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Time correlation functions of the vibrational frequency of nitrogen

and of nitrogen in helium

By J. P. J. MICHELS and J. A. SCHOUTEN

Van der Waals-Zeeman Institute, University of Amsterdam, Valckenierstraat 65-67,
1018 XE Amsterdam, The Netherlands

(Received 23 October 1996; revised version accepted 19 December 1996)

It is known from experimental evidence that, at ambient temperature and under high pres-
sures, the linewidth of the Raman Q branch of nitrogen diluted in helium is considerably less
than that of pure nitrogen. Molecular dynamics simulations have been used to explore this
phenomenon. For that purpose, a detailed investigation has been made of the various con-
tributions to the vibrational spectrum, and in particular of the time correlations of each of
those parts. The results are not only in conformity with the experimental data, but also reveal
which molecular properties are responsible for the evident differences between the Raman
spectra of the two systems. A strong conclusion is that in the dilute mixture the linewidth is
related primarily to the properties of the diluent and to a much lesser extent to the interactions
between nitrogen and helium molecules. In fact, a vibrating nitrogen molecule in an environ-
ment of helium acts as a probe, signalling intrinsic dynamic behaviour of the helium system.
The oscillation in the correlation function of the vibration frequency turns out to be due to a
vibration in the mutual forces acting between the atoms and does not arise from the N,—He

interaction.

1. Introduction

In the past two decades, various investigators [1-17]
have tried to calculate the linewidth and line-shift of
Raman spectra of simple fluids, either by analytical
methods or by computer simulations. Several models
used are rather simple and schematic; sometimes ad
hoc adjustments had to be made to provide for some
agreement with experimental data. Presumably, the
first sophisticated attempt using a numerical approach
is that reported by Levesque et al. [7] who performed
dynamic computer simulations of nitrogen, just above
the boiling point. These authors investigated the various
contributions to the vibration frequency and the self-
and cross-correlations of these contributions separately.
Due to an impractical, although still significant, defini-
tion of correlation times, the results concerning the
effect on the linewidth are somewhat confusing. The
first numerical investigation of the density dependence
of dephasing time has been carried out by Chesnoy and
Weis [10] but by the use of a spherical symmetric model
for the intermolecular potential the rotational degrees of
freedom had been excluded.

In previous papers [15, 17] we reported experimental
studies as well as computer simulations performed on
nitrogen and mixtures with nitrogen, in order to study
the Raman Q branch in the fluid phase within a large
pressure range. One of the marked results is a large
difference between the linewidth in pure nitrogen and

in nitrogen diluted in helium, behaviour that has been
found in the simulations as well. It turned out from
these simulations that this difference is, for the greater
part, due to the difference in the total correlation time of
the vibration frequency. Another striking feature that is
seen in both systems is the increase in the linewidth with
pressure after passing through a minimum. Further,
some very different behaviour is seen for the autocorre-
lation function of the vibration frequencies for pure N»
and for the infinite dilution of N, in He. Because it
turned out that in both systems the vibration-rotation
coupling has an important influence on the density
dependence of the line width, the numerical approach
by Chesnoy and Weis seems not to be very helpful for a
quantitative study.

In this paper, more detailed information is given
about the time correlation functions, including the
influence of the separate contributions on the total cor-
relation function. Apart from realistic model systems,
based on potential parameters for N;, He and their
mutual interactions, fictitious models have been intro-
duced as well, in order to reveal separately the influence
of mass and size of the diluent molecules. From the
results of these simulations it can be concluded that
the difference in the time correlation functions for pure
nitrogen and the dilute mixture of nitrogen in helium is
due primarily to the mass and to the mutual interaction
between the diluent molecules, and less to the inter-
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actions of the nitrogen molecule with the solvent
molecules.

2. Method
A full description of the calculation procedure is given
in [15] and [17] For convenience the method is given
briefly below.

2.1. The dynamics

Nitrogen has been modelled by a two-site potential
model with a fixed interatomic distance of 1-094 A.
The potential between the atoms (sites) of distinct
nitrogen molecules has been defined with an exponential
short range energy and a long range dispersive potential,
proportional to the inverse sixth power of the distance; a
quartic spline deals with intermediate distances. The
parameters used are those given by Etters er al. [18]
but in contrast to that potential, no quadrupole interac-
tion was taken into account. For the interaction between
nitrogen atoms and helium molecules and for the mutual
interaction in helium use has been made of Buckingham
(exponential-6) potentials:

()7{6[0(1—)]0(—)} )

For the interaction between a nitrogen atom and a
helium atom values for the molecular parameters have
been chosen such that a numerical potential for the N,—
He potential, obtained by ab initio calculations by Rijks
et al. [19] is fairly well approximated. For the mutual
helium interactions, the values given by Kortbeek and
Schouten [20] have been applied. The numerical values
will be given in section 3. All simulations consider a
system of 256 particles in the NVE ensemble.

2.2. Calculation of the vibration frequency

The change in the vibration frequency due to the
surrounding molecules was calculated from the momen-
tary axial force and the derivative of that force to the
bondlength. These effects will be indicated with, respec-
tively, the ‘external first order’ (el) and the ‘external
second order’ (e2). The third cause for the change in
the frequency is the vibration-rotation coupling (vr).
In these calculations, use has been made of the values
for the harmonic and cubic potential parameters of the
intramolecular forces in nitrogen, given by Herzberg [21]
and Lavorel et al. 22} Moroever, a fourth effect, due to
the change in the dispersion energy at excitation (d) is
taken into account. In [15] the procedure is given for
how this effect is quantified by comparison of simulation
results with experimental data for the line shift. Thus,
the resulting vibration frequency i, of a molecule

as function of time can be written as
ayib = ap + co(t)

A1) = @a(1) + walt) + onlt) + wlt), (2)

with @y the frequency of an isolated, non-rotating
molecule.

Next, the amplitude of modulation A, the autocorre-
lation function @ and the correlation time 7. have been
calculated with the relations:

A= {ad0)y- <l0)y}'7, (3)

alh) = co(O)co(t)Az- l0) , (4)

T, = Jjg(z)dz. (5)

The brackets in equations (3) and (4) denote the aver-
aging over all particles throughout the entire simulation
run. Finally, the linewidth, defined as the full width at
half maximum (FWHM) can be obtained with

FWHM = 2427, (6)

3. Results
3.1. Pure nitrogen
New simulations have been performed for nitrogen at
296K and at pressures of 0-45, 1-1 and 2:0 GPa. The
results for the autocorrelation function during the first
0-3ps are displayed in figure 1. For this and the fol-
lowing figures the reproducibility of the correlation

1.0
0.8
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047

\
0.2y \

0.0
0.0 0.1 0.2 0.3

time/ps

Figure 1. Autocorrelation function of the vibration fre-
quency of nitrogen at 296 K: dashed line, 0-45 GPa; dotted
line, 1-1 GPa; and solid line, 2-0 GPa.
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functions was always better than the thickness of the
lines for values of the functions above 0-2, and less
than 0-01 for values smaller than 0-2, thus, in the long
term region. At all these pressures (7) falls off rapidly
during the first 0-1 ps; the decay increases slightly with
pressure. At 0-45GPa a small but reproducible max-
imum is seen at about 0-2 ps, after which the function
diminishes gradually. At 1-1 GPa the hump has disap-
peared. At the highest pressure, a long term tail is seen
which is the main cause for an increase in the linewidth
under increasing pressure above ~0-6 GPa, as found
experimentally. Since one would expect a decrease in
the correlation time at higher densities due to the
increase in the rate of scattering interactions, it is inter-
esting to find out which mechanism is responsible for
this effect. Therefore, the autocorrelation function has
been determined in separate terms for each of the four
effects mentioned above:

5(1) = {oo(0)ap(1)y- (on(0)Xa(0)y} /2% (7)

alt) = ZQM, (8)

where oo and B denote el, e2, vr or d, and A is again the
total amplitude of modulation. From these functions the
separate contributions to the correlation time and the
total correlation time have been obtained by the integra-
tions

To,p = J:D.Qa,g(t)dt, (9)

T, = Zra,ﬁ. (10)

The total correlation function consists of 4 self-correla-
tions and 6 cross terms. (The off-diagonal terms are in
pairs symmetric.) These functions are presented sepa-
rately in figure 2, and table 1 gives the values for the
terms T, 5, together with the values for all correlation
functions Q4 4 at = 0. For completeness, the amplitude
of modulation (equation (3)) and the linewidth,
obtained from equation (6) have been added to the
table.

Before going into a discussion about the results, it
may be useful to call to mind that the origin of the
frequency change due to vibration-rotation coupling is
fundamentally different from the other three effects.
While the latter are due to molecular interaction, the
vr coupling is due to the velocity of rotation. It is an
axiom in statistical physics that these entities are
momentary independent. Thus, all cross correlations
with vr terms must be zero at 1= 0, as is seen indeed
(apart from the statistical errors) in the MD results.
Consequently, cross terms that include the vibration—
rotation coupling do not contribute to the amplitude

of modulation, defined with relation (3). Another cor-
ollary deals with the definition of the correlation time,
especially with the partial contribution for each effect.
Levesque et al. [7]introduced another partial correlation
function Q4 ,3(tg7and correlation time 7 g

(t) coa(O)cog(t) -

(0)X(e5(0) (11)

Q/

o, p A(Zx,ﬁ s
with

Aayp = Kou(0)op(0)y- (onl0)Xap(0)y} " (12)
and

s = Jomfzogﬁ(t)dz. (13)

Because A 3 equals zero in the case when either o or
denotes the vibration—rotation coupling, the corre-
sponding 77 p becomes undefined and cannot be
included in the total correlation time. Therefore their
definition is less satisfactory. In our definition (equation
(10)) the correlation time T, is written as a sum of terms
7o, p for each of the effects.

The results are presented in table 1 and figure 2. The
total amplitude of modulation A increases by about
50% when the pressure is increased from 0-45 GPa to
2:0GPa. The value of 2, 3 at 1= 0 gives the relative
contribution of the mechanism under consideration to
the total amplitude. The relative contribution of
QW,V,-(O) reduces from 20% at 0-45GPa to 85% at
2 GPa, but still is considerable. The relative contribution
of Q1,4 (0) increases substantially. The contributions of
the cross correlations to the amplitude are very impor-
tant since they sum up to 27% at 0-45 GPa and even to
37% at 2GPa. It is obvious that, due to the finite sta-
tistical uncertainties, the observed values for Qy ¢ (0)
with o# vr will not exactly equal zero. Figure 2
shows that the self-correlation due to both the e; and
the vr effects (and cross correlation) is significant at
times above 0-1 ps and that this behaviour is responsible
for the long term tail. At low pressures the contribution
from the vibration-rotation coupling to the tail is domi-
nant but at high pressures the ¢; effect prevails. At the
lowest pressures the correlation time decreases rapidly
as a function of pressure [15] In the pressure range
under consideration here, 7. varies only slowly and
increases with about 20% from 1-1GPa to 2GPa.
Also in this case the cross correlations are very impor-
tant. It should be noted that all cross terms that include
the vr effect are negative. At 0-45 GPa the largest single
contribution comes from the self-correlation of the
vibration-rotation coupling, but this value has been
reduced by a factor of 7 at 2GPa. The total vr effect,
including the cross correlations, on . is negative (8:5%
at 0-45GPa, 33% at 1-1GPa, and 20% at 2GPa).



256
.45 GPa

J. P. J. Michels and J. A. Schouten

1.1 GPa

2.0 GPa

-0.2

-0.2

0.0 0.1

0.2

-0.2

0.3 0.4 0.5 0.0 0.1 0.2 0.3 0.4 0.5

time/ps

Figure 2. Contributions to the correlation function of the vibration frequency of nitrogen at several pressures. Upper figures: solid
line, the autocorrelations due to the first-order (el) effect; dashed line, the second-order (e2); dotted line, vibration-rotation
coupling (vr); and dash-dotted line, dispersion correction (d). Lower figures, due to the cross-correlations with nonzero values
at ¢ = 0: solid line, el—e2; dashed line, el1—d; dash—dotted line, e2—d; and with zero values at ¢ = 0: dashed line, e2-vr; dotted line,

e2-vr; and dash-dot-dot line, vr—d.

Remarkably, the cross correlations of the dispersion
with e; and e, increase considerably under pressure
while the self-correlations of e, e; and d vary only
slightly. The total effect of the dispersion on T is nega-
tive at 0-45 GPa but positive at 2 GPa. A clear conclu-
sion is that the influence of the vibration-rotation
coupling in detail on the correlation time and the ampli-
tude of modulation is large across the whole pressure
range. Due to cancellations between self-correlation
and cross terms, and between amplitude and correlation
time, the net effect on the linewidth is modest at the
highest pressures, but still present.

3.2. Nitrogen in helium
It is known from experimental results that at room
temperature and high pressures the linewidth of the

Raman line of nitrogen diluted in helium [23, 24] is
considerably less than that of pure nitrogen [23, 25]
This phenomenon has been observed also with computer
simulations [15, 17] It is seen from these simulations
that this difference in linewidth is predominantly
caused by the much shorter total correlation time of
nitrogen in the dilute solution. In order to study this
effect in more detail, some new simulations have been
performed of one N, particle in helium, with special
attention to the separate time correlation functions as
has been done in the previous section for pure nitrogen.
As has been noted in [17] the change in dispersion
energy due to excitation is negligible in this case. Con-
sequently, correlations including this effect have been
omitted. In figure 3 the initial part of the total correla-
tion functions for p = 1-1, 2:0, 5-3 and 87 GPa, all at
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Results for the correlation times and functions, amplitude of modulation and linewidth for nitrogen at

296 K and three pressures, obtained by molecular dynamics simulations. The values indicated with ‘total’
denote the integral 7. of the total correlation function Q(t) and the value of this correlation function at ¢ = 0.
Small differences between these ‘total’ values and the sum of the separate contributions are due to arithme-

tical and round off errors.

p = 045GPa p= 1-1GPa p=20GPa
o, B Ta, 5 /PS QG,B(O) Ta, 5 /PS QG,B(O) Ta,5/PS QO@B(O)
el—el 0-0391 0-4711 0-0403 0-4887 0-0423 0-4862
e2—e2 0-0014 0-0184 0-0014 0-0189 0-0015 0-0189
VI—Vr 0-0657 0-2061 0-0195 0-1198 0-0093 0-0845
d-d 0-0051 0-0317 0-0030 0-0341 0-0037 0-0417
el-e2 0-0146 0-1788 0-0147 0-1830 0-0153 0-1814
el-vr+ vr—el - 0-0482 0-0025 0-0257 0-0013 - 0-0156 - 0-0004
el-d+ d-el 0-0027 0-0742 0-0090 0-1303 0-0127 0-1590
e2-vr+ vr—2 - 0-0090 0-0004 0-0046 0-0003 - 0-0027 0-0000
e2-d+ d-e2 0-0005 0-0135 0-0017 0-0235 0-0023 0-0287
vr—d + d-vr - 00134 0-0000 0-0065 0-0002 - 0-0038 0-0000
Total 0-0585 1-0000 0-0528 1-0000 0-0649 1-0000
A=4029cm™ A= 5245cm™! A= 6184cm!

FWHM = 0-358cm™ FWHM = 0-547 cm™ ! FWHM = 0:935¢m™

1.0 Numerical results for the distinct correlation times

To,p and Qg 5(0), together with the amplitude A and

0.8} the corresponding width of the resulting line, are given

d in table 2. Figure 4 displays the separate correlations for

: the first 0-3 ps. A marked feature is seen in the behaviour

0.6 ¢ of the self-correlation of the first-order effect: for all

{ pressures considered the function becomes negative

0.4} 4 before levelling out to zero. At 53GPa and 8-7GPa

:\‘ the function changes in sign again. The correlation

i reveals a long time persistence at 87 GPa. The oscilla-

0.2 1 i tions seen above ~0-1ps are small but still significant.
1) P g

W The time interval between 7= 0 and the transition to

0.0 AR S e negative values as well as the oscillations become shorter

Nt at higher pressures. As in the case for pure N, the self-

0.0 0.1 0.2 0.3 correlation for the vibration-rotation coupling

' ' ' ) decreases rapidly with increasing pressure. In the figures

. of the cross correlations, negative parts are seen not only

time/ps

Figure 3. Autocorrelation function of the vibration fre-
quency of a single nitrogen molecule in helium at 296 K
and at various pressures: solid line, 1-1 GPa; dash—dotted
line, 2 GPa, dotted line, 5-3 GPa and dashed line, 87 GPa.

296 K, have been plotted simultaneously. In comparison
with pure nitrogen, these functions fall off more rapidly
during the first moments: the higher the pressure, the
faster this decrease. Above =1 GPa the correlation func-
tions become negative, a phenomenon that is not seen in
the system of pure nitrogen. Even a superficial compar-
ison between figures 1 and 3 will make clear that the
integral of these functions, and hence the correlation
times, are much less in the case of diluted nitrogen.

for the terms which include the vr coupling but also in
the ‘el-e2’ term. Again the functions fade out more
rapidly at higher pressures.

3.3. Fictitious diluent models

It is obvious that the differences that occur in the
vibration of a nitrogen molecule, when surrounding
nitrogen molecules are substituted by helium molecules,
are due to the large differences in the molecular proper-
ties. Most pronounced is the difference in mass, but also
the difference in size, i.e., the range and strength of the
intermolecular forces is considerable. Moreover, the
absence of rotational freedom in helium must be
considered. Computer simulations offer an unique tool
for the investigation of the influences of these factors
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Figure 4. Contributions to the correlation function of the vibration frequency of a single nitrogen molecule in helium at various
pressures. Top figures, the autocorrelations due to: solid line, the first-order effect (el ); dashed line, the second-order effect (€2);
and dotted line, the vibration-rotation coupling (vr); lower figures, due to the cross correlations: solid line, e1-€2; dashed line,
el—-vr; and dotted line, e2—vr.

Table 2. Results for one nitrogen molecule in helium at 296 K, obtained by molecular dynamics simulations.

p=11GPa p=20GPa p=53GPa p=87GPa
o, B To,p /PS ch,ﬁ(o) To,p /PS ch,ﬁ(o) T, p /PS ch,ﬁ(o) T, p /PS ch,ﬁ(o)
el-el 0-0138 0-5783 0-0133 06169 00128 0-6541 00132 0-6650
e2—e2 0-0007 0-0285 0-0007 0-0300 0-0006 0-0312 0-0006 0-0315
VI—-Vr 0-0198 0-1516 0-0083 0-0979 0-0024 0-0484 0-0013 0-0335
el-e2+ e2—¢l 0-0058 0-2428 0-0055 0-2564 0-0051 0-2669 0-0052 0-2685
el-vr+ vr—el - 0-0071 - 0-0009 - 0-0032 - 0-0009 - 0-0015 - 0-0005 - 00013 0-0012
e2-vr + vr—e2 - 0-0013 - 0-0003 - 0-0005 - 0-0002 - 0-0002 - 0-0001 - 0-0002 0-0003
Total 0-0317 1-0000 0-0240 1-0000 0-0193 1-0000 0-0189 1-0000
A =4703cm™ A=5748cm™" A=822cm™ A=9911cm™

FWHM = 0-264cm™ ! FWHM = 0-299 cm™ ! FWHM = 0-491 cm™ ! FWHM = 0-698 cm™ !

separately. We have studied the various mechanisms by
varying the molecular quantities of helium to that of
nitrogen in four discrete steps.

First, simulations have been performed for one
nitrogen particle in an environment of fictitious particles
which are identical with helium as far as the molecular

interactions are concerned, but with atomic mass
m = 10 and m = 28; for convenience indicated hereafter
with '""He and ®He. The density of the system was fixed
to 125 kmolm™*, which resulted in a pressure of 2 GPa
at 296 K. The results for the total and partial correlation
functions are given in figures 5 and 6, respectively, and
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Vibrational frequency of nitrogen
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time/ps

Influence of the atomic mass m of the solvent mole-

cules on the correlation function (7) of a single nitrogen
molecule for p=2GPa; T = 296K: solid line; m = 4;
dashed line, m = 10: and dotted line, m = 28.
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in table 3. For comparison the results for ‘*He are
repeated in table 3. Clearly, the values for ,3(0),
and consequently for A, are independent of the mass,
which is understandable since the momentary forces are
independent of the mass, but the evolution of the corre-
lations progress more slowly, apparently due to the
decrease in the speed of the "He atoms with increase
of m. The remarkable negative part in Qe ¢ (t) becomes
less pronounced but persists for a longer time with
increasing m and clearly is still present in **He. All
self-correlation times and the cross correlation time
Tel,e2 increase with m, giving rise to an increase in the
linewidth, although this increase is reduced to half its
value by growing negative contributions of Qel,v.-(t) and
QeZ,vr(til-

Another large difference between helium and nitrogen
is the strength of the interaction potential. The mutual
interactions between the helium atoms, as well as the
site-site interactions with the nitrogen atoms are mod-
elled in the simulations with a Buckingham potential,

m =4 m=10 m = 28
0.6
0.5}
0.4
03¢t
0.2
N 04|
\/— 0.0 S . ) - ]
0o o1 o0z 03 04 o5 00 01 02 03 04 05 o0 ot 02 03 04 05
0.3 0.3 0.3
o2r 0.2t 0.2
0.1 0.1 0.1
0.0 = 0.0 f——> ez 0.0 == = =
g \\ /,’ \\ //,’
04 | 01t T S N
60 01 02 03 04 05 00 01 02 03 04 05 00 04 02 03 04 05
time/ps
Figure 6.

Influence of the mass of the solvent molecules on the correlation functions of the vibration frequency of a single nitrogen
molecule for p = 2 GPa. Symbols as for figure 4.
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Table 3. Influence of the atomic mass m of the surrounding molecules on a single nitrogen molecule. The
parameters for the intermolecular interactions are in conformity with those for helium.
m=4 m= 10 m = 28
o, f To,p/PS 24,5(0) To,p /DS 24,5(0) To, /DS 24,5(0)
el-el 0-0133 0-6169 0-0220 0-6145 0-0386 0-6165
e2-e2 0-0007 0-0300 0-0011 0-0302 0-0018 0-0302
VI-Vr 0-0083 0-0979 0-0082 0-0975 0-0112 0-0985
el-e2 + e2-el 0-0055 0-2564 0-0091 0-2565 0-0159 0-2572
el-vr + vr—el - 0-0032 - 0-0009 - 0-0087 0-0011 - 00212 - 0-0019
e2-vr + vr—e2 - 0-0005 - 0-0002 - 0-0016 0-0002 - 0-0042 - 0-0005
Total 0-0240 1-0000 0-0300 1-0000 0-0421 1-0000
A =5748cm™! A=5751cm™! A= 5748cm™!

FWHM = 0-299cm™ !

FWHM = 0-374cm” !

FWHM = 0-525cm” !

defined in equation (1). For the He-He interaction,
parameter values given by Kortbeek and Schouten [20]
have been applied:

ene fkn = 976K,
P e = 30826 A,
Oe = 12-55. (14)

For interactions between an He atom and each site
(atom) of a N, molecule these values have been chosen

as [17}
8He»N/kB =16 K,
rm,He»N =35 A,
Ofe-N = 145, (15)

Some subsequent simulations have been performed with
other values for ¢ /kg and ry than noted in definitions
(14) and (15). In all these simulations the temperature
was 296 K, while the pressure was adjusted to 2 GPa by
choosing the appropriate density.

For the investigation of the influence of the potential
strength between the helium atoms, simulations have
been performed with three different values for ey, but
all with the same interaction between N, and ‘He’ (defi-
nition (15)). In contrast with previous simulations, given
in [17] the cutoff length had been increased to 7 A. The
following values for ey /kg have been chosen: 9-76 K
(ie., the ‘realistic’ value); 40K; and 90K, this being
about the value for nitrogen, together with ey N /kp =
16 K. Next, one run has been made with epe /kg = 90K
but with epe. N /kg = 40 K. The results are given in table
4 and figures 7-9. A comparison with the results given in
[17] shows that, at epe/kp = 976K, the increase in
cutoff length mentioned above indeed does not lead to
significant changes in the behaviour of the total cor-
relation function and the amplitude of modulation;

1.0

0.8t

06

0.4

0.2t

0.0 AN

0.0 0.1 0.2 0.3

time/ps

Figure 7. Influence of the potential parameter «/kg of the
mutual interactions between the solvent molecules on
the frequency autocorrelation functions solid line,
efkp = 9-76K (helium), dashed line, ¢/kg = 40K; and
dash—dotted line, ¢ /kg = 90 K.

only the density increased from 125kmolm ™’ to
127-5kmolm™>. The total correlation time increases
with increasing eye, mainly due to the contribution of
the first-order effect. The reason for this is qualitatively
displayed in figure 7: the negative part in the correlation
function, characteristic for nitrogen in helium,
diminishes and finally disappears with increasing epe.
The effect on the total correlation time is much less
than by the change in mass. The increase in ege. N has
only a minor influence on the correlation time, but
results in a larger amplitude of modulation and thus
to a larger linewidth.

Finally, the size effect has been studied by adding an
increase Ar to r, nHe and a simultaneous increase of
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Figure 8. Contributions to the correlation function of the vibration frequency of a single nitrogen molecule in a solvent as a

function of the potential strength of the mutual interaction between the solvent molecules. ¢ /k = 9-76 K is the optimal value for
helium. ¢ /k for the interaction with the sites of the nitrogen molecule is 16 K. Symbols as for figure 4.

Table 4.

Influence of the potential strength ¢ of the surrounding (‘solvent’) molecules on a single nitrogen molecule at 2 GPa and

296 K. In contrast with all the other simulations dealing with helium, the cutoff distance for the mutual helium interaction had
been increased from 3-0826 A to 7 A. The values = /kg = 9-76 K and 16K are appropriate values for the mutual interaction
between the helium atoms with respect to the interaction between helium atoms and nitrogen atoms (‘sites’).

Solvent
¢/kg = 976K ¢/ky = 40K ¢/kg = 90K ¢/kg = 90K
Unlike
¢Jkp = 16K ¢Jkp = 16K ¢Jkg = 16K ¢ Jkg = 40K
Q, B To,p/PS Q%B(O) To,p/PS QG,B(O) To,p/PS QG,B(O) To,p/PS QO@B(O)
el-el 0-0129 0-6164 0-0155 0-6147 0-0179 0-6154 00170 0-6234
e2—¢2 0-0006 0-0301 0-0007 0-0301 0-0008 0-0300 0-0008 0-0317
VI—-Vr 0-0081 0-0962 0-0093 0-0998 0-0100 0-1022 0-0070 0-0798
el-e2 + e2-el 0-0052 0-2564 0-0062 0-2549 0-0072 0-2533 0-0070 0-2641
el-vr + vr—el - 0-0030 - 0-0008 - 0-0051 0-0005 - 00067 0-0008 - 00054 0-0008
e2-vr + vr—e2 - 0-0004 - 0-0002 - 0-0008 0-0000 - 00011 0-0000 - 0-:0010 0-0003
Total 0-0234 1-0000 0-0258 1-0000 0-0280 1-0000 0-0251 1-0000
A= 5883cm™ A=5649cm™ A= 5658cm™ A= 6441 cm”!

FWHM = 0-305c¢m™ !

FWHM = 0-310cm™ !

FWHM = 0-338cm” ! FWHM = 0-393cm” !

Ar[2 to rp peN. In order to maintain the pressure at
2GPa, the density had to be adapted: from
125 kmolm™ w1th 'mHe = 3:0826 A to 106 6kmolm™*

at 1y, ue = 3:35A and to 90-5kmol m™ "~ at 7y ge =

3-5A. The cutoff distance of the mutual interactions
of the solvent molecules was always equal to r,. The
results are presented in table 5. It is seen that the total
correlation time increases due to the self-correlations of
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Figure 9. The same correlation functions as for figure 8 with
efk = 90K for the mutual interactions of the solvent
molecules, but with ¢ /kg = 40 K for the potential strength
with the sites of the nitrogen molecule.

the first order (el) effect and of the vibration-rotation
coupling, although the cross terms that include the vr
coupling show an opposite result. Because the amplitude
A decreases with increasing r,, ‘He', the net effect on the
linewidth is not significant. The general behaviour of the
correlations functions does not change significantly
either: in particular the negative part in the self-correla-
tion of the el effect is barely affected.

It can be concluded now from the simulations that the
large differences in mass and in the dispersion forces of
helium in comparison with nitrogen lead to shorter cor-
relation times and smaller linewidths at high pressures.
The short correlation times are due partly to the occur-
rence of negative values of the correlation function in
the No—He system. The results suggest that this negative

part is due primarily to mutual interactions between the
helium atoms and not to interactions with nitrogen.
Because this negative part is due to the oscillating beha-
viour of the first-order effect, i.e., the intermolecular
‘compressing’ forces exerted on the nitrogen molecule,
we investigated a comparable force acting on the helium
atoms. Simulations have been performed on a system of
256 He particles with an intermolecular potential defined
in expressions (1) and (12), at T = 296 K and p = 2 GPa.
During the run the forces acting on each particle have
been calculated. The projections of these forces on an
axis with a fixed orientation (one of the Cartesian coor-
dinates of the elementary box, as usually applied in the
MD simulations) have been monitored. The forces along
that axis are regarded as being positive if they point
towards the centre of the atom considered, and negative
if they point away from the centre. The resultant of all
these forces acting on an atom has been regarded as a
‘compressing’ force, qualitatively related to the com-
pressive forces acting on nitrogen molecules in the
He-N; system. The fixed orientation was chosen because
the direction of the forces in helium changes much faster
than the average change in orientation of a nitrogen
molecule. The normalized autocorrelation of the ‘com-
pressive’ force in helium, defined in the same way as the
autocorrelation function of the frequency (equation (4)),
is plotted in figure 10 (solid line). The simulations have
been repeated with larger values for ¢ /kg, namely 40 K
and 90 K, and the results also given in figure 10. Once
again, oscillating behaviour is seen, which diminishes
with increasing potential strength. These results indicate
that the negative part in Qel,el(t) and thus in the total
a(t) for a single nitrogen particle in helium above
~1GPa is due to the absence of strong attractive
forces between the diluent molecules. Influences of the
rotational degree of freedom of nitrogen or from the
interaction between nitrogen and helium are, if present,
not important.

Table 5. Influence of the diameter r,, of the surrounding molecules on a single nitrogen molecule at 2 GPa and

296 K.
= 30826 A = 335A m = 365A
o, B Ta, 5 /PS QG,B(O) Ta, 5 /PS QG,B(O) Ta,p/PS QO@B(O)
el-el 0-0133 0-6169 0-0138 0-6167 0-0149 0-6195
e2-¢e2 0-0007 0-0300 0-0007 0-0285 0-0006 0-0269
VE-VT 0-0083 0-0979 0-0094 0-1029 0-0104 0-1080
el-e2 + e2-el 0-0055 0-2564 0-0055 0-2502 0-0058 0-2446
elvr + vrel - 00032 - 0-0009 - 0-0040 0-0013 - 0-0049 0-0009
e2-vr + vr-e2 - 0-0005 - 0-0002 - 0-0006 0-0003 - 0-0007 0-0002
Total 0-0240 10000 0-0248 10000 0-0261 10000
A=5748cm” ! A=5619cm ! A= 5470cm” !

FWHM = 0-299cm” !

FWHM = 0-295cm” ! FWHM = 0-295cm” !
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Figure 10. The autocorrelation function of the ‘compressive
force’ (see text) in helium at 296 K and 2 GPa (solid line).
The dashed and dash—dotted lines are the results for the
same system, but with potential parameter values
e[k = 40K and 90 K, respectively.

4. Conclusion

We have performed molecular dynamics simulations
of systems in the fluid phase at ambient temperature of
nitrogen and of a single nitrogen molecule in helium as a
function of the pressure. From these simulations the
vibration frequency of nitrogen was determined and
the width and shift of the Raman line could be derived.
In conformity with experimental evidence, the linewidth
in the surrounding helium was found to be considerably
less than in pure nitrogen at the same pressure. A
detailed analysis of the time correlations of all the con-
ributions to the vibration frequency, revealed that this
phenomenon is due primarily to the intrinsic properties
of helium, e.g., the mass and the mutual interaction, but
barely at all to the interaction between the helium and
nitrogen molecules. It is interesting to see that the time
correlation function of the frequency of nitrogen, and
thus the derived properties, in helium reflect dynamic
behaviour in the (pure) helium system, namely the
occurrence of oscillating forces acting on the helium

atoms. In this respect, the single nitrogen molecule
acts as a probe in the helium environment.
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