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Phase behavior of the N-Ar system at high pressures: A Raman spectroscopy study
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We have studied the spectral behavior of the Ra®dsranch of nitrogen in the binary system nitrogen-
argon for nitrogen mole fractions of 0.04, 0.10, 0.25, 0.50, and 0.75 at room temperature. These results have
been used to construct the phase diagram. The orientational degrees of freedoplayf &h essential role in
the shape of the phase diagram. The melting pressure is almost linear dependent on composition although the
melting pressures of the pure components are quite different. The amount of nitrogen dissolved in the argon
lattice is significantly smaller than the amount of argorBirand also ind-N,. The higher compression of the
nitrogen molecule in the argon lattice is reflected in a higher frequency compargahitoogen. Theg*

— &* transition in N-Ar is shifted to higher pressures. The solubility in #iphase increases rapidly from 4.7

to 6 GPa, but is restricted to about 30% since it is difficult for the argon atoms to occupwities. As a result
there is a large solubility gap compared to hard sphere systems with the same diamet@eeatijol). No
indication for compound formation was found. In contrast to the pure component, the linewidth in the solid
phases strongly increases as a function of pressure.
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INTRODUCTION dissolves ing- and &-nitrogen while N does not dissolve in
Ne.

In the past decade considerable effort has been put to Also for the system MHe («=0.59, He the smaller com-
reveal more insight in the phase behavior of binary mixedboneny, a stoichiometric compoufichas been identified at
systems at high pressuté.Theoretical predictions on hard room temperature. Further, He dissolvessiN, (Ref. 9,
sphere systems generally are used as an indication for thehile no evidence for solubility of He i8- or 5-N, could be
development of the phase diagram of binary mixtures. Thebtained.
ratio («) of the molecular diameters is an important criterion  The system BAr is of particular interest since, although
for the phase behavior. Fer>0.94 calculation®® predict a  nitrogen and argon have about the same &ize0.94,Ar the
monotonic incline of the fluid-solid phase lines from the smaller componeitand the intermolecular interactions are
component with the lowest towards the component with thesimilar, nitrogen is not completely spherical. Therefore, this
highest solidification pressure. Further, the Hume-Rothergystem might provide information about the influence of the
rule states that, for hard spheres, a binary mixed solid is onlgrientational degrees of freedom on the mutual solubility and
obtained ifa>0.85. other properties of the mixed system. In this respect it is

Simple binary mixtures, such as nitrogen with a nobleinteresting to note that, in contrast to the behavior of hard
gas, are interesting systems to gain knowledge about thephere systems of the same diameter ratio, the solubility of
phase behavior and in particular about mutual solubility inthe smaller N molecules in solid xenon is less than vice
solids. Due to the almost spherical shape of the diatomigersa. Research on the nitrogen rich side at high
molecule and the fact that the interaction potential is wellpressuré”*!*2showed that the argon atoms dissolve substi-
known, nitrogen has been the subject of thorough theoreticalitionally into the3 as well as thes lattice of nitrogen. The
studies. In addition, extensive experimental research hagtio of the integrated intensity of the twé modes was
been done on pure nitrogen and the phase diabtasnwell  found to decrease almost linear with the argon concentration.
known. At room temperature nitrogen solidifies at 2.4 GPaThe authors® explain this phenomenon by arguing that the
while at 4.8 GPa thes-phase(hcp, orientationally disor- argon atoms exhibit a preference for thsites.
dered transforms to theS phase(cubic, space group Pmgan In this work, in order to study the development of the
The unit cell of thes phase consists of eight molecules at phase diagram, particularly for small nitrogen mole fractions,
two distinct sites. Two molecules are located at the cornerge studied the BAr system at room temperature, using Ra-
and in the center of the cefthe a siteg and six are posi- man scattering. A detailed analysis of the obtained spectra
tioned in pairs at the faces of the céthe c sites. The  will be given and the proposed phase diagram is discussed.
molecules at tha sites are orientationally disordered while
the ones at the sites rotate in a plane normal to the face.

Studies on the binary systems nitrogen-ne6mith
«=0.73 and Ne the smaller compongand nitrogen-xendh The experiments have been performed with a diamond
(«=0.88, N, the smaller componehtevealed that the homo- anvil cell (DAC) of the wedge typé? The mixturesresearch
geneous mixed fluid region extends to much higher pressuragade nitrogen and argon with a purity of 99.9999%ere
than those of the pure systems. Furthermore, both systenpgepared in a gas compressor. To allow for proper mixing a
stabilize in stoichiometric compounds at high pressuremixing time of at least 60 h was taken before loading the
Whereas the system,MKe shows mutual solubility, Ne only cell. The estimated uncertainty in the mole fractions is less
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than 0.01. For the Raman experiments, we used the 488 nm a)

line of an argon-ion laser at beam intensities of 400 mW. 23804 4+ x—o0.04 ©
The pressure in the DAC was determined using the well o x;0-10

known ruby fluorescence technique with the scale of Mao A x=0:25 o ©

et al!® The absolute uncertainty in the pressure is estimated

to be 0.03 GPa in the low pressure range. At high pressures
(above 10 GPathe absolute uncertainty could possibly be a
bit higher(up to 0.1 GPa In order to prevent heating of the
ruby chip, during the pressure measurements the laser inten-
sity was minimized.

The detection system consists of a double monochromator
and a CCD detector. All measurements have been performed 2350+
using backward scattering. The, Nignals have been re-
corded with an entrance slit width of 2&m, resulting in an
instrumental width(Lorentzian of 0.15 cm * and an abso- 23404
lute accuracy of 0.1 cit. The spectra have been recorded as
a function of pressure at ambient temperat{2@6 K) in the
pressure range 0.2—15 GPa. We used 0.2-1.5 GPa pressure 2330
steps and time intervals of 1-3 h, depending on the size of
the step. To determine the peak positions all Raman modes
have been fitted by a single Lorentzian curve. The full width
at half maximum(FWHM) has been calculated by subtract-
ing the instrumental width from the width of the measured
spectra.

2370
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EXPERIMENTAL RESULTS

2360
In this work the vibrational spectra and phase behavior of

the nitrogen-argon system have been investigated by Raman
spectroscopy at high pressures in mixtures with nitrogen
mole fractions of 0.75, 0.50, 0.25, 0.10, and 0.04. The vibra-
tional frequencies at room temperature as a function of pres-
sure are presented in Fig. 1. For comparison the data of neat
nitrogen(Refs. 16,17, and 1&re also giver(solid lines

At low pressures, only a single Raman signal has been
observed for all compositions. The frequencies first decrease
with pressure and then increase via a minimum at about 0.13
GPa and the redshift changes into a blueshift. The values
coincide within experimental accuracy with those of pure
nitrogen. The behavior of the linewidth is similar to that of 2330+
the frequency. Up from 0.3 GPa, the vibrational linewidth
(see Fig. 2increases with pressure as in the pure system but
for the mixtures, the values are somewhat higher, in particu- 0 2 4 6 8 10 12
lar for the 25 and 50 mole % samples. The fluid-solid transi- P (GPa)
tion has been observed visually for all mixtures except for

those with very low nitrogen mole fractiorig=0.04 andx FIG. 1. (a), (b) Vibrational frequency versus pressure at 296 K.
=0.10. For increasing nitrogen fractions, the coexistencepjys signsx=0.04, diamondsx=0.10, trianglesx=0.25, circles:
region is entered at 1.7, 2.1, and 2.4 GPa. In this region thge= 0.50, and squareg=0.75. Full symbols represent ti#& phase,
Raman signal consists of two peaks as can be seen in Fig. Solid lines: pure nitrogen. The dashed vertical lines indicate phase
The intensity ratio changes when the laser spot is focussethnsitions in pure Bl.

on a different point in the sample space. Hence, the two

modes originate from two different phases. At slightly higherintermediate. Further, the linewidth of the solid is smaller
pressures only one single peak, associated with a solid phasiean that of the fluid as in pure,Nout for all mixtures, the

is left. spectra are much broader.

In the pure system at the flujdtransition, the frequency The behavior at high pressures is different for different
is shifted 0.95 cm® upwards and the linewidth is reduced compositions. Let us first look at=0.75. In this case the
considerably. A frequency jump also occurs at the fluid-solidinewidth shows very little broadening with pressure in the
transition in the binary systems. The shift is only slightly phase. At about 5.4 GPa another transition occEig. 4).
larger forx=0.75 andx=0.50, but forx=0.25 the shift is The spectrum now consists of two additional vibrational
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FIG. 3. Raman spectra of nitrogen in-®r at room tempera-
A x=025 ture, in the fluid-solid coexistence region.
o x=0.50
0 x=075 increasing pressure, th& peak disappears at 5.4 GPa. Fur-
3 pure N, A ther, the FWHM of thes} peak increases strongly with pres-
sure, where as the width of th# mode barely broadens as
— B in pure nitrogen.
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FIG. 2. (a), (b) FWHM versus pressure at 296 K. Symbols: see
Fig. 1.

modes, referred to a8f and &5 as will be explained later.
The solid-solid equilibria could not be observed visually

since all solids appeared transparent through the microscope.

The ratio of the integrated intensities of th& and &5
modes is about compared tc in pure nitrogen. This ratio
does not change when the position of the laser spot is varied,

SJZ\K 8.1 GPa, x=0.50

ﬁ*
5‘* 5.4 GPa,x=0.75

1 I 1 1
2340 2360 2380 2400

viem™)

hence both modes belong to the same phase. Comparing the FiG. 4. Raman spectra of nitrogen inr at room tempera-
two modes, theS7 signal is about twice as broad &5 . At ture, in the solid-solid coexistence region.
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FIG. 6. Squares: frequency shift {,;;—vg) relative to the pure
system, in the two-phase region just above the fluid dfa

Circles: frequency difference compared with the pure system
(vsalia—v ) at 4.8 GPa, lines: guides for the eye.

GPa. In a binary mixture, a two-phase region must exist in

S, +F . . . which the fluid and the solid coexist.
OA, 0.95 0.50 0.75 N, Considering tht_a lower sol[dification pressure of argon and
% the fact that the diameter ratio=0.94 to 0.95 it is expected

_ that the fluid-solid transition pressure is a monotonically in-
FIG. 5. Proposeg-x diagram at 296 K for the NAr system.  creasing function of the nitrogen concentrations. Indeed the

Solid lines: 2 phase lines, dotted lines: 3 phase lines. coexistence region is entered at 1.7, 2.1, and 2.4 GPa for
_ ) =0.25, 0.50, and 0.75, respectively.
Looking at the results for the sample wit=0.50, up to Also, given the fact thatx>0.85 considerable mutual

6 GPa the behavior of the linewidth is comparable with solubility is expected; argon atoms dissolve substitutionally
=0.75 but for higher pressures the incline increases stronglyinto the hcpg and, at higher pressures, into the cubitat-
Further, an additional mode appears at about 7.5 GPa. Thgee of nitrogen, forming lattice$8* and 5*) with a close
main peak position and the FWHM coincide within experi- resemblance to the pure system. Conversely, the nitrogen
mental accuracy with5; of the x=0.75 mixture at compa- molecules are expected to dissolve in the argon fcc lattice,
rable pressures. Up to the highest pressures investigateigdicated asSy,« .
both modes8* and &%) are present. When the position of  The circles in Fig. 6 represent the difference between the
the laser spot is varied, the intensity ratio of the two peaksrequency in the mixed solid and in the pure systan,(y
changes. In thex=0.25 case already up from 3 GPa the —uv,) at 4.8 GPa as a function of the composition. All points
widths increase strongly and ti# mode now appears at 8.8 have been obtained by linear interpolation between the ex-
GPa. For thex=0.10 andx=0.04 samples only a single perimental points and the errors are indicated in the figure.
peak is present up to the highest pressures investigated The jump in the frequency at the fluid-solid transition of the
GPa. The pressure dependence of the frequency above thBixture (vsoiq—ve) minus that in the pure system is repre-
fluid-solid transition is stronger compared to the other mix-sented by squares. For the mixtures with 0.04,x=0.10,
tures. Furthermore, for both samples the pressure depeandx=1 no spectra of coexisting fluid and solid have been
dence of the width grows with pressure. In the 0.10 case recorded. In order to calculate the relative shift, a linear ex-
up to about 5 GPa the FWHM is similar with the=0.25 trapolation of the fluid and the solid line has been applied.
sample but above this point the relative increase is leskor all other mixtures, we made use of the spectra of the
strong. Forx=0.04 the widths are small compared with all coexisting phases and here the errors are smaller than the
other samples and the increase with pressure is minor up to%ize of the symbols. From the figure it is clear that, at the
GPa but similar to«=0.10 after this point. fluid-solid transition, forx=<0.10 the dependence on the
composition is different compared to higher values of the
nitrogen concentration. For the shift at 4.8 GPa, the break-
point is situated betweex—=0.25 andx=0.50. It is assumed
Based on the experimental results, a cross section of thiat this behavior is caused by a difference between the vi-
proposed phase diagram at 296 K for the At system is  brational frequency of the nitrogen molecule in the fcc and in
presented in Fig. 5. The procedure used in the construction ithe hcp lattice. In that case, far=0.25, first at 1.7 GPa a
explained in the following. transition takes place to thg* phase and then at higher
For all investigated BtAr compositions, the fluid turned pressures the transition frog¥ to S+ . For lowerx values
out to be homogeneous. At room temperature, argon solidiwe have a transition to the two-phase regier Sy« (no
fies at 1.3 GPa. For nitrogen, this transition occurs at 2.4lata available for this small regipand, at slightly higher

CONSTRUCTION OF THE PHASE DIAGRAM
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pressures the three phase IRe8* -Sy« is crossed. At low molecules the melting pressure of nitrogen would be similar
pressures, the lef8* boundary must then be situated be-to that of argon. Due to the orientational possibilities it is
tweenx=0.10 andx=0.25 while at 4.8 GPa it is situated at much higheralmost twice as highand the structure of solid
higher nitrogen concentrations. N, is different from that of solid argon. In the case of hard
Another indication for the location of th* and also for  spheres this difference in melting pressure would result in a
the S+ boundary is given by the behavior of the linewidth eutectic point. Thus, it seems that the orientational degrees of
in the x=0.10 andx=0.25 samples. Figure(® shows that freedom do not have much influence on the fluid-solid tran-
up to about 7 GPa the widths are similar while above thissition. In the case of nitrogen-xenon and nitrogen-febe
point the increase with pressure is less strong in xhe fluid region is considerably extended to higher pressures and
=0.10 case. This indicates a transition from the two-phas¢he mutual solubility in both solid phases is small. In these
areaS,« + B* to the S+ area. When both boundaries are cases the fluid phase is favored by both the larger orienta-
steep in the two phase region the amounSgf: increases tional and configurational entropy. Ig-nitrogen the mol-
slowly with pressure. Therefore the widths do not changeecules rotate freely and since argon dissolves easily in
abrupt at the transition and the assigned location of thes-nitrogen, the fluid phase is not longer favored. For high
boundaries should be considered as an indication. argon concentrations the nitrogen lattice is too much dis-
The location of the uppeB* boundary can be established torted to allow free rotation of the molecules.
with more precision since in this case a change figfmto  In addition, no fluid-fluid demixing has been observed, in
8* + S, is involved and the different modes can be distin-contrast to N-CH, (Ref. 20 which has about the same di-
guished without difficulties. Regarding th&phase, the ar- ameter ratio.
gon atom shows a preference for tasites and will there- Considering the fact that the molecular diameter of argon
fore occupy these sitesalmos) completely for argon is only slightly smaller than that of nitrogen one would ex-
contents larger than 25%. Thus for compositions with pect the solubility of N in Ar to be almost equal to the
<0.75 only thes5 mode is expected to be present. solubility of Ar in N,. However, the experiments show that
Above 8.5 GPa, fox=0.25, the spectrum consists of the the amount of argon atoms dissolvinggaand also ind-N,
combineds} and theSa« signal. This is the highest pres- is significantly larger than the amount of nitrogen dissolving

sure at which3* exists. Therefore the three phase IBg« in the argon fcc lattice. The lattice parameter of argon is
— B*—&* must be situated at about this pressure. kor Smaller thus hindering the rotation of the nitrogen molecules

=0.50 the two phas@* — &* region is entered at about 6.5 and apparently the hcp structure is more suitable for r_otating
GPa since at this point not only th& mode but also the mplecules, con3|der|'ng the fact tha’g nitrogen cr.ystalhzes in
double & signal is present. Finally, fox=0.75 this two- this structure. The hlgher compression of t_he nitrogen mol-
phase area is reached at 5.4 GPa. At slightly higher pressur€§ule in the argon lattice is also reflected in the higher fre-
the lower boundary of thé* region is crossed since up from duency compared tg nitrogen(Fig. 6). Hence, not only the
5.5 GPa theg* signal is not longer present but we only have diameter ratio, the Van der Waals interactions and the Cou-
both delta modes. lomb forces, but also the orientational degrees of freedom
In our experiments withk=0.50 the highest pressure at play an important role in the solubility in solids at high pres-

which the spectra were recorded was just below the uppetUré. o o .

three phase line Sy« + B* + 5*). However, we can con- The ﬁ* - 5" transition in N-Ar |s.sh|fted to higher pres- .
clude that the left border of thé® region must be steep since SUres, in agreement with the work in Refs. 10 and 12. Previ-
Westerhoff and Feild found coexistingg* and 8* phases 0US studie$ revealed similar results for the ,Me system

for x=0.59 up to the highest pressures investigatgd Whereas for M-Xe the g*—¢&” transition is shifted to
GPa. slightly lower pressures. It should be mentioned that both the

molecular diameters of Ne and Ar are smaller than that of
nitrogen while Xe is larger. The solubility in thé phase
increases rapidly as a function of pressure from 4.7 to 6 GPa
If we define the molecular diameter as the distance abutis probably more or less constant at still higher pressures.
which the exponential-6 potential equals 300 K, using theAs a result there is a large solubility gap in the system at
data of Ref. 19 equals 0.94 for nitrogen-argon, argon be- high pressures. The amount of argon is then about 35%. The
ing the smaller component. Far>0.94 calculations* for solubility limitation is probably related to the fact that the
hard sphere systems predict a monotonic incline of the fluidsphere sites are occupied preferentidijue to a decrease in
solid phase lines towards the component with the highestolume and energy of the system. It is less advantageous to
solidification pressure, a small coexistence region and mueccupy the disk sites. That still some disks are occupied is
tual solubility in the solid phase for all concentrations. Con-probably an entropy effect.
sistent with the above, and in agreement with other Work  Stoichiometric compounds have been reported for the
on the nitrogen-rich side of the phase diagram, we havé\,-Ne as well as the NXe systent. As expected, since ni-
found an incline up to high nitrogen concentrations. The factrogen and argon have about the same size, no indication for
that forx=0.75 the measured pressure at which the solidifia compound was found in this work.
cation starts is a little higher than the solidification pressure Regarding the widths of the spectra, in the fluid phase
of nitrogen is likely an indication of metastability as is the these are somewhat higher compared with the pure system,
case in the pure systems. On the basis of the size of thespecially forx=0.25 andx=0.50. This effect is probably

DISCUSSION AND CONCLUSIONS
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caused by composition broadenifign all solid phases, the mixtures are compared, the broadening with pressure be-
slope in the FWHM versus pressure plot increases for altomes clear. The same effect has been mentioned in Ref. 10
compositions. The origin of this phenomenon is not knownfor the mixture withx=0.79. These authors also claim an
but it is suggested that the broadening is associated withsymmetry—a shoulder at the high frequency side of
more variation in the local composition around the molecules’; —which was not found in our work. For the 75 mole %
leading to more variation in vibrational frequencies, i.e., linesample, the ratio of the integrated intensities of #eand
broadening, and possibly also to an increase of the correlass modes is about. Hence, about 50% of the spheres is
tion time2? For x=0.10 andx=0.25 the increase is largest. occupied by argon atoms, whereas in the case of an equal
It is supposed that this additional effect is due to the fact thatrandom distribution these values would bg and 25%.
the frequencies in the fcc and the hcp lattice lie close to-Thus, as already stated by the authors of Refs. 10 and 11, the
gether and hence, result in a line broadening rather than iargon atoms show a strong preference fordlsites. Thes;
two discrete peaks. signal is about twice as broad as thatd&f whereas in pure
Also in the 5* phase we find an increase in the width nitrogen the widths are comparable. The origin of this fea-
(8%) as function of pressure. Here the effect is less obviousture is not yet fully understood but the altered environment
since the highest pressure obtained with the 50 and 7l the mixed system obviously plays an important role. In
mole % mixtures is about 8 GPa and we only have few datahis work, as expected, since nitrogen and argon have about
points in thes* phase. But when the results for the variousthe same size, no indication for a compound was found.
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