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Anomalous Behavior of the Vibrational Spectrum of the High-Pressure b Phase of Nitrogen:
A Second-Order Transition

Marcel I. M. Scheerboom and Jan A. Schouten

(Received 21 December 1992)

In a careful Raman spectroscopic study on the high pressure 6 phase of nitrogen we have observed an
anomalous break in the slope of the vibrational Raman shift as a function of temperature. We interpret
this as a second-order phase transition due to an orientational localization of the molecules, a
phenomenon which has not previously been detected experimentally. Our results explain the change
above 12 GPa in the experimental compressibility at room temperature measured by Olijnyk. The inter-
pretation is consistent with the results of computer simulations.

PACS numbers: 64.70.—p, 61.50.Ks, 78.30.—j

Numerous studies have been reported in the literature
on the static behavior of molecular systems at high pres-
sures [I]. Much less information is available on the dy-
namics, e.g. , the orientational behavior of the molecules,
although this may have a considerable influence on the
phase diagram and the properties of the system, since it
may give rise to orientationally ordered or disordered
phases. This behavior is reflected in the vibrational prop-
erties, that are sensitive to the local environment and that
are conveniently probed by Raman spectroscopy. Nitro-
gen is one of the simplest anisotropic molecules and is
considered to be a molecular model system [1-8]. There-
fore, we have performed a careful high pressure investiga-
tion of the behavior of the vibrational spectrum of the
orientationally disordered 6 phase of nitrogen. We have
observed a peculiar behavior of the Raman shift as a
function of temperature along a quasi-isobar. Figure 1

shows a plot of the Raman shift of the two modes of 6 ni-
trogen at about 6 GPa. The frequency of the upper mode
is gradually changing as the temperature is decreased but
suddenly the change is more pronounced at about 210 K.
It should be noted that the anomaly takes place within
the stability range of 8 nitrogen (Fig. 2) in which no
structural changes have been reported [5]. Therefore it is
proposed that the orientational behavior of the molecules

is changing as discussed below.
Investigations using x-ray diA'raction [4-6] revealed

the structure of 6-N2 to be disordered cubic with space
group Pm3n. The unit cell consists of eight molecules,
two of which (the corner and body-centered ones) have
a spherically symmetric orientational distribution [4]
(spherical molecules). The six other molecules are situat-
ed in pairs at the faces of the cube and they possess a ran-
dom orientation in a planar disk normal to the unit cell
face [4] (disklike molecules). The experiments could not
reveal whether the molecules are rotating or are statically
disordered. This peculiar structure also exists in 02, F2,
and CO [4,5]. At low temperature a structural phase
transition occurs to the e phase, which is an ordered
modification of the 6 phase.

The same optical setup and diamond anvil cell (DAC)
were used as in previous investigations [9]. The pressure
scale of Mao, Xu, and Bell [10] has been used; the tem-
perature correction was taken from Ref. [11]. After each
measurement the double monochromator was calibrated,
resulting in an accuracy of 0.2 cm

We first determined at room temperature the iso-
thermal pressure dependence of the Raman shifts, while
increasing the pressure. Then at a predetermined pres-
sure only the temperature was varied and the Raman
spectrum was determined in steps of 15 K. After each
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FIG. 1. vl and v2 vs T corrected to the isobar at 5.9 GPa;

dotted line marks transition; dashed and full lines are guides to
the eye.
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FIG. 2. Phase diagram of N2, dots are p-T points of breaks
in the slope of vl —v2 vs T; dashed line is a linear fit.
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FIG. 3. Raman spectra of b-Nq at about 5.9 GPa.
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FIG. 4. v] —
vq vs T corrected to the isobar at 5.9 Gpa; the

lines are the fits giving T of intersection.

step the system was equilibrated for at least 1 h to get a
well-defined temperature. A technically unavoidable as-
pect of our DAC is the fact that the pressure usually in-
creases when the temperature is lowered. Over 100 K
this change could amount from 0. 1 GPa for the lowest up
to 0.5 GPa for the highest pressures. Therefore, the mea-
surements were performed along quasi-isobars.

A series of vibrational Raman spectra of 6'-Nq along
quasi-isobars around 4.2, 5.9, 7.5, 9.5, and 12.7 GPa have
been obtained in the temperature range from 120 to 400
K. Some typical spectra at 5.9 GPa are shown in Fig. 3.
The low frequency high intensity peak is called vz and is
due to the disk molecules [12]. The higher frequency
peak, called vl is about 3 times lower in intensity and is
due to the sphere molecules [12]. In general, the scatter
is decreased if the difference in peak positions (vl —vq) is
plotted. Figure 4 shows the result for 5.9 GPa. A break
in the slope of v~

—
vq versus the temperature at about

210 K can be clearly noticed. The same behavior has also
been observed at the four other quasi-isobars.

It is convenient for the interpretation and discussion to
have the data along a well defined thermodynamic path,
e.g. , an isobar. Corrections for the experimental pressure
deviations have been made in the following way. An esti-
mate of the pressure and temperature of the kink in the
curves (Figs. 1 and 4) was made graphically. The total
collection of data points (more than 100) was divided in

points below and above the kinks. Fits were made for the
two data sets of vl (standard deviation a =0.15 cm '),
the two sets of vq (o =0.15 cm ') and for those of
vl

—
vq (a =0.10 cm '). Using these fits the data on a

quasi-isobar were corrected to the estimated pressure of
the kink.

In fact the data in Figs. 1 and 4 have been corrected in

this way. We notice that at high temperatures v~
—

vq is
a linear function of T whereas below the break it has a
significant curvature which is mainly due to v~ (see Fig.
I). The curvature levels off in the neighborhood of the
e-6 phase transition line. This is also the case at the oth-
er isobars.

Finally, to get more precise values for the temperature
of the break in the slope, fits were made for vl —

v~

through both parts of each isobar separately (Fig. 4). It

was assumed that the intersection gives the correct tem-
perature. The resulting values corresponding to the five
pressures mentioned above are respectively 185, 216, 246,
283, and 335 K. These points have been plotted in Fig. 2
together with a linear fit: p(GPa) =0.0568T(K) —6.37
(a =0.14 GPa). This curve has a positive slope and now
serves as a transition line for the process to be discussed
hereafter.

Before interpreting the experiments we have to outline
the physical origin of the temperature dependence of the
Raman shifts along an isobar. The change of the Raman
shift is mainly due to the axial components (F,„) of the
intermolecular forces. Therefore, the frequency will

change if the molecules change their orientations with
respect to their nearest neighbors (orientation effect) or
their distance (configuration effect). At high densities
the pressure is a measure for the average force on the
molecules and so it is to be expected that along an isobar
the configuration eAect is smaller than the orienta-
tion eAect. The Raman shift will also change by the
vibration-rotation (VR) coupling if the molecules can ro-
tate. For the motionally narrowed lines of N~ the eA'ect is

negative and linear in temperature: rov~(cm ') = —6
~10 'T(K) [13].

The main reason that v~ is larger than vp is the fact
that for the spheres the axial forces (heart on tail con-
figuration, denoted by T) are dominant as shown by the
simulations of Belak [14]; for the disks the perpendicular
forces are dominant, e.g. , by body to body orientations
(denoted by X and P). The axial and perpendicular
forces will become more alike at higher temperatures due
to the thermal averaging. Therefore, v~ will in general
decrease at increasing T and vq will increase. The orien-
tations of the disks are more or less restricted to a plane,
even at higher temperatures. The disks have fewer possi-
bilities for changing their orientation and, therefore, the
orientation eAect is smaller than that of the spheres. For
the disks the orientation eAect and the VR coupling will

have opposite directions, also causing the change of vq to
be smaller than that of vl.

For the interpretation of the results we propose that at
low temperature in the 6' phase the molecules are orienta-
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tionally localized and at high temperature more or less
freely rotating. The orientational order parameter for the
spheres is then 0„=0.5[3((i e) ) —1], where a and e are
unit vectors giving the orientations of the molecule and
one of the body diagonals, respectively. 0„ is in the order
of 1 in the t. phase, it is nearly 0.25 just above the e-6
phase transition and zero at the new transition. The
changes in the disk are minor: from a few degenerate pla-
nar orientations to rotation.

At high temperatures the molecules are probably more
or less freely rotating. The VR coupling is present for all
the molecules but the orientation effect will be modest. It
turns out that the combined result is the almost linear
temperature dependence of vl and v2 (Fig. 1).

At low temperatures the situation is essentially difI'er-

ent. In the t. phase the molecular orientations are fixed
and so vl and v2 hardly change as a function of T [9]. At
the structural transition to the 8 phase the molecules ob-
tain some orientational freedom and librate around a few
equally probable orientations: orientational localization.
Note that the initial slopes of vi and v2 versus T are mod-
est (Fig. 1). On further heating a rapid decrease of vl is
observed. We interpret this as a cascade process in which
the localization vanishes rapidly: If on heating the libra-
tional amplitude of an arbitrary molecule is increasing, it
simultaneously facilitates the libration of its neighboring
molecules and an acceleration of the orientation effect
and possibly of the VR coupling eA'ect will occur
(vibration-libration coupling cannot explain the efl'ect
since then a librational energy of 1000 cm ' is needed
[15]). The end of this delocalization process causes the
break in the slope for vi (Fig. 1): This break represents a
phase transition. The general picture is supported by the
fact that at higher pressures (higher densities) the pro-
cess starts at higher temperatures (at the e'-8 phase line).
The new transition curve is nearly parallel to the e-6'

phase transition line suggesting a relation between the
processes at the transitions.

The next question is whether the transition is of second
order. Mills, Olinger, and Cromer [5] and Olijnyk [6]
have performed x-ray experiments in 8-N2 in the low as
well as in the high temperature phase of &N2. The
diA'raction patterns showed that the structure of both
parts of 8-N2 is that already determined by Cromer et al.
[4]: disordered cubic with space group Pm3n Also no.

pressure jump was detected using the sensitive method of
scanning isochorically the pressure as a function of tem-
perature [16]. Therefore, it is reasonable to assume that
there is no first-order phase transition within 6' nitrogen.
The interpretation of a second-order transition is support-
ed by the x-ray diffraction work of Olijnyk [6]. It is
known from general thermodynamic arguments that at a
second-order phase transition with a positive slope in the
pT plane, the thermal expansion and the compressibility
of the ordered phase are larger than those of the disor-
dered phase [17]. Qlijnyk [6] has performed pV mea-

surements at room temperature using x-ray diAraction
and found at higher pressures (about 12 GPa) a softening
of the isotherm. This can be explained by a positive jump
in the compressibility at the localization transition at
p =10.5 Gpa. There is an interesting analogy with the
low pressure orientational disordering in a-N2, which is
triggered by argon as spherical diluent [18,19]. Although
the fcc lattice is preserved, the transition is of first order
and occurs only in the mixture. In a-N2 the orientation
of the molecules do not flip from one body diagonal to the
other as in 6'-N2.

A second-order transition due to orientational ordering
has also been observed in ionic systems like NH4C1 (Ref.
[17]). Here the NH4+ ions are orientationally localized
in both phases: In the high temperature phase the ions
are randomly distributed over two orientations, whereas
in 6 nitrogen the molecules are almost uniformly distri-
buted over all orientations.

Nitrogen has also been investigated extensively by
computer simulations. Nose and Klein [7] performed a
molecular dynamics (MD) study, using a Lennard-Jones
potential, on 8-N2. They found a first-order phase transi-
tion at 7.0 GPa and 230 K. In the low temperature phase
the disks were orientationally ordered and the spheres
disordered. Later Belak, LeSar, and Etters [8] per-
formed a Monte Carlo (MC) study, using the sophisticat-
ed potential of Etters et al. [3]. They found a change in
the thermal expansion at about 200 K and 7.0 GPa. As
the temperature was lowered from 300 to 200 K, they ob-
served that a degree of orientational localization oc-
curred. On further cooling the localization increased un-
til it was complete at about 120 K, where a structural
phase transition occurred. However, the low temperature
phase did not have the experimentally determined struc-
ture.

Because of the large amount of stray light in the for-
ward scattering geometry we could not observe the pho-
nons. Determination of the profiles of the spectra was not
possible due to the signal to noise ratio. For the rotation-
al phonons (with symmetry F2g [12]) we expect a gradu-
al transformation from a rotonic to a libronic character at
decreasing T. We expect that the linewidths could reveal
interesting effects. The localized molecules will have an
increasing orientational correlation time (r„,) on cooling
due to the increasing time scale on which the molecules
have fixed orientation (rs„). The corresponding broaden-
ing of the line might come in the slow modulation regime
resulting in a Gaussian contribution to the profile of the
spectrum [20]. This point needs further investigation
with time resolved techniques, but in order to make an es-
timate on the order of magnitude of the eA'ect we have
made a series of 20 measurements of the full width at
half maximum on v2 around the e-8 phase transition at
9.0 GPa and 173 K. From the average results (0.90
+0.03 cm ' in B-N2, 0.78+0.03 cm ' in t'. -N2), ob-
tained with an instrumental resolution of 0.7 cm, we
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estimate a broadening of 0.4 cm ' in 6-N2 compared to
t. -N2. The dephasing time corresponding to this broaden-
ing is 30 ps and is in the slow modulation case much
smaller than r«, [20] and probably also ra„. Therefore,
we indeed expect ~y„ to be much larger than the free ro-
tation period which is 1 ps for N2 at 173 K.

We thank Richard LeSar for helpful discussions and
Fred van Anrooij for technical assistance.
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