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O,/N, mixtures under pressure: A structural study of the binary phase diagram at 295 K
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The binary phase diagram of,{N, mixtures has been measured at 295 K up to 14 GPa in a diamond anvil
cell. The boundary lines and the structures of the various solid phases have been determined by the combina-
tion of visual observation of the phase transitions, synchrotron x-ray diffraction, and Raman spectroscopy. A
large substitution of Q up to 20%, in solid N does not modify the sequence of structures observed in pure N
solid. On the other hand, only less than 5% gfdén be substituted in solid OFive structures of & N, solid
solutions have been identified. In particular, a continuous solid solution obtained by substitutigmudfl-O
ecules in the3-N, phase is observed to extend up to 95 mol% Deviation from pure random substitution is
observed. Also, evidence of the existence of two compouilgzO, and Nx(O,),, are discussed.
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I. INTRODUCTION The aim of the present study is to do a complete and
. ] ~ direct determination of the boundary lines of the binary
O, and N, are two homodiatomic molecules that contain phase diagram and a structural determination of th&NQ
multiple bonds and @is the only diatomic molecule to carry sojig mixtures. The following questions will then be ad-
a magnetic moment. Hence, numerous theoretical and exyessed: How does the solubility of one component in the
perimental works have been devoted to investigate highsgjig of the other modify the sequence of phase transitions of
pressure effects on molecules in pure oxygen and purghe pure components? Are there new structures for tH&lQ
nitrogen! Up to 10 GPa, in both systems, a rich polymor- alloys? Does Van der Waals compounds exist? What is the
phism has been revealed due to the interplay between quaycess volume of mixing? The outline of the paper is the
drupolar forces, magnetic interaction, the ratio of the mo+o|iowing: in Sec. II, experimental details are presented:; in
lecular bond length over the intermolecular distance, ofsec, |ii, the phase diagram is constructed and the structural
pairing of molecules. In the 100 GPa range, new structuregetermination presented:; in Sec. IV, comparison with previ-

have been recently identified when chemical changes bgs,s determinations and the analysis of the data are discussed.
come dominant, as with the formation of oxygen nvetalof

nonmolecular phases of nitrogéhe study of oxygen and
nitrogen under pressure is also of direct relevance to under-
stand the physical and chemical processes in condensed The membrane diamond anvil cell has been used for gen-
phases with application to planetary physics, detonation oérating the static high pressure. In previous studies, we have
high-energy materials, and the synthesis of novel materialshown that this device is well adapted for measuring the
by pressuré.Atomistic modeling can provide valuable infor- properties of binary mixtures at high pressité Since the
mation regarding these applications but it is then importanpressure in the sample chamber can be finely varied by con-
to have a reliable force field between the molecular entitiestrolling the force on the piston through the gas pressure on
High-pressure equation of state data have been shown usefile membrane, phase transitions can be probed at constant
to refine these force fields. temperature. Also, the diamond anvil cdllAC) is loaded at

For the understanding of fundamental pressure effects oroom temperature in a high-pressure vessel, typically under a
molecules or its application to natural phenomena, the studgressure of 20 MPa to avoid the use of a compressor that can
of O,/N, mixtures under pressure should be as interesting alse dangerous with oxygen. BeCu gaskets were used to con-
the ones of pure systems. In particular, the binary phase didine the sample and the sample chamber at 10 GPa was typi-
gram is a sensitive test of the binary interactions. Furthereally 100 um in diameter and 3@m thick. The concentra-
more, studies of mixtures of simple molecules at high prestion of the sample is calculated from the partial pressures of
sure has revealed a number of interesting phenomena, sutie initial mixtures(stabilized for at least 12 h in the loading
as the existence of Van der Waals compouhtl¥et, few  vessel corrected with the second virial coefficients. The er-
theoretical and experimental studies have been devoted tor bar on the concentration is less than 1%. A total of 20
the properties of @ N, phase diagram under pressure or thedifferent initial concentrations have been studied and mea-
chemical changes induced by pressure in these mixturesurements at some concentrations were repeated a few times
Only three studies have been reported in the literature oto test reproducibility. The pressure was measured with the
0O,/N, mixtures under pressufel® Baer and Nicdl have  ruby luminescence technigque using the quasihydrostatic ruby
determined by Raman scattering at 295 K indirectly parts otcale'? The error bar in pressure is +0.05 GPa.
the P-x% binary diagram. It was shown that the components Phase transitions boundary lines of the/®, phase dia-
were highly miscible below 9.5 GPa in th2O, and 6-N,  gram, as presented in Fig. 1, have been clearly detected by
solid phases. visual observation through a microscope apparatus associ-

Il. EXPERIMENT
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4 FIG. 2. (Color onling Microphotographs of severalJNO, mix-
3 tures at different pressures and concentrati@®sS2-fluid equilib-
rium at 4.2 GPa for B/ O, mixture with 50 mol% Q. (b) 2 phase
2 at 5 GPa for a B O, mixture with 50 mol% Q (c) S2+S3 equi-
0 10 20 30 40 50 60 70 80 90 100 librium at 6.7 GPa for N/O, mixture with 80 mol% Q. (d) S3

0, concentration (%) +83’ equilibrium at 7.5 GPa for B O, mixture with 66 mol% Q.

(e) +HA equilibrium at 9.4 GPa for NO, mixture with

FIG. 1. Binary phase diagram of N, at 295 K and up to SQ mol% Q. (f) S2+S5 equilibrium at 12 GPa for N O, mixture
12 GPaO are data points determined from visual observation. TheVith 80 mol% O

lines are interpolated from the data points and drawn to satisfy the

Gibbs phase rule. The structures of the £N, alloys have been measured

by synchrotron x-ray diffraction at the ESRF using angle
ated to the pressure measurement. The sample was obsendigpersive =~ monochromatic  x-ray  diffraction  at
at each point from few minutes to several hours to test fo0.3738 A(ID30) and at 0.417956 AID09). The diffracted
equilibration. During these observations, we did not noticesignal has been recorded on a MAR3450 imaging plate sys-
any change of the sample with time. Solid-fluid equilibrium tem, located at a distance 400 mm from the sample. The
could be easily see(Fig. 4). At each concentration, th&  diffraction geometry was determined using a Silicium refer-
+F domain extends over a certain pressure range. The traence sample. Maximumévalue was 23°. A DAC equipped
sition points were the most finely detected by working with awith boron seats was used to have a large x-ray aperture. The
single crystal in equilibrium with a fluid. Th&+F domainis DAC was rotated by +12° to have access to a sufficient
then delimited by the locus of tH(x) points when the small fraction of the reciprocal space when the sample was a single
single crystal was seen to disappear and when the singlarystal. Diffraction images were scanned with 100 spa-
crystal is seen to fill the whole sample chamber. The transitial resolution and integrated using thieep software!® Pow-

tion between the various structures of/@, alloys, as iden- der spectra have been analyzed udiagah and the lattice
tified by x-ray diffraction and Raman spectroscopy, could beparameters optimized taking into account all diffracted
detected by visual observation by following with pressurepeaks. Single-crystal diffracted peaks were individually inte-
the changes in a single crystal grown from the melt. Follow-grated after refinement of the beam center. No evidence of
ing the labels of Fig. 1, th&1-S2 transition could easily be nonhydrostatic compression could be evidenced with these
observed because there is a pressure domain over which theo analysis. Absolute uncertainty in the lattice parameter is
two solid phases coexist and a boundary between two singlat maximum 10°. Five different concentrations have been
crystals was observed. TI®-S6 transition is harder to de- studied, respectively, 10, 25, 50, 66, and 75 mol% @

tect by direct observation or by Raman spectroscopy. Thisrder to cross all the domains of stability of the various solid
transition is associated to the breakage of the single crystal iphases identified in the phase diagram below 14 GPa. In all
few parts and was finally proven by x-ray diffraction where cases, the pressure evolution started from the single crystal
this displacive phase transition can be clearly sggg. 5). grown from the melt. Also, by working with a single crystal,
The transition fronS2 to S2+S3 is easily detected because it it could be seen whether the phase transitions under pressure
is associated to a change of color and texture of the solidare displacive, i.e., keeping the single crystal, or reconstruc-
The transition fromS2 to S3’ is hard to detect because the tive, i.e., leading to a powder-diffraction pattern. Further-
single crystal is not broken at the transition, however, a tranmore, Raman spectroscopy was performed in several places
sition front is observed to cross the solid. TB2+34 and  of the sample to verify homogeneity of the single-crystal
R +35 solid-solid phase separations are clearly detecteccomposition. We did not observe any deviation of the con-
Figure 2 shows microphotographies of several X, mix-  centration across the crystal.

tures that point out the different aspects of those mixtures Finally, Raman spectroscopy was also performed to con-
according to the different stability domains. firm direct visualization. InSl, S3, S3', $4, andS5, one
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points determined from visual observation. The lines are interpo-
(c) S2 > ||€e— 82 6.2 GPa 2320 2360 lated from the data points and drawn to satisfy the Gibbs phase rule.
: A At 25 and 66 mol% @ irregularities show evidences of the pres-
ence of two compound$N,)30, and Nx(O,),, as discussed in the
text.

S3+83 o3 Ill. RESULTS
(d) 8,4 GPa
TS A PO B N A. Binary phase diagram

The O,/ N, binary phase diagram at 295 K is given in Fig.

1, as obtained from visual observation and Raman measure-
s2 ments. Many transition data poitns have been measured and
(e) S2__ Ld— s 98GPa J the bounda_ry Iine_s have been drawn to connect those points

on the basis of Gibbs phase rule. The solid phases, number

- from Sl to S5, as supposed to be related_ to the structures of
2/ pure G, and pure N phase d[agram. This W|]I be Q|rectly
52 proven below from the analysis of the x-ray diffraction mea-
) 12 GPa \ surements. Two important features of the phase diagram have
been already pointed out from a previous Raman study:
— T there is a total miscibility in the fluid phase; there is a large
2300 2400 miscibility of O, in the thes-phase of solid B S2. But the
A larger number of concentrations studies in the present study,
Wavenumber (cm™) the greater accuracy in the determination of the concentration
and of the pressure of phase transitions, enables to observe
FIG. 3. Raman spectra of severap/lD, mixtures at different  finer details and other features of the phase diagram.
pressures and concentrations. The spectra corresporgd) t61 The range of solubility of M in solid O, is small, less
phase at 3.7 GPa from aKD, mixture with 10 mol% Q. (b) 2 {41 5 mol9, apart from a domain around 7 GPa. A new
phase at 6.3 GPa from a,hO, mixture with 50 mol% @ (O structureS3' is observed in a domain at the center of the
S2+S3 phases at 6.2 GPa from gD, mixture with 94 mol%% Q diagram and not connected to the structure of the pure com-
(d) S3+S3’' phases at 8.4 GPa from a,ND, mixture with . - .
66 Mol% . (€) S2+S4 phases at 9.8 GPa from a0, mixture ponents. _In this case, x-ray dlffractlpn was necessary to show
: : the coexistence of th&3 phase with the nevd3’ phase.
with 50 mol% O (f) 2+S5 phases at 12 GPa from gMND, mix- . S .
ture with 50 mol% G. Finally, no phase sgparatlon is observed at least tq 1{1 GPa, in
alloys which contain up to 20 mol% fOAlso, the liquidus

and solidus line have been determined with great détadl.

4). The solidus line presents discontinuities at 25 and
vibron peak for @ and for N, is observed whereas B2 and 66 mol% G, The liquidus line presents associated peritectic
$6, two vibron peaks for both molecules are observed. Typipoints at Q concentrations slightly higher than the disconti-
cal Raman spectra that were obtained fg/ ®, mixtures in  nuities on the solidus line. These modifications from a regu-
the different stability domains are presented in Fig. 3. Thear spindle-type phase diagram is suggesting the existence of
detailed Raman spectroscopy of the vibron frequency anedvo compounds(N,);O0, and N,(O,),, which have incongru-
width of the Q and N, vibrons with pressure and concentra- ent melting. These possibilities have been tested by x-ray
tion has been done in a previous stlidyd that is essentially diffraction as explained in the following section.
confirmed in the present work. Raman spectra were obtained
with a 514 nm Ar laser line excitation and a XY 500 DILOR B. Structures of the alloys
spectrograph equipped with a charge-coupled device detec- The structures of pure solid Nand pure solid @ under
tor. pressure have been extensively studied and in both cases a

|_> S2 FIG. 4. Enlargement of the sokefluid domain. O are data
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rich polymorphism has been observed. At 295 K,&Rhibits TABLE 1. Sequence of observed-spacings for N/O, at
four stable phased:!® 0O, solidifies at 5.5 GPa in the rhom- 10 mol% Q. During increasing pressure, the single crystal remains
bohedral3-O, magenta phase with space gréuR3m and  through phase transitionsSl is hexagonalP6;/mmc with a
one molecule per cell. With increasing pressure, a phase3.537+0.007 A and ¢=5.844+0.007 A (V=31.658+0.163
transition occurs at 9.6 GPa to form the orthorhombicA/moleculd at 3.66 GPa. 2 is cubic PmBn with a
Fmmmd&-0, orange phasé that contains four molecules per =6.010+0.007 A(V=27.135+0.095 A/moleculg at 6.7 GPaS6
cell. This phase is stable up to 9.9 GPa where it transformis tetragonal (possible space groupP4,/ncm) with a
into the e-O, phase that is monoclinic witlC2/m space =8.075£0.007A  and ¢=5.694+0.007 AV=23.205+0.069
group® and eight molecules per cell. TheO, phase is A%/moleculgat 14.6 GPa.

stable up to 96 GPa where,®ecomes a metaf.At 295 K,

N, exhibits the following sequence of solid phases.9¢-  hkl Gops (A)  dops—eac DKl dops (A)  dops—Gearc
lidifies at 2.49 GPa into the hexagonal close-packed and ori
entationally disordereds-N, phase with space group Sl at 3.66 GPa

P65/mmc?h20At 4.9 GPa, it transforms into th&N, cubic 010  3.0645 0.0014 021 14810  -0.0005
phase with space groupm3n.?223The cubic-N, cellcon- 011 27013 -0.0117 022 1.3586 0.0021
tains eight molecules distributed on two different crystallo-q{ 1 o 17684 -00001 014 1.3186  -0.0001
graphic sites. Two orientationally disordered molecules are , 15324 0.0008

located at the sites(the corners and the cenfeix disklike ‘ '

disordered molecules are located at thsites (positioned S2 at 6.7 GPa
perpendicularly in pairs at the faces of the gefhis phaseis 002 ~ 3.0051 ~ 0.0001 104 14573  -0.0003
stable up to 11 GPa where it transforms into #hg-N, 112 24533  -0.0003 114 14163  -0.0003
phasé® that seems to be a distortion of theN, phase. Syn- 222  1.7352 0.0003 214 13110  -0.0005
chrotron x-ray experiment give§,.-N, a tetragonal struc- 21 3 1.6056 ~0.0006 224 1.2279 0.0011
ture with 16 molecules per cell and presumabBl$,/ncm 404 15024  -0.0001

space group. Then, at 16.5 GPa, the transition to the rhom- 6 at 14.6 GPa

bohedrale phase takes placé-?°As a consequence, a simi- '

lar rich polymorphism is expected for the binarg/®, sol- 002 2.8528 0.0060 251 14521 0.0020

ids. 102 2.6929 0.0080 004 1.4270 0.0036

Five concentrations have been studied by x-ray diffrac130  2.5467 ~ -0.0070 104  1.4049 0.0031
tion. On the one hand, the structures of all the stabliN® 311 2.3367 0.0067 152 13874 0.0034
alloys observed in the binary phase diagram at 295 K were 2 2 2.3237 -0.0030 204 1.3447 0.0023
identified by the sequences of transitions observed under 3 1 2.0842 -00001 034 12573 —-0.0010
pressure at 10 and 66 mol%,Orhe d-spacings data of the (4 5 1.6460 ~0.0008 314 1.2440 0.0007

two runs are reported, respectively, in Tables | and Il. On th
other hand, x-ray studies were performed at 25, 50, an
66 mol% O to probe whether we could see structural
changes in th& phase associated to the discontinuities ob- 3 3
served on the solidus curve. First, it should be pointed out
that remarkably a great mobility of the,@nd N, molecules  Parts of x-ray diffractograms of tH&2 cubic phase and of the
in observed inS1 and S2 phases, rapid recrystallization is S6 tetragonal phase, as presented in Fig. 5, show that the
observed that drives the rapid growth of a single crystalS2-S6 phase transition is displacive. Associated integrated
Whatever the thermodynamic path, x-ray diffraction patterngpeaks are given in Fig. 6. The equation of state of the alloy is
in S1 andS2 phases are always ones of single crystals. Thisompared to the one of pure solid k Fig. 7. It is seen that
impossibility of growing a fine powder i81 andS2 phases the effect of Q substitution on the volume is clear in the
prevented us from doing Rietveld refinement to extract thes-N, phase whereas almost negligible 8N, and §y-N,
molecular Q and N, positions in the unit cell. phase. The sequence of phase transition&Ni§)g o-(02)0 1

The sequence of structures, as described in Table I, okalloy is thus exactly the one of pure,isolid, with a &N,
served under pressure at 10 mol% laas been identified by phase slightly more stabilized by,@ubstitution.
the indexing fit of thed-spacing measured. I8l domain, a The evolution of thed spacings measured under pressure
hexagonal unit cell with two molecules per cedpace group in a solid GQ/N, mixture with 66 mol% Q probes other do-
P63/mmag accounts for all the peaks observed. The excesmains of the phase diagram, as presented in Table Il, and
volume of mixing was measured to be less than 0°8%1L is  enables one to identify the following sequence of structures.
thus obtained by a substitution of,Mholecules by @ mol-  The 2 phase, as for a concentration of 10 mol%, B de-
ecules in theB phase of solid nitrogen. I'82 domain, a rived from 5N, by the substitution of Bl molecules by @
disordered cubi®m3n with eight molecules in the unit cell, molecules. The differences from a pure substitutional alloy
as 6-N,, reproduces very well the diffraction data. Above for the 2 phase will be analyzed in the following section in
12 GPa, a tetragonal unit cell is refined with a possible spacterms of the excess volume of mixing and in terms of the
group P4,/ncm as in pure solidj,-N,. The S2-S6 phase distribution of the two components on the two crystallo-
transition that is hard to detect by direct visualization orgraphically different sites of thé-N, structure. In theS3
Raman spectroscopy is clearly seen by x-ray diffraction+S3’domain, x-ray diffraction was performed on few single

42 1.6101 -0.0035 162 1.2017 -0.0015
431 1.5527 -0.0011 361 11772 -0.0006
1.5233 0.0000 172 1.0599 0.0001

134105-4



0,/N, MIXTURES UNDER PRESSURE: A. PHYSICAL REVIEW B 70, 134105(2004

TABLE Il. Sequence of observed spacings for N/O, at 66 mol % Q. With increasing pressure the single crystal remain§at
—S3+S3' phase transition, at th&2+S4 andS2+S5 powders are formed. The error on the cell parameters is +0.0&8 dspace group

R3m) is rhombohedral witta=2.758 A andc=10.200 A(V=22.397+0.129 A/moleculg (hexagonal cejlat 8.3 GPaS3' is hexagonal
with a=5.630 A andc=12.358 A(V=24.231+0.074 A/molecule at 8.3 GPa4 is orthorhombicFmmmwith a=6.704 A,b=4.248 A,

and c=2.958 A(V=21.060+0.106 A/molecul® at 9.8 GPa.S5 is monoclinicC2/m with a=8.096 A, b=5.724 A, ¢=3.776 A, andgB

=117.26 (V=19.442+0.087 A/moleculg at 12.2 GPa.

hkl dobs (A) dobs_ dcalc hkl dobs (A) dobs_dcalc
S at 6.6 GPa

101 4.1851 0.0103 213 1.5774 -0.0005
102 2.6417 0.0014 004 1.4752 -0.0008
112 2.4111 0.0008 104 1.4317 -0.0002
202 2.0888 0.0014 114 1.3911 -0.0005
222 1.7046 0.0003 024 1.3202 0.0000
203 1.6372 -0.0003 214 1.2883 -0.0001

3 at 8.3 GPa fron83+S3’ domain
003 3.3931 -0.0069 113 1.2800 0.0021
101 2.3170 -0.0086 107 1.2446 0.0007
012 2.1550 -0.0080 021 1.1838 -0.0023
006 1.6933 -0.0067 202 1.1622 -0.0006
015 1.5574 0.0062 116 1.0689 -0.0021

3’ at 8.3 GPa fron83+S3’ domain
002 6.1915 0.0121 220 1.4070 -0.0005
004 3.0921 0.0024 222 1.3727 0.0004
110 2.8138 -0.0012 118 1.3542 -0.0001
014 2.6110 0.0012 028 1.3045 -0.0004
112 2.5627 0.0010 224 1.2808 -0.0001
020 2.4392 0.0013 0010 1.2363 0.0004
022 2.2676 -0.0002 040 1.2190 0.0001
114 2.0812 0.0003 0110 1.1976 -0.0004
006 2.0606 0.0008 042 1.1959 0.0000
024 1.9144 0.0006 128 1.1838 -0.0001
016 1.8974 0.0000 226 1.1620 -0.0001
120 1.8430 0.0002 044 1.1341 0.0002
122 1.7660 0.0000 038 1.1196 -0.0001
116 1.6621 -0.0002 230 1.1186 0.0000
124 2.5827 0.0000 0210 1.1022 -0.0001
026 1.5722 -0.0012 232 1.1009 0.0002
032 1.5717 -0.0001 046 1.0491 0.0001
008 1.5443 -0.0005 228 1.0406 0.0002
018 1.4724 -0.0003 1210 1.0264 0.0000
034 1.4382 -0.0002

S at 9.8 GPa fron®2+$4 domain
200 3.3582 0.0062 420 1.3148 -0.0010
111 2.2834 0.0010 131 1.2540 -0.0006
020 2.1247 0.0007 022 1.2135 -0.0001
220 1.7953 0.0008 511 1.1737 -0.0001
400 1.6759 -0.0001 222 1.1414 0.0002
311 1.6433 -0.0008 600 1.1173 0.0000
002 1.4790 0.0000 402 1.1090 0.0000
202 1.3524 -0.0007

S5 at 12.2 GPa fron82+S5 domain
110 4.5031 0.0233 201 2.0300 -0.0035
001 3.3538 -0.0027 401 2.0154 -0.0008
201 3.3240 -0.0066 202 1.8901 0.0022
020 2.8627 0.0008 130 1.8349 -0.0094
111 2.3734 -0.0068 400 1.8015 0.0023
311 2.3591 -0.0026 511 1.5571 -0.0001
220 2.2428 0.0029 331 1.5381 0.0014
310 2.2185 0.0061 040 1.4320 0.0010
021 2.1804 0.0026 203 1.2430 0.0043
221 2.1678 -0.0029 222 1.1901 0.0000
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at a distance 0f=400 mm from the sample. For tt& phase, the » 22, and 2p The empty symbols are from this study. Dashe
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FIG. 8. Evolution of the excess volume with concentration at 0 20 40 60 80 100
6.5 GPa in thes2 cubic phase. The excess volume is the difference O, concentration (%)
between the present determination of the volume of the solid mix-
ture at a given concentration and the one linearly interpolated for an FIG. 9. Evolution of the ratio of the intensity of the two Raman
ideal mixture from the volume of the pure end components. modes of N and G, with concentratioril,, /1, (x)] at 6 GPa in the
2 cubic Pm3n phase. This cubic cell contains eight molecules

crystals by increasing pressure frc& or on a fine powder distributed on two crystallqgraphlc sites. Two molecules correspond
to »; Raman mode, and six corresponditoRaman mode. Dashed

by decreasing pressure fro& +34. The diffraction pattern . o .
. . . lines are polynomial fit of the data points.
could be refined as corresponding to a mixture of two phases,
one, S3 with a rhombohedral unit cell and a volume very ] o
nal unit cell with these molecules in it. The other pheg%,  be alm'ost.lndependent qf pressure. The curve is regular with
has a structure that does not correspond to pur@dt O,  NO indication of more efficient packing at the two concentra-
phases. We best refined t88' structure with a hexagonal tions where a deviation from a solid solution is expecte_d.
unit cell with 14 molecules in it. This structure was also the The Raman spectroscopy measurement of the vibron
simplest one that best fits all the diffracted peaks. Moreovernodes of @ and N, molecules in the alloy can indirectly
assuming an ideal mixture, we can estimate the concentratidifobe the microscopic arrangement of the molecules on the
of S3' to be =46.5% and this composition is in agreememcrystal lattice. The shift o_f the vibron frequency is due to the
with the boundary line of the phase diagram. By increasing?ha”ge of the local environment a_round the molecule that
pressure, x-ray diffraction in th&2+S4 andS2+S5 phase- tz_ikes place Wh_en the vo!ume is varied or the molecular spe-
separation domain shows th& is orthorhombicFmmm  Ci€s are changing. The vibron shift should be analyzed as the
with four molecules in the unit cell, a$0, andS5 is mono- contribution of two terms, the environmental shift, due to the
clinic with the space gour£2/m and eight molecules per interaction of.the molecule with its surroun(_jing, and the
unit cell, ase-O, and their volumes are very close to the 'ésonance shift, due to an exchange of excitation between
ones of the @ pure phases. identical molecules. Also, the number of vibron modes of a
given molecule is related to the number of different crystal-
lographic sites.
C. Deviation from ideal substitution in the S2 phase The intensity of the different vibron modes is in a first

As seen in Fig. 1, th& phase covers a large domain of @Pproximation related to the population of the molecules on
the phase diagram. X-ray measurements at 10 anHese different sites. Them3n structure of thes2 phase has
66 mol% O, have shown that this phase is obtained by subiWwo crystallographic sites. Thus two vibron modes are mea-
stitution of N, molecules by @molecules on the sites of the sured for Q and N, molecules’ Each site displays a differ-
cubic Pm3n of 5-N,. On the other hand, cusp on the solidus €Nt type of order. At th€0, 0, 0 and(3, 3, 3) positions of the
curve at 25 and 66 mol% £should indicate deviation from PmBn unit cell, corresponding to the; vibron mode, are
the solid solution at these specific concentrations, i.e., a premolecules whose orientations are spherically disordered,
erential population of each component on one of the twovhile each unit cell face contains two sites(@t,;) and
sites of the structure or a partial order that optimizes théO,ﬁ,%) or their equivalents where molecules have disklike
binary or pure interaction energy at these specific concentrarientational distributions, corresponding to thg vibron
tions. The Raman measurement of the vibron frequency shifnode. There are three times as many disklike disordered
and of the vibron intensity ratio of the two molecules and themolecules as spherically disordered molecules. The intensity
x-ray diffraction measurement of the excess volume of mix-of the v, mode should thus be three time the one of the
ing versus concentration at a given pressure were performenode. In Fig. 9, the ratio of the intensity of tle mode over
to address this question. The excess volume of mixing versufie one of they,, IV2/IV1, for N, and G molecules is plotted
the oxygen concentration is plotted in Fig. 8. It is given byversus concentration at 6 GPa. The ratio is around 3 for N
the difference between the present x-ray determination of thand slightly increasing with © concentration. But, it is
volume of the solid mixture at a given concentration and thearound 1.5 for @ and decreasing with the concentration of
one linearly interpolated from the volume of the pure endO,. The trend with Q@ concentration, increasint, /1, for
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FIG. 10. Evolution with concentration of the frequency of the ~ FIG. 11. Comparison between the structures offQ, mixtures
Raman vibrons of @and N, molecules at 6 GPa in th& cubic and the structures of the pure components. Gray domains corre-
phase. The deviations in the change of the Raman frequencies of @pond to phase-separation regions. All the other domains corre-
and N, vibrons with concentration are correlated to anomalies in thespond to homogeneous phas&., 82, S3, 4, S5, and 6 are
solidus curve(see Fig. 4and in the evolution of the ratib, /1, (x) ~ isostructural phases of the pure compone88s.is a new homoge-
(see Fig. 9. Dashed lines are polynomial fit of the data points. ~ heous phase of £N, mixtures and has a hexagonal structure that

does not exist for pure Nor O,. A large miscibility of G, mol-
N, and decreasing, /I, for O, could suggest that the O ecules in N solids is observed, while less than 5% of ban be
molecules slightly prefer to occupy the site. That also substituted in @ solids.
explains why the ratio is smaller than 3 for,.(However, to
be more quantitative, if the ratiqzllv were a correct mea- IV. DISCUSSION
sure of the distribution of the two components on the sites, Figure 11 summarizes the-x miscibility domains of the
we should expect the concentration weighted average valu®,/N, binary phase diagram and how the structures of the
of |V2/|V1 to be 3, instead of the 2.5 value observed in Fig. 9.solid mixtures are related to the ones of the pure compo-
But it has been explained in the caseyD, which is iso- nents. For simple interactions between entities, it has been
morphous tos-N; that the deviation of, /1, from a factor shown that the binary phase diagram could be reasonably
3 is due to vibron-vibron resonant transfer coupRffigReso- ~ Predicted in terms of the interactions between the compo-
nant transfer coupling is not important fopNet, an impor-  nents by an Einstein model for the solid free energy together
tant microscopic information of Fig. 9 is thus that/®™,  Wwith perturbation theory for the liquid, as in the case of
solid mixtures are not pure random solid solutions. FurtherHe/Ne and HHe.:?8 But the application of the same free-
more, two peaks are observed, in Fig. 9, on tbzélyl(x) energy calculation is limited here by the ignorance of the
curves, respectively, at 25 mol% for,0Omolecules and O.-N, interaction potential. Also magnetic interaction and
66 mol% Q, for N, molecules. It is interesting to note that possible pairing between Qmnolecules render the problem
these peaks are correlated to the cusps on the solidus line uch more complicated. However, the main trend of the
these two concentrations. Similarly, the vibron frequency ofbinary phase diagram can be explained by a simple geometri-
O, molecules and N molecules versus concentration at cal understanding that relates the shape of the binary phase
6 GPa, as plotted in Fig. 10, seems to show two deviations afiagram to the ratio of the effective hard sphere of the two
25 and 66 mol% @ This suggests that the site distribution components in the pressure range considétdthe effective
of O, and N, molecules at 25 and 66 mol%,@iffers from  hard-sphere diameters of the two molecular entities can be
the concentration trend in solf®. Hence corroborating the estimated with the effective pair potential derived from
existence of two compounds at these two concentrationshock-wave HugonictThat gives in Q/N, mixtures around
But, due to the complication of vibron-vibron resonant trans-6 GPa a ratio oflo,/dy,=0.94. Since this is only slightly
fer of O, molecules, we cannot know quantitatively the rela-different from 1, a large miscibility in the fluid phase and
tive population of the two molecules on the two lattice sitessolid phase is expected.
and whether or not ordered microscopic structures are A total miscibility is observed in the fluid phase. A large
formed. substitutional miscibility of @ molecules in the N solids,
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and even an almost complete substitution in &€, phase, structures of binary hard-sphere compounds or intermetallic
is observed. In contrast, a very small substitutional miscibil-compounds have been found, in the present case the two
ity of N, molecules in the @solid phases is observed. This compounds should correspond to a special network arrange-
dissymmetry of the solubility is very interesting. On the onement in a substitutional solid solution. A more complete un-
hand, a large substitutional solubility of,@olecules in N derstanding of these compounds will require further work.
solid structures reflects that the,®, interaction is quite Finally, a phenomena of rapid recrystallization has been
similar to the N-N, interaction. But on the other hand, the gpserved. This has been clearly measured from the change
small solubility of N, into O, solids indicates that the ,50n decreasing pressure of the x-ray diffraction patterns of
O,-N, interaction is quite different from the £, interac-  iha 66 mol% Q mixture. Starting in the2+S4 domain of

tion. This means that there is a strong deviation from th he bi : - : :
. X X inary ph iagram, in Fig. 1, a fine-grain lycrys-
Lorentz-Berthelot rule for the binary interaction. That couldetaﬁi:e anzlixpt)urae;seooml aglrioét pu?e,@-,(i aeng E;_Nezd 5\2%0 ys

be explained by the importance of the magnetic interactiori;,)5 mol% O is observed. Then, by decreasing rapidly the

below 10 GPa that is known to stabilize the €tructures ressure in th&2 domain around 7 GPa. a rapid arowth of
observed and by the pairing of,@nolecules above 10 GPa, p ure | ih arou ' pid grow .
few single crystals occupying the whole sample chamber is

known to stabilize the-O, phase. As a consequence, if the e . S o
magnetic and pairing interaction between, @olecules observed within few minutes. That implies great mobility of

could be turned off, we would probably obtain a completeth® molecules, quite unexpected because the vacancy mecha-
substitutional miscibility of @ in solid N, and vice versa, Nism of diffusion should be inhibited essentially because the
with the sequence of structure of pure Nnder pressure. PV term is adding to the energy of vacancy formation. Fur-
The smallP-x stability domain ofS3 and S3’, yet over a  thermore, the spontaneous recrystallization in a single crystal
significant concentration range, is probably ascribed to &f fine powders of the pure end components at the same
subtle interplay of the magnetic interaction in this pressuregpressure is never observed.®N, powder will not sponta-
and concentration range. But the microscopic understandingeously recrystallize in a single crystal, nopeO, powder.
of it is beyond the scope of the present study. Consequently, it seems that this recrystallization effect is due
The present phase diagram is in overall agreement in it intrinsic properties of the mixture. A microscopic under-
major transition lines and shape with the binary phase diastanding of it would be very interesting because diffusion
gram inferred some years ago from Raman measurerfientsind recrystallization properties have been scarcely investi-
But there are large differences in concentration between thgated by experiments above 1 GPa, despite their importance
two diagrams. The © concentration indirectly estimated for the geochemistry of inner earth or material synthesis at
from Raman measurement is systematically underestimatdtigh pressure. Further measurements are now needed.
and the difference with the present work can amount to
20 mol% G. The estimation of the concentration from the
Raman intensity is known to be difficult because that re-
quires a careful calibration of the Raman cross section in the The O,/N, binary phase diagram is presented here at 295
condensed phase. This issue is extensively discussed f@rby the combination of three measurements: visual obser-
O,/N, mixtures in a recent work The gas loading of the vation to observe the phase transitions; Raman spectroscopy
DAC enables to know directly the concentration of theof the vibrons of the two molecules to probe the crystal field
sample. This error in the determination of €oncentration  on the molecules; x-ray determination of the structures of the
from Raman intensity is also explaining partly why a largesolid solutions. This extends in accuracy and details a previ-
miscibility of N, in solid 8-O, has been reportéavhereas it ous determination by Raman spectroscopy. The present study
is observed to be very small in the present work. The othepf the O,/N, phase diagram brings the possibility to inves-
source of differences stems from the small number of contigate differently the properties of the pure end members
centrations studied in the investigation of B&en fact in-  gglid. A large solubility of Q in solid N, is observed
sufficient to precisely disclose such a complex binary phasghereas a small solubility of Nmolecules in solid @ is
diagram as the &N, one. observed. This dissymmetry of solubility can be ascribed to
Two anomalies on the solidus curve and their correlationthe magnetic interaction between, @olecules. And above
with ruptures in the evolution versus concentration of theg Gpa, the pairing between,@olecules lessens further the
Raman intensities and frequencies of theadd N, vibrons  amount of solubility of N in pure O.. That is stressing the
in the & phase, see Figs. 9 and 10, are interpreted as evjole of magnetic interaction and of pairing to stabilize the
dences of the existence of two compound¥y);O, and  structures of pure © If these two interactions were turned
N2(O,),. Stoichiometric compounds have now been ob-off, the sequence of phase transition of purevould prob-
served in a large number of molecular binary mixtures undeably be observed in solid {because, on the other side of the
pressure since their first discovery with (Ng);; (Ref. ©  diagram, Q in solid N, is only slightly perturbing the se-
and NéHe),.” The stability of these compounds has beenquence of phase transitions of the pure 90lid. Generally,
explained in terms of efficient packing. In the present casethe calculation of the boundary lines of the phase diagram is
efficient packind! is probably not the only reason of the known to be a good test of the binary interaction. In the
stability of the two compounds but also the magnetic andoresent case, such a calculation of the binary phase diagram
pairing interaction between {nolecules should play a role. can also be useful to test the description of magnetic and
Furthermore, in contrast to the observation of the Van depairing interaction between {molecules, which is still not
Waals compounds in the other molecular mixtures where theompletely understood.

V. CONCLUSIONS
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Three potentially interesting extensions of the presenO,/N, solid solution might become unstable with respect to
structural study of /N, solid solutions should be now in- NO*NOj; under pressure. Although there is no evidence of
vestigated. First, the compression of a/®, solid solution  chemical change in the present work, it would be interesting
with 10 mol% G could probably produce a metal in the to know at which pressure chemistry changes will be ob-
100 GPa range. Nhas been observed to transform into aserved and if a heating of the sample can overcome the ac-

nonmolecular semiconducting phase at 140 GRef. 3 that  tjyation barrier of the reaction in the pressure range of the
remains until at least 240 GPa. But solid @as been ob-  yresent study.

served to become a metal at 96 GPahe inclusion of Q

impurity in N, solid in the 100 GPa range will be equivalent
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