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As part of a systematic study of binary mixtures at high pressures, the system nitrogen- 

helium has been studied with a diamond anvil cell, using visual observation and quasi- 

isochoric pressure-temperature scanning. We observed 12 different two-phase equilibria and 

8 different three-phase equilibria. These are presented in isobaric cross sections of the phase 

diagram. It is shown that the solid-fluid equilibria grow at the expense of the fluid-fuid 

equilibria. 

The liquidi of the solid-fluid equilibria at the nitrogen-rich side are described by simple 

Simon-Glatzel (SC) equations with composition dependent parameters. The fluid-fluid lines 

of constant composition are also fitted to SG equations. In view of the properties of the SG 

equation, this should permit reasonable extrapolations. The fluid-fluid separation curve 

shows a clear asymmetry with composition, which can qualitatively be understood from the 

behavior of a simple model system. The system shows the interesting phenomenon of 

solubility of helium in the nitrogen-rich solid. A thermodynamic argument is given to explain 

why helium dissolves preferentially in the orientationally ordered phase instead of in the , less 

dense, orientationally disordered phase. Finally, no conclusion can be drawn about the 

solubility of nitrogen in solid helium. 

1. Introduction 

Research on simple molecular systems at high density, both pure and mixed, 
is important for several reasons [l, 21. First, the influence of packing effects 
and van der Waals type interactions on the behavior of condensed matter can 
be studied. Second, interesting physical effects occur in binary mixtures that 
cannot be explained solely with knowledge of the pure components such as 
fluid-fluid separation. Third, the fruits of this research can be applied to e.g. 
modeling the large planets of our solar system. 
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The phase diagram of the important “model” system hydrogen-helium was 

recently studied up to 75 kbar by Loubeyre et al. [3] and by van den Bergh and 

Schouten [4-71. They observed that fluid-fluid phase separation persists up to 

the highest experimental pressure. Since the critical line and the solid-fluid- 

fluid three-phase line diverge, this equilibrium is expected to exist at the very 

high pressures that are of interest to planetary science. It was also observed 

that lines of constant composition (“two-phase lines”) have the same shape as 

melting lines of pure substances. 

In order to study binary mixtures in a systematic way, the same authors took 

up the investigation of the related system nitrogen-helium, because nitrogen is 

a well studied system and this mixture was expected to show similar fluid-fluid 

phase behavior as HZ-He on the basis of the measurements up to 10 kbar by 

Streett and coworkers [S, 91. In ref. [lo] only the critical line and the 

three-phase line fluid-fluid-solid were reported; it was observed that tluid- 

fluid separation occurs up to at least 90 kbar. Again, the critical line had the 

same shape as a melting line. Furthermore, two cusps were found on the 

three-phase line at 34 and 58 kbar, which were identified as quadruple points. 

In this paper, we present data of the fluid-fluid as well as the solid-fluid 

phase separation at several compositions. This permits the construction of the 

phase diagram over the full composition range. The shape of the fluid-fluid 

demixing curve at constant pressure is explained qualitatively. Furthermore, 

we present simple expressions for the liquidi of the solid-fluid equilibria. 

The possibility of solubility of a gas in a molecular solid is recognized for a 

long time [ll], but one has never been able to prove this due to experimental 

problems. These problems are related to the difficulty of distinguishing inclu- 

sions from solubility and probably also to the small amount of dissolved gas, if 

any. Recently, we have been able to observe this phenomenon [12]: it turns out 

that helium is increasingly soluble with pressure in solid nitrogen. In the lowest 

pressure phase, named p, there is hardly any solubility, in the intermediate 

&phase probably about 2% helium can be dissolved, and in the highest 

pressure phase observed, the e-phase, between 5.4% and 11% helium can be 

dissolved. The striking phenomenon is that the transition from E to 6 is shifted 

over a factor of two downward in pressure. This has recently been confirmed 

using Raman spectroscopy [13]. Here, we show how the solubility in the solid 

phase affects the phase diagram and we give a thermodynamic argument why 

solubility of helium is more favorable for the e-phase than for the s-phase. 

Furthermore, we show evidence that the measurements have been performed 

under equilibrium conditions. 

A cusp point was observed on the melting line of helium by Loubeyre et al. 

[14-161, which was proposed to be an fee-bee-fluid triple point. Since this 

implies a solid-solid two-phase line, it would then be possible to observe 
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whether nitrogen is soluble in helium or not by studying the corresponding 
solid-solid-fluid three-phase line in the mixture. However, in later experi- 
ments on helium [17], it was found that there is no evidence for a fee-bee-fluid 
triple point, although there might be an fee-hcp-fluid triple point. In that case, 
our experimental techniques are not sensitive enough to detect this phase line 
due to the small volume differences between hcp and fee. The melting line will 
show up as a smooth curve without any apparent cusp. Here, we present the 
solid-fluid-fluid three-phase line, which corresponds to the melting line of 
pure helium. 

The phases of solid nitrogen that are relevant to this study are the p, S and 
e-phases. The P-phase is a hexagonal close-packed phase with space group 
P6,/mmc [El]. The molecules are orientationally disordered, although the 
nature of the disorder is not clear [19]. The &phase is a cubic phase with space 
group Pm3n [20]. In this phase, the molecules exhibit two types of disorder: on 
one site, molecules are spherically disordered and on the other site, the 
molecules are disordered in a plane. The c-phase is a rhombohedral distortion 
of the &phase with space group R3c [21], in which the crystal axes are sheared 
by about 5 degrees and the molecular disorder of the E-phase is frozen out. We 
will indicate the nitrogen-rich solid phases in the mixture by l3*, 6* and E*. The 
helium-rich solid phase is indicated as SHe, the nitrogen-rich fluid phase as F, 

and the helium-rich fluid phase as F,. 
Section 2 briefly describes the experimental set-up. Section 3 contains the 

measurements of the solid-fluid two-phase lines. The fluid-fluid equilibria are 
presented in the 4th section. In section 5, the three-phase lines are discussed. 
The solubility of helium in solid nitrogen is assessed in section 6. Conclusions 
are presented in section 7. 

2. Experimental 

The experimental set-up used has been described earlier [7, 221, therefore 
we give only an outline. The experiments were performed in a diamond anvil 
cell (DAC). The cell was loaded in a high pressure vessel by pressurizing the 
cell with a homogeneous gas mixture of known composition (accuracy about 
0.2 mol%). The mixture was previously prepared in a gas compressor from 
research grade gases with a purity better than 99.999% (for details see ref. [7]). 
After loading, the cell is mounted in a thermostat in which the temperature can 
be continuously varied over the range 110-530 K. The temperature is mea- 
sured with a platinum resistor. The accuracy is limited to 0.4 K, mainly due to 
thermal gradients (see ref. [23]). The temperature dependence of the ruby 
fluorescence lines was measured before and after each experiment with the 
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same ruby sample as used at high pressure and the results were averaged [24]. 

The pressure dependence of the ruby fluorescence lines was taken to be 

0.0366 nm/kbar [25]. 

3. Solid-fluid equilibria 

The solid-fluid equilibria have been determined by visual observation of the 

sample [26]. The temperature of a mixture with a known bulk composition is 

decreased from the homogeneous region of the phase diagram until part of the 

mixture solidifies. The temperature is then increased until the solid phase 

vanishes. At this point, pressure and temperature are measured. This yields 

one point on the liquidus of the solid-fluid equilibrium. 

In addition to preliminary results [27] at 11.0 and 31.1 mol% helium, two 

lines of constant composition have been determined in the fluid-solid range for 

mixtures with 5.4 and 43.4mol% helium. Also, additional points were ob- 

tained at 11.0 mol% helium in a second experiment, which was carried out to 

test the reproducibility of the data. It turns out that the results are in very good 

agreement with the previous experiment, to within 0.4 kbar. The results are 

presented in fig. 1 and table I together with the melting line of nitrogen and the 

three-phase line solid-fluid-fluid. Fig. 1 shows that the pressure along the 

two-phase lines rises continuously with increasing temperature. Furthermore, 

the two-phase lines at 11.0 and 31 .l mol% helium both exhibit a cusp. These 

cusps mark the points where the two-phase lines intersect the three-phase line 

P*-6*-F, (see section 5). All two-phase lines start on the fluid-fluid-solid 
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Fig. 1. p-T projection of the liquidus of the solid-fluid equilibria. Triangles are data at 5.4%. 

circles at 11.0’%. diamonds at 31.1% and squares at 43.4 mol% helium. The full lines are fitted 

Simon-Glatzel equations. The dashed curves are the solid-fluid-fluid three-phase lines. The 

dotted curves are the melting line and the S-p line of pure nitrogen (from ref. (331). 
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Table I 

Liquidus of the solid-fluid equilibria. The composition is given in mol% helium. 

Data marked with “S” are calculated from the results of Streett et al. [8, 91. Data 

marked with “m” arc in the metastable region. 

Equilibrium XHC (%) T WI P @bar) T(K) P &bar) 

P*-F, 5.4 75.34 4 0.811 

266.9 22.6 

343.1 38.1 

11.0 86.67’ 1.697 307.6 

175.0 11.5 319.4 

185.8 12.8 333.7 

196.4 14.1 347.8 

210.4 16.9 364.5 n1 

210.5 17.1 367.1 m 

247.2 24.1 371.4 In 

274.8 30.0 375.4 m 

295.6 35.0 383.6 m 

31.1 129.42 ’ 8.067 

186.4 23.2 

201.8 29.8 

6*-F, 11.0 289.6 m 38.4 400.8 

363.6 55.6 401.0 

392.2 63.0 413.0 

31.1 214.6 36.4 260.9 

219.8 38.1 268.8 
222.6 38.8 271.5 

235.0 43.1 

6*-F,/e*-F, 43.4 238 

6*-F, 43.4 243.2 

254.1 

58 

59.7 272.0 71.4 

64.0 279.6 74.4 

38.2 

41.5 

46.0 

51.0 

57.2 

58.4 

60.1 

61.9 

65.6 

65.2 

65.1 

68.1 

53.0 

56.2 

57.2 

three-phase line, the one at 43.4mol% at the highest starting pressure of 

58 kbar (see also section 5). Note that the solid phase at 43.4% is the l *-phase, 

since the two-phase line runs above the 6*+*-F, three-phase line. Also, 

points calculated from the work of Streett et al. [8,9] at low pressure are 

included in fig. 1. These points have been taken at the intersection of the 

two-phase lines with the three-phase line P*-F,-F2. 

As in our previous experiments on both pure and mixed systems, the 

solid-fluid equilibria show undercooling when approached from the homoge- 

neous state. This varied between 15 and 30 K. This was also apparent from the 

abrupt way in which the two-phase equilibrium was formed. On the other 

hand, with increasing temperature the homogenization temperature repro- 

duced very well, as mentioned above. 
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The results for the solid-fluid equilibria are shown in the top left part of the 
isobaric T-x cross sections depicted in figs. 2a-c. These cross sections have 
been drawn for pressures below the lower quadrupole point, between the 
quadrupole points and above the upper quadruple point, respectively. The 
highest point on the left axis is the melting point of nitrogen. As is shown in all 
graphs, the liquidus of the solid-fluid transition starts from the melting point of 
nitrogen and decreases with composition to the intersection with the left 
branch of the fluid-fluid equilibrium as expected. When a phase transition in 
the coexisting solid occurs, a slight change of slope is apparent in the liquidus. 
The T-x slope at the lower temperature phase, in agreement with phase theory 
[28]#‘. This is apparent in figs. 2a-c. Furthermore, with increasing pressure, 
the temperature range of the solid-fluid separation increases dramatically, 
from 127 K at 25 kbar to 242 K at 65 kbar. Below the lower quadruple point, 
the mixture exhibits only the P*-F, equilibrium. Between the quadruple point 
pressures (fig. 2b), the transition from P*-F, to 6*-F, is shown. We have also 
determined the metastable extensions of these equilibria. These extensions are 
indicated by dashed lines and the transition from p* to 6* by the dotted line. 
At high pressure in fig. 2c, the system exhibits three types of solid-fluid 
equilibria. In particular, at low temperature the transition from 6*-F, to E*-F, 
can be observed. 

It is known for a long time that melting lines are well described by an 
equation of the form ( see e.g. ref. [29]): 

p=a+bT’, (1) 

also known as the Simon-Glatzel (SG) equation. The advantage of the SG 
equation is that it yields very good extrapolations with a small number of 
parameters, although it is not understood why. Furthermore, it has a horizon- 
tal slope in the limit T+O for c larger than 1, which is thermodynamically 
consistent. For many known experimental melting lines, c is larger than 1, but 
there are exceptions e.g., H,O, “He at very low temperature, Bi and Cs. The 
power of the equation hs been shown for helium [17], where the extrapolation 
of an SG equation, fitted to data up to 100 K and 22 kbar, turned out to be in 
very good agreement with the experimental melting line up to 460 K and 
240 kbar. It is observed that even fluid-fluid two-phase lines in the system 
HZ-He follow the same behavior up to the highest experimental pressure of 
about 75 kbar [30]. For that system, the parameters a, b and c are smooth 
functions of the composition. Therefore, we have fitted the solid-fluid two- 
phase lines with SG equations. The curves can be fitted to within our 

*’ Unfortunately, no comparable English text is known to us. 
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Fig. 2. T-x cross sections of the phase diagram at 25 kbar (a), 45 kbar (b), and 65 kbar (c). F,-F, 

denotes the fluid-fluid separation range, P*-F,, 8*-F,, l *-F,, etc., denote fluid-solid separation 

ranges, l *-S* and l *-S,,, denote solid-solid separation ranges. The full curves are the stable 
equilibrium lines and the dashed curves are metastable extensions. The horizontal dotted lines are 

stable three-phase equilibria. 
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experimental accuracy, but are slightly 

p-T-x surface, we have attempted to fit#’ 
the fluid branches of the P*-F, and 6*-F, equilibria to a function of the form 

p(x, T) = a(x) + b(x) T”‘“’ . (2) 

For the l3*-F equilibrium, we have also included points of the P-fluid melting 
line of pure nitrogen [31-331. We obtain good results for the 41 data points 
with 

a(x) = -1.62 - (0.6413 x 10~‘)~ + (0.51152 x lo-‘)x’ , 

b(x) = exp[-7.1783 - (0.48974 x lo-“)x - (0.68955 x 10-*)x*], 

c(x) = 1.8312 + (0.60725 x lo-‘)x f (0.12911 x 10~“)~~ . 

(3) 

The units are kbar for the pressure, K for the temperature and mol% helium 
for the composition. The standard deviation is 0.48 kbar. The deviations are 
slightly larger than the experimental accuracy at the low temperature melting 
line, near the 6+-fluid triple point of N, and near the /3*-6*-F, three-phase 

Table 11 

Coefficients of the Simon-Glatzel equations of the liquidi of the solid-fluid two-phase lines. rr is 

the standard deviation in kbar and # the number of data points. 

Eauilibrium Comoosition a b c CT # 

P*-F, 5.4 -1.06 0.3245 x 10 ’ 2.0041 _ 3 
11.0 -0.62 0.1871 x 10 ’ 2.1387 0.32 13 

31.1 2.03 0.3336 x 10 ’ 3.4363 _ 3 

6*-F, 11.0 -6.73 0.1353 x 1OY’ 1.4310 0.10 6 

31.1 5.43 0.2279 x 10 ’ 2.2010 0.08 7 

l *-F, 43.4 24.31 0.3804 x lo-’ 2.5020 0.16 4 

*‘The results were obtained through minimization of the RMS deviations with the program 

Minuit from Cernlib. 
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line at 11.0 mol%. For 6*-F,, eq. (2) has also been fitted to our S-fluid 
melting data of pure nitrogen [33] and one point on the solid-fluid-fluid 
three-phase line near 58 kbar, where the composition of F, is 43.4%. The 
results for the 17 data points are 

a(x) = -13.296 + (0.79188 x lo-‘)x + (0.13656 x lo-‘)x2 , 

b(x) = exp[-3.1606 - (0.26565 x lo-“)x - (0.44372 x 10P2)x2] , 

c(x) = 1.2190 + (0.24110 x 10-*)x + (0.77748 x lo-“)x2 . 

(4) 

The standard deviation is 0.10 kbar. The deviations are smaller than the 
expected experimental accuracy. An interesting byproduct of eqs. (2) and (4) 
is the limit for x = 0, i.e. pure nitrogen. Beyond the b-$-fluid triple point, the 
stable nitrogen melting line is the S-fluid line, measured in the metastable 
range below the triple point (see ref. [33]). At higher pressure, it has been 
investigated by Zinn et al. [34] up to 900 K and 180 kbar, but these data are 
probably not so accurate [33] under these extreme conditions. Furthermore, 
since the stability of 6-N, probably extends beyond 200 kbar, it is interesting to 
get a reliable extrapolation for the S-fluid line. From our fit of the 6*-F, 
surface, the b-fluid line can be calculated. We predict melting at 600 K and 
91 kbar, 800 K and 139 kbar, and 900 K and 165 kbar. Interpolating the revised 
data [35] of Zinn et al., 600 K and 103 kbar, 800 K and 171 kbar, and 900 K and 
206 kbar is obtained. Note that it is possible to fit the 6*-F surface within 
experimental accuracy with other parameters than given in eq. (4), but this 
does not affect the prediction of the C-fluid melting line very much. The 
deviations of our prediction from the data of Zinn et al. are consistent with the 
deviations in the range where we have performed experiments (see ref. [33]). 

4. Fluid-fluid equilibria 

The fluid-fluid equilibria were investigated by visual observation. We used 
the method described by van den Bergh et al. [36], which is outlined here. The 
temperature of a homogeneous mixture with a predetermined composition is 
decreased from the homogeneous region until phase separation occurs. The 
temperature is then increased until the sample is homogeneous again. At this 
point, temperature and pressure are measured. This yields one point on the 
fluid-fluid coexistence surface. The appearance of the separation depends on 
the composition of the sample. If the helium content is smaller than the critical 
composition, the less abundant phase is the one rich in the volatile component 
(helium in our case). Since this phase behaves in a gaseous-like manner, it will 
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form a bubble in the liquid-like phase. If the amount of helium is larger than at 
the critical point, then the least predominant phase is the liquid-like phase. 
Due to wetting effects, this phase will stick to the wall or the pieces of ruby, 
making it more difficult to observe than the gas bubble. The measurements 
were performed with increasing pressure. If for some reason the pressure in the 
system dropped, the measurements were stopped, since one might expect that 
the composition of the sample changes when some of the fluid is lost on 
unloading. Knowledge of the composition is essential for these experiments. 

Previously, two lines of constant composition have been reported at 60.6 and 
79.5 mol% helium [7, lo]. The line at 79.5% is about the critical line of the 
system. The composition of the critical line is exactly 79.5% near 30 kbar. In 
addition to these data, we have measured lines of constant composition at 43.4, 
53.6 and 94.1 mol% helium. The data are presented in fig. 3 and table III. In 
fig. 3, we have also plotted the three-phase line solid-fluid-fluid (see next 
section), since this line gives the lower limit of the stable occurrence of 
fluid-fluid separation. It can be seen from fig. 3 that at all compositions, the 
pressure of the two-phase lines increases with temperature. 

The data are in reasonable agreement with the data of Streett et al. [8,9], 
although not as good as expected. Fits with SG equations at constant composi- 
tion show that the highest points of Streett et al. seem somewhat too high, 
while our data seem too low (-1 kbar). The reason for this discrepancy is not 
known, but it is probably a combination of errors in temperature, composition 
and pressure. Furthermore, some data points of Streett et al. do not seem to be 

100 150 200 250 300 350 

T(U) 
Fig. 3. p-T projection of the fluid-fluid two-phase lines. Data below 10 kbar are from Streett et 

al. [g, 91. Triangles are data at 43.4%, circles at 53.6%. inverted triangles at 60.6% (from ref. [7]). 

diamonds at 79.5% (from refs. [7, 101) and squares at 94.1 mol% helium. The full lines are fitted 
Simon-Glatzel equations and the dashed curves are the solid-fluid-fluid three-phase lines. 
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Table III 

Fluid-fluid coexistence data. The composition is given in mol% helium. Data marked with “S” are 

calculated from the results of Streett et al. [8,9], with “B” from v.d. Bergh et al. [7] and with “m” 

are in the metastable region. 

XHC T(K) P (kbar) T(K) P (kbar) T(K) P (kbar) 

43.4 124.05 ’ 3.044 190.1 26.2 235.2 55.4 

130.00 S 4.400 203.0 33.6 236.4 56.0 

134.00 s 5.579 204.6 43.8 239.5 58.2 

138.00 ’ 6.852 212.9 40.0 245.7 m 63.5 

176.1 19.1 224.4 47.7 264.1 m 78.4 

53.6 138.00 ’ 5.068 209.4 29.3 

154.00 s 9.191 218.8 34.3 

173.83 13.68 219.9 35.0 

175.25 14.48 237.5 44.5 

250.0 52.6 

261.6 60.2 

60.6 138.00 ’ 4.423 158.00 S 9.264 

144.00 S 5.747 179.0 B 15.0 

154.00 s 8.249 223.3 B 34.0 

253.6 ’ 50.5 

79.5 120.59 ’ 1.213 183.7 B 15.3 277.2 ’ 59.1 

124.05 B 1.714 221.4 B 30.3 296.4 B 70.4 

126.81’ 2.221 240.7 B 39.2 313.2 ’ 81.0 

155.0 a 7.3 261.4 B 50.1 325.6 B 89.2 

94.1 117.13S 2.718 173.6 16.4 

124.05 ’ 4.000 173.8 16.4 

130.00 s 4.941 192.6 24.5 

134.00 s 5.965 208.4 31.2 

138.00 s 7.164 208.6 31.3 

224.2 39.1 

239.0 47.2 

251.7 54.7 

325 + 4 101% 3 

as accurate as the majority of the data#3. The SG equations are shown as the 
solid lines in fig. 3 and the parameters of the equations are given in table IV. 
Note that the system N,-He has a critical double point#4 at 119.9 K and 
0.588 kbar [37] (not shown in fig. 3), which complicates the shape of the lines 
of constant composition in the vicinity of this point. Therefore, for the fits of 
the SG equations we have taken into account only those data of Streett et al. 
that yield a positive second derivative (dp/dT), when fitted to a polynomial. 
As a result, mostly data above 4 kbar were included. 

It can be seen from fig. 3 that the fluid-fluid two-phase line for 43.4% ends 
on the solid-fluid-fluid the three-phase line at 239 K and 58 kbar. At the same 

* Streett et al. claim an accuracy of better than 10 bar in pressure, 0.01 K in temperature and 

0.1 mol% in composition. However, a few points of refs. [8, 91 are not consistent within those 

limits. E.g. a discrepancy occurs at 112.10 K, where the liquidus of ref. [8] is 500 bar lower than the 
liquidus of ref. [9]. 

” The critical double point is the temperature minimum on the critical line, where two critical 
points coincide. 
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Table IV 
Coefficients of the Simon-Glatzel equations of the fluid-fluid 

two-phase lines. g is the standard deviation in kbar and # the 

number of data points. 

Composition a b 0 # 

43.4 -7.36 0.1275 x 10 -’ 2.8207 0.48 15 

53.6 -6.68 0.1166 x IO J 2.7961 0.53 10 
60.6 -5.98 0.1134 x lo-’ 2.7860 0.23 7 
79.5 -8.26 0.8681 x 10 ’ 2.4091 0.61 12 

94.1 -X.23 0.1477 x IOY 2.3412 1.09 14 

point, a solid-fluid two-phase line starts (see the previous section). This could 

be observed as follows: coming from low temperature (to avoid undercooling), 

one first encounters the solid-fluid-fluid three-phase line. This equilibrium 

manifests itself in the sample space as a bubble, due to the fluid-fluid 

separation, and a piece of solid. If the solid disappears first, there is still a 

fluid-fluid separation. This happens below 58 kbar. Above 58 kbar, the bubble 

disappears first and a solid-fluid equilibrium is left at higher temperature. This 

effect is caused by a shift with pressure of the composition of the F, phase on 

the three-phase line. Above 58 kbar, it was possible to measure some meta- 

stable fluid-fluid coexistence points at 43.4%, because this equilibrium under- 

cools less than the solid phase (about 10 K vs 30 K). This is analogous to the 

11.0% mixture, where the metastable extension of P*-F, could be observed. 

With 94.1 mol% helium, two experimental runs were performed. In the first 

one, the fluid-fluid equilibrium could be observed visually, because the 

liquid-like phase formed a layer around the piece of ruby, rounding off its 

shape and making its appearance bigger. In the second experiment, the liquid 

phase could not be observed visually. Therefore, it was decided to look for the 

point where the two-phase line crosses the solid-fluid-fluid three-phase line, 

since it was possible to observe the melting of the solid phase. If the amount of 

helium in the F, phase on the three-phase line is larger than 94.1%, one should 

observe the solid phase melt quite suddenly, because it melts during the 

temperature interval that the three-phase line is followed quasi-isochorically. If 

the amount of helium in F2 becomes smaller than 94.1%, then one observes 

the solid-F, equilibrium, which means that the solid melts gradually with 

increasing temperature. During the experiment, we observed for the points (on 

the solid-F,-F2 line) that on heating, the piece of solid disappeared in a 

“splash” (below 101 kbar): at the moment it melted, a circular wave started to 

run away from the point where the solid had melted. We interpret this as a 

quantity of liquid-like phase that spreads out over the diamond face. Further- 

more, the points coincide with the E*-F,-F, three-phase line. Above 101 kbar, 
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no “splash” was observed and the solid melted gradually. Furthermore, the 

temperature at which the solid disappeared did not correspond to the three- 

phase line. Therefore, we identify these points as E*-FZ. From this experiment, 

we find that the point on the three-phase line where the F,-F, two-phase line 

ends is at 325 + 4 K and 101 ? 3 kbar (see also fig. 3). 

In the T-x cross sections at constant pressure (figs. 2a-c), the fluid-fluid 

equilibria are also indicated. The shape of the curves is very asymmetric in 

comparison with Hz-He [6]; thus the rectilinear diameter#5 has a much smaller 

slope than with hydrogen-helium where it is nearly vertical. Therefore, it is 

not possible to fit the fluid-fluid surface with an SG equation with a simple 

composition dependence of the parameters as proposed for Hz-He in ref. [30]. 

For a more sophisticated functional form however, more two-phase lines are 

needed. It is shown in figs. 2a-c that the temperature range of the fluid-fluid 

equilibrium is nearly constant with pressure. The composition range of this 

equilibrium becomes narrower with pressure. This supports the suggestion of a 

critical endpoint by van den Bergh and Schouten [lo]. In fig. 2c, the metastable 

extension of the fluid-fluid equilibrium to 43.4% is indicated with a short 

extension of the fluid-fluid curve. 

The asymmetric shape of the fluid-fluid separation surface of N,-He (see 

figs. 2a-c) can be understood qualitatively from the behavior of mixtures of 

soft spheres [38], i.e. particles interacting through an Y-I2 potential. The 

thermodynamic property of interest is the free enthalpy on mixing AG, which 

is defined as 

AG(p, T,x):=G(p, T,x)-xG(p, T,l)-(l-x)G(p, T,O), (5) 

where x is the mole fraction of component 1, T the temperature and p the 

pressure. The behavior of this function is roughly governed by a competition 

between the entropy on mixing (C xi log xi) and the pressure times the volume 

change on mixing p AV (where AV is defined analogously to AG). The energy 

change on mixing AU is given by the relation AU = 0.25ApV. Inserting a large 

particle in a sea of small particles increases the volume more than inserting a 

small particle in a sea of large particles. Therefore, p AV increases more at the 

side of the small particles than at the side of the large particles. Thus, AG 

develops a bump on the side of the small particles and the critical composition 

is at a composition rich in small particles, as is observed in N,-He, where the 

critical composition is close to 80 mol% helium. Since at higher pressure (or 

lower temperature), demixing will take place into nearly pure fluids, the shape 

X5 The rectilinear diameter is the mean of the two branches of the fluid-fluid separation curve. 

Usually it is a fairly straight line. 
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of the demixing curve will be asymmetric. The asymptotic behavior of the 
demixing can be observed in figs. 2a-c on the helium-rich side, but not on the 
nitrogen-rich side, because the nitrogen-rich mixtures solidify under these 
conditions. 

5. Three-phase lines 

The following methods were used to observe three-phase equilibria: 
(1) Cusps on two-phase lines are points of three-phase lines. 
(2) Three-phase equilibria consisting of one solid and two fluid phases can 

be observed visually, because of the different refractive indices of the phases. 
(3) Three-phase lines with a large enough volume discontinuity can be 

observed as a pressure jump, using (quasi-)isochoric temperature scanning. 
In the course of the experiments, we have determined the solid-fluid-fluid 

three-phase lines by methods 2 and 3 with higher accuracy than van den Bergh 
and Schouten [lo], because they used for the temperature correction to the 
ruby pressure scale the values of Shchanov and Subbotin [39] to the ruby 
pressure scale, while we determined this correction experimentally before and 
after each experiment. The difference is about 1 kbar at the lowest tempera- 
ture. Our data are shown in fig. 4. The l3*-F,-F,, 6*-F,-F, and E*-F,-F2 
three-phase lines are fitted with an SG equation because the compositions of 
the coexisting phases do not change much (see below); the parameters are 
given in table V. We estimate the P*--S*-F,-F, quadrupole point at 191 (1) K 

80 

60 

T(K) 
Fig. 4. p-T projection of the three-phase lines. Triangles are on the P*-F,-FZ line, circles on the 
S*-F,-F, line, inverted triangles on the E*-F,-F2 line. The diamonds are data on the P*-6*-F, 

and P*-6*-F? lines (at high and low temperature respectively) and the squares are on the 

6*-•*-F, and 8*-•*-F2 lines (also at high and low temperature respectively). The dotted lines are 
in order of increasing pressure: the melting line, the S-p line and the e-6 line of pure nitrogen. 
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Table V 
Coefficients of the Simon-Glatzel equations of the three-phase lines and of the helium melting 
line. (T is the standard deviation in kbar and # the number of data points. 

Equilibrium a b c L7 # 

P*-F,-FZ -0.23 0.2082 x 10-h 3.5957 0.27 17 
6*-F,-FZ 2.32 0.2242 x lo-’ 2.6901 0.25 27 

l *-F,-F2 -5.53 0.7583 x lo-* 1.6511 0.27 22 

6*-e*-F, 11.92 0.7345 x 1o-2 1.5974 0.16 8 
6*-e’-F2 15.05 0.7327 x lo-’ 1.5850 0.11 9 
L-%-F2 -1.08 0.1789 x 10-l 1.5506 0.25 11 

and 33 (1) kbar, slightly lower in temperature and pressure than reported in 
ref. [lo]. We find the 6*-E*-F,-F2 quadruple point at 238 (2) K and 58 
(1) kbar, the same as reported in ref. [lo]. 

The three-phase line l3*-6*-F, was investigated by method 1. We have 
obtained two points, at 11.0 and 31.1 mol% (see fig. 4). As discussed previous- 
ly [27], the point at 11 .O% is accurately determined, due to the measurement 
of metastable extensions of the two-phase lines. The point at 31.1% is less 
accurate, because with this composition, no metastable extensions were ob- 
served and because the P*-F, two-phase line is determined by only three 
points (see fig. 1 and table I). The three-phase line P*-6*-F, was observed by 
method 3. It is shown in fig. 4. The transition was hard to observe, because of a 
small pressure jump and because of undercooling and overheating (see below). 

Both the 6*+*-F, and the 6*-e*-F, equilibria were determined with 
method 3. Both lines could be well fitted with an SG equation; the parameters 
are given in table V. From the SG equations, we find that the 6*+*-F, 
three-phase line is slightly steeper than the 6*+*-F, line at the quadruple 
point (310 bar/K vs 290 bar/K). Also, the E*-FI-F2 line is clearly steeper than 
the 6*-F,-F, line. It then follows from phase theory [28] that the amount of 
helium in E* is larger than in 6*. Note that if the slopes of 6*-E*-F, and 
6*+*-F, are equal, the compositions of 6* and E* are the same. If the slope of 
the 6*+*-F, line is smaller, then the composition of E* is even smaller than of 
6*. The results are plotted in fig. 4. 

The difference of the P*-6*-F, and P*-6*-F, three-phase equilibria with 
the p-6 transition line of pure nitrogen is smaller than the experimental 
accuracy (see fig. 4). Note that at the P*-6*-F,-F, quadrupole point, which is 
a point on both l3*-6*-F, and 13*--F*-F2, the difference is 0.5-0.8 kbar. This 
indicates that the lower quadruple point is connected to the &P-fluid triple 
point of nitrogen. From the fact that the S-p line of nitrogen overlaps with the 
l3*-6*-F, and l3*-6*-F, three-phase lines, we can conclude that no helium is 
dissolved in either the 6* or the l3* phase at the transition. The slopes of the 
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three-phase lines, relative to each other, would have given an extra indication, 

but we do not have enough data points on either three-phase line. 

An important property of three-phase lines is the composition of the 

coexisting phases (this should not be confused with the fact that a three-phase 

line can be observed over a composition range and that its position is 

composition independent). From the work of Streett et al. [8,9], it is known 

that the mole fraction of helium in F, along the P*-F,-F, three-phase line 

increases with pressure, leveling off at higher pressure, as shown in fig. 5. In 

the previous sections, we have seen that the fluid-fluid two-phase line at 43.4 

mol% helium crosses the solid-fluid-fluid line at 239 K and 58 kbar. At this 

point, the solid-fluid two-phase line starts. This means that under these 

conditions, the composition of F, on the three-phase line is 43.4%. This point 

is indicated in fig. 5. The same phenomenon occurs at 94.1% at 101 kbar; we 

find fluid-fluid separation below this pressure and solid-fluid separation above 

this pressure (see section 4). This means that the composition of F, at this 

pressure is 94.1 mol%. Similar observations can be made for the l3*-6*-F, 

three-phase line: the crossings of this line with the l3*-F, and 6*-F, two-phase 

lines at 11.0% and 31.1% (see figs. 3 and 4) indicate that at these points, the 

composition of F, is respectively 11.0 and 31.1 mol%. At the &-@-fluid triple 

point of nitrogen, the amount of helium in F, is 0%. This is also shown in fig. 

J. 

We observed on investigating the P*--6*-F, three-phase line that the transi- 

tion occurs at different temperatures when heating or cooling. This is probably 

100 

2 80 

@ _ 60 

plkbar) 

Fig. 5. x-p projection of the compositions of the coexisting fluid phases on the three-phase lines. 

The vertical dash-double-dotted lines indicate the quadruple-point pressures. Data up to 10 kbar 
are from Strcett et al. [g, 91, at higher pressures from the present study. The highest curve (near 

95%) is the Fz branch and the other curves are the F, branches. Note that no cusps have been 
indicated on the FZ branch. 
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due to metastability rather than hysteresis as proposed earlier [27], since the 

same effect was observed with the S-p transition in pure nitrogen [33], where 

we were able to observe the equilibrium S-l3 line on both heating and cooling 

scans. Furthermore, in run 2 of ref. [27], it looks as if the pressure decreases 

gradually indicating that the equilibrium phase line is followed, while the 

others show jumps. Sometimes, the S*-l3* transition showed a larger overheat- 

ing. On one occasion, with 11.0 mol% helium, a p-T scan was performed from 

200 to 270 K after observing the S*-F,-F, transition visually at 198 K and 

36 kbar. During this scan, no sign of the S*-p* transition was observed. 

Subsequently, melting of the solid phase was observed at 290 K and 38 kbar. 

This is probably a point on the liquidus of the metastable 6*-F, equilibrium, 

since it lies on the extension of the stable points and a next cooling and heating 

cycle yielded a two-phase point at 307 K and 38 kbar, exactly on the l3*-F, 

two-phase line. thus, in this case, the overheating was about 50 K. Finding the 

metastable extensions has the advantage that the P*-6*-F, point is accurately 

determined because it is not necessary to extrapolate the l3*-F, and 6*-F, 

two-phase lines. The metastability effects can be understood from the large 

difference in structure between the l3 and 6 phases. From work on pure 

nitrogen, it is known that the P-phase has a hexagonal close packed structure 

with space group P6,/mmc [18] and the S-phase has a cubic structure with 

space group Pm3n [20]. 

With the 6*+*-F, and 6*+*-F, three-phase equilibria, we have observed 

undercooling of about 30 K, but no overheating; the transitions that were 

measured with increasing temperature were reproducible and furthermore, 

they showed a gradual pressure increase. On cooling, the transition tempera- 

ture was not reproducible between different experimental runs and the pres- 

sure showed a sudden jump. 

In the T-x cross sections in figs. 2a-c, the three-phase equilibria are 

indicated with horizontal dotted lines. The sequence of the three-phase equilib- 

ria is clearly shown (cf. fig. 4). With the decreasing temperature, we see in fig. 

2a the l3*-F,-F, and P*-6*-F, equilibria. In fig. 2b, the sequence is p*-S*- 

F,, S*-F,-Fz, S*-E*-F,. Finally, in fig. 2c we see P*-6*-F, close to the 

melting point of nitrogen, 6*+*-F, and E*-F,-FZ. Note that the metastable 

extensions of the 6*-F, and F,-F, equilibria intersect at the metastable 

S*-F,-F, line (indicated by a short, dashed horizontal line), which lies just 

below the stable E*-F,-F, line. The position of the metastable equilibrium as 

found from the extrapolations in the T-x plane is in agreement with the 

measurements of the metastable equilibrium, which are direct measurements of 

the p and T coordinates. This demonstrates the consistency of the phase 

diagram. 

The three-phase line S,,- S,>-F, has been investigated in three different 
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experiments with compositions of 31.1 and twice 94.1 mol% helium#‘. One 
would expect the three-phase line to lie at lower temperature than the melting 
line, yielding a eutectic point in the T-x cross section at constant pressure. If, 
on the other hand, the situation is reversed, it means that a peritectic occurs, 
which is only possible if nitrogen is dissolved in solid helium. We made sure by 
visual observation that S,,-S,,-F, was indeed an equilibrium of two solid 
phases and one fluid phase, but-the data were obtained through isochoric p-T 
scanning. The pressure jumps were of comparable size as with pure helium (see 
ref. [17]). The data points are presented in table VI and fig. 6 together with the 
melting curve of helium [4,30]. The data are corrected to the quasi-hydrostatic 
pressure scale [41] for comparison with the helium melting curve. 

The results have been fitted to an SG equation; the parameters are given in 
table V. It can be seen that the melting line lies at higher temperature than the 
three-phase line, indicating that a eutectic point occurs. Therefore, no conclu- 
sion can yet be drawn about solubility of nitrogen in solid helium. 

To assess the possibility of a quadrupole point, the data points of the 
Sue--S,,,,-F2 three-phase line are plotted with respect to a fit with an SG 
equation in fig. 7. No cusp is apparent and thus no quadruple point. We expect 
such a point in the vicinity of the helium triple point, since the three-phase line 
and the melting line are very close (3 K at 300 K). This supports experiments 
on pure helium [17] that there is no evidence for a triple point as reported 
previously. Therefore, again no conclusion can be drawn about the solubility of 

125 

25 

T(K) 
Fig. 6. p-T projection of the Sk,,- S,,-F, three-phase line (the circles on the full curve) and the 

melting line of pure helium (the dashed curve, from ref. [17]). 

X6 Preliminary data have been presented in ref. [40]. Note that some small errors in that paper 

have been corrected here. 
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Table VI 

Solid helium-solid nitrogen-fluid three-ohase line data. 

T W 
154.4 

155.0 

188.9 

271.9 

P War) 
42.9 

42.9 

58.2 

103.2 

T W 
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329.6 

344.8 

P War) 

112.1 

124.4 

138.9 

148.6 

T W 
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375.4 
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162.8 

168.7 
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co 0 2 0 0 A 0 
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T(U) 
Fig. 7. Deviations of the S,,,- S,,-F2 three-phase equilibrium data from the fitted Simon-Glatzel 

equation. 

nitrogen in solid helium. For completeness, the S,,-S,,-F, three-phase line is 
also indicated in figs. 2a-c. It is the three-phase line at the lowest temperature. 

6. Solubility of fluid helium in solid nitrogen 

Recently it was shown that the appearance of a solid-solid-fluid-fluid 
quadruple point was due to solubility of helium in the e-phase. For a detailed 
account of the measurements and a discussion of the importance of this effect, 
the reader is referred to ref. [12]. Here, we will make some additional remarks 
about this very interesting phenomenon. Recently [42], in colloidal mixtures of 
size ratio 0.6 a structure AB13 was observed, which corresponds to x = 7%. 
Since in N,-He the size ratio is about 0.65, such a structure might possibly also 
exist in this system. However, in that case the solubility of helium in nitrogen 
would not result in an enormous pressure and temperature shift of the e-phase 
of N,. Moreover, it follows from our experiments at 2.0 and 5.4 mol% that this 
structure is not present in N,-He. Recently, in cooperation with the group of 
Mao and Hemley X-ray investigations have been performed at room tempera- 
ture and pressures above 92 kbar. The preliminary results suggest that at this 
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temperature a stoichiometric crystal A2BZ2 exists [43]. The regions of the 

mixed solids are also shown in figs. 2a-c. The phase boundaries are drawn so 

as to be consistent with our results that no helium dissolves in the P-phase, 

about 2% He dissolves in the &phase, from 5.4% to 11% He dissolves in the 

e-phase and no nitrogen dissolves in solid helium. Furthermore, the solidi have 

a negative slope when the solid phase coexists with a fluid phase and a positive 

slope when it coexists with another solid, according to phase theory (261. 

Finally, we have assumed that the maximum solubility of helium in the e-phase 

is constant with temperature, by lack of information. 

We will now give a thermodynamic argument to make plausible that 

solubility occurs in the E*-phase rather than in the less dense 6”‘-phase, 

assuming that helium is dissolved interstitially. Let us consider the Gibbs free 

energy G = U + pV- TS and compare the different contributions for dissolv- 

ing helium in either solid phase. The energy (U) and volume (pV) terms 

probably change by a comparable amount, since the volume difference be- 

tween the two solid phases is small: about 0.5% for pure nitrogen. The 

important difference lies in the entropy term (TS): an interstitial helium atom 

will block the rotations of the molecules in the S*-phase but not in the 

l *-phase, where the orientations are already fixed. We estimate the entropy 

jump on going from pure E-N to pure S-N of the order of 5 Jimol K, which is 

large, since it is comparable to the entropy jump along the melting line 

(5.4 J/mol K). Since the transition from E to 6 is essentially an orientational 

order-disorder transition, apart from a small shearing, this entropy change is 

mostly due to the loss of rotational entropy. It is for this large entropy jump 

that it seems more favorable for helium to be dissolved in the e*-phase than in 

the 6*-phase. This is currently being evaluated in more detail. 

The dynamics of the phenomenon is not clear. The transition from 6* to eEb 

proceeds quickly, although about 8% helium has to be accommodated. An 

interesting suggestion is that the helium atoms might be mobile in the 

e*-lattice, since the structure of the 6* and E* phases are similar. An example 

of a cooling p-T scan is shown in fig. 8. It was taken with 10.0% helium at a 

cooling rate of about 0.3 K/min. The points were measured every 1.6 min 

(using an intensified diode array detector). Note that after this scan, the sample 

was heated up again through the E*-6*-F, transition, where the p-T trace 

followed the phase line. Subsequently, the sample was cooled once more and a 

similar trace as in fi.g 8 was observed. It was also observed in a different 

experiment with 5.4 mol% helium, but then the time between each p-T point 

was longer, in the order of 15 min. It can be seen from fig. 8 that the phase 

transition from 6*-F, to E* occurs within 1.6 min, although just after the jump, 

the pressure decreases a little further as if the transition has not been finished 

yet. These experiments show that on the time scale of the experiments 
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274 279 284 

T(U) 
Fig. 8. A cooling quasi-isochoric p-T scan through the S*--6* transition (see text for explanation). 

described in the previous sections, the mixed solid phases could easily be 
formed. Therefore, we are confident that in those experiments equilibrium 
conditions were reached. 

7. Conclusions 

In this paper, many aspects of the phase diagram of the binary mixture 
nitrogen-helium above 10 kbar have been described. The T-x cross sections 
have been constructed for a large temperature and pressure range. These T-x 

plots represent 12 two-phase equilibria and 8 three-phase equilibria . It is 
confirmed that fluid-fluid separation exists over the full experimental range. 
The range of the solid-fluid equilibrium grows with increasing pressure at the 
expense of the fluid-fluid equilibrium. This supports the suggestion by van den 
Bergh and Schouten for the existence of a critical endpoint. 

The two-phase lines can be fitted to Simon-Glatzel equations, as in the case 
of hydrogen-helium. In contrast, the parameters of these equations can not be 
described with a simple composition dependent function for the fluid-fluid 
equilibrium. On the other hand, the P*-F, and 8*-F, liquidus surfaces can be 
fitted to SG equations with composition dependent parameters. Since SG 
equations provide reliable extrapolations, we predict the F-fluid melting line of 
pure nitrogen from the fit of the 6*-F, surface. 

Metastable extensions of several phase equilibria have been observed. These 
extensions facilitate the location of “higher-order” phase equilibria: from 
transitions in two-phase equilibria, we find three-phase equilibria and from 
transitions in three-phase equilibria, we find four-phase equilibria (quadrupole 
points). Also, metastable extensions facilitate the construction of the phase 
diagram as in figs. 2a-c. 
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A thermodynamic argument is given for the solubility of helium in the 
e-phase of N,, rather than in the S-phase. Furthermore, it is shown that the 
6*--e* transition proceeds quickly. Finally, no conclusion can be drawn con- 
cerning the solubility of nitrogen in solid helium, since it turns out that the 
three-phase line involving the helium-rich solid shows no quadruple point. This 
is probably caused by the absence of a triple point on the melting line of 
helium, that was claimed previously. 
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