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Thee chang e in phas e behaviou r and 
orientationa ll  orde r of soli d N2 unde r th e 
influenc ee of Ar 

3.11 Introductio n 

Forr mixed solids of simple molecular compounds, such as ( ^ ï - x - A r * , the complexity 
off  the many body system may contain unexpected phenomena. The mixture constitutes 
aa model system for the influence of isotropic impurities on the orientationally ordered 
andd disordered phases of a system of anisotropic molecules. Since the sizes of the two 
molecularr species under study are about equal, one can expect that the Ar atoms dissolve 
substitutionallyy in the N2 lattice. 

Forr solid mixtures of N2-Ar , various interesting experimental results have been ob-
tainedd in the low pressure orientationally ordered a and disordered 0 phase, such as 
quadrupolarr glasses (see e.g. Refs. [Hoc90] and [Ham95] and references therein). For these 
systems,, the orientations of the linear molecules freeze in randomly, with conservation 
off  the centre-of-mass position of these molecules. Also, a number of simulations were 
reportedd for these low pressure phases [Kle90, Rau97]. Raugei et al. [Rau97] found an 
orientationall  glass in the hep (0) structure. 

Inn the pressure range around 10 GPa, the solid phases of pure N2 are rather com-
plexx [Man97], therefore a study of N2-A r mixtures at high pressures is an interesting 
continuationn of the low pressure work. At low temperatures, the pure solid is in an orien-
tationallyy ordered state, and the crystal has a trigonal (rhombohedral) lattice structure, 
spacee group RSc. This phase is labelled with e. The high temperature phase is an orien-
tationallyy disordered state, with a cubic crystal lattice, space group Pm3n. This phase 
curiouslyy reveals two types of orientational disorder. The cubic unit cell consists of eight 
latticee sites. The molecules at the lattice sites in the centre and on the corners of the cell, 
thee a sites, exhibit statistical orientational disorder, and hence are called 'spheres'. The 
moleculess in the faces of the unit cell, the c sites, exhibit orientational disorder in a plane 
normall  to the plane of the unit cell, and are therefore called 'disks'. 

AA marked discontinuity in the slope of the vibrational frequency shift as a function of 
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temperaturee along a quasi-isobar has been detected by Scheerboom and Schouten [Sch93]. 
Thiss effect, was interpreted as a second order phase transition due to an orientational 
localisationn of the molecules. Model calculations by Westerhoff and Feile [Wes96b] suggest 
aa large difference in the orientational degrees of freedom of the a sites, upon passing the 
transition.. In contrast with these results are the Monte Carlo (MC) calculations by Mulder 
etet al. [Mul98], which showed that a change in vibrational stretching frequency of thee sphere 
moleculess is due to the change in orientational behaviour of the disk molecules. Below the 
transition,, the disk molecules show a much stronger orientational localisation than above, 
whilee the sphere molecules indeed exhibit a more or less orientational disorder above as 
welll  as below the transition. 

Thee first experimental results obtained in the high pressure region for N2-A r mixtures 
weree obtained by Westerhoff and Feile [Wes96a]. Their Raman measurements indicate 
thatt the Ar atoms dissolve substitutionally in the lattice, at the a sites. Their model 
calculationss also imply that the Ar atoms prefer to be located on the a sites. A more 
elaboratee experimental study of the mixture, for 0 < x < 0.25, was performed by Kooi 
andd Schouten [Koo98]. They concluded, in agreement with Westerhoff and Feile. that 
thee Ar atoms prefer the a sites, but that this preference is temperature and pressure 
dependent.. Moreover, a transition similar to the second order transition in pure N2 was 
foundd to be independent of composition. 

Thee first results of the calculations of the N2-A r mixture were reported in a preliminary 
paperr [vK98]. It was found that the system has the lowest enthalpy when the Ar atoms 
aree distributed randomly over the a sites. In these simulations, the e*-6* transition shifts 
too lower temperatures (a V denotes the mixed phase). Although the e* phase was present 
forr mixtures x > 0.05, this phase was presumably metastable. In this chapter we present 
calculationss for compositions up to x - 0.25, and the calculated phase diagram. We wil l 
goo into the details of the orientational behaviour and discuss the phase transitions. In 
orderr to make contact with experiments, the vibron frequencies have been calculated. 
Thee range of investigation is T > 50 K at p = 7 GPa. 

3.22 Metho d and potentia l mode l 

Thee MC calculations have been performed in an isobaric-isothermal (N,p,T) ensem-
blee [Par80, Par81] with periodic boundary conditions. With this method the shape of the 
crystallinee unit cell can be changed without creating stressed configurations. In our case 
onee MC cycle consists of trial moves in position and (for the non isotropic molecules) 
orientationn for all the molecules in the simulation cell, and a trial move in the dimensions 
andd angles of the simulation cell, using random shuffling. A trial deformation of the sim-
ulationn cell is generated by simultaneously sampling the elements of the transformation 
matrixx haj3, which maps the molecules from a scaled cubic simulation cell to the (in gen-
eral)) triclini c simulation cell. The trial moves in orientation and position of the molecules 
aree performed in the 'real' simulation cell. 

Ann acceptance of approximately 50% is maintained in all simulations. As a check the 
pressuree was monitored. Occasionally the correlations of the calculated quantities were 
checkedd [AU86, Fly89]. The simulations consisted of an equilibration and a production 



Methodd and potential model 29 9 

Ar-A r r 
Ar-N N 
N-N N 

e(K) e(K) 
122.0 0 
69.3 3 
39.4 4 

Q Q 

13.0 0 
13.75 5 

r ' (A ) ) 
3.85 5 
3.79 9 
3.73 3 

Tablee 3.1: The parameters for the a-exp-6 potentials and for the dispersive part of the N2 

site-sitesite-site interaction. The repulsive part of the N2 site-site interaction is included in the 
EttersEtters potential with anisotropic term (for description and parameters, see [Mul98]). The 
valuesvalues for Ar are taken from [Ree88]. The values for the Ar-N interaction are calculated 
withwith the generalised Lorentz Berthelot mixing rules [Ree88] and the values for the N2 

site-sitesite-site exp-6 potential taken from [Mic98]. 

run,, both involving typically several thousand MC cycles. The total number of molecules 
wass N = AAF + NN2 = 512. In the heating and cooling runs, the initial configuration 
off  a simulation at T + AT was taken to be the final configuration at T. In both the 
heatingg and cooling runs the configuration of the e* phase has been taken as the pri-
maryy configuration, which at high T immediately transformed to the S*ot structure for all 
compositionss x investigated. Considering the preference of the Ar atoms for the a sites 
(Refs.. [Koo98, vK98, Wes96a] and chapter 2), in all simulations in this chapter, the Ar 
atomss are distributed randomly over the a sites, for each cooling and heating run. As 
discussedd later, the enthalpy difference between two phases is used as an indication for a 
phasee transition. It turns out that this difference is nearly independent of the chosen con-
figurationn (the effect is about 1 K, 10% of the total difference). The shape of the cell, the 
orientationall  behaviour and the frequency of the N2 molecules and various thermodynamic 
quantitiess were monitored. 

Thee basis for the N2-N2 interaction was the Etters site-site potential [Ett86]. This 
modell  assumes that the interactions at each site are isotropic. However, since the atomic 
chargee distributions are anisotropic, a distorted atom correction was included to account 
forr this anisotropy [Pri86, Pri87, Mul98]. With this correction both the position of the min-
imumm and the depth of the potential depend on the relative orientation of the molecules. 
Thee Ar-A r as well as the Ar-N "atom' interaction were modelled by exp-6 potentials: 

V V 
a,,, — 6 

6e f t" " (1-r/r** ) f3.11 1 

wheree r is the distance between the sites (a site is either an Ar atom, or an N atom), and e, 
a.a. and r*  are the appropriate potential parameters, given in table 3.1. The values for the 
Ar- NN interaction were calculated using a generalisation of the Lorentz-Berthelot mixing 
ruless to exp-6 potentials. A linear electric quadrupole moment represented the Coulomb 
interaction.. The internuclear distance (1.09 A) as well as the charge sites were fixed. A 
cutofff  range for the potentials was taken at 9 A. a long tail contribution corrected for this 
cutoff. . 

Forr the three disk types, <ƒ> and 6 are defined as follows: 9 = 90°, is the plane normal 
too the particular face of the unit cell. For 9 = 90° and <j>  = 0°, the molecular axes are 
normall  to the faces of the unit cell. 

http://f3.11
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Thee method for calculating the vibron frequencies of the N2 molecules in the solid 
iss similar to that used by various authors [Mul98. Ett83]. A perturbation calculation 
off  a Hamiltonian, describing an an-harmonic vibrating molecule that interacts with the 
surroundingg molecules, leads to a relation between the shift in vibrational frequency and 
thee axial forces acting on the molecule [Buc58] (see Appendix). The shift with respect to 
thee frequency of the isolated molecule {2329.91 cm- 1) is: 

c\F c\F 
(Au)(Au) = 3.807 1 0{F a, )+0 .507{—^). (3.2) 

ar ar 

wheree Fax is the axial force acting on the molecule. The frequencies are in units of cm- 1 

andd the forces in Newton. The brackets denote statistical averages. The correction for 
thee vibration rotation coupling and the dispersion correction [Mic95] are not taken into 
accountt since we are mainly interested in the change in frequency as a function of pressure 
andd temperature, due to the addition of argon. 

Thee method for the detection of the transitions is similar to that in pure N2. This 
systemm has been extensively investigated and is a reference for the mixture, therefore we 
wil ll  describe some more relevant aspects of the behaviour of the pure substance in the 
simulations. . 

Thee s-6 transition can be observed upon heating by an abrupt change of the box 
angless of the cell from about 85 to 90°. Apart from the change in the box angles, this 
firstfirst order transition could be observed by a major change in the orientational probabil-
ityy distribution functions (ODPs) for <t>  and 0, and therefore in the orientational order 
parameters,, of the N2 molecules. Moreover, a small positive jump in the enthalpy occurs 
uponn passing the transition. Above this transition the slope of H vs T has a larger value. 
Whenn the system is cooled, the £ phase does not appear at low temperatures in the sim-
ulations:: the S phase remains present. Since it is an experimental fact that the £ phase 
existss at these temperatures, the cooled Ö phase must be metastable. The entropy cannot 
bee calculated with these simulations. However, if one makes assumptions on the entropy 
differencee of the two phases, qualitative statements about the stability of these phases can 
bee made. Since the entropy in the 6* phase is most probably higher than in the £* phase, 
thee enthalpy in 6*-'S2 must be higher in order to be metastable. This minimum, but not 
sufficient,, condition is satisfied. 

Thee potential model used for N2 gives the best agreement with experimental data. 
However,, it should be noted that small differences in the orientational interactions can 
changee the predictions considerably. This also holds for the N2-A r results presented in 
thiss chapter. 

Withi nn the ó phase of pure N2. a distinction is made between the low temperature, 
orientationallyy more localised phase (5\oc). and the high temperature, disordered phase 
(^rot)) [Mul98]. On passing the Sfoc-5*ot transition, the slope of H vs T decreases. In these 
simulations,, the first order £ 6 transition occurred between 130 and 140 K at 7 GPa, as 
inn experiments. The calculated <5ioc-5rot transition occurs between 190 and 200 K. which 
iss about 40 K below the experimental value. 
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Figuree 3.1: The calculated T-x phase diagram of the N-2-Ar mixed solid at p — 7 GPa in 
thethe region 0 < x < 0.25. The plot shows the e*^5(oc transition (n), the 6foc-6*ot transition 
(o)(o)}} and the transition from the 'orientationally ordered' 6* phase (6*0) to the S ôc phase 
(o),(o), and to the ö*oi phase (A). The lines are guides to the eyes. 

3.33 Result s 

Inn the range investigated (0 < x < 0.25), the behaviour of the mixture is such that we can 
discriminatee between three regions in the T-x phase diagram, presented in Fig. 3.1. For 
xx < 0.05, the behaviour is much like in pure N2, while the e* 5* transition shifts rapidly 
too lower temperatures. For 0.05 < x < 0.12, the e* phase has disappeared. Consequently 
thee <5*oc phase is present for T < 200 K. At even larger mole fractions, a cubic phase with 
orientationall  order appears at low temperatures, while the 6foc phase gradually disappears 
withh increasing x. 

3.3.11 x < 0.05 

Thee transition from the e* to the 5* phase was detected in the same way as in pure 
N2-- Figure 3.2 shows the behaviour of the box angles as a function of temperature in a 
heatingg run for a mixture with x = 0.01 and 0.04. It can clearly be seen that for x — 0.01 
thee £*-S* transition occurs at 135  5 K, which is nearly at the same temperature as in 
puree N2. The change in box angles is accompanied by a drastic change in the ODF's, 
givenn in Fig. 3.3 for (p. In the 5j"oc phase, two disk types have less pronounced orientations 
(preferentiall  angles d , while the ODF^ of one disk type is characterised by 
aa strong preference for <p = 0 and 90°. Therefore, the molecules of the latter disk type wil l 
henceforthh be referred to as the orientationally ordered disk molecules in the <5j*oc phase. 
Thee sphere molecules show a small preference for 0 — . This behaviour is the same 
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Temperature/K K 

Figuree 3.2: The angles of the simulation cell as a function of temperature for the mixtures 
xx = 0.01 (D) and x = 0.04 (o) at p = 7 GPa in heating runs. Since all three angles are 
thethe same within the accuracy of the calculations, they are denoted by one symbol. The 
errorserrors are of the order of the symbol size. 

ass in pure N2. In contrast with pure N2, in the mixture the ODF^'s of all disk molecules 
inn the <J*ot phase exhibit a slight preference for <j>  = 0 and 90°, while these are more or less 
uniformm for the pure solid [Mul98, vK99b]. 
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Figuree 3.3: The ODF^'s of the N2 molecules at three different temperatures for x = 0.04 
andand p = 7 GPa. The temperatures are (a) 50 K. (b) 150 K and (c) 220 K, and correspond 
withwith the £*. J,*oc and 5*ot phases, respectively. The distribution of the sphere molecules is 
indicatedindicated with an S, the other lines denote the three disk types. Since at 50 and 220 K 
thethe distributions of the three disks are equal, they are denoted by one line. In the 5*ol 

phase,phase, the molecules of one disk type bear a strongly pronounced ODF^, and are therefore 
referredreferred to as orientationally ordered disk molecules. 
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Figuree 3.4: The H-T diagram at p — 7 GPa for the mixtures x = 0.01 . x — 0.03 and 
xx — 0.05 (top-down). For clarity of presentation H has been increased by 200 K for 
xx = 0.01 and 100 K for x — 0.03. Closed and open symbols denote heating and cooling 
runs,runs, respectively. A straight line has been fitted through the heating data in the e* and 
5*5* oioi regions to stress the changes in slope. The behaviour of the internal energy E and 
thethe volume V is similar to that of the enthalpy. The errors are of the order of the symbol 
size. size. 

Thee behaviour of the enthalpy versus temperature, shown in Fig. 3.4, is about the same 
ass in pure N2: in a heating run the enthalpy shows a small jump of 50 K at the transition 
temperature.. When cooling the 6* phase for x < 0.02, it persists to low temperatures. 
Basedd on the experience with the pure system, it is assumed that the e*-S* transition also 
occurss in the mixture and that the S* phase is metastable at low temperatures. This is 
supportedd by the 'exotic' ODF^'s that appear for temperatures below 70 K (not shown 
here).. These ODF^'s are believed to be unrealistic. 

Forr somewhat larger x. e.g. x — 0.03, the ^*oc phase remains stable upon cooling, but 
thee ODF4, shows a frozen-in distribution. In a heating run, the e*-ö* transition again seems 
too occur at 135 K, but the e* phase is most probably metastable in a small temperature 
regionn below this transition temperature, for the following reason. When entering the 
S*S*ococ phase upon heating, the enthalpy shows a decrease. As in the pure component case, 
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knowledgee about the enthalpy is not sufficient to draw definite conclusions about the 
stabilityy of the phases. However, also for mixtures with small £, it is likely that the 
entropyy increases upon entering the Ö* phase. In that case, the s* phase is metastable in 
thee temperature region where the enthalpy of the s* phase {heating run) is larger than that 
off  the <5,*oc phase (cooling run). The statistical uncertainty decreases at lower temperatures, 
andd is smaller than 2 K for T < 100 K. In figure 3.1. it is assumed that the temperature, 
att which the s*-d* transition occurs, corresponds with the lowest temperature at which 
^heatingg — #cooiing> For instance, the 5*  -S* transition temperature for x = 0.03 was found 
att Tt ~ 120 K. as indicated with the arrow in Fig. 3.4(b). The transition line obtained in 
thiss way provides an indication of the s* range in the mixture. In any case, the s* phase 
iss not even present in the heating runs for x > 0.09. although the starting configuration 
iss that of the £* phase. 

Figuree 3.4 shows that a change in the slope of H vs T occurs at T ~ 200 K: the 
slopee at high T is smaller than at low T. This change in the slope corresponds with 
thee S*oc-6*ot transition, a transition attributed to a cascade process in the orientational 
disorderr of the disk molecules in the <5*oc phase, in particular of the orientationally ordered 
diskk molecules in that phase. In pure N2, this process has been reported to result in a 
secondd order phase transition [Sch93]. Recently, this transition is identified as a weak first 
orderr transition [Han97], from the Pm3n to the tetragonal P^/ncm space group. In the 
simulationss we could not determine the order of the transition, since as with the £*-5* 
transition,, a possible jump in the enthalpy is too small to be detected. In any case, the 
ö*ö* ococS*S*olol transition is very similar to the simulated transition in pure N2, and it occurs at 
thee same temperature. 

3.3.22 0.05 <x<  0.12 

Forr mixtures with 0.09 < x < 0.12. the £*  phase does not occur in the heating runs. 
Instead,, at low T the 6 ôc phase is present, as in the cooling runs. 

Alsoo for these mixtures, the S ôc-6*ot transition occurs at about the same temperature 
ass in pure N2. To gain insight into the nature of this transition, we have plotted the 
enthalpyy versus temperature for a number of compositions, see Fig. 3.5. For clarity of 
presentation,, a straight line has been fitted through all the points of a certain composition 
andd the deviation has been plotted. Note that for x < 0.05 the system exhibits an s*-S* 
transition.. The positive slope of the second region is attributed to the acceleration of 
thee orientational freedom due to the cascade process that is responsible for the S ôc-S*ot 

transition.. Therefore, in this region the increase in enthalpy is higher than the general 
thermall  effect present in the other two temperature regions. Figure 3.5 shows that, within 
thee accuracy of the calculations, the onset as well as the completion of thee cascade process 
iss independent of composition. The process starts at about 150 K, while the end of the 
process,, which fixes the S*ocS*ot transition, takes place at about 200 K. The <5,*oc-5*ot 

transitionn can also be seen with the calculated order parameters [vK99b] and vibron 
frequencies.. In the pure system the onset of the cascade process approximately coincides 
withh the first order e 6 transition. At higher Ar mole fractions the onset is seen at a 
higherr temperature than the £*- S* transition, since this transition shifts to smaller T 
withh increasing x. 
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Figuree 3.5: The behaviour of AH = H - (14337 + 2.95p) for x = 0.03 (U), x = 0.07 
(o)(o) and x = 0.11 (o). The transition from e* to 5* is marked by the change from closed 
toto open symbols. All compositions exhibiting the ofoc-o*ot transition behave in a similar 
fashion.fashion. The errors are of the order of the symbol size. 

3.3.33 0.12 < x < 0.25 

Forr compositions 0.12 < x < 0.18, the simulation cell again transforms into a cubic 
structure,, while the preferred orientations are different from those of the £* or the ó(oc 

phase.. The O D F / s, given in Fig. 3.6(a), bear resemblance with the ODF^ of the S*ot phase 
(Fig.. 3.3(c)): the preferred angles are <f>  = 0 and 90° and the shapes of the distributions 
aree similar, but the O D F /s are much more pronounced in this 'new' phase, as for the 
orientationallyy ordered disks in the <5,*oc phase (Fig. 3.3(b)). Since the widths of the peaks of 
thee distributions of the disk molecules are small, we denote this phase as an orientationally 
orderedd phase, in spite of the large orientational freedom of the sphere molecules, to 
discriminatee it from the <5*oc and 5*ot phases. Because of the cubic structure and the 
orientationall  order, we label this phase with <5*0, an orientationally ordered S* phase. 
Whenn increasing the temperature, a transition occurs to a phase that bears an ODF^ 
ass in the <5*oc phase, similar to Fig. 3.3(b). However, in contrast to the pure case, the 
simulationn cell of the ö ôc phase shows a small modification to a tetragonal phase. This 
modificationn was already found for smaller x, but there the difference between the c-axis 
andd the other two axes is barely detectable with our statistics, see Fig. 3.7. The c/a ration 
iss more or less constant for temperatures below the onset of the cascade process, while it 
decreasess to 1 as a function of temperature in the range where the cascade process takes 
place.. The transition from S*0 to <5,*oc shifts to higher temperatures with increasing x. 

Inn the cooling run, the S*oc phase appears in the tetragonal deformed structure, and 
remainss stable to the lowest temperatures, as apposed to the ö*0 phase found in heating 
runs.. However, we assume that the preferred structure is the Ó*0 phase, since the tendency 
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Figuree 3.6: The ODF0 of the disk molecules in the N2-Ar mixture with x = 0.17. T = 50 K 
andand p = 7 GPa for a (a) heating run and (b) cooling run. For the cooling run. the arrows 
indicateindicate the directions in which the peaks 'travel' upon cooling. 
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Figuree 3.7: The boxlengths of the simulation cell as a function of the Ar mole fraction x 
atat T = 170 K. The errors are about 0.02 A. 

inn the cooling run is also towards the <5*0 phase, i.e. there is a large hysteresis of the O D F /s 
inn the cooling run. This hysteresis may be caused by the small structural changes in the 
ó*0-ó]*occ transition: the mass centres of the molecules show small displacements at the 
transitionn [vK99b]. In addition to the tendency of the ODF's to those of the S*0 phase, 
thee mass centres show such a tendency. 

Att a further increase of the temperature, a transformation occurs to the 6*ot phase, as 
before.. The tetragonal modification of the cell, as observed in the <5,*oc phase is no longer 
present.. The onset of the transition takes place at about 50 K below the transition, the 
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Figuree 3.8: The enthalpy of the mixture x — 0.23 for a heating (O) and cooling (O) run. 
AA sharp increase occurs at a temperature of about 200 K. The errors are smaller than 
thethe symbols. In the heating runs, linear fits have been drawn to indicate the S*0 and 6*ot 

regions. regions. 

samee as for the other composition ranges. For the mixtures 0.19 < x < 0.25, the S*oc 

phasee did not appear: the heating as well as the cooling runs only showed the ö*0-ö*ot 

transition.. Our temperature steps are rather large, 20 K, thus the presence of a small J,*oc 

regionn cannot be excluded. Nevertheless, the temperature region for which the Ó*oc phase 
exists,, decreases with increasing argon concentration. 

Att the ö*0S*ot transition, there is no change in the preferential angles of the molecules. 
Yet,, the preference for the angles é = 0 and 90° is more pronounced. The change in the 
ODF^^ is again accompanied by small structural changes [vK99b]. In addition, a sharp 
increasee in the enthalpy over a range of 20 K occurs, as can be seen in Fig. 3.8. The origin 
off  the change in enthalpy lies mainly in an increase in all three box lengths; the slope of 
thee energy versus temperature is nearly constant in this temperature region. The S*0-S*ot 

transitionn temperature shifts to higher temperatures with increasing x. 
Sincee the Ar atoms are somewhat smaller, the volume decreases as a function of x, as 

doess the energy. At 170 K and 7 GPa, the ö\oc-ó*0 transition occurs at x ~ 0.18, where a 
jumpp to higher values for the energy is accompanied by a jump to smaller values for the 
volume.. The latter behaviour results from the tetragonal modification of the 5foc phase, 
ass illustrated by Fig. 3.7. It shows the gradual appearance of the tetragonal deformation 
off  the <5*oc phase which disappears in the i5*0 phase. The simulations also show that above 
thee transition composition, the rate of the decrease in enthalpy becomes larger. 

Forr the composition range investigated, the phase diagram of the N v A r mixture at 
aa pressure of 7 GPa was constructed, taking into account the ranges of metastability. 
Figuree 3.1 shows the result. 
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Figuree 3.9: The vibron frequencies as a function of x at a temperature of 170 K. for the 
spheresphere (O) and the disk (o, A , and O) molecules. The errors for the disks and spheres 
areare about 0.25 and 0.5 cm'1, respectively. 

3.3.44 Vibro n frequencie s 

Additionall  information about the character of the various phases is obtained from a study 
off  the vibron frequencies of the molecules, while the calculated values can be compared 
withh experimental results. 

Inn the (tetragonal deformed) 5*oc phase, the frequency behaviour is similar to that 
inn pure N2. The cascade process, resulting in the S*oc-S*ot transition, is reflected in the 
frequenciess of the sphere molecules. The frequencies of the disk types show a splitting in 
thee ö*oc phase, the orientationally ordered molecules having a smaller frequency. 

Figuree 3.9 shows the frequencies as a function of Ar mole fraction at a temperature of 
1700 K. At the Sfoc-S*0 transition, the disk and sphere molecules show a jump to smaller 
andd larger values, respectively. Obviously, since the ODF's are alike for all three disks 
inn the S*0 phase, the three disk frequencies are the same. In the Sfoc phase with small 
Arr fractions, the orientationally ordered disk molecules have a slightly lower vibron fre-
quencyy value than the other two. In contrast, for large x, in the tetragonal deformed 6foc 

phase,, these molecules have a slightly larger value than the molecules showing a larger 
degreee of orientational disorder (Fig. 3.3). There was no anomaly observed in the orien-
tationall  behaviour that could be responsible for the change in vibron frequencies, but the 
effectt may be explained as follows. The elongation of one boxlength decreases the axial 
forcess on the molecules. However, as discussed in Ref. [vK99b], the orientationally ordered 
diskk molecules are oriented in a plane perpendicular to the c-axis of the tetragonal unit 
cell.. Therefore, the decrease in axial forces, and thus the decrease in frequency, may be 
smallerr for these than for the other disk molecules. Note that there also is an effect of the 
decreasingg volume as a function of x. 
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Thee equivalence of the three disk frequencies in the S*0 phase is also seen in Fig. 3.10, 
whichh shows the temperature dependence. Away from the £*0-Ó*ot transition, the frequen-
ciess show a linear dependence on the temperature. The frequencies of the disk and the 
spheree molecules show a rapid change near the transition, in a range of 20 K. This tem-
peraturee range becomes smaller for larger x. An increase in the slope of the enthalpy as 
aa function of T (Fig 3.5) was not observed in the S*0 phase. 

3.44 Conclusio n and discussio n 

Inn the range of compositions investigated in the simulations, we discriminate between 
threee regions. 

xx < 0.05. These systems exhibit the £*-<5]*oc and the ö*oc-S*ot transition respectively, 
uponn increasing the temperature. The e*-S* transition shifts rapidly to lower temperatures 
forr larger x. The £*oc-£*ot transition temperature is independent of composition. 

0.055 < x < 0.12. The ordered e* phase has disappeared. Instead, the disordered <5]*oc 

phasee is present to the lowest temperatures. The 5ĵ c—<5*ot transition is still present for 
thesee mixtures, and is again independent of composition. 

0.122 < x < 0.25. A phase with a cubic structure, but with different ODF^'s appears 
att low temperatures. The shape of the ODF^'s resembles that of the 6*ot phase, and the 
preferredd angles are the same: 0 = 0 and 90°. However, for the disk molecules the ODF^'s 
aree very much pronounced: this phase is labelled with <5*0, an orientationally ordered 
ö*ö*  phase. The Sfoc phase appears in a tetragonal modification, for which the c/a ratio 
decreasess with increasing temperature. Again, the S*oc-ö*ot transition occurs at about the 
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Figuree 3.10: The stretching vibron frequencies as a function of temperature for the mixture 
xx — 0.22, for the sphere (O) and the disk (o, presented by one symbol since all three 
frequenciesfrequencies are the same) molecules. Errors as in Fig. 3.9. 
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samee temperature as for pure N2. 
Wee should keep in mind that the transition lines only give an indication of the ranges 

off  the various phases. Moreover, the results are sensitive to the details of the potential. 
Thee effect of substituting N2 molecules with Ar atoms has a threefold influence on the 

phasee transitions in the mixture. 
First,, near the s* -6* transition, the orientational order decreases with an increase 

off  isotropic diluents in the \ 2 lattice: the transition shifts to lower temperatures with 
increasingg x. as is the case for the phases at ambient pressure. However, the rate of 
decreasee is much larger at high pressures: the ordered a* phase disappears for x ~ 0.23, 
whilee the disappearance of the ordered E* phase occurs at x ~ 0.05. High pressure is 
neededd to stabilise the e* structure. The effect of the perturbation of this phase, by 
substitutingg N2 molecules with Ar atoms, might therefore be much larger, because the 
nearestt neighbour distance is much smaller than at low pressures. 

Second,, near the ó*0-J,*)C, and ó*0-<5*„  orientational order increases with an increase of 
sphericall  diluents: these transitions shift to higher temperatures with increasing x. The 
appearancee of an ordered phase for x close to 0.25 is possibly related with the increase in 
crystall  symmetry that occurs, since for x | 0.25 all a sites become occupied by Ar atoms. 
However,, this ordered phase already occurs at x ~ 0.14. 

Third,, the amount of spherical diluents has neither an influence on the S^-6*ot tran-
sition,, nor on the onset of the cascade process that results in that transition. This order-
disorderr transition is determined by the orientational forces. Although these forces are 
dilutedd by the Ar atoms, the transition is independet of composition. Again, this result 
cann be intuitively understood. The transition originates in an increase in orientational 
freedomm of the disk molecules in the <5j"oc phase, in particular the orient at ionally ordered 
diskk molecules. Note that all molecules at the c sites are occupied by N2 molecules (disks). 
Thee nearest neighbours of these ordered disk molecules are ordered disk molecules. Since 
thee substitution of N2 molecules by Ar atoms occurs at the a sites only, this nearest-
neighbourr cascade process in orientational freedom is hardly affected by the substitution. 

I tt is rather peculiar that although the distributions of S*0 and S*ot bear resemblance, the 
systemm does not simply transform from ó*0 to 6*ot for all mixtures that exhibit a 6*Q phase, 
butt instead prefers the tetragonal deformed S*oc phase for intermediate temperatures and 
xx < 0.18. This might be due to the small structural differences that are present between 
thee 6*0 and the S*ot phase [vK99b]. For x closer to 0.25. the direct transformation ó*0-J*ot 

indeedd occurs. For these transitions, a sharp increase in the enthalpy occurs in a small 
temperaturee region, which again may he explained by the structural differences between 
thee phases. 

Thee shift of the e* 5* transition to lower temperatures is in agreement with exper-
iments.. Room temperature measurements with several concentrations of Ar have been 
publishedd by Westerhoff and Feile [Wes96a]. The smallest concentration they investigated 
wass x — 0.13. They did not report upon the existence of an e* phase, while their pressure 
rangee was up to 30 GPa, which is far into the pure s region. By considering the height 
off  orientational potential barriers in model calculations, these authors predicted that an 
orientationall  freezing into the e* phase would occur at smaller pressures with increasing 
xx [Wes96a. Wes96b]. This is in contrast with their measurements. However, the increase in 
potentiall  barrier might be related with the <5*0 phase. In our simulations along the 7 GPa 
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isobar,, this orientationally ordered phase persists to higher temperatures as a function of 
x.x. This corresponds to a shift to lower pressures along an isotherm. In the simulations, 
wee have made an estimate of the potential barriers as calculated in Ref. [Wes96b]. For 
thee disks, these barriers are more or less independent of x in the S ôc phase (about 200 K 
att T = 160 K), but indeed show a significant increase in the 5*0 phase (about 350 K) . 

Kooii  and Schouten [Koo98] found a transition for the mixtures 0.75 < x < 1, very 
similarr to the S*oc-6*Qt transition in pure N2. A break in the slope of the sphere frequencies 
occurredd somewhere between 0 to 30 K above the transition in pure N2 for the mixtures 
investigated.. The transition is at most slightly dependent on composition. This is in 
agreementt with the simulations: the onset as well as the completion of the orientational 
cascadee process is independent of x. Moreover, the transition from 6*0 to S*ot shows a 
frequencyy behaviour similar to the S*oc-S*ot transition. The first transition however shifts 
too higher temperatures with x, while the temperature range in which the decrease in 
frequencyy occurs is much smaller than that for Sfoc-ö*ot transitions. A redistribution of 
thee Ar atoms, as observed experimentally, could not be found in the simulations, since 
thee potential barriers for a redistribution are too large. For the same reason, it might be 
possiblee that the orientationally ordered phase 5*0, as found in the simulations, is not 
presentt in nature, since the simulations were started with the e* structure. However, for 
thee compositions investigated, it is reasonable to assume that the influence of the Ar 
atomss wil l not be so large that it completely destroys the cubic PmSn structure. The 
existencee of the 5*Q phases is not ruled out by experiments, in which two different Raman 
peakss were observed for all compositions investigated. Therefore, the S*0 phase found with 
thee model might be a good representation of the physical system. 

Thee simulations predict an asymmetry of the disk vibron peak, on the low frequency 
sidee for x < 0.12 and on the high frequency side for x > 0.12. probably due to the tetrago-
nall  modification of the £,*oc phase. An asymmetry on the high frequency side of this Raman 
peakk was measured in both Refs. [Wes96b] and [Koo98] for x > 0.13, in agreement with 
thee simulations. However, an asymmetry on the high frequency side was also measured in 
puree Ö-N'2 [Wes96c]. The latter results are in contrast with the simulations [Mul98], 

Inn order to overcome the metastability problems near phase transitions, in determining 
thee phase transition lines, free energy calculations are needed. The a-3 [Kuc97] transition 
ass well as the ,/3-fluid line [Mei98] has been calculated succesfully with this method. 
However,, the results concerning the high pressure solid solid phase equilibria are in poor 
agreementt with experiments [Mei98, Mul97b]. 

Appendi x x 

Thee method for calculating the vibron frequencies of the N2 molecule in the solid are 
basedd on theoretical calculations by Buckingham [Buc58], an overview of the publications 
inn which this method has been applied is given in [Fra99]. Due to the intramolecular 
interaction,, the bond of an isolated (gas phase) diatomic molecule i vibrates around its 
equilibriumm bond length re. The underlying Hamiltonian can be written in terms of the 
normall  coordinate x = (r — re)/re. The total Hamiltonian Hl

h+a can be written in terms 
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off  a harmonic part 
WWhh = \vr\x2 + \kx2 (3.3) ) 

withh the harmonic constant k — mu^r ,̂ and an anharmonic part 

HI HI (3-4) ) 

soo that Hl
h+a = Hl

h + Hl
a. The bondlength and the harmonic and the anharmonic con-

stantss (in particular, the cubic anharmonicity a3) can be obtained from spectroscopic 
dataa [Lav92, Her50]. This molecule may be dissolved into a solvent, which for instance 
consistss of the same molecular species as the solute. The solvent may also be a solid. The 
intermolecularr interaction upon introducing the solute in the solvent leads to an additional 
energyy U (this does not. include the intermolecular interactions between the molecules in 
thee solvent). This solute-solvent interaction influences the vibrational energies, and thus 
thee vibrational frequency, as the presence of the solvent molecules cause the nuclei to vi-
bratee in a new potential that depends on the configuration of the solvent. Therefore, the 
totall  Hamiltonian H that describes the solute is the sum of the intramolecular part Hl

h+a 

andd the intermolecular part U. U can be expanded in terms of the normal coordinate x: 

UU = Ur. + U'l  + \U"\ \U"\ ++ [3.5) ) 

£ƒ,-,.. is the potential energy of the solution when r = re. Also, the derivatives are evaluated 
att the equilibrium bondlength re. Now, the complete Hamiltonian of a molecule in a 
solventt is described in terms of x. Spectral lines correspond to transitions between the 
perturbedd energy levels of the harmonic oscillator, the perturbation consisting of the sum 
off  the anharmonic intramolecular (Hl

a) and the intermolecular (U) terms. Applying time-
independentt first and second order purturbation theory comes down to calculating the 
matrixx elements of xn with respect to the harmonic oscillator wavefunctions. The result is 
ann equation for the vibrational energy levels of the vibrating molecule in a solvent. These 
energyy levels are: 

EEnn = En
h+a + Urc + \hcüo(n+i 

U"\ U"\ aa33U'\ U'\ 

k* k* + + (3.6) (3.6) 

wheree E +̂a is the energy of the ri th vibrational state of the isolated molecule, including 
thee anharmonic terms. Consequently, one can calculate the shift in the vibrational energy 
comparedd to the free molecule: 

fiAi. fiAi. == {En - Er 
JJh+a) h+a) (3.7) ) 

Thiss denotes the change in transition energy due to the solute-solvent interaction U 

'U"L'U"L  a3U' 
Au!Au! = (n — m)^ujQ 

kk2 2 + + (3.8) ) 

U'U' is the derivative of the intermolecular potential energy along the bond axis of the 
solute.. That is. it is the solvent-induced axial force Fax exerted on the molecule along 

file:///vr/x2
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thee bond axis, which is evaluated at the re. Likewise, U" is the derivative of the axial 
forcee along the bond axis, i.e. it indicates the variation in the force as the bondlength 
changes.. For the transition from the ground state to the first excited vibrational state of 
thee nitrogen molecule this gives: 

dF dF 
AvAv = 3.807 •1010F ax + 0.507——, (3.9) 

dr r 

withh Ai/ in cm - 1 , F  ̂ in Newtons and r in meters. As the derivatives are evaluated at 
rr  — re, rigid molecules can be used in the calculation of the shift with respect to the 
gass phase value. In this model, it is assumed that the molecules in the solvent are in the 
samee state before and after the transition. Moreover, it is assumed that the intermolec-
ularr energy U is independent of the energy level n of the solute. Although it has been 
shownn [Mic, Mic95, Fra99] that this assumption is not valid in many cases, Eq. 3.9 is 
usedd as a first approximation . Although in MD a direct simulation of vibrating molecules 
iss also possible, the rapid vibrational motion would require a much shorter time step. 
Withh the current quantum mechanical perturbation theory a much larger timestep can 
bee applied. This allows for time-costly calculations of the vibrational lineshape and de-
phasingg in MD calculations [Mic95, Oxt78]. In addition, it makes the calculation of the 
solvent-inducedd vibrational frequency shift possible in MC calculations [Mul98]. 




