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2 2 

Thee distributio n of Ar and othe r nobl e 
gass atom s in hig h pressur e soli d N 2 

2.11 Introductio n 

Mixedd molecular crystals of simple components, such as (N2)i- a;-Ar a;, constitute a model 
systemm for studying the influence of isotropic impurities on the orientationally ordered 
andd disordered phases of a system of anisotropic molecules. Since the sizes of the two 
species,, one spherical and one nearly spherical, are about equal, one may expect that the 
Arr atoms dissolve substi tut ional̂ in the N2 lattice. 

Inn the pressure range around 10 GPa, the solid phases of pure N2 show interesting 
behaviorr [Man97]. At low temperatures the e phase has a trigonal (rhombohedral) lattice 
structuree with orientationally ordered molecules (space group R3c). This phase is regarded 
ass a trigonal distortion of the high temperature 6 phase, which has a cubic crystal lattice 
(spacee group Prriin). The S phase reveals two types of orientational disorder. Of the eight 
latticee sites in the unit cell, the molecules in the center and on the corners of the cell (a 
sites,, site symmetry m3) exhibit isotropic orientational disorder ('spheres'), while the 6 
moleculess in the faces of the cell (c sites, site symmetry 4m2) exhibit planar orientational 
disorderr ('disks'). Schematic pictures of the two phases are given in Fig. 2 of Ref. [Mul98]. 

AA marked discontinuity in the slope of the vibrational frequency shift as a function 
off  temperature along a quasi-isobar has been detected, which has been interpreted as a 
secondd order transition [Sch93]. Monte Carlo (MC) calculations [Mul98], made clear that 
ass a result of a cascade process in the orientational derealization of the disks, the vibron 
frequenciess of the sphere molecules change in the way observed experimentally. At lower 
temperatures,, the orientations of the disk molecules are localized within the plane (see 
e.g.. Fig. 7 of Ref. [Mul98]), at higher temperatures they are delocalized within the plane. 
Thus,, the Raman measurements reveal the transition from a localized 6* phase (5,*oc, a '* ' 
denotess the mixed phase) to a 5* phase with increased rotational freedom (<5*ot). Recently, 
theree is evidence that this transition is a weak first order transition [Han97]. 

Experimentall  high pressure studies of the N2-A r mixture [Wes96a, Koo98] showed that 
thee Ar atoms dissolve substi tut ional̂ in the lattice, moreover these atoms are preferably 
locatedd at the a sites. At low temperatures, this preference is very strong and appears to 
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bee temperature independent. At a threshold temperature, the preference for the spheres 
decreasess rapidly with increasing temperature [Koo98]. However, even at high tempera-
tures,, the preference for the a sites is obvious. Moreover, at higher pressures it is stronger. 
Nevertheless,, for the 25% Ar mixture, a superstructure with a complete occupation of the 
aa sites by Ar atoms as reported in Ref. [Wes96a], was not found in Ref. [Koo98]. The p 
andd T dependence is rather surprising, since the pressures are high, and the activation 
energies,, necessary for a molecule to diffuse, are much larger at higher pressures. On the 
otherr hand, a redistribution can be readily obtained after displacements of only a molecu-
larr distance, since the c sites are the nearest-neighbor sites of the a sites. Therefore, small 
diffusionn constants may result in a significant redistribution over the two types of lattice 
sitess within a short time. Moreover, crystal defects may contribute indirectly to the effect. 

Previouss simulations [vK98] showed that in the 5* phase, the calculated volume as 
welll  as the energy are smaller for a distribution of the Ar atoms over the a sites than over 
thee c sites, or a random distribution. These differences are smaller in the e* phase. 

Althoughh in those simulations the molecules are allowed to move freely through the 
system,, in high density systems such as (high pressure) solids, the free energy barriers for 
aa molecule to move through the system are too high. Thus, in straightforward simulations 
onee cannot probe the preference for any of the crystallographic sites of the molecular 
speciess of the mixture. The distribution over the lattice sites remains the same during the 
simulation,, i.e. the same as in the starting configuration. 

Inn order to investigate the redistribution of Ar atoms as observed in experiments, we 
havee performed simulations in which a redistribution may occur by so-called 'unphysical' 
moves.. We have studied such a redistribution as a function of p, T and x. Moreover, 
wee have investigated whether such a redistribution is correlated with the orientational 
dereal izat ion.. As in chapter 3, these results were obtained on the N2 rich side (0 < x < 
0.25)) for temperatures above 50 K. in the pressure region where the e and S phases exist 
inn pure N2. 

2.22 Metho d and potentia l mode l 

Thee distribution of the noble gas (argon) atoms wil l be quantified by ya, the fraction of 
atomss at the a sites. Note that this parameter equals 0, 1, and 0.25 corresponding with 
aa complete preference for the c sites, the a sites and no preference, respectively. One way 
off  determining the preferred distribution in an MC simulation is to perform unphysical 
moves,, in which a simultaneous identity change of two unlike molecules is attempted (a 
'swap').. Of course, the usual trial moves in position, orientation and box parameters are 
alsoo performed. For the system N2-Ar , such a swap move consists of the following steps: 

1.. Select at random one Ar atom and one N2 molecule. 

2.. Interchange the particles, while giving the N2 molecule a new, random orientation. 

3.. Calculate the Boltzmann factor of the energy difference and accept or reject as in 
usuall  Metropolis sampling. 
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Inn this way, the mixed crystal can relax to an equilibrium configuration, i.e. a configuration 
withh a distribution of Ar atoms over the a and c sites of the N2 Pm3n lattice that 
correspondss to a free energy minimum. This method is somewhat similar to the semi-grand 
ensemble,, in which, at a certain point in the simulation, an attempt is made to change 
aa single particle's identity [Kof98. Fre96]. In our case, for a simultaneous identity change 
off  two particles, there are no calculations with the chemical potential involved. Note that 
withh this method the physical mechanisms for a redistribution cannot be investigated: 
onee can only determine the thermodynamically favored distribution, and its dependence 
onn the thermodynamic state. 

Inn practice, the acceptance ratios for the swapping of the molecules were very low, 
inn most cases less than 0.1%. Therefore, extremely long runs should be performed before 
thee system has relaxed to equilibrium. Instead of using the straightforward scheme, a 
techniquee called orientational bias [Fre96. Cra90], is exploited to enhance the acceptance, 
withoutt much additional computating time. In this orientational bias scheme, instead 
off  one random orientation, several random orientations are given to the N2 molecule at 
thee new position. The orientation corresponding with the largest Boltzmann factor is 
givenn the largest probability to be selected. Apart from the orientation-independent Ar 
contribution,, the above scheme becomes: 

1.. Select one Ar atom and one N2 molecule, both at random. 

2.. Interchange the particles, while giving the N2 molecule N random orientations. 

3.. At the new location, calculate the Boltzmann factor of these orientations, and the 
Rosenbluthh factor W = J2iLie~0El (i.e. the sum over the orientations). 

4.. At the old location, calculate the Boltzmann factor of the original orientation and 
off  N — 1 random orientations, as well as the Rosenbluth factor (where the sum over 
orientationss includes the original orientation). 

5.. Accept or reject with Wnew/\V0\d, as is usually done with the Boltzmann factor. 

6.. At the new location, an N2 orientation is selected with its Boltzmann weight. 

Forr the Ar contribution, the traditional scheme is used, thus W = e~3E-*r  £ e_djE'-v2, the 
**  indicates that the Ar-N 2 interaction for the two molecules in question is excluded. It 
doess not take too much effort to demonstrate that this scheme satisfies the Boltzmann 
distributionn [Fre96]. The orientational bias scheme enhances the acceptance to typically 
11 to 20%, depending strongly on p and T. 

Thee acceptance ratio also depends on the momentary distribution over the lattice sites, 
andd the degree of preference. For example, if in ó*-N2 the Ar atoms have a very strong 
preferencee for the a sites, while starting a calculation with all Ar atoms at the c sites, then 
forr the first few steps the acceptance ratio is very large, since the Ar atoms are driven 
too the a sites. However, once equilibrium is reached, the acceptance drops significantly. 
Despitee such a small acceptance ratio, approximate conclusions about the preferential 
locationss of the atoms can even be drawn by starting with different Ar distributions. For 
instance,, if one starts with a distribution over the c sites, and during a simulation most 
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Arr atoms have migrated to the a sites, then, even with a low acceptance ratio and without 
reachingg equilibrium, one can conclude that the Ar atoms prefer the a sites. 

Wee have used initial configurations with three distributions: a random distribution 
overr the a sites, over the c sites, and over both the a and the c sites. Obviously, the initial 
distributionn of the Ar atoms should not affect the final results for a properly equilibrated 
simulation. . 

Thee simulations have been performed in the (N.p, T) ensemble with periodic boundary 
conditions,, i.e. in addition to the trial translations, rotations and swap moves, a deforma-
tionn of the simulation cell is attempted [Par80, Par81]. Occasionally, the correlations of 
thee calculated quantities were checked [A1186, Fly89], the error in ya is estimated to be less 
thann 0.05 for all cases. The simulations involved 104 to 106 MC cycles. The total number 
off  molecules was N = JVAr + Ny2 = 512. Except where indicated, we have used the e*-N2 

structuree for the primary configuration, since this structure has the possibility to trans-
formm spontaneously to the S structure in pure N2 with (A, p, T) simulations. The N2-N2 

interactionn was modeled by the Etters potential [Ett86], a correction for the anisotropy 
off  the site-site interaction was included [Mul98]. The Ar-A r and Ar-(N-site) interactions 
weree modeled by an exp-6 potential. These potentials include dispersion forces, short range 
repulsion,, and a quadrupolar Coulomb interaction for the N2 molecules: details have been 
publishedd elsewhere [vK99a], Also the definitions of the molecular angles and the method 
forr calculating vibron frequencies have been presented in Ref. [vK99a]. To our knowl-
edge,, the potential model, used for N2, gives the best agreement with thermodynamic 
andd structural data. 

Notee that for the E* phase, the crystallographic lattice sites are the 2a (site symmetry 
32)) and 6e (site symmetry 2) lattice sites, where the e sites correspond with the c sites in 
thee 5* phase. Therefore, technically one should speak of the a and e sites in the e* phase. 
Sincee our simulation cell can transform from the e* to the 6* structure during a single 
run,, we wil l always refer to these sites as the a and c sites when discussing the atomic 
distributions,, to avoid elaborate and self-evident digressions. 

Inn the next section, it wil l turn out that the Ar atoms show a preference for the a sites. 
Apartt from this preference, there might be an additional preferential distribution of the Ar 
atomss over specific a sites. A study of several configurations (snapshots) in equilibrium 
doess not reveal any preferential distribution over specific a sites for the compositions 
investigated.. Moreover, a simulation that starts with a random distribution over the a 
sitess gives a low swap acceptance, independent of the initial distribution. The cause of the 
suddenn decrease of the acceptance ratio as (nearly) all Ar atoms have migrated should be 
foundd in the decrease of the volume: in general, the volume decreases as an Ar atom has 
migratedd from a c site to an a site. If, with the Ar distribution already close to equilibrium 
twoo molecules are interchanged, there is a considerable probability for a large increase in 
energy.. In such cases, one cannot be sure that the equilibrium distribution is obtained, 
unlesss infinitely long runs are performed. Whether equilibrium has been reached can be 
checkedd by starting a simulation with the Ar atoms distributed over the a sites, and one 
withh the Ar atoms distributed over the c sites. For the data at the lowest temperatures 
wee have checked whether the Ar distribution is in equilibrium. If this was the case, we 
assumedd that for higher T this was also the case. Additional checks confirmed this. 
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Figuree 2.1: The occupation level of the a sites as a function of the number of MC steps 
forfor (from top to bottom) x = 0.25, x = 0.15, and x = 0.05 at (T = 100 K and p = A GPa) 
forfor three different starting distributions: random over the a sites (D), random over the c 
sitessites  random over both the a and c sites (+). In these runs, the e* phase transformed 
toto the 6* phase. 

2.33 Results 

2.3.11 General 

Figuree 2.1 shows ya as a function of the number of MC steps for three compositions at 
44 GPa and 100 K. The figure shows that for all three compositions the final distribution 
iss independent of the initial distribution. The equilibration time and the fluctuations in 
yyaa increase with decreasing x, this is probably due to the smaller statistics obtained for 
smallerr x. An investigation of the structure (box lengths and box angles, rms displacement 
values,, orientational distribution functions) shows that during these runs the s* phase 
spontaneouslyy transforms to the S* phase for all three compositions. The equilibrium 
resultt for x = 0.05 is shown in Fig. 2.2. 
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Figuree 2.2: The occupation ratio ya as a function of temperature at .r — 0.05 for three 
differentdifferent pressures: p = 4 (Dj , 7 (o), and 10 GPa (O). The open symbols denote a stable 
e*e* phase, closed denote a stable ö* phase. Large and small closed symbols indicate that 
thethe initial configuration was the S*Qt and e* phase, respectively. 

Whenn starting with the s* phase, at low temperatures this phase remains stable (the 
openn symbols in Fig. 2.2). Within the e* phase, the Ar atoms preferentially occupy the a 
sites,, although the preference is not very pronounced. At somewhat higher temperatures, 
thee £* phase transforms to the ö*oc phase (closed symbols in Fig. 2.2 denote the S* phase). 
Ass demonstrated in Fig. 2.2, the £*-S* transition corresponds with a large increase of 
preferencee for the a sites. In the simulation, the transition occurs at 85. 125 and 155 K for 
4,, 7 and 10 GPa. respectively. These transitions are all below the simulated s-6 transition 
temperaturess for pure N2 (about 90. 140 and 190 K, respectively). Upon a further tem-
peraturee increase, the preference for the a sites decreases quite rapidly. Around a certain 
temperaturee (about 180, 200 and 230 K for the respective pressures), the rate of decrease 
becomess smaller, and only a small decrease towards a complete random distribution is 
seen. . 

Forr later comparison with the experiments (see discussion), we performed additional 
simulationss in the low T range where the e* phase remained stable (the open symbols in 
Fig.. 2.2). but now taking a well equilibrated configuration from a simulation at 7 GPa 
andd 250 K for pure N2 (6rot), as the initial configuration. For pure N2 and the mixture, 
thee S* crystal structure never transforms spontaneously to the e* phase upon lowering T. 
Inn this way we can investigate the behavior of ya in the S* phase at low T. The results 
aree also indicated with closed symbols. Combining these low temperature results with the 
highh temperature S* phase, we come to the following conclusions. 

Inn the 6* phase, the low T data indicate a region of ya values close to the maximum 
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Figuree 2.3: The occupation ratio ya as a function of temperature at p = 4 GPa for three 
differentdifferent compositions: x = 0.05 (O), 0.15 (o), and 0.25 (O). Open symbols denote a stable 
e*e* phase, closed symbols denote a stable 5* phase. Large and small closed symbols indicate 
thatthat the initial configuration was the S*ot and e* phase, respectively. The inset shows the 
differencedifference between the 6foc data (open symbols) and the data for the S*a structure (closed). 

valuee of 1. Moreover, there is only a small temperature dependence of ya in this T-
regionn (probably ya —> 1 for T < 50 K). A similar behavior is present for the other 
twoo pressures investigated. Therefore, concerning the distribution of Ar atoms in the 5* 
phase,, we can discriminate between three temperature regions. At low temperatures, the 
preferencee for the a sites is nearly complete and almost independent of T. Around about 
80,, 130 and 140 K for p = 4, 7 and 10 GPa, respectively, the preference for the a sites 
decreasess rapidly with temperature. Subsequently, the rate of decrease becomes much 
smaller.. Higher pressures result in a stronger preference for the a sites. 

Figuree 2.3 shows the equilibrium distributions of the Ar atoms as a function of T for 
threee different compositions at p = 4 GPa. As was also visible from Fig. 2.1, within the 
orientationallyy disordered phases, the preference of the Ar atoms for the a sites decreases 
withh increasing Ar content. 

Thee three regions of Ar distribution are also present for x = 0.15 within the 6* phase. 
Att low T, the e*  phase is stable; the e*-<5*  transition occurs at about 60 K. However, 
forr x = 0.25, the e* phase is not present. It has transformed into the 6* phase, even at 
thee lowest temperatures investigated. Therefore, the s*-5* transition shifts to lower T 
withh increasing x. The long equilibration times pose a problem for the low temperature 
simulations,, as was addressed in the previous section. 

Forr the mixtures with 25% Ar, in particular with respect to the S*0 phase, metasta-
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bilit yy problems arise. These are similar to those in chapter 3: in a cooling run, the Sfoc 

phasee does not transform into another phase. At low temperatures, the S*0 phase appears 
spontaneouslyy at 4 GPa, if we start with an initial distribution of Ar atoms over the a 
sitess only. When starting with the Ar atoms initiall y distributed over the c sites only, the 
(5]*occ phase occurs, although in both cases the e* phase was taken as the initial structure. 
Forr these different phases, the equilibrium values of ya are not equal, as is demonstrated 
inn the inset of Fig. 2.3. As is clear from the figure, the preference for the a sites of the 
Arr atoms is much stronger in the 6*0 phase: for T < 70 K, the Ar atoms do not migrate 
fromm the a to the c sites at all. When the 6*0 phase is heated, the <5[*oc phase arises spon-
taneously,, as in the heating runs without trial swap moves. The 5*Q-Jfoc transition occurs 
att T = 100 K; at the transition, ya has decreased drastically to the value of 0.58. In the 
currentt study, at 4 GPa the ó*0 phase appears only for x — 0.25. 

2.3.22 Orientationa l derealizatio n 

Ass in previous simulations, the orientational cascade process has been observed. The 
behaviorr is very similar to pure N2 [Mul98] and previous mixture results (vK99a, vK99b]. 
Wee refer to these results for a detailed explanation of the phenomena involved. The 
orientationall  dereal izat ion is investigated with the order parameter 0$ = cos(4^), <p 
beingg the disk angle in the plane of the disk (defined in Ref. [vK99a]). In Fig. 2.4, the 
orderr parameter and the enthalpy are shown as a function of T at x = 0.05 and p — 4 GPa. 
Beloww 150 K, the (S[*oc phase exists. At 150 K, the discrimination between the three disk 
typess has disappeared, with this temperature we wil l identify the S*oc-S*ot transition. Using 
thee order parameter, for 7 and 10 GPa the transition temperatures are estimated at 190 
andd 250 K, respectively. 

Att 4 GPa, the S ôc-5*ot transition occurs at about 150, 140 and 130 K for x = 0.05, 
0.155 and 0.25, respectively. For pure simulated N2, this transition occurs at about 150 K. 
Thiss suggests that the transition shifts slightly to lower temperatures with increasing x. 
Thiss is in contrast to the simulations without performing trial swap moves, where the 
6*6* ococ-6*-6* otot transition was independent of composition. Nevertheless, the shift is small, and 
hardlyy detectable for the 5% mixture. The latter is also the case at higher pressures. 

Thee rms displacement of thee molecules with respect to the ideal crystallographic lattice 
sitess has also been calculated. Because of the translation-rotation coupling, the orienta-
tionallyy localized disks have a different translational behavior than the other two disk 
types.. The way this comes about in pure N2 and the mixtures has been discussed previ-
ouslyy [vK99b]. Again, at the Sfoc-5*Qt transition, the discrimination appears. The transition 
temperaturess are the same as those obtained with O ,̂ therefore the rms results are not 
shownn here. 

Wee have calculated the enthalpies for the various temperatures and pressures. At 
constantt p, the enthalpy shows a nearly linear increase with T. The difference between 
thee data points and a straight line fit through these points has been plotted in Fig. 2.4. 
Ass in pure N2 and previous mixture results, in the temperature region of orientational 
dereal izat ion,, the enthalpy shows a larger increase than the ordinary temperature effect 
abovee and below this region. Although the increased rate of Ar redistribution may have 
aa contribution to this effect, the curve of AH versus T can be used to make an estimate 
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Figuree 2.4: 0$ for the three different disks and AH as a function ofT, for x — 0.05 and 
pp = 4 GPa. AH denotes the difference between the calculated enthalpies H with the 
straightstraight line fit through the data. Only the data of the S* phase are plotted. The errors 
areare of the order of the symbol size. 

off  the Sioc-S*ot transition temperature. Moreover, with these data one can observe the 
temperaturee at which the onset of the orientational derealization occurs. The results are 
shownn in Table 2.1, together with the other relevant temperatures. 

Althoughh in the table the temperatures given are merely estimates, it suggests that 
theree is an appreciable overlap between the regions of increased rate of Ar redistribution 
andd the temperature region of orientational derealization. Because of this overlap, it is 
nott excluded that in the simulations the two processes are correlated, as wil l be discussed 
later. . 

4 4 
7 7 
10 0 

T„ T„ 

80 0 
130 0 
140 0 

180 0 
200 0 
230 0 

A* A* ST-Ó-ST-Ó-

150 0 
190 0 
250 0 

onset t 

90 0 
130 0 
175 5 

rpAH rpAH 
IIST-6* ST-6* 

170 0 
210 0 
250 0 

Tablee 2.1: The temperatures of the various transitions in the mixture. Ts: start of the 
increasedincreased rate of Ar redistribution, Te: end of this redistribution (both obtained from 
Fig.Fig. 2.2). Superscript O  ̂ and AH denote that the transition temperature is obtained from 
curvescurves ofO  ̂ and AH versus T, respectively. The pressure is in GPa, all temperatures are 
inK. inK. 
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2.3.33 Unlik e forc e fiel d and othe r nobl e gas atom s 

Inn order to get more insight, we have performed additional simulations, in which a dif-
ferentt redistribution behavior is obtained by modifying the three unlike exp-6 potential 
parameterss in both directions. The Ar atoms showed a stronger preference for the a sites 
whenn there is a decrease in any of the three unlike exp-6 parameters, and vice versa. The 
resultss are most sensitive to a change in r* XrS. and least sensitive to a change in e\rN . which 
suggestss that, as in many other studies. r* ArS is the most relevant unlike parameter. The 
equilibrationn times also depend on r\rS. and to a lesser degree on the two other param-
eters.. This is not surprising, since a larger difference in molecular diameter wil l decrease 
thee acceptance ratio, as is well known from similar techniques [Fre96. Kra91a, Kra91b]. 

Forr the 259c mixture we have performed simulations with r^rX—  0.95r r̂N- and r\rX—> 
1.05r r̂NN at several temperatures. We have chosen such a large change in the potential 
parameterss to obtain an unambiguous result. The results are shown in Fig. 2.5. In the case 
off  the smaller r^rN, ya remains high, even for temperatures above the d|*ot.-<5*ot transition. 
Thee rapid Ar redistribution occurs between about 200 and 400 K at a much smaller rate. 
Thee increase in r\rS leads to a random distribution of Ar atoms over the lattice sites, even 
forr low temperatures. For this mixture, there is an influence on the Sfoc-S*ut transition. For 
r ^ rN^^ 0.95r r̂X . the d,*oc. 6*ot transition has shifted from about 130 to 170 K. In this case 
thee increased rate of redistribution and the orientational derealization do not overlap 
anymore.. For the increased r* AlN, the 5*oc phase does not exist above 110 K. Thus, the 
redistributionn does affect the orientational derealization and the <5foc-5*ot transition, but 
thee reverse is not the case. For the 5% mixture, the distribution behavior is similar, but 
itt hardly results in a shift of the ó*oc 5*ot transition. 

Iff  indeed r \ r N is the most relevant unlike interaction parameter, one can make rough 
predictionss about the behavior of the preferential distributions of other noble gas atoms 
dissolvingg in 6* S?: for smaller atoms, the preference for the a sites wil l increase. Experi-
mentall  results indicate that Ne. Ar and Xe substitutionally dissolve into 6* N2 [Koo99b, 
Koo98.. Wes96a]. Simulations with four different atomic species were performed. The re-
sults,, shown in Table 2.2. indeed indicate that for our potential model smaller molecules 
havee a stronger preference for the a sites. During the simulations, the e* structure trans-
formedd to the ö*0{ structure for all mixtures. The table suggests that, the Kr atoms hardly 
showw a preference for either the a or c sites, while Xe atoms preferentially occupy the c 
sites. . 

2.44 Discussio n 

Forr comparison, we have converted the experimentally obtained integrated intensity ra-
tioo [Koo98] W into ya<  using ya = (1 — AW)/Ax. see Fig. 2.6. The experimental phase 
diagramm in [Koo98] suggests that at least 25 mole% Ar dissolves into 8* N2. For relatively 
loww temperatures. ya is nearly independent of T. but at higher temperatures the Ar pref-
erencee for the a sites decreases sharply. Moreover, the preference for the a sites increases 
withh pressure. A comparison with Fig. 2.2 shows that the experiments and the simulation 
resultss within the ój*oc phase agree qualitatively. In addition we have found that at even 
higherr temperatures, possibly outside the experimental range, the rate of redistribution 
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Figuree 2.5: ya and 0$ as a function ofT for 25% argon at 4 GPa with a modified unlike site-
sitesite exp-6 parameter r\rN. Given are the results with our original r^rN (black squares), 
J.05r r̂NN (circles) and 0.95r%rN ('plus' signs). Note that the first two data points for 
1.05r*1.05r*ArAryy correspond with the 6*0 phase. 

element t 
Ne e 
Ar r 
Kr r 
Xe e 
N2 2 

6 ( K ) ) 

38.0 0 
122.0 0 
158.8 8 
231.2 2 
101.9 9 

Q Q 

14.5 5 
13.0 0 
12.3 3 
13.0 0 
13.0 0 

r ' ( A ) ) 
3.15 5 
3.85 5 
4.06 6 
4.45 5 
4.09 9 

diameterr ratio 
0.77 7 
0.94 4 
0.99 9 
1.09 9 
1.00 0 

yya a 

0.61 1 
0.38 8 
0.26 6 
0.10 0 

--

Tablee 2.2: Equilibrium results of the noble gas distribution over the lattice sites at the 
statestate point (T = 410 K, p = 7 GPa, x — 0.05,), for models of various noble gas atoms. 
TheThe exp-6 potential parameters e (well depth), a (steepness at small r) and r\rN (atomic 
radius)radius) are given for comparison, also for the N2. The Ar and N2 parameters are taken 
fromfrom [Rce88], the other values are taken from [Hir67]. 
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Figuree 2.6: ya as a function of T as obtained from the experimental data [Koo98]. The 
dotsdots concern the 25 mole% mixture, at 5.5 GPa (D) and 11 GPa (o). The dashed line 
indicatesindicates the results for the 15 mole% mixture at 6.7 GPa. The solid lines are guides to 
thethe eye. 

obtainedd increase in the integrated intensity ratio, as we have found in the simulations. 
Bothh occur over a range of about 100 K. However, in experiments the redistribution 
startss just above the S(oc-5*ot transition, i.e. at a higher temperature. This might be due 
too the erroneous modeling of the Ar-N interactions, as is supported by the investigation 
off  the influence of the potential parameters on the Ar distribution. Therefore, we have 
comparedd the ad hoc exp-6 potential used in this study with various recently developed 
N 2-A rr potentials [Fer99, Nau97, Dah95, Ben93]. In most of these papers, functional forms 
forr the potential are given, with parameters fitted to ab initio potential energy surfaces 
and/orr experimental data. The comparison shows that, depending on the model and the 
orientationn of the N2 molecule, with our potential model in most cases the effective radius 
off  the argon atoms is overestimated compared to the sophisticated models by 1 to 2%, 
leadingg to a smaller and less realistic preference for the a sites by the Ar atoms. However, 
althoughh the repulsive wall is stated to be about correct for some models, no high density 
dataa were used for these potentials. The exp-6 effective pair potential we have used is 
computationallyy convenient. 

Forr low temperatures and high pressures, two different phases are obtained, depending 
e.g.. on the initial atomic distribution over the lattice sites. For small x, the e* and 6*oc phase 
bothh remain stable, while in the S* phase the preference of the Ar atoms for the a sites is 
muchh stronger than in the e* phase. One of the two phases must be metastable. For large x, 
thee 5,*oc and <5*0 phase both remain stable. Here, the <5*0 phase corresponds with the largest 
yyaa--value.value. Again, one of the two must be metastable. The differences between the structures 
aree mainly orientational in nature. In both cases, a change in orientational behavior is 
accompaniedd by a change in distribution behavior. In the first case (e*-5*oc). an increase 
inn orientational disorder corresponds with a decrease in configurational disorder, while in 
thee second case (<$oo~̂ foc)> a n increase in orientational order corresponds with an increase 
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inn configurational order. Therefore, there is no simple relation between orientational order 
andd the distribution of the Ar atoms. 

Forr several compositions, experimental measurements have been performed down to 
1300 K for pressures up to 14 GPa [Koo98] and up to 25 GPa at room temperature [Wes96a]. 
Forr these conditions, the e*-6* transition has not been detected, which is in agreement 
withh our results: in the simulations, the e*-5* transition shifts to lower T with increasing 
x.x. Also in previous simulations [vK99a], where the Ar atoms were distributed randomly 
overr the a sites and no trial swap moves were performed, the E*-ö* transition shifted to 
lowerr T. But in those simulations, at 7 GPa the transition occurs at around 60 K for 
xx = 0.05, while at that pressure and composition it occurs at about 125 K when trial 
swapp moves are performed. One can conclude that a restriction of the Ar atoms to the a 
sitess destabilizes the e* structure: it is stable only if a significant amount of Ar atoms are 
distributedd over the c sites. 

Similarly,, for x = 0.25, the S*0 phase is stable only if a large number of Ar atoms is 
locatedd at the a sites. This phase as well as the S*oc phase are stable at low temperatures. 
Thee preference for the a sites seems to be overestimated in the 6*0 structure, while for 
thee low temperature S(oc phase, ya has values that are in agreement with the experimental 
valuess (compare Figs. 2.3 and 2.6). On the other hand, the S*0 phase exhibits the low T 
dependencee found in experiments (Ar distribution independent of T). 

Sincee the enthalpy is lowest when all Ar atoms are located at the a sites, it must be an 
entropyy effect that, within the 6* phase, ya decreases with increasing x at constant p and 
T.. The dependence of ya on x might indeed be a configurational entropy effect, i.e. the 
disorderr due to the mixing of the two types of molecules. The difference in configurational 
entropyy between a distribution over the a sites only and a distribution over all the sites 
increasess with x. We assume that a different atomic distribution does not influence other 
contributionss to the configurational entropy or the thermal entropy of the system. 

Onn the other hand, we attr ibute the increase in ya as a function of p to the increase 
inn the pV term of the enthalpy. Since the preference for the a sites by the Ar atoms is 
enthalpy-driven,, one may expect that this driving force is larger for higher pressures. 

Thee preference for the a sites shows a similar dependence for changes in any of the 
threee unlike parameters. This may be explained by looking at the shape of the exp-6 
potential.. One should keep in mind that, for high pressures, the short range, repulsive 
partt of the potential is the most relevant part. The Ar N2 interaction is the most dominant 
interactionn for the Ar atoms, being mainly located at the a sites, of which the nearest 
neighborss are N2 occupied c sites. The simulations indicate that the Ar N interaction is 
indeedd repulsive: the largest molecular nearest neighbor distance is about 3.5 A (at 4 GPa. 
1000 K, 5% Ar). Decreasing a r̂N (by 5%) leads to a slope which is less steep in the short 
rangee repulsion: defining the effective radius of the Ar atoms as the distance at which the 
Ar- NN interaction is 300 K, this radius decreases by 1.0% if a*ArN *s decreased by 5%. A 
similarr decrease in e r̂N leads to a decrease in the radius of 0.3%. Thus indeed, r^rN and 
e r̂NN have the largest and smallest influence, respectively, on the effective atomic radius, 
andd a corresponding influence on the atomic distribution over the lattice sites. 

Fromm experiments, it can be deduced that at most 10 mole% neon dissolves into ö* 
N22 [Koo98]. In this phase, the intensity ratio of the sphere and disk peak is 0.24  0.03. 
Thee experimental accuracy was not high enough to determine the p and T dependence. 
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0.95 5 

1 1 
1.05 5 

1.1 1 
1.15 5 

a a 
0 0 
178 8 
412 2 
685 5 
956 6 

r r 
49 9 
189 9 
378 8 
600 0 
887 7 

c c 
59 9 
199 9 
373 3 
594 4 
859 9 

Ne e 
Ar r 
Kr r 
Xe e 

a a 
0 0 
272 2 
385 5 
742 2 

r r 
52 2 
293 3 
381 1 
700 0 

c c 
65 5 
283 3 
386 6 
682 2 

Tablee 2.3: (a) The enthalpy of the N2-'Ar' mixture at (T = 410 K, p = 7 GPa, x = 0.05; 
thethe 6*ot phase), for various values of the exp-6 parameter value r \ r N . as is indicated by 
thethe factor in the first column. In these simulations no trial swap moves were performed. 
TheThe enthalpies are relative to the values at the a sites for r* ArN  ̂ 0.95r r̂N (H — 15322 K). 
(b)(b) The enthalpy at (T — 410 K, p — 7 GPa, x = 0.05: the 6*oi phase), for mixtures 
ofof N2 with various noble gases, as modeled with the exp-6 parameters of Table 2.2. No 
trialtrial  swap moves were performed. Values are relative to the values at the a sites for neon 
(H(H = 15225 K). 

Iff  we assume that 10 mole% Ne dissolves into S* N2, then, for an intensity ratio of 0.21 
(thee lower limit , note the error bar). ya = 0.6. However, if less Ne dissolves into solid N2, 
yyaa is larger. We conclude that ya > 0.6. Note that for an intensity ratio of 0.27 (the upper 
limit )) and ya — 1, Xye would be 0.05. Therefore, given the intensity ratio of the two peaks, 
att least 5 mole% Ne dissolves into 5* N2. Since in these experiments the exact amount of 
Nee that dissolves into 6* N2 is not determined, it is not known whether, experimentally, 
thee preference of the Ne atoms for the a sites is smaller or stronger than in the Ar case. 
However,, the preference is very high. 

Xe-N22 has been investigated in the pressure range 6 < p < 13 GPa at T = 408 K, far 
abovee the pure N2 5*oc-5*ot transition temperature. The integrated intensity ratio gives a 
valuee of 0.28  0.03, while at least 16 mole% dissolves into 6* N2. This corresponds with 
0.255 < ya < 0.59 (taking the error bars into account), which is smaller than for Ne or Ar. 
WeWe conclude that in the experiments the Xe atoms have a smaller preference for the a 
sitess than the Ar and the Ne atoms. This is in qualitative agreement with the simulations. 
However,, from experiments it is clear that the Xe atoms do show a preference for the a 
sitess [Koo99b]. Therefore, in the simulations, the Ar as well as the Xe preference for the 
aa sites should be much stronger in order to be in agreement with experiments. Also for 
Xe,, this deviation might be due to the failure of the Lorentz-Berthelot mixing rule. 

Thee enthalpy has been calculated for three values of r^rN and for three distributions 
off  the Ar atoms over the lattice. The results are shown in Table 2.3(a). The positive 
enthalpyy difference between the molecules at the c sites and the molecules at the a sites is 
largerr for decreasing r^rN. Thus, the increase in preference for the a sites with decreasing 
atomicc size is most probably an enthalpy effect. For r^rN—  1.05r r̂N the difference has 
becomee negative: here the smallest enthalpy is obtained when the atoms are distributed 
overr the c sites. Table 2.3(b) shows a similar trend: smaller molecules have the smallest 
valuee of the enthalpy for the a sites, which indicates that the atomic size indeed is the 
mostt important property with regard to a preference for the lattice sites. 

Thee behavior of the 6foc-5*ot transition for the modified values of r* ArN, as shown in 
Fig.. 2.5, is consistent with the ideas about the location of the <5foc-£*ot transition as a 
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functionn of x [vK99a]. For the simulations with the Ar atoms restricted to the a sites, it 
wass argued that the S ôc-ö*ot transition temperature is independent of x, since it are the 
diskk molecules (at the c sites) that participate in the orientational derealization. As soon 
ass a considerable amount of Ar is present at the c sites, one might expect that the distri-
butionn does affect the orientational derealization. For r r̂N—» 1.05r r̂N, the Ar atoms are 
randomlyy distributed over all the lattice sites, and when x is relatively large, a reason-
ablee fraction of the c sites is occupied by Ar atoms. This may enhance the orientational 
cascadee process, which wil l shift the Sfoc-ö*ot transition to lower temperatures. Indeed, 
thiss transition occurs at about 115 K, while it occurs at about 150 K for pure N2. In the 
simulationss with the original potential parameters, the increased rate of Ar redistribution 
andd the orientational cascade process overlap. There, the redistribution may already lower 
thee S*oc-S*ot transition temperature by the migration of atoms from the a to the c sites. 
Thiss is probably the cause of the small shift in the ó]*oc-^* ottransition as a function of 
x.x. Therefore, we conclude that the distribution of Ar atoms has some influence on the 
orientationall  derealization and on the ó,*oc-(5*ot transition. 

Onn the other hand, for r̂ rN—>  0.95r r̂N, ya remains high up to temperatures way above 
thee ö*oc-ö*ot transition. We therefore conclude that the orientational derealization does 
nott have much influence on the distribution of Ar atoms over the lattice sites. 

Inn order to obtain results in the high pressure, low temperature regions, we have 
attemptedd to obtain an additional speed-up in the calculations. First, in combination 
withh the orientational bias, we tried a similar bias in which pairs of unlike molecules 
weree chosen. A pair with the smallest increase in energy had the largest probability to be 
selected.. Second, we have tried to reduce the number of calculations that are performed 
inn the selection of the orientation by introducing a second cutoff radius [Vlu98]. Neither 
off  the techniques resulted in a significant speed-up of the calculations, although it may 
provee to be beneficial after a more elaborate fine tuning of the parameters involved, or 
forr larger system sizes. 

2.55 Conclusion s 

Forr not too large pressures and too low temperatures, the technique in which the identity 
off  two molecules has been changed simultaneously in (AT, p, T) T) simulations, can be suc-
cessfullyy applied. An orientational bias must be included in order to make the CPU time 
perr accepted swap move practicable. With this method, the preference of (argon) atoms 
forr either of the two lattice sites of high pressure N2 can be investigated. 

Inn the e* as well as the 5* phase, the Ar atoms preferentially occupy the a sites. The 
e*~5*e*~5* transition shifts to lower T with increasing x, but at a much smaller rate than in 
previouss simulations, in which the Ar atoms were restricted to the a sites. Therefore, a 
largee preference for the a sites destabilizes the e* phase. At the £*-S* transition, there is 
aa significant increase in the preference for the a sites. Since in experiments the e* phase 
hass not been detected, and since for the 6foc phase the preference for the a sites is in 
muchh better agreement with experiments, we suggest that the e* phase is metastable with 
respectt to the 5* phase. 

Withinn the 6* phase, at low temperatures the Ar atoms exhibit a nearly complete 
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preferencee for the a sites, hardly dependent on T. Above a certain temperature, the Ar 
atomss redistribute rapidly. At even higher temperatures, a slow redistribution towards a 
randomm distribution occurs. 

Forr x — 0.05. this behavior is the same for all pressures investigated, while a higher 
pressuree results in a stronger preference for the a sites. For x = 0.15, the behavior is 
similar,, although the preference decreases with increasing x. This is an entropy effect, 
sincee the enthalpy is smallest when the Ar atoms are distributed over the a sites only. Both 
thee pressure and temperature dependence are in qualitative agreement with experiments. 
Althoughh the experimental accuracy is riot very high, the largest quantitative discrepancy 
liess in the temperature at which the Ar atoms start to redistribute. The simulations give 
aa value which is too low. This is most likely due to an erroneous modeling of the unlike 
exp-GG parameters: these are probably chosen too large. 

Theree is no immediate influence of the orientational (dis)order on the configurational 
(dis)orderr related to the distribution of atoms. First, this is demonstrated by the differ-
encee in distribution at the transitions between the high pressure phases. At the £* ö]oc 

transition,, the orientational order decreases. wrhile the configurational order increases. 
Onn the other hand, at the 5*0-5foc transition, the orientational as well as the configura-
tionall  disorder increases. Second, the orientational derealization, resulting in the ö*oc-6*ot 

transition,, has no influence on the distribution of the atoms. 
Inn contrast, there is an influence of the configurational (dis)order on the orientational 

(dis)order.. The 5*oc-£*ot transition shows a small shift to lower T with increasing x. This 
iss most probably due to the occupation of Ar atoms at the c sites, which increases with 
increasingg x. The N2 molecules at the c sites are responsible for the orientational derea l-
ization.. The Ar atoms at the c sites probably enhance this effect. 

Ann investigation of the potential parameters shows that a decrease in any of the 
threee unlike exp-6 parameters results in a stronger preference for the a sites, since such 
aa decrease results in a decrease in the effective atomic radius. Relative changes in r^rN 

andd e*Ary have the largest and smallest influence, respectively. As a consequence of this 
behavior,, the increased rate of Ar redistribution occurs at a much higher temperature for 
smallerr molecules. 

Anotherr consequence is that smaller noble gas atoms have a stronger preference for the 
aa sites. The increase in preference for the a sites as the diameter decreases can be accounted 
forr by the larger enthalpy differences. Although the experimental accuracy is poor, the 
simulationn results for the different molecules agree qualitatively with experimental data. 
Thee preference for the a sites is underestimated in all cases; again this may be due to an 
incorrectt unlike interaction model. 


