second-shock Hugoniots, we now turn to the
plications of such a transition for the optical properties
this system.

In Fig. 4, we display the variation of the absorption co
ficient a(v) for various density-temperature points along t
principal and second Hugoniots. Despite the logarithm
scale, one sees that the variation of the absorption co
cients follows closely the variation of the frequenc
dependent conductivity displayed in Fig. 1, as can be
pected from Eq.~14!. For all the density-temperature poin
shown, the two maxima around 10 and 20 eV are clea
observed. As mentioned previously, the first maximum c
be directly associated with the excited states of molec
nitrogen.

The largest influence of a varying density for the abso
tion coefficient is seen for photon energies below 10 eV.
example, at a fixed photon energy of 1 eV, the absorp
coefficient varies by two orders of magnitude along both
principal and second-shock Hugoniots. We noticed, howe
that for either case, this progression is the most dram
when the fluid starts to dissociate. Following, for examp
the progression of the absorption coefficient along the p
cipal Hugoniot shown in Fig. 4~a!, we observe the mos
abrupt increase of the absorption coefficient for densities
tween 2.0 and 2.5 g/cm3. As indicated in Fig. 3~a!, the fluid
just begins to dissociate at those densities. As the densi
further increased, the low-photon-energy absorption coe
cient stabilizes to values around 13105 cm21 for both the
principal and second-shock Hugoniots. This latter po
shows that the high-pressure nonmetal-metal transi
modifies significantly the optical properties of the shock
fluid.

As dynamic compression experiments have been succ
ful at probing the reflectivity of fluids,2 we finally show in
Fig. 5 the variation of the reflectivityr (v) along the princi-
pal and second-shock Hugoniots. For both cases, we see
,
le

l,
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variation of the reflectivity for photon energies higher th
10 eV. As for the absorption coefficients, most of the diffe
ences seen in the reflectivity occur at photon energies o
eV and lower, with the reflectivity approaching unity asym
totically for zero photon energies as the density is increa
along both the principal and second-shock Hugoniots. If
considered typical wavelengths available experimentally,
shown in Figs. 5~c! and 5~d!, the high-pressure metal
nonmetal transition will yield a measurable reflectivity i
crease from 0.1 to 0.4–0.5 for the principal and seco
shocks. We further point out that, as for the absorption co
ficient, the increase in reflectivity mostly ceases once
fluid has started to dissociate, and rapidly reaches a pla
at values less than unity. Such a behavior was also poin
out ~both theoretically and experimentally! for the reflectiv-
ity of warm, dense hydrogen.13 As we are finding here for
fluid nitrogen, the hydrogen reflectivity rapidly rises an
stays constant at values'0.5 due to the dissociation of th
molecular fluid as the pressure is increased.

IV. CONCLUSIONS

In conclusion, using QMD, we found that a high-pressu
nonmetal-metal transition exists for fluid nitrogen. The p
mary reason for the conductivity increase as the pressur
raised can be traced back to the dissociation of the molec
fluid. As the QMD simulations provide a consistent set
dynamical, electrical, and optical properties from the sa
simulation, we also calculate the optical properties of wa
dense nitrogen. We associate the high-pressure nonm
metal transition with an experimentally measurable incre
in the absorption coefficient and reflectivity.
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