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Vibrational line broadening in the solid system N >-Kr: A molecular
dynamics study

Heidi T. Lotz,? Jan P. J. Michels,” and Jan A. Schouten®
Van der Waals-Zeeman Institute, University of Amsterdam, Valckenierstraat 65, 1018 XE, Amsterdam,
The Netherlands

(Received 27 August 2001; accepted 19 March 2002

The vibrational band shapes and the related parameters, ah Mr have been calculated by
molecular dynamics simulations as a function of the nitrogen concentration. Most of the simulations
have been applied to the solid hcp phase at 5 GPa and 296 K. The calculated spectra have been
obtained by full analysis of the relaxation function. Due to the limited size of the system, the
particles remain near the same lattice point throughout a simulatiofmouN,-Kr exchange Upon

dilution, the vibrational frequency of nitrogen in krypton shows a red shift. The full width at half
maximum is extremely composition dependent, with a maximum value of 3.3 atrequal mole
fractions. In addition, for the 50 and 75 mol % systems, a few special configurations with ordered
distributions have been simulated. On the basis of these results together with earlier experimental
data it is suggested that, in the real solid system, the nitrogen and krypton particles exchange places
rapidly so that in time, each Nmolecule vibrates with all possible frequencies. To make an
estimation of the exchange rate, several simulations have been performed during which the particles
exchange randomly at various rates. The calculated widths depend strongly on the exchange rate. By
comparison of the calculated and the experimental width of the spectra, an estimation of the
exchange rate in the real system is made. 2@2 American Institute of Physics.

[DOI: 10.1063/1.1477189

INTRODUCTION times as high as in the neat system. It was suggested that the
broadening is due to an increase of the correlation time rather

In the past decade many attempts, either analytitr  than an increase in the amplitude of modulation. In this pa-

by computer simulatiot$~%? have been made to calculate per, in order to verify this assumption and to obtain more

the line shift and linewidth of the Raman spectra in simpleinformation about the underlying mechanisms, we report

binary fluids at ambient and elevated pressures. In particulanolecular dynamics simulations of nitrogen in krypton for

the RamanQ branch of nitrogen has been the subject ofseveral concentrations at 296 K in the pressure range 0.7—

extensive studies. In earlier papers it was found that the line9.75 GPa.

width in the fast and slow modulation regime can be calcu-

lated from molegular dynamics S|mulat|ons_, using thg KUbOMETHODS

theory?® Depending on the type of modulation, the width of

the modulated signdl ) is more or less reduced compared A full description of the procedure applied for calcula-

to the momentary frequency distribution, due to motionaltion of the vibrational frequency from molecular dynamical

narrowing. The theoretical model of Knapp and Fiséfier calculations can be found in previous pap@rs? For con-

describes the change of the shape of the spectfwh as a  venience of the reader, the method is given briefly below.

function of the mole fractiox for binary liquids. Within this The nitrogen molecule has been modeled by a site-site
model, the linewidth can be calculated from the total linepotential with a fixed interatomic distance of 1.094 A. For
shift between the neat liquid and infinite dilution. the interactions between the sites of distinct nitrogen mol-

Bondarev and Mardaefawere the first to show experi- ecules, the van der Waals profile of the Eftémotential was
mentally that in liquid binary mixtures the composition de- used. By omitting the quadrupolar term, the model was re-
pendence of the linewidth shows a maximum at about equaluced to a site-site potential
mole fractions while the line center is linearly shifted upon ®(r)
dilution. In a previous papér,we reported an experimental
study on the composition dependence of the spectral line
shape of nitrogen in the mixed solid,r. It was shown in @(r)
that study that, also in the solid phase, the linewidth is

=A1e_”2r— Bll’_G, r<R0,
K

4
=> Ci(r—Ry)"—Bir % Ry<r<R,
i=0

strongly composition dependent, with maximum values five KB
(I)(r)—A e '—B;% >R )
aE|ectronic mail: h.lotz@nki.nl KB —n2 1 1
PElectronic mail: jmichels@science.uva.nl _
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A;=9.261205 10" K, Cy=—2766.5419 KA 3, correlations and cross terms. Hence, the correlation time con-
. . sists of a sum of terms for each of the effets.
A,=1.47248¢10" K, C,=1574.2809 KA™, The change in potential energy at excitatidC) was
B,=1.79x10° KA®, R,=3.01006875 A, calculated directly from the difference in frequency between
the experimental and the simulated data, as will be described
Cy=415.73107 K, R;=3.4494569 A, below. To derive the parameters for the dispersion correction

_ 1 _ 1 for nitrogen in krypton at various concentrations, the DCs for
Ci=—1446.74414 KAY,  ay=4.037 A7, solid nitrogen &= 1) and for the infinite dilution of nitrogen
C,=2480.73711 KA?, a,=3.48 A% in krypton (x=0) have been determined.

The chosen DC potentf&lthat accounts for the pressure
dependence of the energy gap between the experimental and
the calculated frequency for fluid nitrogen without DC has

For the krypton-krypton and the nitrogen-krypton interac-
tions exponential-6 potentials have been taken:

6
O(r)= 6_8 ea(1=(rrm) _ "m ’ @ the form
«O ' ADd [a\? [b\®
with r the distance betweea N site and a Kr atom and with K?Z P B e 7

parameter valuesy the stiffness of the repulsive part of the

potential,e the well depth, and,, the diameter at the mini- The parameters for fluid N have been determined

mum: previously?® In order to derive the parameters for solid ni-
trogen(a=2.760 A andb=2.738 A) three simulation runs

@=12.3, e/xg=158.3K, have been performed, simulating a box with 384 particles in

rm=4.056 A for the Kr-Kr potential Ref. 31, hcp configuration at 296 K, at pressures just above the fluid-
solid transition. From the simulation runs the vibrational fre-
a=13.38, &/kg=78.97K, quency without DC, as a function of pressure, was achieved.
r,=3.893A for the Ny, Kr potential The e_xperlmental data are taken from Ref. 32 using the ex-
pression
(a=14.55, &/xkg=39.4K, )
v=2323.65+5.264€—0.278P"“. (8)

rm=3.73 A,  NyonrNatom-

" fom e To determine the parameters for the DC for nitrogen in kryp-
Note that the last quoted parameters are merely used t0 cghsn several simulation runs were carried out for one nitrogen
culate the Niony Kr parameters with the use of the Lorentz- yyojecule in a box with 255 krypton atontifinite dilution
Berthelot rule. Four mechanisms that contribute to the vibrags nitrogen in kryptoh. Since the vibrational frequency is
tlona_l frequency have been considered: ) linearly dependent om, the experimental data was linearly

(i) The external force, exerted by the surrounding mol-gyirapolated toc=0. The parameters for the DC term then
ecules and acting along the molecular aifisst-order con-  \yere obtained by fitting the calculated values with the ex-

tribution). o perimental data. Doing so, no suitable parameters could be

(i) The derivative of the external force to the bond rggjized using formuld8). Instead, a DC term of the form
length (second-order contribution

(iii ) The vibration-rotation couplingVR). AD a\® (b\®

(iv) The dispersion correctiofbC) due to the change in K?: A\ (F) ' ©
polarizability at excitation.

From this, the time average of the total change in thevith a=3.024 A andb=2.862 A (solid fcc phasgand a
vibrational frequencyw,;,, the amplitude of modulation,  =3.146 A andb=2.587 A (fluid phasg, turned out to be
the autocorrelation function of the frequenf(t), the cor-  satisfactory.
relation timer,, and the relaxation functiop(t) have been The two potentials might seem quite different but, since
derived with both terms have the same sign: e.g., a decreaaeaimd the

5 5 corresponding increase ib results in a fit with only a
A= (wyp) = (i), () slightly different standard deviation. The two reasons for the
(@yin(0) @yip(1)) — (@i (0))2 di_fference in_the D_C of a solid and a fluid are the foIIovv_ing.
Q)= Vb , (4)  First, for a given distance between two atoms of two differ-
A ent molecules, the interaction depends on the relative orien-
t tations of the molecules. These are more or less random in a
7= lim f Q(s)ds, (5 fluid but there are preferred orientations in the soliGec-
te 20 ond, the configuration of the set of molecules plays a role.
t Let us consider, e.g., the effect of the three-particle interac-
e(t)= < exr{ [ Jow(t')dt’> > (6)  tion between two particles separated by a distanda the

fluid, the third particle can be almost anywhere but in the
Since the total change in the vibrational frequengy,, due  solid, the positions of the third particle are close to the lattice
to surrounding molecules, consists of the four mentionegoints. Thus, the average effect is different. Both effects are
contributions, the total correlation function contains self-important for, e.g., structure calculatiofisbut as has been
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shown previously, the details of the potential only slightly way the system consists of equal mole fractionsadd Kr
influence the first and second-order contributions to the Raand the surroundings of all particles are equal. Considering
man frequency. However, in chemical terms, the DC is theynly nearest neighbors, each Marticle is surrounded by six
difference in solvation energy between excited and nonexN, and by six Kr particles.

cited molecules. Compared to the energy of vibration, the  (B) Again the system consists of equal mole fractions N
solvation energy is large in both cases and small changes ind Kr but now two different surroundings are created. Start-
both values may result in large changes in the difference. ing with a box composed of Nparticles, every other mol-

In the following, a few remarks concerning the chosenecule is replaced by a Kr particle in such a way that half of
potential are made. ForNn Ar (Ref. 349 and N, in Ne (Ref.  the nitrogen molecules have fous ldnd eight Kr particles as
21) a suitable DC potential could be established using théeighbors and the other half is surrounded by sjxaNd six
general form of Eq(7). For N, in Xe (Ref. 20 this form did  Kr particles. Hence, we have two “types” of molecules.
not suit and instead only an © term was used. The need of For the 75 mol %, mixture the following was found:
the repulsive partr("*? could be related to the size of the (C) The Kr particles are placed on top of the particles
atoms. While for small atom@r and Ne this repulsive part  in the following order: six layers Nand two layers Kr. Tak-
is necessary, for large aton@se) the term is not needed as ing only nearest neighbors into account, this configuration
the particles probably do not approach as close as in the casgsults in two “types” of molecules: molecules that are com-

of small atoms. pletely surrounded by Nand those that are surrounded by
For N, in Kr (krypton is slightly larger argomo correct  nine N, and three Kr particles.
adjustment could be realized using only the® term. Add- (D) A Kr cluster with spherical shap@5% of the par-

ing a ;epulsive part did not cause any improvement. Insteadicles), surrounded by M particles. With this configuration,
ther ~® term, which is the next term in the progression of themany distinct molecules are simulated with numbers of N
dispersion expansion, was used. Finally, it must be menneighbors ranging from 1 up to 12.

tioned that, for nitrogen, no correct adjustment could be re-  (E) A N, cluster(75% of the particles surrounded by

alized using am ~8 term. Kr particles, again giving many “types” of Nmolecules.
For all other simulations, random configurations were
RESULTS generated.
The molecular dynamic&VD) simulations of the solid The calculated spectra are obtained by Fourier transfor-

mixtures of krypton and nitrogen have been carried out ofn@tion of the relaxation function
model systems in a box provided with periodic boundaries,

. . 1 (= .

qon3|s_t|ng of 384 and 256 particles for.the hcp and fcc con- (@)= _f e iolp(t)dt. (10)
figurations, respectively. The calculations have been per- 27 ) w

formed in the pressure range 0.7-9.75 GPa at 296 K. The

systems consisted of ;Nmole fractionsx=0, 0.25, 0.50, Figure 1 shows the absolute value of three typical relax-

0.75, and 1. For nitrogen infinitely diluted in kryptorx ( ation functions, plotted on a line@Fig. 1(a)] and on a loga-
=0) the system consisted of one singlg Molecule in a Kr  rithmic scale[Fig. 1(b)] for mole fractionsx=1 and x
bath. All registrations were made with equidistant time steps=0.75, system C, and for a random configuration with
of 0.01 ps throughout a simulation time of 1000—3000 ps.=0.75. The corresponding spectra are presented in Fig. 2.
Since krypton solidifies in the fcc structure, this configura-The behavior of the relaxation functions for all random con-
tion is used forx=0 (1 N, particle in 255 Kr particles All figurations is comparable to the one plotted in the figure
other model systems have been simulated using the hcp latdashed ling except for the fact that, for the mixtures with
tice. It must be mentioned that simulation results for pureequal mole fractions, the decay occurs somewhat faster. The
nitrogen and also previous results on nitrogen in arg@t  relaxation functions fok=0 and for system AX=0.50) are
published showed no significant difference in the frequency comparable with that of neat nitrogen but with slightly faster
for the hcp and fcc lattices. As the diameters of Kr and N decay. Clearly, the fastest decay occurs for the mixtures with
correspond even better than those of Ar andwé can as- random configurations.
sume that also for nitrogen in krypton the frequencies in the  In earlier studie¥ it was shown that, by straightforward
hcp and fcc structures will be similar. It should be noticedtransformation of the relaxation function, the obtained profile
that, due to the limited size of the system, the chance ofs seriously smudged by noise which is caused by consider-
spontaneous swaps to take place in the mixed solid phase @ble scatter in the relaxation function at large valueg. of
very small. Hence, although no constraints are imposed, th€ubo has shown that, for any stochastic process wih)
particles do not spontaneously exchange places in the soliek wy+ w4(t), the absolute value of the relaxation function
For the mixed solids, a few random configurations have beedecays exponentially for> 7. while the bulk information
simulated for each composition. In addition, for the 50 andabout the profile is stored in the initial part ¢{t). There-
75 mol % systems, a few special configurations, as describefdre, in order to improve statistics, for the “pure” systems
below, have been investigated. the relaxation function has been fitted with an exponential
For the 50 mol % mixture, the following was found: function in the range,,<t<t,,. The values of the relaxation
(A) Starting with a box provided with periodic bound- function are replaced by those of the exponential fit tfor
aries and composed of eight layers of Narticles, every >t,. It has been verified that the exponential decay is set in
other layer is replaced by a layer with Kr particles. In thisatt<t,, and also, that the results in the width are not sensi-
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FIG. 2. MD spectra concerning hcp configurations at 5.0 GPa, obtained by
t(ps) Fourier transformation of the relaxation functions that are plotted in Fig. 1.
All line types and symbols correspond to those in Fig(ad.x=1; (b) x
FIG. 1. Absolute value of typical relaxation functions for several configu- =0.75, random configuratiori) x=0.75; system C.
rations in the hcp lattice at 5.0 GPa and 296 K, plotted on a linear &agale
and on a logarithmic scalé). All functions have been replaced by an
exponential fit up from 120 ps. Dash-dotted lime=1; solid line: x

=0.75, system C; dashed line=0.75, random configuration. a small discontinuity in the slope of the relaxation function at
the point were the exponential fit starts.
In contrast with the experimental spectra, the calculated
spectra show several peaks and are therefore difficult to com-
tive to the choice of the range. A full description of the pare with the experimental spectra. For that reason, all spec-
applied procedure is given in Ref. 29. tra stemming from the mixtures, except for system A, have
For all mixed systems, except system A, the situation isadditionally been smoothened. The resulting spectra, also
complex. Since not all molecules have the same surroundshown in Fig. 2(dotted line$, consist of a single peak and
ings and the configuration is static, apart from vibrationscan be used for comparison with the experimental spectra.
around the lattice positions, different frequencigsfor the The numerical results are given in Table I. In the third
distinct molecule “types” exist. Consequently, some of the column the full width at half maximuntFWHM) is given.
contributions to the frequency correlation function show aColumn 4 shows the peak positions of the calculated spectra.
limiting value not equal to zero. Hence, the correlation timeNext, the frequency change with respect to the frequency of
defined in Eq(5) is infinite. Thereforer. is not an appropri- an isolated, nonrotating molectie(v,=2329.91 cm?) is
ate parameter for these systems. The relaxation functions fgiven. In column 6 the mean frequency of the momentary
these mixtures consist of a superposition of curifléigs. distribution function is given. The amplitude of modulation,
1(a) and Xb)]. These functions have been treated in the fol-defined in Eq.(3) and given in wave numbera/2zc, is
lowing way. After thorough investigation it was found that, denoted in column 7.
by fitting ¢(t) in the range 6<t<t, with an exponential First, let us compare the MD results for the random con-
function and replacing the taitt,= 120 ps) by the fit, the figurations with those of the pure systems. A selection of the
line shape of the obtained spectra is not sensitive to thepectra is depicted in Fig. 3. All spectra have been fitted with
choice oft, for values oft,>100 ps but the scatter is re- a Lorentzian curvésolid line). The spectra fox=0.25, 0.50,
duced considerably. The spectra derived in this way shovand 0.75 have also been fitted with a Gaussian c(dashed
multiple peaks, as can be seen in Figh)2(dashed ling It  line). For the neat N system and forx=0 the relaxation
must be mentioned that these peaks are reproducible and dwenction decays exponentially already for very sntadnd
caused by the discrete distributions since repeated simulaery slowly. As a result, the calculated line shdpe. 3a@)]
tions with identical configurations but different starting ve- is Lorentzian and the FWHM is small. Hence, these systems
locity distributions result in similar spectra. Note that the are in the fast modulation regime. For the mixtures, the re-
sinelike curved scatter in the wings in FigcRis caused by laxation function does not decay exponentially for sntall
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TABLE I. Analysis results of MD simulations at 5.0 GPa. For an explanation of the configurations, see the text.

FWHM Line shift Rel. line shift VmeanOf P(v) Al2mc
X Config. (cm™ (cm™ (cm™ (cm™ (cm™)
0 (fco) 0.62 2338.12 8.212 8.212 6.065
0.25 random 2.78 2338.56 8.65 8.869 6.567
0.25 random 2.94 2338.62 8.71 8.875 6573
0.25 random 2.73 2338.41 8.5 8.604 6.517
0.25 random 2.89 2338.72 8.81 8.943 6.579
0.25 random 2.33 2338.48 8.57 8.676 6.505
0.50 random 2.71 2339.78 9.87 9.851 6.832
0.50 random 3.65 2339.94 10.03 10.02 6.886
0.50 random 3.21 2339.80 9.89 9.963 6.845
0.50 random 2.68 2339.67 9.76 9.733 6.792
0.50 A 0.63 2340.11 10.2 10.2 6.809
0.50 B 1.37 2339.22 9.31 9.314 6.720
0.75 C 1.9 2343.32 13.41 13.27 7.274
0.75 D 1.9 2341.11 13.2 12.92 7.255
0.75 E 2.03 2343.08 13.17 12.94 7.290
0.75 random 3.13 2343.69 11.78 11.7 7.121
0.75 random 3.14 2341.54 11.63 11.58 7.110
0.75 random 3.19 2341.48 11.57 11.55 7.120
0.75 random 3.32 2341.66 11.75 11.67 7.138
0.75 random 2.73 2341.55 11.64 11.57 7.095
1 0.61 2343.37 13.46 13.46 7.250

Therefore the calculated line shape deviates from a Lorentzhe spectrum have a higher intensity than the Gaussian curve.
ian curve and has a large Gaussian component, as can bbe same effect can be observed o+ 0.75 but now the
seen in Figs. @) and 3c). Since the decay occurs much wing is situated at the low-frequency side of the spectrum.
faster compared to the neat systems, the widths of the spectra The composition dependence of the amplitude of modu-
are much larger. Moreover, fax=0.25 andx=0.75, the lation is depicted in Fig. 4. It is clear that, for the random
spectra are asymmetrical, as can be seen in F@. Borx  configurations, the amplitude of modulation increases mono-
=0.25 the points of the wing at the high-frequency side oftonically with x. For the infinite dilution k=0) and for pure

(a) 8r .
E
/
8—C.<
gD
7+ . . m
~ 8e
— £ .’
S A=A &
8 o .
Z g .
o
2
6 - -
5 1 i | 1
T T T 1 Kr 0.25 0.50 0.75 N

T T
-5 0 5 10 15 20 25

y X (mole fraction)
Vrel (Cm )

FIG. 4. Amplitude of modulation as function of the, Mole fraction at 5.0
FIG. 3. MD spectra concerning random hcp configurations at 5.0 GPaGPa. Special configurations are indicated with capitals A—-E and are ex-
obtained by Fourier transformation of the relaxation functions. Symbols:plained in the text. The dashed line is a guide to the eye through the data

simulation data; solid lines: Lorentzian fits; dashed lines: Gaussian fits.  with random configurations.
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$CDEg . 20 T
§ 2340} g . —_
S RS 5 L LT PP
° ’ ‘ &)
= Ok ]
B
2335 | L
20k T R
2330 1 L L
Kr 025 050 075 N,
X (mole fraction)
40 1 1 1
FIG. 5. Vibrational frequency of nitrogen diluted in KRef. 25 vs the mole Kr 0.25 0.50 0.75 N,

fraction at 5.0 GP4dsolid) and 0.7 GP4&fluid). Open symbols: simulation
data; solid symbols: experimental data. Squares: fluid phase; circles: homo-

geneous hcp phase. The dotted line represents a linear fit through the ex- L L .
perimental data points. FIG. 6. Individual contributions to the calculated frequency of nitrogen

diluted in Kr relative to the isolated, nonrotating molecule/, (
=2329.91 cm?) together with the total relative shift.

X (mole fraction)

N, at 5.0 GPaA/27c=6.05 and 7.25, respectively. The val-
ues for the intermediate concentrations are situated on arcles with the experimental data, it is clear that there is
curved line in between both extremes. qualitative agreement but the widths of the calculated spectra
The vibrational frequency as function of the concentra-are considerably higher.
tion is shown in Fig. 5. For comparison, the experimental = Regarding the layered and clustered configurations, the
data at 5.0 GPa, taken from Ref. 25, are also plotted in thsituation is quite different. Since system A has been set up in
figure (solid circles (x=0.06: fcc;x=0.25, 0.50, 0.75, and such a way that each particle has the same numbey ahi
0.93: hep. All experimental points except those for purg N Kr particles as nearest neighbors, one expects a single fre-
have been obtained by linear interpolation. The experimentajuency distribution with a peak position comparable to those
values for pureB-N, have been obtained by linear extrapo- of the random configurations witk=0.50, which is indeed
lation, since pure nitrogen is in th&phase at this pressure. the case. Yet because of this single distribution, the width is
As in the fluid phase, the vibrational frequency in the solidmuch smaller than those of the random configurations at
increases monotonically witlk. Moreover, while the peak =0.50 and in fact comparable with=0 andx=1. Not only
positions for the random configurations are in agreementhe linewidth but also the relaxation function and therefore
with the experimental data, those for the ordered configurathe Lorentzian and symmetrical line shape are comparable
tions deviate from the experimental values. In Fig. 6 the foumwith that of the latter two systems. Hence, this system is in
individual contributiongfirst and second order, VR, and DC fast modulation. Also interesting are the mixtures in which
to the relative frequency shift as well as the total relativetwo or more different surroundings are created. Regarding
shift are shown. The figure shows that the DC contribution toonly nearest neighbors, in systems B and C two, and for
the frequency is substantial, especially for high krypton consystems D and E even more “types” of molecules exist.
centrations. Moreover, the composition dependence i€onsequently, for these systems the calculated spectra con-
mainly caused by the DC and to a lesser degree by the firstist of a superposition of modes. For system B the peak
order effect, while the second order effect and, of course theositions are shifted to lower values compared to the random
VR, are not significantly sensitive to the concentration. configurations, while for the systems C, D, and E the values
The FWHM of the calculated spectra as well as the exare a bit higher. Apart from this, these systems are compa-
perimental values are plotted against the mole fraction irable with the random configurations, in the sense that the
Fig. 7. For molecular dynamics simulations as well as forrelaxation function does not decay exponentially for srhall
real systems, a maximum in the width occurs at about equand the spectra are asymmetrical. As expected for these
mole fractions. In the fluid phas®.7 GPa, squargsthe cases, since(t) decays faster than system A but slower than
calculated linewidths agree well with the experimental datathe random systems, the values of the FWHM are high com-
However, comparing the values in the solid ph&&s® GPa, pared to system A but less than those of the random configu-
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TABLE Il. Calculated diffusion time and linewidth for the simulations with
nonstatic configurations.

Diffusion
time (ps)

FWHM
(cm™

0.2 0.65
0.5 0.83
1 1.05
5 191
% 3.04

while in neatB-nitrogen the linewidth barely increases with
pressure. A possible cause for this different behavior could
be that the diffusion slows down at increasing pressure. After
all, in mixtures, slowing down of the diffusion results in line
broadening. If this is the case, simulations with identical con-
figurations should show a pressure dependence of the line-
width, similar to that of the pure system. To investigate this

hypothesis, some subsequent simulations with identical static
configurations have been performed for the 50 mol % mix-
ture in the pressure range 0.7-9.75 GPa. In contrast to ex-

pectations, the results show a strong pressure dependence as
2 can be seen in Fig. 8.

m
e
T

0
Kr 0.25 0.50 0.75 N
X (mole fraction)

FIG. 7. FWHM vs the mole fraction for Ndiluted in Kr at 0.7 GPa D|ISCUSSION AND CONCLUSION
(squares and 5.0 GPa&circles. Solid symbols: experimental data; open

symbols: MD simulations. Squares: fluid phase; circles: homogeneous hep |t was found that the composition dependence of the
phase. Dashed and dotted lines: guides to the eye through the simulati . .

data with random configurations and through experimental points at 5 GPj.Pequency IS mamly caused by the DC and not by the second

All experimental data points except those for puretidve been obtained by Order effect or the vibration-rotation coupling. Due to the
linear interpolation. The experimental value of the frequency of e, high polarizability of krypton, at excitation of the nitrogen
at 5 GPa has been obtained by linear extrapolation, since nitrogen is in the

S phase at this pressure.

pure N,
® x=0.50 Exp

rations. The values for the amplitude of modulation and the o x=0.50 MD

frequency do not differ substantially from those of the ran- 5- -
dom configurations. The spreading Anand in the relative

frequency is about 3% for the distinct configurations.

Additionally, for the random configuration withx

=0.50 at 5 GPa, four simulations have been performed dur- 44
ing which the configuration is not “static” but instead, at
equal time intervals, the positions, velocities, and rotations of
two or more N particles are interchanged while the fre-
guency correlation function is not. Henceforth, this switching
of quantities is referred to as “swapping particles.” If, for
example, repeatedly 2 out of the 192 Molecules swap in 5 °
the time interval between two subsequent registrations e
(10" %), the average time needed for all molecules to swap
once is about 1 ps. Hence, eachparticle remains for about

1 ps at a certain position and this value can be considered as
the diffusion correlation time. By varying the number of
molecules that simultaneously switch, the correlation time
can be varied. In this way four simulations have been per-
formed. The results are shown in Table Il. It turns out that
the obtained linewidthésecond columnstrongly depend on
this dlﬁu.smn CorrEIatlon time. FIG. 8. Linewidth against pressure for the mixture witk 0.50. Squares:

Previous experimental resufitshowed a strong pressure caculated widths with static, identical configuration; circles: experimental

dependence of the linewidth of,Nn Kr in the solid phase  widths.

-

6 8
P (GPa)

1 T 1 1 L}
10 12 14 16 18
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molecule, the DC for Bin N,-Kr is relatively large(nega- the broadening effect at=0.50 is caused by a maximum of

tive) compared to helium and neon in the systems previouslyhe amplitude of modulation around=0.50. However, as
investigated. mentioned earlier, previous investigations have shownAhat

The amplitude of modulation as well as the vibrationalincreases linearly with concentration. On the other hand, a
frequency of nitrogen in krypton in the solid phase increasestrong increase in the correlation time was found aroxind
monotonically withx. For the frequency the dependence is =0.50 (Ref. 22. Therefore, it seems very plausible that, in
linear. The latter effect has been reported for other binaryiquid mixtures, in contrast to the arguments of Knapp and
systems with nitrogen in the fluid phase namely;Me and  Fischer, the influence of diffusion is considerable, so that in a
N,-Ne (Refs. 14 and 21, experimental and calculaticmsd  relatively short time each molecule encounters all possible
N,-Ar (Ref. 36, experimental Because of the concentration surroundings. Miler et al®” reported Raman echo experi-
dependence, all spectra originating from the mixtures, excephents on CHl in a 50 mol % liquid mixture with CDGJ.
for x=0.50, are asymmetrical. The asymmetry is reflected inThey measured a finite lifetime for the concentration fluctua-
the peak position of the spectra that deviate from the meations (4—7 ps. In contradiction with conclusions of Knapp
frequencies of the momentary distribution function, as can band Fischer, Miler et al. identified the source of the inho-
seen from Table | comparing columns 5 and 6. Obviouslymogeneous broadening as concentration fluctuations in the
the asymmetry is caused by the fact that some frequencigsne domain.
occur more frequent than others. For example, in casg C (  In the simulation model for the solid, the situation is
=0.75) the asymmetry is caused by the fact that 2/3 of alquite different, since the configuration is static, apart from
molecules is surrounded by 12, darticles while 1/3 is sur- vibrations around the lattice positions, and different mol-
rounded by 9 N and 3 Kr particles. In other words, more ecules see different but static surroundings. In this case, the
molecules with high frequencidgs in pure nitrogenthan  calculated spectrum does reflect the concentration distribu-
molecules with lower frequencies exist. For the random systion and the line broadening {partly) due to the number of
tems, similar arguments are valid. For instance in the possible surroundings. Clearly this effect is strongest for ran-
=0.75 case the majority of the molecules will have 9 N dom distributions at equal mole fractions and the linewidth
neighbors. Since there are more possibilities to have lessideed shows a maximum at this value. In this case the am-
than 9 N neighbors than to have more, the spectrum showslitude of modulation is not a linear function of the concen-
a wing at the low-frequency side. tration but is curved, due to the concentration effect.

According to the Kubo theor¥ for two limiting situa- In contrast with the liquid mixturésquares in Fig. )7 in
tions the line shape and width are given by simple expresthe mixed solid(circles the calculated linewidth is much
sions. In the fast modulation regima ¢,<1) the line shape |arger compared to the experiment. There is an interesting
is Lorentzian and the linewidth can be calculated with way to explain the discrepancy. Since for the simulation data

a2 depicted in Fig. 7 the configuration is static, molecules with

FWHM=24%7, (11) different surroundings vibrate around a different average
In the slow modulation regimeAr.>1) the line shape re- Vvalue, resulting in an infinite correlation time. In fact, this

flects the momentary frequency distribution and the width igooks like the case described in Refs. 4, 5, 10, and 11. In the
given by FWHM=2A. real system, two possible situations could occur. In the first

In the solid, for the “pure” system&=0 andx=1) and  Situation the particles do not swap or the time scale of the
systemA, 7. is equal to 0.0447, 0.0309, and 0.0363 ps, re-exchange is long compared to the time scale relevant for the
spectively. As mentioned before, these systems are clearly imodulation; thus, we have many different “types” of mol-
fast modulation, as shown by the behavior of the relaxatiorecules and®(w) consists of a superposition of many modes
function, the Lorentzian line shape and the small correlatiorand therefore the spectrum consists of many peaks. Although
time. With A7,=0.054, 0.042, and 0.047, respectively, thethe width of each individual peak can be reduced, the enve-
Kubo condition A7.<1) is indeed satisfied. Further, the lope can still be quite broad. If, on the other hand, the nitro-
calculated widths, using Eq11) (0.62, 0.61, and 0.63are  gen and krypton particles rapidly switch places in the solid
equal to those obtained from the relaxation funcii@able I,  (as in the fluid, each molecule will vibrate with all possible
column 3. Note that, although for the mixtures with random frequencies and the momentary frequency distribuRgm)
static configurations the line shape is nearly Gaussian and tlensists of a single peak. The width of the modulated signal
FWHM is very large, these systems are still not in the slowl (w) is less than in the first case. The discrepancy between
modulation regime, since the widths are my6hk-10 time$  the calculated and experimental width can then be explained,
smaller than A. Apparently, the effect of motional narrow- assuming that in the real system, also in the solid phase,
ing is still rather strong. diffusion takes place at a time scale small enough to account

Bondarev and Mardaethargue that the band broaden- for the modulation. Hence, via interpolation of the data given
ing aroundx= 0.50 in liquid mixtures is due to concentration in Table Il, a rough estimation of the diffusion correlation
inhomogeneities. In addition, Knapp and Fiséifeland time can be made. The obtained value, that corresponds to a
Moser et al®!! assume the existence of several environ-FWHM equal to the experimental val§.8 cm?) is about
ments, caused by different numbers of neighboring particless ps. Surprisingly, this life time is of the same order of mag-
The authors reason that each environment produces a spatude as the value@—7 ps measured by Mier et al® on
cific profile and the total spectrum shows, due to partly overa liquid 50 mol % mixture of Ckl in CDCl;.
lapping frequencies, one broad line. If this is the case, then A discrepancy is seen between the real system and the
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simulation results where no diffusion occurs throughout the  In summary, comparison of the calculated frequencies
whole run(1000 ps. It is well known that, in small systems with the experimental values points to random configurations
with a fixed volume, large local density fluctuations do notin the mixed solids, while comparison of the calculated and
occur, although, on the other hand, the larger the system, thexperimental linewidth suggests a rapid exchange of the po-
higher the chance that the local fluctuations are large enouggsitions of the molecules.

to allow for particles to swap. Unfortunately, it is hard to

determine minimum size of the system above which swaps
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