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Calculation of the vibrational linewidth and line shape

of Raman spectra using the relaxation function. Il. Application
to the mixture neon—nitrogen with inhomogeneous broadening
due to concentration fluctuations

M. Eline Kooi, Jan P. J. Michels,® and Jan A. Schouten
Van der WaalsZeeman Institute, Valckenierstraat 65, 1018 XE Amsterdam, The Netherlands

(Received 7 April 1999; accepted 13 October 1999

The Raman spectra of nitrogen in the mixture neon—nitrogen have been measured for neon mole
fractions,x,, , of 0.10, 0.65, and 0.95 at 296 K and 408 K up to the solidification pressure. It was
found that the frequency increases as a functioxpf The linewidth is strongly composition
dependent, with a very large value foy =0.65. Further, it is shown that the width decreases as a
function of temperature. Molecular dynamics simulations have been performed in order to calculate
the linewidth and shape, using the relaxation function. The simulations are in good agreement with
experiment. It is shown that the increase in linewidth in the intermediate concentration range is due
to an increase of the correlation time, rather than an increase of the amplitude of modulation. In this
range inhomogeneous broadening due to concentration fluctuations occur: the vibrational line shape
starts to deviate from a Lorentzian curve, and gets a Gaussian component. The simulations also
provide insight into the relatively large decrease of the width as a function of temperature in the
intermediate concentration range. When the temperature is increased from 296 to 408 K, the
amplitude of modulation increases, but the correlation time decreases mor200® American
Institute of Physics[S0021-9606)0)51602-X

INTRODUCTION reason for this discrepancy is not clear. The linewidth at the
o ~ maximum is almost twice that of pure GH.
Although the vibration frequency of a molecule origi- In a later papérthese authors extended the model pro-

nates mainly from théntramolecularforces, in a dense sys- posed by Knapp and Fisliefor calculating the line shape.
tem the contribution of thmtermoleculgrforces is.impo'r- They considered two-particle exchange processes in the
tant too. The influence of these forces is also evident in théearest-neighbor shell of the reference molecule and finite
linewidth and the shape of the spectrum, which reflects thg,eraction times between the molecules. The calculated
variations in the local environment of the molecule in spacg,anq shapes in pure liquids deviate from Lorentzian profiles,
and time. The experimental linewidth is, in general, different, ~qntrast with the results of Knapp and Fisher, but in agree-
from the amplitude of modulation due to the dynamics of the,ant with experimental data obtained for @i

system. Thus, both the fluctuations in space and time are |, aarlier papef¥’ it was shown that the linewidth of
relevant. In a pure system density fluctuations far from thq rentzian profiles can be obtained from computer simula-
critical point have a small wavelength and a high frequencyjiong ysing the Kubfbexpression for the fast modulation re-
resulting in motional narrowing of the spectral line. In mix- gime. In paper | both the line shape and linewidth of non-
tures, concentration fluctuations may also play a role._ Re[ orentzian profiles(the intermediate Kubo regimehave
cently, Muller, vanden Bout, and Bérglaye shown that in  heen determined by computer simulations using the relax-
mixtures far from the critical point, the lifetime of concen- 4qn function. This method is particularly suitable for mix-
tration fluctuations is rather long, namely 4—7 ps. This cany, e where inhomogeneous line broadening is important.
lead to inhomogeneous broadening of the spectral line. Galsomputer simulations of the relaxation function of liquig N
Iggo, Somoz_a, anq Ban%dnave determined the concentra- ;g CHI have been performed recently by Gayathri and
tion fluctuations in mixtures of hard spheres. For hardgagcn? in order to investigate the subquadratic quantum
spheres of equal size the maximum in fluctuations occurs fof mper dependence of vibrational overtone dephasing. They
equimolar systems while for systems with different diam-¢, 04 that the nonquadratic dependence can be expected
eters the maximum shifts to lower concentrations of theynen the decay of the frequency autocorrelation function is
smaller component. On the other hand, Moser, Asenbaunjyqely Gaussian and the time scale of this decay is compa-
and D@e’ have measured the vibrational linewidth of the rapje o that of the autocorrelation function of the normal
C—H vibration of CHI; diluted with liquid CCl, as a func-  ¢q5dinate. In our work we are primarily interested in the
tion of composition. They found a maximum in width for .ocyjation of the Raman linewidth and line shape, which
60% CCl, the component with the smaller diameter. The oqires Fourier analyses of the relaxation function. Gayathri
and Bagchi(GB) did not take into account the dispersion
dElectronic mail: jmichels@wins.uva.nl correction but in many cases this gives a considerable con-
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tribution to the linewidth(and thus to the dephasing tiifelt 2365+
might be expected that in mixtures the contribution is even .
more important. Vibration—rotatioiVR) coupling is also 2360 .
important, in particular at higher temperatures. GB neglected . o
the cross correlation between the VR term and the other con- 23551 Sl
tributions. However, these cross terms have a larger value . L0

: : 2350 £ et
and are of opposite sign compared to that of the v
autocorrelatiort®!! This also explains the discrepancy be- —~ _.‘A.
tween the results of Oxtoby and co-work€rand of GB 02345' st
with respect to the VR term. In order to predict quantitatively ;’2340_ .c,p‘."
the vibrational line shape one needs to know the potential e
surface very accurately. Therefore, we have used a more 2335 ‘A° v
realistic potential than the Lennard-Jones model, namely the 4 M
van der Waals part of the Etters potentiallo speed up the 2330 M
calculations we have omitted the quadrupole interaction. M
Moreover, it provides an opportunity to study the underlying e s —
mechanisms in more detail since the various contributions to 01234567829
the frequency autocorrelation function are obtained sepa- p (GPa)

rately. Possibly, the discrepancy with respect to the maxi-
y. y . fl P . y b P he hard h FIG. 1. Results of the Raman frequency of IN Ne—N, vs the pressure at
mum in concentration fluctuations between t € hard spnerg,ngiant temperaturd. =296 K: inverted trianglesx=0.10; trianglesx
results and those of Moser, Asenbaum, antg®Baan be  =o.65; squaresx=0.95. T=408 K: circles,x=0.65; diamondsx=0.95.
explained, Closed symbols, experiments; open symbols, simulations.
The advantages of nitrogen as a model system have been
elucidated previously® As the second component we have

chosen neon for the following reasons. The molecule ig;.4tion point. The mixtures withq, =0.95 and 0.65 were

spherical, nonpolar, and has a simple interaction with n'tro_'lnvestigated at 296 and 408 K, and the mixture wigp

gen. Thus, the simulations are similar to those for pure ni-_ 0.10 at 296 K.

trogen and the results are not complicated by extra rotational The experimental spectra have to be deconvoluted with
dfgfees of f(;(_aledc;m er]polar effﬁcts. Thle wbra::%n frequenc he experimentally determined instrumental resolution func-
of nitrogen diluted with neon shows a large shilt compareg;,, he resolution function has a Voigt profile with a full

to that of pure nitrogen, which is a necessary condition Quidth at half-maximum(FWHM) of 0.74 cni'™. It turns out
pbtain an apprecigble inhomogeneous line broadening. Sm at most of the spectra can be fitted better by the convolu-
mhomogeneous line broacjenmg also'occurs dL!e {0 Criticgjy ) of the instrumental function with a Lorentzian curve
dgnsﬂy an_d/or concentration quctuat_u_iﬁsand since the than with a Gaussian curve, using the least-squares criterion.
critical region extends far from the critical line, the systemM—ry g otore e convoluted several Lorentzians with the reso-
should be far from critical conditions as well. The critical lution fun(;tion and compared the result with the experimen-

line of neon—nitrogen moves from the cr|t|ca|_ point of nitro- tal spectrum. The Lorentzian which provides the best agree-
gen(122 K) toward lower temperatures and disappears ”ndeﬁwent with experiment is used to determine the FWHM.
the crystallization surface of nitrogen at 70 K and 0.02

. ) The peak position of the vibrational spectraas a func-
GPa:® Thus, at room temperature and high pressure, th'ﬁon of pressure have been plotted in Fig. 1. The Raman
system is far from any critical state.

frequencies increase monotonically as a function of pressure.

To make a comparison with experiment, we have PErAL higher pressure, the slope is slightly decreasing. It is

formed measurements on three mixtures, one of the m'Xtureénown that the frequency is strongly composition dependent,

having a neon mole fraction of 0.65. If the (_j|an_1eters of the, .\ increases as a function xf . Within experimental ac-
molecules are far from equal, the mole fraction is not a goo@

measure of the composition for the description of the effect§uracy the vibrational spectra at 296 and 408 K have the
ame frequency for the mixtures witly, =0.95 and 0.65.
under consideration. In the case of £j4CCl, the micro- g y hy

. . In Fig. 2 the Raman frequency as a function of the mole
scopic composition turns out to be a good alternafieA fraction, x, (closed symbols and the volume fraction,,

similar parameter is the volume fraction, often used to de-Open symbols at 296 K has been plotted. In the next sec-

scribe critical phenomena. In the case of neon—nitrogen thg, i il be described how the mole fractions are converted

. 0 _ _ v
"°'“.me fre}cnpns are 'equal for 65% neon.'Therefore',' th% volume fractions. It is shown that the frequency is linear
maximum in linewidth is to be expected at this composmon.dependent on the volume fraction within experimental

accuracy.
The FWHM of the deconvoluted spectra have been plot-
The experimental procedure can be found in Ref. 15ted in Fig. 3. It can be seen that the FWHM is strongly
Three mixtures were prepared with neon mole fractiags, = composition dependent, and that the largest value for the
of 0.10, 0.65, and 0.95. The Raman spectra of nitrogen in theiidth occurs forx, =0.65 for all pressures and tempera-
fluid neon—nitrogen mixtures have been measured at cortures. The linewidth increases strongly as a function of pres-
stant temperature as a function of pressure up to the solidsure. It is interesting to note that the width>qf=0.10 as a

EXPERIMENTAL METHOD AND RESULTS
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mutual interaction of neon, and the interaction between neon

and the atom sites of nitrogen, exponential-6 potentials have
been adopted:

6
) (1)

r

M'm
—al —

€ r
d)(r):aTB(GeX[{a(l—r—)

in which e represents the well depth of the potentialthe
stiffness of the repulsive part at short distances, gpdhe
diameter at the minimum of the well. The following param-

2330 v .
X 1 eter values have been applied:

FIG. 2. Experimental results of the Raman frequency pif\Ne—N, at 296 rm(A) elkg(K) o
K vs the mole fractior(solid symbol$ and the volume fractiofopen sym- Ne—Ne 3.147 38.0 14.50
bols). Solid lines and dashed lines are guides to the eyes. Points for pure ’ i :
are from Ref. 16. Note, that the frequency of pure fluiga¥l4.35 GPa has ’\Ne_Natom 3.440 38.7 14.52
been obtained by extrapolation, since purgidin the solid phase at 4.35 (Natoni= Natom 3.73 39.4 14.5p
GPa and 296 K. The dotted line is the Raman frequency,dhNe—N, as
a function of volume fractioriRef. 16. The last quoted parameters are not applied for the dynamics,

but only used for the calculation of the Negl, interaction
function of pressure shows a steeper increase than that u(;sing the Lorentz—Berthelot rule. During the simulations,
=095 a‘;]d above 2.7 GPa thg width f,—0.10 is four terms(and their cross correlationshat contribute to a
m— VY. y . =V. . .
. . change of the frequency with respect to a nonrotating mol-
larger than that oky,=0.95. Note that the mixture witRy, 9 q y P g

=0.10 solidifies at 4.4 GPa. Finally, it is shown that theecule were registered:
width at 296 K is larger than that at 408 K. For the sake of(a) The external force acting along the molecular axis

clarity, the linewidth of pure nitrogen is not plotted in Fig. 3, (ED).

but this width is slightly smaller than that a&f,=0.10. (b) The derivative of the external force along the axis, con-
tributing to the harmonic force of the vibratE2).

MOLECULAR DYNAMICS SIMULATIONS AND (c) The vibration—rotation couplingvR).

RESULTS (d) The dispersion correction, which corrects for the
change in polarizability at excitation of the vibrator

The procedure which has been used for the calculations
is described in paper I. The dynamical simulations of fluid
mixtures of neon and nitrogen have been performed on &ne resonant-transfer term was not taken into account since
model system with a total number of 256 particles. In ordefiis contribution is already small for liquid nitrogénthus
to cover the whole composition range, also two S'm“|at'°”%ertainly at high temperatures and in mixtures.
on pure nitrogen have been made; the latter with 384 par- Tne calculations are performed on systems with pres-
ticles. For the mutual nitrogen interaction, the same model a5 from 2.4 to 4.35 GPa, and at 296 and 408 K. Note that
potential has been adopted as described in part I. For thg 296 K and 2.4 GPa, and at 408 K and 4.35 GPa, nitrogen

is near the melting line. In order to determine the volume
1 fraction of neon as a function of the mole fraction eight
6 a” relative short simulation runs have been done at 296 K and
) B 2.4 GPa as a function of mole fraction. For each run the
5 (A"' Y density has been determined, and is compared to the densi-
L ties of the pure systems. From these parameters the volume
~ 41 At fraction can be calculated. Next, the volume fractions have
¥ o been plotted as a function of mole fraction, and a polynomial
function of the fourth order is fitted through these points.
. In order to determine the dispersion correcti@rC) for
G nitrogen in neon, a series of eleven relative short runs have
been made foone nitrogen particle in a box of 255 neon
particles. From these runs the frequency shift without DC
was obtained as a function of pressure at 296 K. As men-
e - tioned in the previous section, a linear behavior is seen for
p(GPa) the Raman shift as a function of the volume fraction in the
mixtures. For comparison between the simulations and ex-
FIG. 3. FWHM of the vibrational spectrum of,;Nh Ne—N, vs the pressure perimental data, the values of the shift, measured at 296 K

at constant temperaturd.=296 K: inverted trianglesx=0.10; triangles, . . ~
X—0.65 squaresx—0.95. T—408 K: circles, x—0.65: diamonds,x with volume fractions of 0.48 and 0.90 have been extrapo

=0.95. Closed symbols, experiments; open symbols, simulations. Dotte!)ated_ linearly to 100% neon. The results can be given in a
lines, fits through experimental data; solid lines, fits through simulation datafunctional form:

(DC).
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for the neon—nitrogen interaction is considerably less than

2355 _ . . . . :

for the nitrogen—nitrogen interaction, reflecting the relative

2350 low polarizability of neon.

2345 The results of the simulations have been presented in
T Table I. In order to maintain the statistical accuracy, the
5 2340+ number of time steps in a simulation ru, is increased at
> 23351 decreasing nitrogen concentrations. In the first columns the

static parameters are plotted. At these temperatures and pres-
2330+ sures the mixtures are in the homogeneous fluid phase. In the

2325 , : : . : . next columns the parameters which can be derived directly

0 1 2 3 4 5 6

from the MD simulations have been presented. The ampli-
p (GPa) tude of modulationA, is plotted in Fig. %a). It increases
slightly as a function ofy, . The difference inA for pure
nitrogen, and for infinite dilution, is only 6%. The value &f
increases by about 23% when the pressure is increased from
2.4 to 4.35 GPa, and it increases by about 20% when the
temperature is increased from 296 to 408 K. The correlation
time, 7., is plotted in Fig. Bb). It is strongly composition

v=2328.46+5.06p—0.11p 2 depenéent, and has a maximum value for concentrations in
with » in cm™%, and p in GPa, valid for 0.25GPap the range 50—75 mol % neon. At 2.4 GPa and 296 K its value
<5.0 GPa. Both the extrapolation and the molecular dynamédecreases by more than a factor of 3 from 75 mol % neon to
ics (MD) results are given in Fig. 4. infinite dilution. The correlation time increases by 24%—-42%

As has been done in previous studi€ghe DC is intro- ~ when the pressure is increased from 2.4 to 4.35 GPa, and it
duced as an addition of a Lennard-Jones 12-6 potential to thgecreases by 39%—-54% when the temperature is increased
site—site interaction between a neon and a nitrogem from 296 to 408 K.

FIG. 4. MD simulations of the Raman frequency of iNfinitely diluted in

Ne (xy=1.0%) vs pressure at 296 K. Circles, without DC; squares, with DC;
solid line, extrapolation from experimental dataxig=1.0.

Appropriate parameter values turned out to hekg According to the Kubo theofythe FWHM of the spec-
=0.11K; 0=3.29 A. The results for the shift including this tral line is given by 227, in the fast modulation regime,
DC are also given in Fig. 4. which is defined by the condition thAtr.<1. Therefore, the

The dispersion correction for each of thaur site—site  values of 2127, and the Kubo parameter are also given in
interactions between nitrogen molecules has been detefable I. It is shown that the Kubo parameter, defined by
mined in previous work; a suitable set of parameters had 7., is composition dependent, and has a maximum value at
been found to be/kg=0.32K; 0=2.96 A. Thus, the DC 50-75 mol %. The value oA 7, decreases as a function of

TABLE |. Results of analysis of MD simulations.

Mol % (v) Al2mc 2A%7, Vpeak ~ FWHM  x* (Gausy tm N
Ne pGPa T((K) (em?bH (em?YH 7 (ps) Az, (embH (cm?Y (em™)  x%(Lorentd t,(ps) (p9 (time stepy
0 2.4 296 2333.60 6.660 0.0736 0.090 1.23 2333.57 1.20 1000 1 15 x105
12.55 2.4 296 2334.05 6.690 0.0852 0.107 1.44 2334.02 1.36 30 7.5 22.5 xX10*6
25.10 2.4 296 2334.59 6.754 0.0915 0.117 1.57 2334.56 1.57 9 7.5 22.5 x10'8
37.65 2.4 296 2335.21 6.801 0.1069 0.137 1.86 2335.19 1.70 4 7.5 22.5 x10t0
50.20 2.4 296 2335.89 6.812 0.1299 0.167 2.27 2335.86 1.86 2 15 30 x1at2
65.88 2.4 296 2336.90 6.908 0.1337 0.174 2.41 2336.91 1.84 4 18 21 X100
75.29 2.4 296 2337.62 6.969 0.1457 0.191 2.67 2337.64 1.84 2 15 37.5 X100
87.84 2.4 296 2338.81 7.048 0.1168 0.155 2.19 2338.82 1.61 4 15 35 x1080
94.12 2.4 296 2339.48 7.074 0.0726 0.097 1.37 2339.50 1.27 10 7.5 37.5 X 1040
97.25 2.4 296 2339.85 7.087 0.0534 0.075 1.01 2339.88 1.01 40 15 30 X100
1002 2.4 296 2340.10 7.117 0.0445 0.060 0.85 ~--- ‘e s e ‘e s
12.55 3.10 296 2336.62 7.314 0.0904 0.125 1.82 2336.60 1.79 50 7.5 15 x10%
12.55 3.67 296 2338.75 7.822 0.1029 0.152 2.37 2338.69 2.39 10 7.5 15 x10'8
65.88 4.35 296 234451 8.509 0.1657 0.266 4.52 234451 3.31 2 12 18 Xx1@0
0 2.4 408 2333.93 8.030 0.0481 0.073 1.17 2333.91 1.18 700 5 25 %105
12.55 2.4 408 2334.28 8.083 0.0511 0.078 1.26 2334.25 1.32 70 3 37.5 X107
25.10 2.4 408 2334.79 8.129 0.0530 0.083>1.32 2334.76 1.45 20 3 375 810"
37.65 2.4 408 2335.40 8.230 0.0650 0.100 1.66 2335.37 1.51 20 3 37.5 x10to
50.20 2.4 408 2335.99 8.193 0.0776 0.120 1.97 2335.99 1.54 10 7.5 45  x10f2
65.88 2.4 408 2336.98 8.286 0.0656 0.102 1.70 2336.96 1.62 10 18 30 X1@0
75.29 2.4 408 2337.66 8.342 0.0674 0.106 1.77 2337.66 1.51 9 3 37.5 x1040
94.12 2.4 408 2339.35 8.465 0.0414 0.066 1.12 2339.35 1.15 50 7.5 37.5 x1040
0 4.35 408 2341.34 9.910 0.0656 0.123 2.43 2341.30 2.43 200 2 10 x105
65.88 4.35 408 2344.81 10.21 0.0931 0.179 3.66 2344.78 2.77 6 12 18 X100

aNitrogen infinitely diluted in neon.
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FIG. 5. (a) The amplitude of modulation, as a function of the neon mole
fraction at 2.4 GPa. SquareB=296 K; circles,T=408 K. (b) Correlation
time, 7., vSXy at 2.4 GPa. Square$=296 K; circles,T=408 K.

FIG. 6. (a) Calculated FWHM as a function of neon mole fraction at 2.4
GPa; open symbols, according ta2r, ; closed symbols, full analysis by
calculation of the Fourier transform of relaxation function; squaies,
=296 K; circles,T=408 K. (b) Similar to (a), but as a function of volume
fraction.

temperature, and increases as a function of pressure in the

temperature and pressure range investigated in this work.

Since the value ofA 7. is larger in the mixture than in linewidths of the calculated spectra are considerably smaller
pure nitrogen, it is questionable whether the mixtures are ithan the values obtained using the assumption that the sys-
the fast modulation regime. tem is in the fast modulation regime. Due to the uncertainty

The results of the calculated spectra obtained by Fouriein 7, the scatter in the valuesAZ 7. is much more than in
transformation of the relaxation function are plotted in thethe width of the calculated spectra.
next columns. As described in paper |, the relaxation func- In Fig. 1 it can be seen that the simulation results of the
tion has been fitted by an exponential function in the rangevibrational peak positions are in good agreement with the
t,<t<t,, and this function has been used for extrapolatiorexperimental data. In Fig. 3 the widths of the calculated
for t>t,,. The parameters, andt, have been given in spectra withx,,=0.13, 0.66, and 0.94 have been compared
Table | as well. It has been verified that the exponentialwith the experimental results. There is a good qualitative and
decay sets in for<t, and that the results are not sensitive toreasonable quantitative correspondence between the experi-
the choice of these parameters. The peak positions of thmental data and the simulation results. In conformity with
calculated spectra show good correspondence (wjthThe  experiment the width at 296 K is larger than at 408 K. The
deviation is less than 0.04. The FWHM of the calculatedcalculated slopes of the spectral width versus the pressure are
spectra are plotted in Figs(&# and Gb) (closed symbolsas  also similar to experimental findings. In addition, again in
a function of mole and volume fraction, respectively. Theaccordance with experiments, the spectral linewidthxgf
solid and dashed curves are given as a guide to the eyes. Tke0.66 is much larger than that af,=0.13 and 0.94. The
width at 408 K is smaller than that at 296 K. The maximumcalculated linewidths are slightly overestimated compared to
in the width occurs foxy~0.65, andx,~0.5. experiment, but this is also the case for pure nitrogen. Since

The values of the FWHM of the calculated spectra havethe values of 227, are larger than the FWHM of the calcu-
been compared with those obtained using the assumptidated spectra, especially in the intermediate concentration
that the systems are in the fast modulation regifppen range, it is obvious that the widths of the calculated spectra
symbol$ (A7,<1), where the FWHM is equal to&°7,.8  are in better agreement with experiment than the values
For x,y=0.97, and pure nitrogen, the values obtained for the2A?r.

FWHM using these two methods are the same within the  Three typical relaxation functions for mixtures witty
accuracy of the calculations. For the other compositions the=0.97, 0.66, and pure nitrogen at 296 K have been plotted
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FIG. 7. (a) Relaxation functions. Solid linexy,,=0.0; dashed linexy,
=0.66; dotted linex,=0.97. (b) Calculated spectr&doty, obtained by
Fourier transformation of the relaxation functions fry=0.0 andxy,
=0.97 given in(a). Solid lines are Lorentzian fits of the spectfe). Similar
to (b) but for x\y=0.66.

TABLE Il. The simulated frequency correlation times
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on a logarithmic scale in Fig.(@. The slowest decay of the
relaxation function occurs fax,,=0.97, and the fastest de-
cay forxy =0.66. For smalt the relaxation functions of the
system withx,,=0.66 clearly decays nonexponentially. The
exponential decay of the relaxation sets intfer0.2 ps, at 7

ps, and at 2 ps for pure nitrogerxy,,=0.66, andxy
=0.972, respectively. Three typical calculated spectra are
given in Figs. Th) and 7c). The points represent the calcu-
lated spectra, the solid line represents a Lorentzian fit. The
line shape of the calculated spectrum of pure nitrogen can be
fitted very well with a Lorentzian curve. The calculated line
shape forxy,=0.66 deviates from the Lorentzian fit, in
agreement with expectations, since the relaxation function of
this mixture decays nonexponentially for small valued.of
The spectrum foxy, =0.97 can be fitted well with a Lorent-
zian curve, although the spectrum is slightly asymmetric.

In Table | the ratio of the values of? for a Gaussian
and Lorentzian fit have been given. For all systems investi-
gated in this work this ratio is larger than unity, indicating
that the calculated spectra can be fitted better with a Lorent-
zian than a Gaussian curve. Since the ratio decreases a few
orders of magnitude in the composition range 50—75 mol %
neon, it is concluded that in this range the shape of the cal-
culated spectrum deviates most from a Lorentzian line shape,
and that the line shape gets a Gaussian component. The cal-
culated spectra of all the systems investigated in this work
can be fitted very well with Voigt functions. In Table 1l the
frequency correlation times of the various mechanisms for
pure N, and forxy,,=0.66 are compared. In most cases the
changes are not essential, except fgrof the dispersion
correction. In this case. has increased by a factor 20. Also
given are the relative values for the amplitude of modulation.
These values do not differ much.

As described in paper |, far>t,, the relaxation function
has been extrapolated using an exponential fit. In the fast
modulation regime 4 7.<<1) the linewidth can be calculated
from these exponents, according to

FWHM=(T,mc) 1, 3
whereT, ! is the exponent of the exponential fit of the re-
laxation function, and the speed of light. For pure nitrogen,
the values of the FWHM calculated according to E3).give
consistent results with the FWHM of the calculated spectra.

of the various mechanisms and the relative contributions

to the amplitude of modulation for pure,Mnd forx,,=0.66.
100% N 66% Ne
ij 7 (pS) A i/ Agal 7. (PS) Aj j 1 Asoral
E1-E1 0.0441 0.4823 0.0356 0.5029
E2-E2 0.0015 0.0187 0.0017 0.0234
VR-VR 0.0077 0.0744 0.0062 0.0684
DC-DC 0.0039 0.0460 0.0781 0.0381
E1-E2+E2-E1 0.0160 0.1795 0.0142 0.2026
E1-VR+VR-E1 —0.0141 0 —0.0123 0
E1-DC+DC-E1 0.0141 0.1679 0.0154 0.1371
E2-VR+VR-E2 —0.0024 0 —0.0023 0
E2-DC+DC-E2 0.0025 0.0302 0.0097 0.0274
VR-DC+DC-VR —0.0034 0 —0.0022 0
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For the neon—nitrogen mixtures this is no longer valid. Thethat the volume fraction is a more suitable order parameter
deviation gets large for the systems with a large value of thehan the mole fraction for the description of concentration
Kubo parameter. For example, for the 38% mixture at 296 Kfluctuations.

and 2.4 GPa, the FWHM of the calculated spectrum is equal For pure nitrogen, and nitrogen infinitely diluted in neon,
to 1.70 cm?, but the value of T,mc) ! is equal to the calculated line is in agreement with the Kubo predictions

3.08 cm%. for the fast modulation regimeA(r,<1):® a Lorentzian
shape, with a FWHM equal to&°7.. In the intermediate
DISCUSSION AND CONCLUSION concentration range inhomogeneous broadening has been

found: The shape starts to deviate from a Lorentzian shape,
creases as a function af,. Four contributions to the fre- and gets a Gaussian component. The linewidth is no longer
determined by the relation®’r. . In addition, the relaxation

quency shift can be distinguished in the MD simulations, i ) :
namely the external force acting along the molecular axisfunctlons of the mixtures clearly show a nonexponential de-

the derivative of the external force along the axis, theC® for smallt [Fig. 7(@)]. Therefore, when employing Eq.
vibration—rotationVR) coupling, and the dispersion correc- (3), which is only valid for the fast modulation regime, too
tion (DC). The first contributions are positive, the VR cou- large vglues for the linewidth are obta.med. As already con-
pling is always negative, and the DC is negative for thecluded in paper |, the Kubo parameter is not an unambiguous
systems discussed in this work. The contribution of the VRCriterion for the fast modulation regime. For example, in
coupling does not depend on the composition. The simulal@ble | it is shown that the calculated line shape of pure
tions show that the first two contributions are hardly sensilitrogen at 4.35 GPa and 408 K, with a Kubo parameter of
tive to the composition. Therefore, the change in Raman freQ-12, still has a Lorentzian line shape with a FWHM equal to
quency is mainly caused by the change in the DC. ThéZAZTC, while the calculated line shape of 66 mol % neon at
contribution of the dispersive term of nitrogen in neon is2-4 GPa and 408 K, with a Kubo parameter of 0.10 deviates
considerably smaller than that of nitrogen in pure nitrogenfrom @ Lorentzian shape and the width is no longer deter-
but larger than that of nitrogen in heliuth The DC corrects Mined by A%,

for the difference in the intermolecular potential of an ex- ~ The dephasing time, calculated from the relaxation func-
cited and a nonexcited molectfi&or example, it is known tion, is 8.7 ps for pure Nand 6.74 ps foxy=0.66; the
that the polarizability increases at excitation. This explainsvalues for 7, are 0.0736 and 0.1337 ps, respectively.
the fact that this contribution is the largest for pure nitrogen Gayathri and Bagchiattribute the deviation from the Kubo
and the lowest for nitrogen in helium, since the polarizabilitytheory(the subquadratin dependence of the linewidth of the
of nitrogen is larger, and the polarizability of helium is overtones to the fact that in CHl the time scales of the
smaller than that of neon. Analogous to the system helium{requency correlation%;) and of the dephasingrg) are not
nitrogen, in neon—nitrogen the Raman frequency is lineakvidely separated as inNIndeed for N the ratio T,/ is
dependent on the volume fraction, but not on the mole fracabout 23 times larger than for GH However, for N at 296
tion. This indicates that, for this system, the volume fractionK and 2.4 GPa the ratio is only 1.8 times that of the mixture

is indeed a more suitable order parameter than the molwith Xy =0.66 at the same pressure and temperature but still
fraction. there is a considerable deviation from the Kubo theory in the

Since direct information is not available, the DC of ni- case of the mixture and not in,NAlso the other conditions
trogen in neon has been determined using the Raman frénentioned in Ref. such as low frequengyare not fulfilled
quency of nitrogen infinitely diluted in neon at 296 K. The and, in any case, the values are the same in pure nitrogen and
DC for pure N at 296 K has been determined previously.in the mixtures. Clearly the problem is rather complicated
However, the calculated peak positions for all other compoand there does not exist a simple rule. We suggest that in the
sitions are in good agreement with experiment, also actase of the mixtures the deviation from Kubo theory is due to
408 K. the fact that ther, of the DC, having a non-Gaussion time

Experimentally, a large increase of the Raman linewidthdependence, is comparable to theof the first-order term
is observed foxy,=0.65, compared t&,,=0.10, 0.95, and (E1-E1 in Table I} which has a Gaussian time dependence.
pure nitrogen. For example, the spectral widthxgf=0.65 In Ref. 1 it is stated that both density and concentration
is almost twice as large as that xf; = 0.95. fluctuations originate in long-ranged attractive forces, and

The linewidth, obtained by the Fourier transform of the that therefore both types of fluctuations should have the same
relaxation function, is in good qualitative, and reasonablecorrelation time. It is also stated that the change in the am-
guantitative agreement with experiment. The pressure, tenplitude of modulation is responsible for the inhomogeneous
perature, and concentration dependence are the same as tibe broadening. The MD simulations enable us to study the
served experimentally. It is interesting to note that the calcuunderlying mechanisms of the concentration fluctuations. It
lated FWHM shows a sharp increase as a function ofs shown that, for Ne—Nmixtures, the increase of the line-
pressure foix,,=0.13, in conformity with experiment. The width in the intermediate concentration range is caused by an
calculated linewidth is slightly larger than the experimentalincrease of the correlation time,, rather than an increase
width, but since this is also the case for pure nitrogen, thef the amplitude of modulationd (Fig. 5. The correlation
deviation is systematic and does not essentially affect théme of the concentration fluctuations is much longer than
composition dependence. The maximum in the calculatethat of the density fluctuations, since the total correlation
linewidth occurs atxy,~0.65, andx,~0.5. This confirms time increases more than a factor of 3 in the mixture. As

It is shown that the Raman frequency of nitrogen in-
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0.104 present in pure nitroget. It should be noted that it is diffi-
cult to decide whether the initial part is Gaussian or not. The
total correlation function is the sum of at least ten contribu-
tions (including cross terms The shape of these individual
contributions is very different, e.g., the cross correlations

0.059 with the vibration—rotation are always negatieThis is

, already the case in the fast modulation regime.

\4\—\ The fact that the concentration dependence of the disper-

> sive energy is the main contribution to line broadening due
0.00 s _ , to concentration fluctuations might explain the apparent dis-

0 1 2 3 4 crepancy between the simulations of Gallego, Sumoza, and

(a) t (ps) Blancd and the experimentally observed line broadening in
10 Ref. 3 and in this work. The simulations on hard sphere

systems show a slight shift of the maximum in concentration
fluctuations to smaller concentrations of the smaller mol-
08t ecule. Only for large differences in molecular diameters does
a considerable shift occur. For example, for hard sphere sys-
tems with a diameter ratio equal to that of neon—nitrogen,
namely 0.74, the shift to lower concentrations would be
hardly detectable. Thus, if there is any effect due to the re-
04t pulsive forces, this effect will be quite small. It was already
suggested by Schweizer and Chantllénat attractive forces
play an important role in inhomogeneous line broadening.

06T

0.2} Therefore, the hard sphere system is not an appropriate
S model for real systems, where the dispersion correction re-
= sults in a shift of the maximum in linewidth to larger con-
0.0 centrations of the smaller molecule.
0.00 0.05 0.10

For neon—nitrogen mixtures, witky,=0.65 and 0.95, it
(b) t {ps) is shown experimentally that the width decreases as a func-
tion of temperature. Previous theories predict an increase or
FIG. 8. () Contributions to the autocorrelation function of the vibration gt least a constant value of the FWHM as a functionT pf
frequency of N in Ne—N, at 296 K and 2.4 GPa and fog,=0.66. Solid i [ 9
line, contribution of the self- and cross correlations of the DC. Dashed Iine,e.xCept .When the.cmlcal pomt IS approchéd. The p.resent
the autocorrelation function without the contribution of the self- and cross-s'mUIf"mOns prOV'd_e us with more d?ta'led 'nformat!on abf)Ut
correlations of the DC(b) Initial part of the frequency autocorrelation func- the different contributions to the width. The linewidth will
tions at 2.4 GPa and 296 K. Solid line: pure nitrogen; dashed line: 66%ncrease when the amp"tude of modulatidy,or the corre-
neon. lation time, 7., increases. In Fig. 5 it is shown thatin-
creases, and, decreases as a function of temperature in the

mentioned before, the external axial forces on the molecul(‘-ﬂ"ho'e concentration range. In the intermediate concentration

and the derivative of this force are hardly sensitive to theg @N9€ e IS much larger. Therefore, the decreaserphs a

composition. Therefore, the increase in linewidth for the in_functlon of temperature has a larger effect on the linewidth at

termediate compositions is caused by the increase of the Collr]termedlate concentrations than for pure nitrogen and the

relation time of the self- and cross correlations of the DC. In?r:“ﬂeq dtsg stem. ;I'stresul;stm a rel?tlvely I?rrlge' dtecreajg tOf
Fig. 8@ the contributions to the frequency autocorrelation € wi i t?‘s a uné::l_on 6()) emperature In the intermediate
function for a MD simulation withxy,=0.66 at 296 K and concentration range-ig. ©.
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