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Abstract

The sound velocity and refractive index of pure N2 and of equimolar N2-CO2 mixture are measured

up to 15 GPa and 700 K in a resistive heating Diamond Anvil Cell (DAC). The refractive index versus

pressure is obtained by an interferometric method. The adiabatic sound velocity is then determined from the

measurement of the Brillouin frequency shift in the backscattering geometry and the refractive index data.

No phase separation of the N2-CO2 fluid mixture is observed. The fluid mixture properties are discussed in

terms of ideal mixing.
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I. INTRODUCTION

The properties of dense fluids of N2 , CO2 and their mixtures, up to few 10 GPa presures, are

relevant for many questions such as the description of Neptune-like planetary interiors[1] and the

decomposition of explosive materials[2]. The high pressure behaviour of N2-CO2 mixture are also

important for the description of earth interior as fluid N2 and CO2, mostly produced by sediments

buried in subduction or collision zones, circulate in the deep crust [3], sometimes mixed [4, 5].

They interact with surrounding rocks under conditions reaching several GPa and ∼800 K. The

physical and chemical properties of their mixtures are thus relevant to understand deep carbon and

nitrogen cycles. Dense N2-CO2 fluid mixtures are also interesting from a fundamental point of

view. At a first level of approximation, interactions in fluids N2 and CO2 can be described us-

ing very similar molecular effective diameter (differing by less than 6% [6]) which should favor

their miscibility under pressure. However, N2 and CO2 molecules exhibit both a quadrupole mo-

ment, a moderate one −4.7(3).10−40 C.m2 for N2 and a large one −13.4.10−40 C.m2 for CO2 [7]

associated to a large anisotropy of the CO2 pair interaction. Both effects should favor phase sep-

aration. The fluid-fluid miscibility is debated with calculations showing immiscibility[8] but not

confirmed by other calculations[9]. In the dense N2-CO2 fluid mixtures, specifically along the

melting line where entropy contribution, that favors miscibility, is minimum, the miscibility issue

remains unexplored experimentally.

The properties of N2-CO2 fluids were mostly measured, more than 40 years ago, using piston-

cylinder press, and hence have been limited to below 1-2 GPa [10–12]. The first measurements

above 2 GPa was performed on the equimolar N2-CO2 mixture at 400 K up to 5 GPa in the the

diamond anvil cell [13]. Complete miscibility was reported. Equation of state of dense fluid

CO2 was measured combining a resistively heated DAC and Brillouin spectroscopy in the P-T

range of 0.1–8 GPa and 300–700 K [14]. On the other hand, there are few data for pure N2 reported

in the literature : Brillouin data collected at low and ambient temperature have been reported up to

0.5 GPa[15], the determination of the refractive index of N2 has been measured up to 1.7 GPa [12]

and the sound velocity only up to 2.2 GPa[11] at 300 K.

Here, we report DAC measurements of the adiabatic sound velocity and of the refractive index

in an equimolar N2-CO2 mixture up to 15 GPa and 700 K. The sound velocity vs data are extracted

by combining the refractive index n, determined by interferometric techniques, and the product

nvs measured by Brillouin scattering. To question the approximation of ideal mixing for dense N2-
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CO2 fluids, we have also determined the same properties (refractive index and sound velocity) for

pure fluid nitrogen up to 12 GPa and 700 K as these fundamental data were missing in literature.

II. EXPERIMENTAL METHODS

The experiments were conducted in a membrane diamond anvil cell (mDAC). The N2 and N2-

CO2 mixture (50.4 % moles of N2) were loaded in the sample chamber of the DAC under 1400 bar

in a high pressure vessel. Rhenium was used as the gasket material. Pressure was measured from

the ruby luminescence line at ambient temperature and from the SrB4O7:Sm2+ one up to 700 K,

using the calibrations given in Ref. [16]. The pressure uncertainty is 0.05 GPa at 300 K and 0.1

GPa at 700 K.

High temperatures were coupled to high pressures by putting the mDAC into a cylinder-shaped

heater perfectly envelopping the cell. The temperature of the sample was measured using a K-

thermocouple fixed on the head of one diamond anvil. Doing so, the temperature could be regu-

lated within ± 1 K and the temperature uncertainty was estimated less than 5 K, as validated by

previous studies[14, 17–19].

The adiabatic sound velocity of a fluid under high pressure in a DAC can be measured using

Brillouin spectroscopy[20]. Without the knowledge of the refractive index, the sound velocity

can be extracted by using several scattering geometries (for example backscattering and platelet

geometries) or by working in the 90 scattering geometry[21]. This combination of Brillouin mea-

surements or the use of a specific geometry, experimentally difficult to control, usually leads to a

decrease of the accuracy in the sound velocity measurement. If the refractive index under pres-

sure is accurately known, performing the Brillouin measurement in the backscattering geometry is

thus generally selected to achieve the most accurate sound velocity measurements, as done in the

present study. Brillouin spectra were obtained using a 6-pass Sandercock tandem Fabry-Perot[22],

with a 514.5 nm laser line excitation. The Brillouin shift, denoted ∆σ , is given by:

∆σ = 2
nvs

λ0c0
, (1)

where vs is the acoustic phonon velocity, n is the refractive index, λ0 and c0 are respectively the

incident wavelength and the velocity of the light in the vacuum.

The refractive index of the fluid was measured with the interferometric method described in

Refs. [23 and 24]. It uses a combination of two types of optical interference created in the Fabry-
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Perot cavity formed by the two parallel culets of both diamond anvils closing the sample chamber.

The interference patterns obtained by illuminating the sample with a parallel white light beam

allow measuring the product n× t (t sample thickness) on one hand. On the other hand, convergent

monochromatic light (λ=632.8 nm) produces interference rings from which, with the input of n×t,

both thickness t and refractive index n of the sample are obtained. An uncertainty of ±0.5% is

typically achieved using this interferometric determination[24] in large part due to the strain of

diamond anvil culets during the high pressure operation which affects interference rings radius.

III. RESULTS ON PURE N2

A. Refractive index

Refractive index measurements of pure nitrogen have been performed from 0.06 to 7.5 GPa

along 4 isotherms at 298K, 443 K, 489 K and 538 K. Most of the data have been collected by

decreasing pressure, because, in that case, the Fabry-Perot cavity is of better quality due to reduced

strain in the diamond anvils compared to those on pressure increase. The measured data points are

presented in table I of the supplementary materials [25]. In the inset of figure 1, the N2 refractive

index is plotted versus pressure with a temperature color scale. A temperature shift is clearly seen.

The evolution of the N2 refractive index as a function of the pressure at ambient temperature will be

useful for analyzing further measurements on dense fluid N2 , such as for Brillouin spectroscopy

here below or for Doppler shock velocity measurements of laser shock[26] in pre-compressed

N2 DAC targets. So the fit of the 296 K N2 refractive index values over the P range [0.16-2.51

GPa] (at λ=632.8 nm) is specifically given :

nN2
(P) = a+b(1+ cP)d (2)

with the pressure P in GPa, a=0.62, b=0.46, c =19.0 and d=0.112. A similar form of fit has already

been used successfully for other molecular fluids [24].

Another useful representation of the change of the refractive index is through the Gladstone-

Dale relation. It is the serie expansion of n-1 versus the density change[27] and is expressed as

n-1=Kρ . A modified version of the empirical Gladstone-Dale relation (n = a+Kρ with a closed

to 1) is often used to fit the refractive index data under pressure up to few 10 GPa. We have used

this formula in the present work. It was shown to work very well for several molecular systems

such as He, Ne, H2, H2O[24] and, as shown below is working well also for N2 and CO2 . Taking
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FIG. 1. (Color online)Refractive index of fluid N2 as function of the calculated density using the P(V )

relation reported in Ref.[11] for different temperatures. The relative error bar on refractive index is generally

smaller than 0.001. The relative error bar on density has been calculated by considering a relative error of

±0.025 GPa. Our experimental data (circle) are compare to the ones reported in literature (black diamond)

[12]. The black line corresponds to the linear fit of our experimental data (without the data at very low

density i.e. < 20.10−3 mol.cm−3). The inset shows the evolution of the refractive index of N2 as function

of the measured pressure at different temperatures.

into account the fluid N2 equation of state V = f (P,T ) determined up to 2.2 GPa from 247 to 321

K [11], the n(P,T ) data points are plotted versus density in figure 1. A linear dependence of the

refractive index of fluid N2 with density is observed, independently of the temperature, following

the relation:

nN2
(ρ) = 0.9830(2)+7.203(4)ρ , (3)

with ρ in mol.cm−3

As can be seen in figure 1, the present data agree with the accurate values (based on capac-

itance measurements) collected up to 0.04 mol.cm−3 in Ref. 12, within experimental error bars,

and extend the measurements of the refractive index to higher densities (0.061 mol.cm−3). The
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FIG. 2. (Color online) Evolution of the sound velocity vs of fluid N2 as a function of the pressure (in GPa).

Solid circles represent the present experimental data along 5 isotherms at 300 K, 400K, 500 K, 600 K and

700 K. The temperatures at which the data were collected are indicated by the color scale. Inset : Bottom :

Logarithm representation of the evolution of the sound velocity (vs) of fluid N2 as a function of the pressure

(in GPa). Top : residual from fit given by equation 4.

small deviation between the two data sets observed below 0.015 mol.cm−3 is ascribed to the large

uncertainty in estimating the density in this range, as propagated from the pressure uncertainty

(0.05 GPa).

B. Adiabatic sound velocity

The Brillouin shift of pure N2 fluid as function of (P,T) has been measured along five isotherms

- 300 K, 400 K, 500 K, 600 K and 700 K - up to 15 GPa. The nvs(T,P) data points are listed in

Table II of the SM[25]. The N2 adiabatic sound velocity is extracted from nvs measurements using

present refractive index determination. It is plotted versus pressure along the different isotherms

in figure 2. As previously shown in pure CO2 [14], the pressure-temperature variation of the sound
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velocity can be fitted with the following equation:

lnvs(P,T ) = a+bT + c lnP, (4)

with the following parameters for pure N2 : a=0.845(4), b=-0.000092(9) and c=0.3525(15) with

vs in km.s−1, T in K and P in GPa. This logarithm representation is shown in the inset of figure 2

: except at low pressure, the difference between data and fit by Eq. 4 is inferior to ±2% (see top

of the inset of figure 2).

IV. RESULTS ON N2-CO2 EQUIMOLAR MIXTURE

A. Refractive index

The refractive index of N2-CO2 fluid mixture has been measured along three isotherms - 300,

400 and 500 K - from 0.12 to 8.5 GPa. These data are reported in table III of the supplementary

material [25] and Figure 3 shows the evolution of the refractive index of the equimolar fluid mix-

ture as function of pressure for the different temperatures. We note that at 500 K, the fluid was

preserved on compression up to 8.27 GPa and then solidification occurs : this is easily detectable

since phase separation between N2 and CO2 is taking place. On decompression, we have shown

that the homogeneous fluid is recovered below 5.16 GPa. The highest pressure measurement (8.27

GPa - 500 K) corresponds thus to a metastable fluid state.

At ambient temperature, the refractive index (at λ=632.8 nm) has been measured in the fluid

phase in the P range [0.12-0.88 GPa] (the liquidus pressure is 0.9 GPa) and these data can be fitted

with the following equation :

nN2−CO2
(P) = a+b(1+ cP)d (5)

with the pressure P in GPa, a=-0.266, b=1.382, c =79.39 and d=0.0313. The difference between

the measurements and the fit is less than 1%.

As shown below, under the assumption of ideal mixing volume of fluids N2 and CO2 , the mod-

ified Gladstone-Dale relation is shown to perfectly reproduce this data set. Therefore, it somehow

indicates that ideal mixing volume is a reasonable assumption in this dense N2-CO2 equimolar

fluid mixture.
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FIG. 3. (Color online)Evolution of the measured refractive index of equimolar N2-CO2 fluid with pressure

along three isotherms (300, 400, 500 K). The temperatures at which the data were collected are indicated

by the color scale. The symbols represent the data of the present work. The solid line corresponds to the

fit of the data at 300 K. The inset shows the same refractive index data plotted as function of the calculated

mixing density. The circle represent the equimolar N2-CO2 data and the solid line represents the linear

fit. The squares represent the data of pure CO2 according to reference 14. Dotted and dashed represent the

linear fit data of the data pure N2 (this work) and of pure CO2 (nCO2
= 1.024(2)+9.78(4)ρCO2

) respectively.

B. Adiabatic sound velocity

The Brillouin shift versus pressure in the N2-CO2 equimolar fluid has been measured along

three isotherms - 300 K, 500 K and 700 K - up to 15 GPa. No evidence of phase separation was

detected over this thermodynamic domain. The Brillouin data of nvs are listed with pressure and

temperature in table IV of the SM[25].

The adiabatic sound velocity of equimolar N2-CO2 fluid can be calculated directly using the

present determination of the refractive index. We use the density linear fit of the refractive index

versus ideal mixing density, as discussed above. The adiabatic sound velocity vs of equimolar

N2-CO2 mixture is plotted versus pressure for the different temperatures in figure 4(a). The error
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FIG. 4. (Color online) (a) Evolution versus pressure of the sound velocity in equimolar N2-CO2 fluid

extracted from Brillouin scattering data in this work. The temperature at which the data were collected is

indicated by the color scale. Inset : evolution of the logarithm of the sound velocity (ln vs) of equimolar

N2-CO2 fluid as a function of the logarithm Pressure (in GPa). Top : Residual from fit given by equation (5).

(b) Relative deviation between our data and the ideal mixture model.

bars on the sound velocity, propagated from the pressure uncertainty, are around ±10% at 0.1 GPa

(see the inset) and below ±1% at 15 GPa.

The inset of Figure 4(a) shows the evolution of the sound velocity as function of the pressure

in a logarithm representation for the different temperatures. Except for the low pressure region

(P<0.3 GPa) where the uncertainties on the sound velocity are large, our data of the sound veloci-

ties in N2-CO2 as function of the pressure are well fitted with the same fit function as in pure N2 or

in pure CO2 [14] :

lnvs(P,T ) = a+bT + c lnP (6)

with the following coefficients : a=0.851(18), b=-0.00010(4) and c=0.346(7) (with P in GPa and
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T in K).

V. DISCUSSION

A. Ideal mixing in N2-CO2 mixture

The equation of state of N2-CO2 fluid mixture is not available in the literature. Assuming the

general validity of the Gladstone-Dale formula for molecular systems under pressure, the hypoth-

esis of ideal mixing volume in the N2-CO2 mixtures can be tested. Ideal mixing density of the

N2-CO2 mixture is given by :

ρ(P,T ) =

(

x1

ρ1
+

x2

ρ2

)

−1

(7)

where 1 and 2 refers to the pure components (N2 and CO2 ), xi are the molar fraction (here x1 =

x2 = 0.5) and ρi the density of the pure component i (for pure fluid CO2 reported in reference [14]

and for N2 in reference [11]). The inset of figure 3 shows the evolution of the refractive index of the

N2-CO2 mixture as function of the calculated ideal mixing density. The following Gladstone-Dale

relationship fits well the experimental data:

n(P,T) = 1.0165(3)+8.459(8)ρ(P,T) (8)

with ρ(P,T) in mol.cm−3. Hence that strongly suggests that ideal mixing volume is operative

in N2-CO2 fluid mixtures in the few GPa pressure range.

It is interesting to determine whether the measured adiabatic sound velocity can strengthen the

evidence for an ideal mixture description for N2-CO2 mixture. Therefore, the sound velocity vs of

the mixture is calculated by combining the additivity of the molar volume (V = V1 +V2) and the

thermodynamic definition of the adiabatic sound velocity, given by:

v2
s =−

V 2

M

(

∂P

∂V

)

S

(9)

where V is the molar volume, P is the pressure and M is the molar mass.

The sound velocity of the ideal mixture can then be straightforwardly expressed from the ex-

perimental data (Vi(P,T ) and vsi(P,T )) of the pure components as:

v2
s =

(x1V1 + x2V2)
2

x1M1 + x2M2

(

x1V 2
1

M1v2
s1

+
x2V 2

2

M2v2
s2

)

−1

(10)
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where vsi are the sound velocity, Vi the molar volume and Mi the molar mass of the i component

of the ideal mixture.

Ideal mixing calculation is so made using the equation of state of fluid CO2 [14] and N2 [11],

the sound velocities of CO2 [14] and of N2 , as presented above. To be consistent with our exper-

iment, in the case of CO2 , we have used the values of the sound velocity measured by Brillouin

scattering, so without considering frequency dispersion. A good agreement is obtained in fig-

ure 4(b) between the ideal mixing calculation and present data. At low pressure (below 0.2 GPa)

though, a significant deviation seems to be observed (up to 20%), the measured sound velocity

being higher that the calculated sound velocity. In fact, in this pressure range, as the relative

uncertainty in P and thus in vs are quite large, we can conclude that within the precision of our

experiment, our measurements and the model are compatible at low pressure. We note that this

low precision also exists for the data reported in the pure components, as discussed above for N2 ,

and that increases further the uncertainty of the deviation. Above 0.4 GPa and up to 15 GPa, an

excellent agreement between the ideal mixture model and present measurement is observed with

a relative deviation less than 2% (see fig.4(b)). The ideal mixture is thus a good model to describe

the equimolar N2-CO2 mixture.

B. Dispersion of the sound velocity in N2-CO2 fluids

Brillouin frequencies are in the gigahertz range (5-33 GHz for the present work) whereas ultra-

sonic measurements are typically performed in the MHz. Dispersion of sound waves in molecular

fluids have been the subject of investigations in the past and it is mainly understood in terms of re-

laxation of energy into internal (vibrational and rotational) degrees of freedom[30]. It is expected

and observed in many polyatomic fluids that the positive dispersion characteristic of relaxation

phenomena disappears by increasing density, as measured in fluid H2[31]. That is also observed

here in fluid N2 , see in figure 5(a), since the Brillouin data are, below 1.3 GPa, slightly higher than

the ultrasonic measurements[11] but both measurements converge above. However, in pure CO2 ,

the positive dispersion is observed up to 0.5 GPa at least[14]. The extension of ultrasonic mea-

surements in fluid CO2 in a higher pressure range is needed to observe the expected disappearance

of the dispersion.

To our knowledge, there is no measurement of the ultrasound velocity of equimolar N2-

CO2 mixtures. Nevertheless, we can compare our present Brillouin data to the ones reported
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FIG. 5. (Color online) (a) Comparison between the present data of adiabatic sound velocity in pure

N2 determined by Brillouin measurements (solid circle) and the ultrasonic measurements [11] (black

solid line) at ambient temperature (b) Comparison between the present data of adiabatic sound velocity

in N2-CO2 mixture determined by Brillouin measurements (purple solid circle) and previous ultrasonic

measurements[28, 29] (black symbols) at ambient temperature. The calculated adiabatic sound velocity is

presented by the purple curve.

for ultrasonic measurements in N2-CO2 mixtures of two different concentrations : a first mixture

with 60.4% moles of N2 and 39.6% of CO2 [28, 29] and a second N2-CO2 mixture with 39.4%

moles of N2 and 60.6% of CO2 [29] from 0.1 to 0.6 GPa at ambient temperature. The ultrasonic

sound velocity in the MHz frequency range of the equimolar N2-CO2 mixture should thus be in

between the values of these two concentrations. The comparison between these ultrasonic mea-

surements and the present Brillouin data is made in figure 5(b). At low pressure, below 0.2 GPa,

the Brillouin sound velocities are slightly higher (by ≈ 10% at 0.1 GPa) than the ones obtained

by ultrasonic measurement, even if we consider the uncertainties on the sound velocities of our

work. Above 0.3-0.5 GPa, present data becomes similar (considering the uncertainties) to the ones

reported by ultrasonic measurements. Consequently, the dispersion either disappears or is to small

to be resolved and so that the Brillouin velocity in the GHz can used as the thermodynamic sound

velocity.
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VI. CONCLUSIONS

The present work extends by one order of magnitude in pressure the measurements of the

sound velocity and refractive index of dense fluids N2 and N2-CO2 equimolar mixture. The N2-

CO2 mixture remains completely miscible up to 15 GPa, even for temperatures near the melting

line. The analysis of the refractive index and of the sound velocity versus pressure suggests that

the N2-CO2 equimolar mixture can be considered as ideal with properties directly deduced from

volumic fraction of N2 and CO2 pure fluids. In pure N2 and in the N2-CO2 mixture, the dispersion

of the sound velocity between Brillouin measurements (done in the GHz range) and the previous

ultrasonic measurements (done in the MHz range) is no more resolved within the experimental

accuracy above about 0.5 GPa.
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