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Thee phase behavio r of the N2-Ar syste m at 
highh pressures ; a Raman spectroscop y 
stud y y 

4.11 Introductio n 

Inn the past decade, considerable effort has been made to reveal more insight in the phase 

behaviorr of binary mixed systems at high pressure'6. Theoretical predictions on hard sphere 

systemss are generally used as an indication for the development of the phase diagram of 

binaryy mixtures. The ratio (a) of the molecular diameters is an important criterion for the 

phasee behavior. For a > 0.94 calculations7'8 predict a monotonie incline of the fluid-solid 

phasee lines from the component with the lowest towards the component with the highest 

solidificationn pressure. Further, the Hume-Rothery rule states that, for hard spheres, a binary 

mixedd solid is only obtained if a > 0.85. 

Simplee binary mixtures, such as nitrogen with a noble gas, are interesting systems to gain 

knowledgee about the phase behavior and in particular about mutual solubility in solids. Due 

too the almost spherical shape of the diatomic molecule and the fact that the interaction 

potentiall  is well known, nitrogen has been the subject of thorough theoretical studies. In 

addition,, extensive experimental research has been carried out on pure nitrogen and the 

phasee diagram910 is well known. At room temperature nitrogen solidifies at 2.5 GPa while 

att 4.7 GPa the (3 phase (hep, orientationally disordered) transforms to the ö phase (cubic, 

spacee group Pm3n). The unit cell of the 5 phase (see Figure 1.6) consists of eight molecules 

att two distinct sites. Two molecules are located at the corners and in the center of the cell 
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TheThe phase behavior of the N2-Ar system.,. 

(thee a sites) and six are positioned in pairs at the faces of the cell (the c sites). The 
moleculess at the a sites are orientationally disordered while the ones at the c sites rotate in a 
planee normal to the face. 

Studiess on the binary systems nitrogen-neon (with a = 0.73 and Ne the smaller 

component)) and nitrogen-xenon3 (a =0.88, N2 the smaller component) revealed that the 

homogeneouss mixed fluid region extends to much higher pressures than those of the pure 

systems.. Furthermore, both systems stabilize in stoichiometric compounds at high pressure. 

Whereass the system N2-Xe shows mutual solubility, Ne only dissolves in P- and 8-nitrogen 

whilee N2 does not dissolve in Ne. Also for the system N2-He (a = 0.59, He the smaller 

component),, a stoichiometric compound4 has been identified at room temperature. Further, 

Hee dissolves in s-N2 (Ref. 11), while no evidence for solubility of He in p- or 8-N2 could be 

obtained. . 

Thee system N2-Ar is of particular interest since, although nitrogen and argon do not 

differr much in size (a = 0.94, Ar the smaller component) and the intermolecular interactions 

aree similar, nitrogen is not completely spherical. Therefore, this system might provide 

informationn about the influence of the orientational degrees of freedom on the mutual 

solubilityy and other properties of the mixed system. In this respect, it is interesting to note 

that,, in contrast to the behavior of hard sphere systems of the same diameter ratio, the 

solubilityy of the smaller N2 molecules in solid xenon is less than vice versa. Research on the 

nitrogenn rich side at high pressure51213 showed that the argon atoms dissolve 

substitutional̂^ into the p as well as the 5 lattice of nitrogen The ratio of the integrated 

intensityy of the two 8 modes was found to decrease almost linear with the argon 

concentration.. The authors6 explain this phenomenon by arguing that the argon atoms 

exhibitt a preference for the a sites. 

Inn this work, in order to study the development of the phase diagram, particularly for 

smalll  nitrogen mole fractions, we studied the N2-Ar system at room temperature, using 

Ramann scattering. A detailed analysis of the obtained spectra will be given and the proposed 

phasee diagram is discussed. 

4.22 Experimenta l procedur e 

Thee experiments have been performed with a diamond anvil cell (DAC) of the wedge 

type14.. The mixtures (research grade nitrogen and argon with a purity of 99.9999%) were 

preparedd in a gas compressor. To allow for proper mixing, a mixing time of at least 60 

hourss was chosen before loading the cell. The estimated uncertainty in the mole fractions is 
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lesss than 0.01. For the Raman experiments, we used the 488 nm line of an argon-ion laser at 

beamm intensities of 400 mW. The pressure in the DAC was determined using the well 

knownn ruby fluorescence technique with the scale of Mao et a/.15 The absolute uncertainty 

inn the pressure is estimated to be 0.03 GPa in the low pressure range. At high pressures 

(abovee 10 GPa) the absolute uncertainty could possibly be a bit higher (up to 0.1 GPa). In 

orderr to prevent heating of the ruby chip during the pressure measurements the laser 

intensityy was minimized. 

Thee detection system consists of a double monochromator and a CCD detector. All 

measurementss have been performed using backward scattering. The N2 signals have been 

recordedd with an entrance slit width of 20 ^m, resulting in an instrumental width 

(Lorentzian)) of 0.15 cm"1 and an absolute accuracy of 0.1 cm"1. The spectra have been 

recordedd as a function of pressure at ambient temperature in the pressure range 0.2-15 GPa. 

Wee used 0.2-1.5 GPa pressure steps and time intervals of 1-3 hours, depending on the size 

off  the step. To determine the peak positions all Raman modes have been fitted by a single 

Lorentziann curve. The full width at half maximum (FWHM) has been calculated by 

subtractingg the instrumental width from the width of the measured spectra. 

4.33 Experimenta l result s 

Thee vibrational spectra and the phase behavior of the nitrogen-argon system have been 

investigatedd by Raman spectroscopy at high pressures in mixtures with nitrogen mole 

fractionss of 0.75, 0.50, 0.25, 0.10 and 0.04. The vibrational frequencies at room 

temperaturee as a function of pressure are presented in Figure 4.1. For comparison, the data 

off  neat nitrogen (Refs. 16-18) are also given (solid lines). To avoid misinterpretations, all 

solidd phases in the mixed system are indicated with an asterisk (e.g. p*, 5]*  etc). At low 

pressures,, only a single Raman signal has been observed for all compositions. The 

frequenciess first decrease with pressure and then increase via a minimum at about 0.13 GPa 

andd the red shift changes into a blue shift. The values coincide within experimental accuracy 

withh those of pure nitrogen. The behavior of the linewidth is similar to that of the frequency. 

Upp from 0.3 GPa, the vibrational linewidth (see Figure 4.2) increases with pressure as in the 

puree system but for the mixtures, the values are somewhat higher, in particular for the 0.25 

andd 0.50 mole fraction samples. 
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Figuree 4.1 Vibrational frequency versus pressure at ambient temperature. Plus 

signs:: x - 0.04, diamonds: x = 0.10, triangles: x = 0.25, circles: x = 0.50, and squares: 

xx = 0.75. Full symbols represent the 8*  phase, solid lines: pure nitrogen. The dashed 

verticall  lines indicate phase transitions in pure N2. 
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Figuree 4.1. 

FWHMFWHM versus pressure at ambient temperature. Symbols: see 
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4.3.11 Fluid-solid transitions 

Thee fluid-solid transition has been observed visually for all mixtures except for those with 
veryy low nitrogen mole fractions (x = 0.04 and x = 0.10). For increasing nitrogen fractions, 
thee coexistence region is entered at 1.7, 2.1, and 2.4 GPa. In this region, the Raman signal 
consistss of two peaks as can be seen in Figure 4.3. The intensity ratio changes when the 
laserr spot is focussed on a different point in the sample space. Hence, the two modes 
originatee from two different phases. At slightly higher pressures only one single peak, 
associatedd with a solid phase is left. 

Inn the pure system at the fluid-P transition, the frequency is shifted 0.95 cm"' upwards 
andd the linewidth is reduced by about 0.8 cm'1. A frequency jump also occurs at the fluid-
solidd transition in the binary systems. The shift is only slightly larger for x = 0.75 and x = 

p* * 

P4 4 

2.44 GPa, x = 0.75 

2.11 GPa, x = 0.50 

1.77 GPa, x = 0.25 

2320 0 23300 2340 

\/(cm"1; ; 

2350 0 2360 0 

Figuree 4.3 Raman spectra of nitrogen in N2-Ar at room temperature in the 
fluid-solidd coexistence region. 
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0.50,, but for x = 0.25 the shift is comparable with that in pure nitrogen. Further, the 
linewidthh of the solid is smaller than that of the fluid as in pure N2 but for all mixtures, the 
spectraa are much broader. 

4.3.22 Solid-solid transitions 

Att high pressures, the various mixtures investigated show different behavior. Let us first 
lookk atx = 0.75. In this case, in the (3 phase, the linewidth broadens only littl e with pressure. 
Att about 5.4 GPa another transition occurs (Figure 4.4). The spectrum now consists of two 
additionall  vibrational modes, referred to as 5,*  and 82*  as will be explained later. This 
solid-solidd transition could not be observed visually, since all solids appeared transparent 

3 3 

CO O 

B* * 
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5ÜI I 8.11 GPa, x = 0.50 
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Figuree 4.4 Raman spectra of nitrogen in N2-Ar at room temperature, in the 

solid-solidd coexistence region. 
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throughh the microscope. The ratio of the integrated intensities of the 6,*  and 52*  modes is 
aboutt 1/5 compared to 1/3 in pure nitrogen. This ratio does not change when the position of 
thee laser spot is varied. Hence, both modes belong to the same phase. Comparing the two 
modes,, the Sj*  signal is about twice as broad as 82* . At increasing pressure, the P*  peak 
disappearss at 5.4 GPa. Further, the FWHM of the 8,*  peak increases strongly with pressure, 
wheree as the width of the S2*  mode barely broadens as is the case in pure nitrogen. 

Lookingg at the results for the sample with x = 0.50, up to 6 GPa, the behavior of the 
linewidthh is comparable with x = 0.75 but for higher pressures, the incline increases 
strongly.. Further, an additional mode appears at about 7.5 GPa. The main peak position and 
thee FWHM coincide within experimental accuracy with 52*  of the x = 0.75 mixture at 
comparablee pressures. Up to the highest pressures investigated, both modes (P*  and 52*) are 

ArAr.. _ T = 297 K 

10 0 

OJ J 
a . . 
CD D 

a a 

5 5 

0 0 
Arr 0.25 0.50 0.75 N2 

X X 

Figuree 4.5 Proposed p-x diagram at ambient temperature for the N2-Ar 

system.. Solid lines: 2-phase lines, horizontal dotted lines: 3-phase lines. 

p** + F 
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present.. When the position of the laser spot is varied, the intensity ratio of the two peaks 

changes.. In the x = 0.25 case, already up from 3 GPa the widths increase strongly and the 

82**  mode now appears at 8.8 GPa. 

Forr the x = 0.10 and x = 0.04 samples, only a single peak is present up to the highest 

pressuress investigated (15 GPa). The pressure dependence of the frequency above the fluid-

solidd transition is stronger compared to the mixtures with x > 0.10. Furthermore, for both 

samples,, the pressure dependence of the width increases with pressure. In the x = 0.10 case 

upp to about 5 GPa the FWHM is similar with the x = 0.25 sample but above this point, the 

relativee increase is less strong. For x = 0.04, the widths are small compared with all other 

sampless and the increase with pressure is minor up to 5 GPa but similar to x = 0.10 after this 

point. . 

4.44 Constructio n of the phas e diagra m 

Basedd on the experimental results, a cross-section of the proposed phase diagram at ambient 

temperaturee for the N2-Ar system is presented in Figure 4.5. The procedure used in the 

constructionn is explained in the following. 

4.4.11 Transitions to the fee and hep phases 

Forr all compositions investigated, the fluid turns out to be homogeneous. At room 

temperature,, argon solidifies at 1.3 GPa. For nitrogen, this transition occurs at 2.4 GPa. In a 

binaryy mixture, a 2-phase region must exist in which the fluid and the solid coexist. 

Consideringg the lower solidification pressure of argon and the fact that the diameter 

ratioratio a = 0.94 to 0.95, it is expected that the fluid-solid transition pressure is a 

monotonicallyy increasing function of the nitrogen concentration. Indeed, the coexistence 

regionn is entered at 1.7, 2.1 and 2.4 GPa for x = 0.25, 0.50 and 0.75 respectively. Also, 

givenn the fact that a > 0.85, considerable mutual solubility is expected; the argon atoms 

dissolvee substitutional̂ into the hep p lattice and at higher pressures, into the cubic Ö lattice 

off  nitrogen, forming lattices ((3*  and 5*) with a close resemblance to the pure system. 

Conversely,, the nitrogen molecules are expected to dissolve in the argon fee lattice, 

indicatedd as SAr*. 
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Figuree 4.6 Squares: frequency shift (vsoHd - vF) relative to the pure system, in 

thee 2-phase region just above the fluid area (F). Circles: frequency difference 

(vsoiidd - vp) relative to the pure system at 4.8 GPa, lines: guides for the eye. 

Too indicate the location of the fee and the left hep boundary Figure 4.6 is helpful. The 
circless in the figure represent the frequency in the mixed solid relative to the pure system 
(vsoii<rvp)) at 4.8 GPa as a function of the composition. All points have been obtained by 
linearr interpolation and the errors are indicated in the figure. It is clear that for low N2 

concentrations,, the composition dependence is different compared to higher concentrations. 
Thee breakpoint is situated between x = 0.25 and x = 0.50. 

Thee jump in the frequency at the fluid-solid transition of the mixture relative to the 
frequencyy jump in the pure system (vsoHd-vF) is represented by squares. For x = 0.04, x = 

0.100 and x - 1 no spectra of coexisting fluid and solid phases have been recorded. In order 
too calculate the relative shift for these mixtures, a linear extrapolation of the fluid and the 
solidd line has been applied. For all other mixtures, we made use of the spectra of the 
coexistingg phases and here the errors are smaller than the size of the symbols. At the fluid-
solidd transition (squares), a different behavior is seen for x < 0.25. It is assumed that this 
effectt is caused by a difference between the vibrational frequency of the nitrogen molecule 
inn the fee and in the hep lattice. In that case, for x = 0.25, first at 1.7 GPa a transition takes 
placee to the P*  phase while at slightly higher pressures the 2-phase region SAr*+(3*  is 
enteredd and P* transforms to S^». For lower x values we have a transition to the 2-phase 
regionn SAr*+F (no data available for this small region) and, at slightly higher pressures the 
3-phasee line F-P*-SAr*  is crossed. At low pressures, the left P*  boundary must then be 

^ ^ ^ 

oo fluid-solid transition 
 p = 4.8 GPa 
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situatedd between x = 0.10 and x = 0.25 while at 4.8 GPa, it is situated at higher nitrogen 

concentrations. . 

Anotherr indication for the location of the (3*  and also for the SAr*  boundary is given by 

thee behavior of the linewidth in the x = 0.10 and x = 0.25 samples. Figure 4. 2 (a) shows that 

upp to about 7 GPa the widths are similar, while above this point the increase with pressure is 

lesss strong in the x = 0.10 case. This indicates a transition from the 2-phase area SAr*+P* to 

thee S *̂  area. When both boundaries are steep in the 2-phase region the amount of S *̂ 

increasess slowly with pressure. Therefore the widths do not change abrupt at the transition 

andd the assigned location of the boundaries should be considered as an indication. 

4.4.22 Transitions to the delta phase 

Thee location of the upper P*  boundary can be established with more precision since in this 

casee a change from P* to SAr*+8*  is involved and the different modes can be distinguished 

withoutt difficulties. Regarding the 5 phase, the argon atom shows a preference for the a 

sitess and will therefore occupy these sites (almost) completely for argon fractions larger 

thann 0.25. Thus for compositions with x < 0.75 only the 52*  mode is expected to be present. 

Abovee 8.5 GPa, for x = 0.25, the spectrum consists of the combined 82*  and the SAr* 

signal.. This is the highest measured pressure at which p*  exists. Therefore the 3-phase line 

SAr*-p*-5**  must be situated at about this pressure. For x = 0.50 the 2-phase P*+S* region is 

enteredd at about 6.5 GPa since at this point not only the J3*  mode but also the double 8* 

signall  is present. Finally, for x = 0.75 this 2-phase area is reached at 5.4 GPa. At slightly 

higherr pressures, the lower boundary of the 8*  region is crossed, since up from 5.5 GPa the 

P**  signal is no longer present and only both delta modes are seen. 

Inn the experiments with x = 0.50, the highest pressure at which the spectra were 

recordedd was just below the upper 3-phase line (SAr*-P*-S*). However, we are able to 

concludee that the left border of the 8*  region must be steep, since Westerhoff and Feile5 

foundd coexisting p*  and 8*  phases for x = 0.59 up to the highest pressures investigated (13 

GPa). . 
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4.55 Discussio n and conclusion s 

Iff  we define the molecular diameter as the distance at which the exponential-6 potential 

equalss 300 K, using the data of Ref. 19, a = 0.94 for nitrogen-argon, argon being the 

smallerr component. For a > 0.94, calculations78 for hard sphere systems predict a 

monotoniee incline of the fluid-solid phase lines towards the component with the highest 

solidificationn pressure, a small coexistence region and mutual solubility in the solid phase 

forr all concentrations. Consistent with the aforementioned, and in agreement with other 

work133 on the nitrogen rich side of the phase diagram, we have found an incline up to high 

nitrogenn concentrations. The fact that for x = 0.75 the measured pressure at which the 

solidificationn starts is a littl e higher than the solidification pressure of nitrogen, is likely an 

indicationn of metastability as is the case in the pure systems. Based on the size of the 

molecules,, the melting pressure of nitrogen would be similar to that of argon. Due to the 

orientationall  possibilities, it is much higher (almost twice as high) and the structure of solid 

N22 is different from that of solid argon. In the case of hard spheres, this difference in 

meltingg pressure would result in a eutectic point. Thus, it seems that the orientational 

degreess of freedom do not have much influence on the fluid-solid transition. In the case of 

nitrogen-xenonn and nitrogen-neon3 the fluid region is considerably extended to higher 

pressuress and the mutual solubility in both solid phases is small. In these cases, the fluid 

phasee is favored by both the larger orientational and configurational entropy. In (3-nitrogen, 

thee molecules rotate freely and since argon dissolves easily in (3-nitrogen, the fluid phase is 

noo longer favored. For high argon concentrations, the nitrogen lattice is too much distorted 

too allow free rotation of the molecules. In addition, no fluid-fluid demixing has been 

observed,, in contrast to N2-CH4 (Ref. 20) which has about the same diameter ratio. 

Consideringg the fact that the molecular diameter of argon is only slightly smaller than 

thatt of nitrogen, one would expect the solubility of N2 in Ar to be almost equal to the 

solubilityy of Ar in N2. However, the experiments show that the amount of argon atoms 

dissolvingg in P- and also in 8-N2 is significantly larger than the amount of nitrogen 

dissolvingg in the argon fee lattice. The lattice parameter of argon is smaller thus hindering 

thee rotation of the nitrogen molecules and apparently the hep structure is more suitable for 

rotatingg molecules, considering the fact that nitrogen crystallizes in this structure. The 

higherr compression of the nitrogen molecule in the argon lattice is also reflected in the 

higherr frequency compared to (3-nitrogen (Figure 4.6). Hence, not only the diameter ratio, 

thee Van der Waals interactions and the Coulomb forces, but also the orientational degrees 

off  freedom play an important role in the solubility in solids at high pressure. 

Thee (3*-8*  transition in N2-Ar is shifted to higher pressures, in agreement with the 

workk in Refs. 5 and 13. Previous studies revealed similar results for the N2-Ne system 
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whereass for N2-Xe the p*-8*  transition is shifted to slightly lower pressures. It should be 

mentionedd that both the molecular diameters of Ne and Ar are smaller than that of nitrogen 

whilee Xe is larger. The solubility in the 8 phase increases rapidly as a function of pressure 

fromm 4.7 to 6 GPa but is probably more or less constant at still higher pressures. As a result, 

theree is a large solubility gap in the system at high pressures. The amount of argon is then 

aboutt 35%. The solubility limitation is probably related to the fact that the sphere sites are 

occupiedd preferentially6 due to a decrease in volume and energy of the system. It is less 

advantageouss to occupy the disk sites. That still some disks are occupied is probably an 

entropyy effect. Stoichiometric compounds have been reported for the N2-Ne as well as the 

N2-Xee system3. In this work, as expected, since nitrogen and argon have about the same 

size,, no indication for a compound was found. 

Regardingg the widths of the spectra, in the fluid phase these are somewhat higher 

comparedd with the pure system, especially for x = 0.25 and x = 0.50. This effect is probably 

causedd by composition broadening21. In all solid phases, the slope in the FWHM versus 

pressuree plot increases for all compositions. The origin of this phenomenon is not known 

butt it is suggested that the broadening is associated with more variation in the local 

compositionn around the molecules leading to more variation in vibrational frequencies, i.e. 

linee broadening and possibly also to an increase of the correlation time22. For x = 0.10 and 

xx - 0.25 the increase is the largest. It is assumed that this additional effect is due to the fact 

thatt the frequencies in the fee and the hep lattice lie close together and hence, result in a line 

broadeningg rather than in two discrete peaks. 

Alsoo in the 5*  phase, we find an increase in the width (82*) as a function of the 

pressure.. Here the effect is less obvious, since the highest pressure obtained with the 0.50 

andd 0.75 mole fraction mixtures is about 8 GPa, resulting in only a few data points in the 5* 

phase.. However, when the results for the various mixtures are compared, the broadening 

withh pressure becomes clear. The same effect has been mentioned in Ref. 5 for the mixture 

withh x = 0.79. These authors also claim an asymmetry - a shoulder at the high frequency 

sidee of 82*  - which was not found in our work. 

Forr the 0.75 mole fraction sample, the ratio of the integrated intensities of the 5i*  and 

52**  modes is about 1/5. Hence, about 50% of the spheres is occupied by argon atoms, 

whereass in the case of an equal (random) distribution these values would be 1/3 and 25%. 

Thus,, as already stated by the authors of Refs. 5 and 12, the argon atoms show a strong 

preferencee for the a sites. The S|*  signal is about twice as broad as that of 52* , whereas in 

puree nitrogen the widths are comparable. The origin of this feature is not yet fully 

understoodd but the altered environment in the mixed system obviously plays an important 

role. . 
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4.66 Summar y 

Itt was found that the orientational degrees of freedom of N2 play an essential role in the 

shapee of the phase diagram. The melting pressure is almost linearly dependent on the 

composition,, although the melting pressures of the pure components are quite different. The 

amountt of nitrogen dissolved in the argon lattice is significantly smaller than the amount of 

argonn in p- and also in 8-N2. The higher compression of the nitrogen molecule in the argon 

latticee is reflected in a higher frequency compared to (3-nitrogen. The (3*-5*  transition in N2-

Arr is shifted to higher pressures. The solubility in the 8 phase increases rapidly from 4.7 to 

66 GPa, but is restricted to about 35%, as it is difficult for the argon atoms to occupy the c 

sites.. As a result, there is a large solubility gap compared to hard sphere systems with the 

samee diameter ratio (a is nearly 1). No indication for compound formation was found. In 

contrastt to the pure component, the linewidth in the solid phases strongly increases as a 

functionn of pressure. 
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