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A theoretical description is proposed for the pressure- and temperature-induced structural transitions of
nitrogen. Three regions of the phase diagram are distinguished corresponding to different types of transition
mechanisms and parent structures. Combined ordering and displacive reconstructive transitions are found in
the lowest-pressure region, from the parent disordered [ structure to the ordered « and vy structures. In a
second region, which extends from about 2 to 140 GPa at room temperature, group-subgroup related structures
occur, which realize ferroelastic or ferroelectric distortions of the & parent structure. Space-group symmetries,
consistent with the assumed structural mechanisms, are proposed for the &, {, k, ¢, and 6 molecular phases.
Above 140 GPa, in the molecular dissociation region, the local structure of the # phase is assumed to realize
a link between the molecular { and « phases and the high-temperature cubic-gauche (cg)-N phase. An analogy
is pointed out between the amorphous # to superhard cg-N transition and the mixed vortex state to supercon-
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ducting transition of type II superconductors.
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I. INTRODUCTION

Nitrogen has a complex temperature-pressure phase dia-
gram with a wealth of solid phases, both molecular and non-
molecular, with widely different types of intermolecular in-
teractions, crystal structures, and chemical bonds. Therefore,
a large variety of structural transition mechanisms are in-
volved between the different phases, which combine orienta-
tional order-disorder and displacive processes, showing ei-
ther reconstructive or weakly first-order and even second-
order characters. In this respect, three regions of the phase
diagram can be distinguished: below about 2 GPa (region 1)
the transitions between the disordered B and ordered « and 7y
molecular phases are of the reconstructive type, with a loss
of group-subgroup relationship between the phase
symmetries."? Reconstructive structural mechanisms also oc-
cur across the transition lines leading above 2 GPa to the J,
Sioe» and € phases.>* These phases belong to a second region
of the phase diagram (region 2), which extends up to about
140 GPa at room temperature, into which not less than seven
different phases, denoted J, d., €, {, k, t, and 6, have been
identified.> Although only the §and e structures are known
with some accuracy, different experimental observations
show that all the phases in region 2 display closely related
molecular structures separated by first- or second-order tran-
sition lines which preserve a group-subgroup relationship be-
tween adjacent structures. Here the transition mechanisms
can be described in terms of slight modifications in the or-
dering and displacements of N, molecules. Further compres-
sion and temperature increase yield a third region (region 3)
of the phase diagram corresponding to a dissociation of the
N, molecules and observation of two reported nonmolecular
structures:3-13 the 7 phase, which is obtained either from the
{ phase or from the room-temperature « phase, and the high-
temperature “polymeric” cubic-gauche (cg) phase.

The phase diagram of nitrogen is shown in Fig. 1. Space-
group symmetries are indicated for only six among the 12
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solid phases reported experimentally, namely, for the «, 3, 7,
o, €, and cg phases, for which a reasonable agreement has
been reached on the corresponding structures. In contrast
there are insufficient or ambiguous observations concerning
the structures of the ., ¢, K, ¢, and # molecular phases and
on the nature of the nonmolecular 7 phase. In the present
paper these phases are inserted into a theoretical description
of the structural transition mechanisms occurring in the dif-
ferent regions of the phase diagram of nitrogen. It allows us
to propose structural models for the )., {, and « phases, as
well as possible structural symmetries for the ¢ and 6 phases.
The proposed local structure of the amorphous 7 phase is
assumed to establish a structural link between the molecular
{ or k structures and the cg-N structure.

Our theoretical description of the transition mechanisms
combines different types of considerations which depend on
the nature of the transition. For reconstructive transitions the
structural mechanisms proceed via a substructure common to
the neighboring (group-subgroup unrelated) structures and
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FIG. 1. Temperature-pressure phase diagram of nitrogen from
Refs. 1, 8, 9, 12, 15, 22, 26, and 28.
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different transition paths can be a priori proposed. A Landau-
type approach is first used consisting of a group-theoretical
analysis which determines the different possible intermediate
substructures and verifies that they coincide with absolute
minima of the corresponding Landau free energies. The tran-
sition path involving the shortest set of displacements and
orientations of the molecules and the smaller spontaneous
strains is then selected, taking into account the real positions
and orientations of the N, molecules, assuming implicitly a
minimal energy principle for the actual transition mecha-
nism. We finally verify that the selected path is compatible
with the respective orientations between neighboring struc-
tures and with the full set of available experimental observa-
tions. The procedure used for determining the transition
mechanisms in region 2 is more direct, since a group-
subgroup relationship between the observed structures can be
assumed and one has mainly to verify the consistency of the
structures which result from our theoretical procedure with
the available diffraction and vibration spectra as well as with
other eventual observations, such as the volume and density
changes and transition order. A more detailed description of
our theoretical approach is given in Appendix.

The paper is organized as follows: in Sec. II our proposed
structural transition mechanisms are described for the differ-
ent regions of the phase diagram of nitrogen. Our results are
discussed in Sec. III, in connection with the evolution of the
molecular interactions under pressure and temperature.

II. STRUCTURAL TRANSITION MECHANISMS IN
NITROGEN

A. Region 1: The B+ a, B+ vy, and a«< ¥ transitions

At 0.1 MPa and between 35.6 K and the melting point at
63.15 K nitrogen has the hcp S structure, which extends
along the melting curve up to the -6 liquid triple point,
reached at about 9 GPa and 555-578 K.!¢ Below 0.4 GPa the
B phase transforms at low temperature to the cubic a phase,
whereas at higher pressure, up to 2 GPa, it transforms to the
tetragonal 7y phase.? The triple a-f3-7y point is found at 44.5
K and 0.46 GPa.!” In the S structure (P65/mmc, Z=4) the N,
molecules are statically disordered with their molecular axes
being tilted from the hexagonal ¢ axis by 54°.'® The ordered

a-N, structure (Pa3, Z=8) is characterized by molecular
axes oriented along the body diagonals of the cubic unit cell,
the molecular centers forming a fcc lattice.'” In -N,
(P4,/mnm, Z=4) the centers of the N, molecules form a bct
lattice and the molecular axes are directed along the square
diagonals of the tetragonal unit cell.?

Figure 2 shows the structural relationship between the «,
B, and vy structures. The B+« « transition can be described as
proceeding via a disordered monoclinic substructure, with
C2/m symmetry and Z=8 atoms in the conventional C cell
[Fig. 2(c)], which is the maximal substructure common to the
B structure and to a fcc disordered structure [Fig. 2(b)] from
which the « structure derives by orienting the molecules
along (111) directions. The 8— a reconstructive mechanism
requires additional antiparallel fractional displacements
* 11—2[210] g and a shear deformation e, decreasing the mono-
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clinic angle from 109.471° to 90°. Two different structural
paths can be proposed for describing the B+« y transforma-
tion. It can proceed in two steps, as represented in Fig. 2,
across the same C2/m substructure involved in the B« «
transition, then through a substructure of higher tetragonal
symmetry [4/mmm (Z=4) in which the N, molecules are
statically or dynamically disordered [Fig. 2(e)]. It can also
occur with a single intermediate stage, as shown in Fig. 3,
via a disordered primitive monoclinic structure (P2;/c, Z
=8). In addition to the molecular orientation along the square
diagonals, the transformation requires antiparallel displace-

ments of the N, molecules by iﬁ[l_OI]y and a shear defor-
mation e,, which decreases the S angle of the primitive
monoclinic substructure from 90° to 75.517°. In the same
way the a— 7y transformation can proceed either across the
disordered 14/ mmm structure before reordering into the y-N,
structure (P4,/mnm, Z=4), as shown in Fig. 2, or go through
an ordered monoclinic substructure (P2,/c, Z=8), as repre-
sented in Fig. 4, with a reorientation of the molecules from
the cube to the square diagonals.

B. 6— 6,.— € transitions

Along the transition lines bounding the 8 and vy phases
above 2 GPa one finds on cooling the &, d,., and € phases.
The & phase has been found below the melt?! up to 18 GPa
and 900 K and possibly extends up to 50 GPa and 1920 K, at
which the melting curve suddenly decreases, suggesting the

onset of a phase.2? The cubic unit cell of &N, (Pm3n, Z
=16) is shown in Fig. 5(a). It has a mixed type of
disorder,*?*2* the molecules at the vertices and center of the
cube lying with equal probability along one of the four body
diagonals whereas the other six molecules are disklike disor-
dered. At lower temperature the J phase undergoes a second-
order transition to the &, phase.>? The &6, transition line
has been measured from the B-6-6,,. triple point, found at
about 2.3 GPa and 160 K up to about 21.2 GPa and 456 K.?¢
Jio-N, occupies on varying pressure a narrow band of al-
most constant width AT~ 110 K.%¢

The &, structure has been the subject of speculations and
is still undetermined. Taking into account the second-order
character of the -9, transition and the property of the &,
structure to exhibit a partial ordering of the disklike mol-
ecules in &-N,, as suggested by experimental observations,
representing an intermediate stage to the fully ordered lower-
temperature € structure, one can propose for J,. the ortho-
rhombic Cccm structure represented in Fig. 5(b). The corre-
sponding pseudotetragonal C-centered unit cell contains 16
N, molecules, with four spherelike molecules disordered
over one Wyckoff position 16m, and 12 disklike molecules
disordered over three 16m positions. The theoretical argu-
ment supporting our proposed &,.-N, structure is that it
should be induced by the same order parameter giving rise to
the e-N, structure from their common parent ¢ structure. The

ordered rhombohedral € structure (R3¢, Z=16) shown in Fig.
5(c) is associated with a three-component order parameter of

the Pm3n space group (see discussion of Table I in Sec. III),
corresponding to the shear strains e,,=e, =e,, which induce
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FIG. 2. (Color online) Structural relationship between a-N,, 8-N,, and ¥-N,. (a) Cubic structure of a-N,, projected along [110]. The

cubic unit cell, shown as a gray polyhedron, contains four N, molecules centered at the Wyckoff position 4a of space group Pa3 with the
nitrogen atoms occupying the Wyckoff position 8c:0.055 0.055 0.055. The centers of the N, molecules form a fcc lattice in which each

molecule points in a different (111) direction. (b) Static or dynamic disorder of the N, molecules increases the symmetry to Fm3m. The

Fm3m unit cell, projected along [110], is shown as a gray polyhedron. The unit cell contains four N, molecules centered at the Wyckoff
position 4a. The nitrogen atoms occupy one Wyckoff position 32f: 1/18 1/18 1/18 and one Wyckoff position 24e: \3/1800. (c) The a-to-B
phase transition can be described as proceeding via a disordered monoclinic substructure with C2/m symmetry common to Fm3m and
P65;/mmc, with the molecular centers occupying the Wyckoff position 4i:3/4 0 1/4 in the disordered « structure and 4i:2/3 0 1/4 in the
disordered B structure. The monoclinic unit cell with its origin shifted to p=(0,0,1/2) is shown by solid lines. The a-to-8 phase transition
involves antiparallel displacements of the N, molecules and a shear deformation decreasing the monoclinic angle 8 from 109.471° to 90°.
12 —24 - 1]2
hexagonal unit cell of B-N, are indicated by black arrows of the real magnitude. (d) Hexagonal structure of 8-N,, projected along [010]. The
hexagonal unit cell, shown as a gray polyhedron, contains two molecules centered at the Wyckoff position 2d with the nitrogen atoms
occupying the Wyckoff position 24/:0.2096 0.5429 0.8053 of space group P63/mmc. The molecules are statically disordered with their
intramolecular axes tilted from the hexagonal ¢ axis by 54°. (e) The a-to-y phase transition can be described as proceeding via the same
monoclinic C2/m and a latent tetragonal /4/mmm substructure in which the N, molecules are statically or dynamically disordered. Ordering
of the N, molecules decreases the symmetry to P4,/mnm yielding the structure of y-N, shown in (f). The tetragonal unit cell, shown as a
gray polyhedron, contains two molecules centered at the Wyckoff position 2a of space group P4,/mnm. The centers of the N, molecules
form a bct lattice with the intramolecular axes of the molecules directing along the square diagonals of the tetragonal unit cell. The nitrogen
atoms occupy the Wyckoff position 4£:0.095 0.095 0. Atoms on different heights along [110] in (a) and (b), [010] in (c), [010] in (d), and
[010] in (e) and (f) are shown in different gray shades (colors).

The atomic displacements of = -5[100], corresponding to === 112] related to the cubic unit cell of @-N, and *-5[210] corresponding to the
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FIG. 3. (Color online) Structural relationship between y-N, and
B-N,. (a) Tetragonal structure of y-N,, projected along [101]. The
y-to-f3 phase transition can be described as proceeding via a com-
mon monoclinic substructure (P2;/c, Z=38) with the centers of the
N, molecules occupying the Wyckoff position 4e:3/4 0 1/4 in y-N,
and 3/4 0 1/3 in B-N,. Therefore, the structure of y-N, is trans-
formed into the structure of 3-N, by antiparallel displacements of
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the molecular centers by ill—z[IOI], indicated by black arrows of
the real magnitude, and a shear deformation increasing the mono-
clinic angle S of the common P2,/c substructure from 75.517° to
90°. The tetragonal unit cell is shown as a gray polyhedron; the
monoclinic P2;/c unit cell of the common substructure is shown by
solid lines. The origin is shifted to p=(1/2,0,0). (b) Hexagonal
structure of B-N,, projected along [001]. The hexagonal unit cell is
shown as a gray polyhedron, the monoclinic unit cell is shown by
solid lines. The N, molecules are statically disordered with their
intramolecular axes tilted from the hexagonal ¢ axis by 54°. Atoms
on different heights along [101] in (a) and [001] in (b) are shown in
different gray shades (colors).

a rhombohedral deformation of the cubic unit cell by 4.86°.
This imposes a first-order character to the J-€ transition due
to the existence in the Landau free energy of the cubic in-
variant ee,.e,,. This invariant vanishes at the transition to
the assumed Cccm-dy,, structure, since only one order-
parameter component (e,.) is nonzero, therefore allowing a
second-order -9, transition. Figure 5 shows the successive
ordering mechanisms occurring from the disordered J-N,
structure to the ordered e-N, structure, in which two mol-
ecules at positions 2b point along the body diagonals of the
rhombohedral unit cell, whereas the other six molecules
point in different (122) directions.

C. From region 1 to region 2: The B+ 8, B Oiyes Y Ojoes
and y« € transitions

Between region 1 and region 2 of the phase diagram four
different reconstructive transition lines separate the low-
pressure B and 7y phases from the higher-pressure 6, J,., and
€ phases, the corresponding transition mechanisms proceed-
ing via the same intermediate monoclinic substructure (Cc,
Z=32) which is common to the 83, 7y, &, and € structures. The
hexagonal-to-cubic B+« & transition takes place between the
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FIG. 4. (Color online) Structural relationship between a-N, and
v-N,. (a) Cubic structure of a-N,, projected along [001]. The
a-to-7y transition can be described as proceeding via a common
monoclinic substructure (P2,/c, Z=38) with the molecular centers
occupying the Wyckoff positions 2a and 2d. The nitrogen atoms
occupy two Wyckoff positions 4e:0.055 0.055 0.055 and 0.555
0.445 0.945 in a-N, and 0 0 0.095 and 0.5 0.405 O in y-N,, respec-
tively. The a-to-vy phase transition involves a reorientation of the N,
molecules pointing with their intramolecular axes in different (111)
directions in the cubic structure of @-N, and along the square di-
agonals in the tetragonal structure of y-N, shown in (b). The tetrag-
onal unit cell of y-N,, projected along [001] contains two mol-
ecules centered at the Wyckoff position 2a of space group
P4,/mnm. The nitrogen atoms are located at the Wyckoff position
4£:0.095 0.095 0. The cubic and tetragonal unit cells are shown as
gray polyhedra in (a) and (b). The monoclinic unit cell of the com-
mon substructure is indicated by solid lines. Its origin is shifted to
p=(1/2,1/2,1/2) in (b). Atoms on different heights along [001] in
(a) and (b) are shown in different gray shades (colors).

two 3-8 8- and B-S-liquid triple points.”-'62¢ The arrows
in Fig. 6(a) show the displacive mechanism occurring be-
tween the two disordered structures which proceeds via the
monoclinic substructure in which the N, centers occupy four
Wyckoff positions 4a. The displacements reorder the B
spherelike configuration of N, molecules into the mixed
spherelike and disklike & configuration shown in Fig. 6(b).
The B« . reconstructive transition takes place between
the B-8-6,,c and -8,y triple points,”?%?7 the latter being
located at about 2.2 GPa and 95 K. It implies with respect to
the B8— ¢ transition mechanism an additional shear strain e,
which yields the disordered Cccm structure. The y < §,. and
7y« € transitions occur on both sides of the y-d.-€ triple
point, which has been measured at about 2 GPa and 40 K.?°
The y— &, and y— € mechanisms, which proceed across
their common monoclinic Cc substructure, are described in
Fig. 7.

D. Region 2: The €é—{— k and ¢— 6 transitions

At room temperature €-N, undergoes with increasing
pressure two successive structural changes to molecular
structures: one to the ¢ phase at about 62 GPa and another
one to the « phase at about 115 GPa.® The e— ¢ transition
occurs at low temperature at about 16.5-19 GPa and at 600
K at 125 GPa. Although no volume discontinuity was re-
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FIG. 5. (Color online) Structural relationship between &-Nj,
Sloc-N», and e-Nj. (a) Structure of 5-N,, projected along [001]. The
cubic unit cell, shown as a gray polyhedron, contains eight N, mol-
ecules centered at the Wyckoff positions 2a and 6¢ of space group

Pm3n. The Ccem unit cell of the proposed structure of §y.-N, is
represented by solid lines. Its origin is shifted to p=(0,1/2,0). (b)
Proposed structural model for the partially ordered &), phase. The
pseudotetragonal unit cell with @=8.717 A and ¢=6.164 A, shown
as a gray polyhedron, contains 16 N, molecules. Four spherelike
molecules are disordered over one Wyckoff position 16m:0.208
0.25 0.042, the other 12 disklike molecules are disordered over
three Wyckoff positions 16m:0.9095 0.3295 0.0310, 0.1350 0.6040
0.0800, and 0.0555 0.9755 0.2390 in space group Cccm. Complete
ordering of spherelike and disklike molecules yields the structure of
€-N,, shown in (c). The thombohedral unit cell, shown as a gray
polyhedron, contains eight N, molecules centered at the Wyckoff

positions 2b and 6e of space group R3c. Atoms on different heights
along [001] in (a)—(c) are shown in different gray shades (colors).
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ported for this transition, the existence of a significant meta-
stability region between the € and { phases clearly denotes a
first-order character. Volume discontinuity of 2% was mea-
sured for the (-« transition, the « phase being observed on
heating up to 800-900 K. Despite a number of proposed
symmetries,® the structures of the / and « phases are still
unknown. However, the experimental observations suggest
that they are group-subgroup related to the € structure, with
lower symmetries than €, and a preservation of the number of
molecules in the primitive unit cells.® Figure 8 shows our
proposed structural models, consistent with the observed dif-
fraction patterns, for the { and « phases and the correspond-
ing structural mechanism for the e — {— « sequence of tran-
sitions. Thus, a monoclinic symmetry C2/c¢ (Z=32) is
assumed for the ordered ¢ structure shown in Fig. 8(b), with
N, molecules occupying four Wyckoff positions 8f. The
slight monoclinic deformation, with a 8 angle close to 90°, is
deduced from the € structure by combined strains e,, and
e,.—e,. when the e-N, rhombohedral angle « reaches 90°.
The first-order character of the e— { transition is imposed by
the symmetry of the preceding strains which form a cubic
invariant in the transition free energy (see Table I). Figure
8(c) represents our proposed structure for the x phase which
is assumed to have the lower monoclinic symmetry C2 (Z
=32), with an occupation of eight Wyckoff positions 4¢ and
a monoclinic angle $=91.774°. The {— k transition in-
volves a reorientation of some of the N, molecules which
breaks the inversion symmetry and creates a dipolar order
along the direction of the twofold axis.

Two other molecular high-pressure phases, denoted ¢ and
60, have been reported at high temperature in region 2 of the
phase diagram,’ with wide range of stability, including re-
gions where e-N, and {-N, were thought to be the only
stable phases of N,. The ¢ phase is obtained by heating e-N,
above 750 K in the range 65-70 GPa, whereas 6-N, is ob-
served from 95 to 135 GPa above, respectively, 600 and
1050 K.? The ¢ phase can be accessed from # on pressure
release at 69 GPa and 850 K. The two structures are still
unknown. However, Raman measurements indicate that the ¢
phase is incompletely ordered and may realize a denser pack-
ing of disklike molecules than the 6 or J),. phases. It also
shows a lack of inversion center in the ordered 6 phase.’
Taking into account the location of the two phases in the
phase diagram, their presumable connection with the &, J,,
and € phases, and using the indexing of their diffraction
pattern,” one can tentatively propose a Ccc2 (Z=32) symme-
try for the partly disordered ¢ structure, corresponding to a
direct substructure of our proposed &, structure and a Pnc2
(Z=32) symmetry for the ordered 6 structure. More detailed
structural data are needed to infer a structural model for the
two phases.

E. From region 2 to region 3: The nonmolecular 7 and cg
phases

At room temperature nitrogen exists in molecular form up
to 125-150 GPa, at which pressure undergoes a transition to
the nonmolecular semiconducting 7 phase.3~'> With decreas-
ing temperature the transition shifts to much higher pressure,
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TABLE 1. Structural relationships and order-parameter symmetries for the phase transitions observed in
nitrogen [column (a)]. Columns (b)—(f) have the following meaning. (b) Relationship between the basic
vectors of the conventional unit cells. (¢) Multiplication of the number of atoms (or molecules) in the
primitive unit cell. (d) Irreducible representations (IRs) associated with the symmetry-breaking mechanisms.
The number within brackets is the dimension of the IR which is also the dimension of the transition order
parameter. In region 1, from region 1 to region 2, and for the {— 7 transition, several IRs are involved at the
transitions due to their reconstructive character. The hypothetical substructures induced by each IR are shown
in Fig. 10. The notation of the IRs refers to the tables of Stokes and Hatch (Ref. 29) except for Q,
=(3;.3-%) and Fy=(5.,7,5;), which correspond to points located inside the hexagonal and primitive te-
tragonal Brillouin zones, respectively. (¢) Equilibrium values of the order-parameter components (7;). (f)
Secondary order parameters involved at the transitions. (e;;) are components of the strain tensor. P; are
components of the polarization. d;; and L;j are components of the piezoelectric tensor and of a polar tensor
of rank 6, respectively, in the Voigt contracted notation of the indices.

(a) (b) (c) (d) (e) (f)
Region 1
B—a a,=ag+s (3bg—cp) 2 I (2) €y €,,=0 ey,
b,=ag—3 (bg+cp) +Ly 8)  m=1m, 135=0 € €y=—ey:
caz—aﬁ—% (bg+cp) +X3 (6) =7 (i=1-6) Ly13—Li1a, Ligs—Liss
B—y a,=3 (2ag+bg+cy) 1 T e €,,=0 ey
b,=bg +N, () =14, m=13=0 €x;
C7=—% (23ﬂ+bﬁ—cE) +MZ (1) n
a—y ay=—l% (ag+b,) % FZ,(3) €y Exy=ey,=0 exy=e,,
b,=7 (b,—a,) +Ry (4)  m=m3, ;m=m=0 €y
c,=—c,
Region 1 — Region 2
B—96 aﬁzc,@_bﬂ 4 0, (12) M=, M-12=0 €xys Exx~E€yy
bs=cg+bg +I, (3) P.=P,, P. €xys Exxs Eyys €77
05——(2a3+bﬁ)
Y= 5100 3510022(37_(:7 4 Fl (4) m="m, M= 7]4=O €xys Exx—€yy
b5100=2b7 +F£ (3) P,==P,, P, Crys Crrr Cyys €7
s =a,tC, +I'7 (3) ey ery=ey, =0 ey=e,,
Y—€ aé=_2by 4 Fl (4) m="m, M= 7]420 Cxys Exx—€yy
b.=b,-2c, +l§ (3) P,=-P,, P, Crys Crrr Cyys €
c5=3ay—cy +F5 (3) Cxz=Cxy=E€y;
Region 2
o— 5100 a5100=a,5+b5 1 F; (3) €xzs exyzeyzzo
bs =bs—a;
c§100=C§
S5—€ a_=az;—by 1 I's (3) en=en=e,,
b.=bs-c;
c5=a5+b5+c5
e—{ a;z% (-2a,~b.+2c,) 1 I3 () o €x—E..
. bg‘:—be
¢;=3 (2a+b+c)
{—«k a,.=a; b,=b;, c,.=c; 1 ry @) P,
Sloc— a,=a; ,b=bs ,c=c5 1 r; (1) P,
t— 0 agsz, b9=aL, Cy=—C, 2 Y3 (1) n
Region 2— Region 3
K—7 a,=a, b,=b, c,=c, 1 I, (1) Py, ey,
(=7 a,=a; b,=b, c,=c, 1 ry (1) dy4. das, dsg ey,
+y (1)
Region 3
n—Cg acg=%a777 bcg=%bn’ Ceg=Cy i N, (6) m=m, 73-.6=0 Cxx~Cyy

2 ZeZZ—exx—eyy
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FIG. 6. (Color online) Displacive mechanism associated with
the B-N, — &-N, phase transition. (a) Hexagonal structure of 8-N,,
projected along [010]. The B-to-& phase transition can be described
as proceeding via a common monoclinic substructure (Cc, Z=32)
with the N, centers occupying four Wyckoff positions 4a:1/8 1/8
11/12, 1/8 5/8 11/12, 3/8 3/8 1/12, and 3/8 7/8 1/12 in -N, and
3/16 1/8 23/24, 1/16 3/4 23/24, 5/16 1/2 5/24, and 7/16 7/8 23/24 in
6-N,. The hexagonal unit cell is shown as a gray polyhedron, the
monoclinic unit cell with its origin shifted to p=(1/2,0,0) is rep-
resented by solid lines. The arrows indicate the atomic displace-
ments associated with the structural phase transition. (b) Cubic
structure of 8-N,, projected along [110]. The cubic unit cell, shown
as a gray polyhedron, contains eight N, molecules centered at the
Wyckoff positions 2a and 6¢ of space group Pm3n. The molecules
centered at the 2a positions are statically disordered with the mol-
ecule axes lying with equal probability along one of the four body
diagonals yielding a spherelike atomic arrangement. The other six
molecules are disordered about the 6¢ positions exhibiting a disk-
like atomic disorder. Atoms on different heights along [010] in (a)

and [110] in (b) are shown in different gray shades (colors).

up to 240-270 GPa, exhibiting a remarkably large
hysteresis.!!> Heating at 132 GPa to 2000 K, the 7 phase
transforms into the cg nonmolecular phase with a large vol-
ume reduction®! of about 15%-22%. The transition from
the 7 phase to cg-N is also obtained by direct laser heating of
{-N, at 120-130 GPa,'>?8 the cg phase being found above
2000 K and 165 GPa. A number of observations have con-
firmed the cubic symmetry (12,3, Z=4) of the cg-N
structure,' which corresponds to a covalently single-bonded
polymeric network. In contrast, the nature and structure of
the 7 phase is still unclear. It has been depicted®'? either as
a single amorphous phase induced by the transformation of
the triple-bonded to single-bonded nitrogen molecules as at-
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FIG. 7. (Color online) Displacive mechanisms associated with
the y— &, and y— € phase transitions. (a) Tetragonal structure of

¥-N,, projected along [011]. (b) Proposed structure of &,.-N,, pro-
jected along [001]. (c) Rhombohedral structure of e-N,, projected
along [001]. The y-to-&,. and y-to-€ phase transitions can be de-
scribed as proceeding via a common monoclinic substructure (Cc,
7Z=32) with the N, centers occupying four Wyckoff positions
4a:1/8 1/8 0, 1/8 5/8 0, 3/8 3/8 0, and 3/8 7/8 0 in y-N, and 3/16
1/8 23/24, 1/16 3/4 23/24, 5/16 1/2 5/24, and 7/16 7/8 23/24 in
Oioc-N, and e-N,. The tetragonal, orthorhombic, and rhombohedral
unit cells in (a), (b) and (c) are shown as gray polyhedra, the mono-
clinic unit cells with their origins shifted to p=(1/4,1/4,-1/4) in
(a), p=(-5/16,-1/2,-11/24) in (b) and p=(3/16,-5/16,
—11/24) in (c) are represented by solid lines. The arrows in (a)
indicate the atomic displacements associated with the structural
phase transitions. Atoms on different heights along [011] in (a) and
[001] in (b) and (c) are shown in different gray shades (colors).

064103-7



HANNELORE KATZKE AND PIERRE TOLEDANO

AR
2 % e
3
. % b
’ (a)
P %
JEN
e o
SH S
! (b)
v, L2
(] x f (*]
2 %
bL c?% . 0*0&
: (c)

FIG. 8. (Color online) Proposed structural mechanism for the
phase sequence €N,— {-N,— «k-N,. (a) Structure of &N,, pro-
jected along [001]. The rhombohedral unit cell, shown as a gray
polyhedron, contains eight N, molecules with the nitrogen atoms
occupying the Wyckoff position 4¢:0.0495 0.0495 0.0495 and
12£:0.5559 0.2224 0.0701. (b) Proposed structure for {-N,, pro-
jected along [001]. ¢-N, is assumed to have a slightly deformed
monoclinic structure (C2/c, Z=32) with a=6.844 A, b=6.533 A,
c=5.148 A, and B~90°. The nitrogen atoms occupy four Wyckoff
positions 8£:0.2995 0.25 0.0495, 0.3962 0.6739 0.0559, 0.1391
0.9168 0.0701, and 0.0630 0.5071 0.2224. (c) Proposed structure
for k-N,, projected along [001]. The {-to-« phase transition is as-
sumed to be the result of a reorientation of some of the N, mol-
ecules lowering the symmetry to C2 (Z=32). The proposed struc-
tural model for x-N, assumes an occupation of eight Wyckoff
positions 4¢:0.4370 0.0071 0.0276, 0.1100 0.0750 0.3201, 0.1400
0.1750 0.1941, 0.2050 0.2650 0.7005, 0.2950 0.2350 0.7995,
0.3600 0.3250 0.3059, 0.3900 0.4250 0.1799, and 0.0630 0.4929
0.4724. The lattice parameters are a=6.918 A, b=6.202 A, c
=4.578 A, and B=91.774°. Atoms on different heights along [001]
in (a)-(c) are shown in different gray shades (colors).
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tested by Raman and diffraction spectra, or to a strongly
disordered phase formed by a fine mixture of different three-
coordinated structures involving triple-bonded, double-
bonded, and single-bonded nitrogen atoms, or to a heteroge-
neous region in which the amorphous phase is an extension
of the disordered structure with a progressive amorphization
process occurring on heating, as suggested by the different
colors observed for the sample between room temperature
and 2000 K.'0-28

Despite the obvious reconstructive character of the (
— m or k— 7 transitions which are driven by the destabili-
zation of the triple-bonded nitrogen molecules, one can as-
sume a topological continuity in the sequence of structural
mechanisms transforming the {-N, or «-N, structures into
7-N and then into cg-N. Figure 9 shows our proposed «
— m— cg structural sequence. It assumes that the local struc-
ture of the 7 phase is close to the cg structure and realizes a
stepwise opening of the N=N triple bonds to conjugated
N=N-N=N bonds, as suggested by Lipp et al.?® Figure 9(b)
shows the local 7 structure projected along [001] which has
the orthorhombic symmetry €222, with 32 atoms in the con-
ventional C cell, the nitrogen atoms occupying four Wyckoff
positions 8c. The structure involves conjugated shorter
(1.285 A) and longer (1.375 A) interatomic distances, with
coordination number 2. With increasing pressure and tem-
perature further dissociation of N, molecules increases the
disorder of the orthorhombic structure and completes the
amorphization process. Recrystallization occurring above
2000 K yields the covalently bonded cg-N structure. Figure
9(c) shows the structure of the cubic unit cell of the threefold
coordinated polymeric nitrogen which contains eight nitro-
gen atoms at positions 8a. Note that the bonds in the cg
structure are parallel to the molecular axes in «-N, and that
the calculated displacements from the € to the cg structure
are relatively small (=1.37 A) since they occur in succes-
sive steps via the { or « structures.

II1. DISCUSSION

Figure 10 shows the structural relationships assumed in
our description of the phase transition mechanisms in nitro-
gen. The irreducible representations (IRs) associated with the
corresponding symmetry-breaking mechanisms are indicated
along the lines joining the space groups of two successive
observed or hypothetical structures. They allow us to deter-
mine the order-parameter symmetries and the strain compo-
nents associated with the transition mechanisms, which are
listed in Table I, and to work out the transition free energies
which have been used in our approach. Table I also provides
the relationships between the basic vectors of the conven-
tional unit cells for neighboring phases, following our pro-
posed mechanisms. Our results can be analyzed in light of
the theoretical studies?3%*? which, using a variety of simu-
lation techniques and trial potentials, have attempted to
clarify the evolution of the molecular interactions in nitrogen
as a function of pressure and temperature. It yields the fol-
lowing picture for the three considered regions of the phase
diagram.

In region 1 the strong covalent triple bonds of N, mol-
ecules coexist with weak van der Waals interactions between

064103-8



THEORETICAL DESCRIPTION OF PRESSURE- AND...

PHYSICAL REVIEW B 78, 064103 (2008)

Fm3m (225)

"L
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FIG. 9. (Color online) Proposed structural mechanism for the
phase sequence «-N,— 7-N,—cg-N. (a) Proposed structure for
k-N,, projected along [001]. Arrows indicate the atomic displace-
ments transforming the structure of x-N, into the structure of 7-N,.
(+/-) signs indicate the displacements along [001]. (b) Proposed
structure for 7-N,, projected along [001]. The structure of 7-N, is
assumed to be orthorhombic (€222, Z=32) with a=6.913 A, b
=6.555 A, and ¢=4.016 A. The nitrogen atoms occupy four Wy-
ckoff positions 8¢:0.4085 0.9665 0.1830, 0.0915 0.0335 0.6830,
0.1585 0.2165 0.6830, and 0.1585 0.2835 0.3170. The proposed
structure of 7-N, can be interpreted as an intermediate phase real-
izing a stepwise opening of the N=N triple bonds to N=N double
bonds and then to N-N single bonds. In the proposed structure of
7-N, a system of conjugated -N=N-N=N- bonds is present. (c)
Cubic-gauche structure of polymeric nitrogen, projected along
[001]. The cubic unit cell, shown as a gray polyhedron, contains
eight nitrogen atoms located at the Wyckoff position 8a:0.067
0.067 0.067 of space group I2;3. Atoms on different heights along
[001] in (b) and (c) are shown in different gray shades (colors).

molecules, allowing small oscillations of the center of
masses but large orientational oscillations. The orientational
degrees of freedom yield the formation below the melt of the
disordered close-packed B phase, which is the parent struc-
ture in region 1. B transforms on cooling into the « and 7y
phases across two different types of reconstructive ordering

| |
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L _ disordered __|
DPa3 (205)
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= o (Z2=32)
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Ccem (66) R3c (167)
H b0 N> (2 =132) eN, (Z=48) |-
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ry" ry*
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N, (2 = 32)
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12,3 (199)
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FIG. 10. Symmetry relationship between the structures of the
different phases of nitrogen, assumed in our description. White
boxes represent hypothetical structures assuming the role of inter-
mediate, or parent, phases in the transition mechanisms. The irre-
ducible representations associated with the symmetry-breaking or-
der parameters are indicated along the lines relating the structures,
following the notation of Stokes and Hatch (Ref. 29). The arrows
are oriented from the parent higher-symmetry structure to the
lower-symmetry structure.

mechanisms compatible with the rigid ellipsoid form of the
N, molecules and preserving their small internuclear dis-
tance (1.0976 A) compared to the intermolecular distance.
The highly disruptive 8— « ordering results from a complex
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transformation path via underlying disordered monoclinic
(C2/m) and fcc intermediate stages. It is driven by the
electric-quadrupole-quadrupole interaction,*? associated with
the prolate ellipsoidal charge distribution, whose contribu-
tion to the total intermolecular potential is minimized for the

Pa3-a molecular assembly. The ordered 7y structure, which
is formed either from S via a disordered tetragonal 14/ mmm
substructure or from « with an intermediate ordered P2,/c
structure, corresponds to a more efficient packing of ellipsoi-
dal molecules on a tetragonal lattice, over-riding the quadru-
polar effect.

Order-disorder structural transitions in the solid state dis-
play generally a second-order or weakly first-order character
and preserve a group-subgroup relationship between the
phase symmetries.** This is not the case for the transitions
occurring in the low-pressure region of the phase diagram of
nitrogen where, due to the high rigidity of the molecular
units and weakness of the intermolecular interactions, the
ordering processes involve very large strains and substantial
atomic displacements leading to a loss of the group-subgroup
relationship between adjacent structures. Our proposed /3
— a and S— vy transition mechanisms require shear strains
e, corresponding to a decrease in the monoclinic angle 8 in
the common C2/m intermediate substructure, by not less
than 19.471° and 14.483°, respectively, and molecular dis-
placements of about 1/12 of the intermolecular distances.

The drastic change observed for the transition mecha-
nisms in region 2 with respect to region 1 reflects a simulta-
neous weakening of the intramolecular bonding and increase
in the intermolecular interactions which constrain the mo-
lecular rotations. The importance of the anisotropic part of
the interaction potential has been pointed out in several
works,3%% showing that the anisotropic term is essential for
the stabilization of the e phase and influences the orienta-
tional behavior of the N, molecules in the & phase. This
gives rise at high temperature to structures with different
degrees of mixed orientational disorder, as &, ., and ¢,
whereas with decreasing temperature orientational disorder
freezes out, becoming increasingly hindered until the mol-
ecules begin to orientationally localize along well-defined
directions, and ordered structures with nonquadrupolar inter-
actions (e,{, k) take place. The orientational disorder also
decreases with increasing pressure as attested by the stabili-
zation of the ordered { and 6 phases.

All the phases in region 2 display closely connected struc-
tures, separated by weakly first-order or second-order transi-
tions. This is attested by Raman-scattering experiments
which reveal successive branching of existing vibronic
modes.®%%2 §-N, is the parent structure in this wide inter-
mediate region of the phase diagram, all the other structures
being deduced by small distortions. Following our proposed
symmetries for the ., ¢, K, ¢, and 6 phases, all the assumed
structures, except 6-N,, possess 16 atoms in their primitive
unit cells and therefore correspond (see Fig. 10) to structural
instabilities at the centers (I') of the respective Brillouin
zones. Therefore, as indicated in Table I, one has either fer-
roelastic transitions, induced by shear-strain order param-
eters, or ferroelectric transitions leading to the polar «, ¢, and
0 structures. Ferroelectric transitions are uncommonly found
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at high pressure. If the symmetry of our proposed polar
structures is confirmed, it would show that in nitrogen the
Coulomb interaction between charges on different molecules
has a substantial contribution to the interaction potential in
the 80-140 GPa high-pressure region.

With increasing pressure, the N=N bonds weaken and
the intramolecular and intermolecular interactions become
comparable, leading to a molecular dissociation at about
125-140 GPa at room temperature. The molecular-to-
monoatomic pressure-induced transition is a classical trans-
formation of the solid state, which is usually explained by
the property of localized electrons to acquire, at high pres-
sures and high densities, high kinetic energy, itinerant elec-
tronic configurations becoming energetically preferable. In
this respect the semiconducting 7 phase should take place on
the way to the band-gap closure of a higher-pressure metallic
state.

In nitrogen the molecular dissociation is achieved only
above 2000 K under the form of the cg phase built by strong
N-N covalent bonds.!? In contrast the observations reported
for the 7 phase can be interpreted as reflecting successive
stages of the molecular dissociation. Our proposed # struc-
ture with local C222; symmetry, differing from the Immm
structure suggested by Caracas and Hemley,*> assumes a
continuity in the symmetry-breaking mechanisms relating
the highest-pressure molecular phases ¢ and « to the cg
structure. The local arrangement of nitrogen atoms in the #
phase seems to be preserved in the amorphization process, as
attested by the closely related cg structure. A number of fea-
tures of this process are reminiscent of a recent theoretical
model proposed for the formation of amorphous solids.* In
this model the amorphous state is described as the elastic
analog of the mixed state of type II superconductors and
shown to possibly recrystallize under pressure into a super-
hard state, which constitutes the elastic analog of the super-
conducting state. The very high bulk modulus, larger than
300 GPa, found for the recrystallized cg phase,'* to be com-
pared with 443 GPa for diamond, clearly denotes ultrahard
properties. Along the same line, one can speculate that the
color changes observed on heating in the amorphous 7 phase
reflect the decrease in density of elastic vortices formed by
defect lines involving the remaining triple- or double-bonded
nitrogen molecules.

The similarity between the cg phase of nitrogen and the
diamond phase of carbon is not restricted to their ultrahard
property. Mukherjee and Boehler?? pointed out that the nega-
tive slope of the melting curve found above 50 GPa and 1920
K in nitrogen can be compared with the decrease in the melt-
ing line in carbon, which starts at 5.6 GPa and 4790 K
down to the graphite-diamond-liquid triple point at 9.4 GPa
and 4300 K44  The  existence of a
solid-N,-solid-polymeric-liquid triple point is extrapolated
by Mukherjee and Boehler?? at 110 GPa and 1000 K. Other
analogous properties between cg-N and diamond are the
sharp drop in volume observed at the »—cg transition
(22%),"3 which is of the same order of magnitude than the
27% volume change found at 10 GPa for the graphite
— diamond transition,*’ and the large activation barrier to-
ward the reverse transformation, cg-N being found to remain
metastable down to 42 GPa.!? The reminiscence of the high-
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pressure polymorphism of the group Va elements P, As, Sb,
and Bi with the polymorphism of the IVa elements Si and Ge
was recently stressed.*® The similarity between cg-N and dia-
mond shows that the structural continuity in the polymor-
phism of the two groups is not fortuitous even though they
have different bonded properties at low pressure. This simi-
larity derives from their electronic structures. In the s%p?
electronic configuration of nitrogen, which gives rise to its
strong chemical bonding, the absence of 1p electrons allows
the 2p valence electrons to closely approach the nucleus,
while in the diamond structure the absence of p-electron
states in the 1s® atomic core allows the strongly p-character
sp® bonding electrons to be held close to the nucleus. This
latter property explains the extreme stability of the diamond
structure and the singularity of the phase diagram of
carbon,*® compared to the rich polymorphism found for the
other group IVa elements.’® Analogously, the phase diagram
of nitrogen is unique among group Va elements due to the
extreme stability of its molecular units.

IV. SUMMARY AND CONCLUSION

In summary, structural mechanisms have been described
for the pressure- and temperature-induced phase transitions
in nitrogen. Three regions of the phase diagram have been
distinguished, corresponding to different types of transition
mechanisms and parent structures. Combined ordering and
displacive reconstructive mechanisms take place in the
lowest-pressure region 1, from the hexagonal 8 parent struc-
ture, whereas group-subgroup related structures are found in
region 2, corresponding to slight distortions of the cubic &
parent structure. Molecular-to-atomic reconstructive transi-
tions occurring in the more recently explored highest-
pressure region 3 reflect the early stages of the dissociation
process. Space-group symmetries, consistent with the as-
sumed mechanisms, have been proposed for the 8., ¢, , ¢,
and 6 molecular phases and for the local structure of the
amorphous 7 phase.

An analogy between the amorphous 7 to superhard cg
transition and the vortex state to superconducting transition
of type II superconductors has been emphasized. A verifica-
tion of this analogy would require more detailed observa-
tions on the local structure of the 7 phase and on its evolu-
tion as a function of temperature and pressure. As noted in
Ref. 45, at variance with superconducting vortices, amor-
phous elastic vortices are nondirectional and the correspond-
ing defect lines can be formed, for example, by Somigliana
type of dislocations,’! as suggested for glassy polymers®? and
observed in damaged layers of amorphous silicon,’® or by
screw dislocations with variable Burgers vectors.** In this
respect, the evolution observed with increasing temperature
in the color of the 7 phase (from brownish-grayish to red-
dish) may reflect a progressive decrease in the density of
vortices down to an almost single vortex state before the
onset of the superhard cg phase.

APPENDIX

Let us illustrate our theoretical approach by describing
explicitly the procedure used for two examples of transitions
occurring in nitrogen.

PHYSICAL REVIEW B 78, 064103 (2008)

1. Transition mechanism leading to the unknown structure of
6loc'N2

Experimental observations>?>20 show that &,.-N, repre-

sents an intermediate, partially ordered, structure between
the disordered 5-N, and ordered e-N, structures. They also
indicate that ). and € correspond to slight distortions of the
cubic & structure, with the same number of atoms [Eq. (16)]
in  their primitive unit cells.  Group-theoretical

considerations’-3 show that the & (Pm3n)— € (R3c) sym-
metry change is induced by the (IR) denoted I'{ in the
Stokes-Hatch tables,?® corresponding to a three-dimensional
order parameter formed by the shear-strain components e,

ey, and e,,, which yields the Landau free energy,**->-%

_ 2, 2, 2
F(T,P,e;)) = a (e, + ey, + exy) +aseee.,

4, 4, 4
+asle, +e +e )+ (A1)

When F is truncated at the fourth degree its minimization
with respect to the shear components yields three possible
stable states**’ corresponding to the following subgroups of
Pm3n: (I) R3c for e,.=e,.=e,,#0, which coincides with the
€N, symmetry, (I) Cccm for e, #0, e,.=e,,=0, and (III)
C2/c for e, #0, e,,=¢,, 7 0. Due to the existence of a non-
vanishing cubic a, invariant in F, the transitions to states I
and III are necessarily first order, whereas the vanishing of

the cubic invariant allows the Pm3n— Cccm transition to be
possibly second order as it is observed experimentally for the
8— b, transition.>?> Accordingly, one can reasonably as-
sume a Ccem (Z=16) symmetry for the &, phase. A realistic
structural model for this phase has to fulfill the following
requirements. (1) It involves a partial orientational ordering
of the disklike and spherelike molecules with respect to the
fully disordered &-N, structure,*> compatible with the Cccm
symmetry. (2) Since the §— € transition involves small dis-
placements of the N, molecules accompanied by a slight
extension of the lattice along the cube diagonal, resulting in
a shift of less than 5° in the angle between axes,* the atomic
positions in §,.-N, should be intermediate between the & and
€ positions. In &N, (a=6.164 A) nitrogen atoms occupy the
Wyckoff positions 16i (0.542 0.542 0.542) and 48! (0.739
0.031 0.580), whereas in &N, (a=5.928 A, a=85.14°) the
atoms are in positions 4¢ (0.0495 0.0495 0.0495) and 12f
(0.7224 0.0559 0.5701). The &, pseudotetragonal unit cell
described in Fig. 5(b) constitutes the most compatible struc-
ture fulfilling the preceding requirements.

2. a— 7y reconstructive transition

The determination of the transition path between two
structures A and B separated by a reconstructive transition,
with no group-subgroup relationship between their space-
group symmetries, has been described in a number of works
(see, for example, Refs. 57-60). It consists of (1) finding the
substructures corresponding to the maximal common sub-
groups of the A and B space groups, (2) determining the
transition paths going across the preceding substructures in
term of collective displacements and strains, and (3) select-
ing among the preceding paths the one involving the shortest
set of displacements and minimal strains. A number of inter-
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TABLE II. Possible transition paths for the a— +y phase transition in nitrogen. Each path is defined by a common subgroup of both the
a and vy structures. For each transition path the lattice translations, the origin shift, the lattice parameters, and the atomic positions in the
setting of the common subgroup and the maximal atomic displacements are given.

TP Space Subgroup Lattice translations Origin shift Lattice parameters Atomic positions Shifts
group (A)
1 Pa3  P2/c (0,0,1),(1,0,0),(0,1,0) (0,0,0) 5.667 5.667 5.667 90  4e 0.0550 0.0550 0.0550 0.5
4e 0.4450 0.9450 0.5550
P4,/ P2y/c (0,0,-1),(-1,-1,0),(-1,1,0) (-1/2,-1/2, 5.109 5596 5596 90 4e 0.0000 0.0000 0.0950
mnm -1/2)
4e 0.5000 0.9050 0.5000
2 Pa3  P2/c (0,1,0),(0,0,1),(1,0,0) (0,0,0) 5.667 5.667 5.667 90  4e 0.0550 0.0550 0.0550 0.7
4e 0.4450 0.9450 0.5550
P4,/ P2y/c (0,-1,1),(-1,0,0),(0,-1,-1) (0,0,0) 6.462 3.957 6.462 104.48 4e 0.0475 0.0950 0.0475
mnm
4e 0.4525 0.9050 0.4525
3 Pa3  P2/c (0,1,0),(0,0,1),(1,0,0) (0,0,0) 5.667 5.667 5.667 90  4e 0.0550 0.0550 0.0550 0.8
4e 0.4450 0.9450 0.5550
P4,/ P2y/c (0,-1,1),(-1,0,0),(0,-1,-1) (-1/2,-1/2, 6.462 3.957 6.462 104.48 4e 0.0475 0.9050 0.0475
mnm -1/2)
4e 0.5475 0.9050 0.5475

mediate substructures can be found, which are common to
the a-N, (Pa3, Z=8) and ¥-N, (P4,/mnm, Z=4) structures.
Among these the monoclinic substructure with the space
group P2,/c (Z=8) displays the highest symmetry and the
smallest number of atoms in the primitive unit cell. The tran-
sition path @— P2,/c— 7y involves two IRs, denoted I'j and
R in the notation of Stokes and Hatch,? associated, respec-
tively, with the hypothetical, group-subgroup related, transi-
tions Pa3— P2,/c¢ and P4,/mnm— P2,/c. The cubic-to-
monoclinic transition corresponds to the same free energy F
given by Eq. (Al), the P2,/c structure being stabilized for
e, 70, e,=e,,=0. The order parameter describing the
tetragonal-to-monoclinic transition has four components, de-
noted 7;— 7, which gives rise to the Landau free energy
restricted at the fourth degree,

Fy(T,P, ) =b\(7 + i+ s+ m3) + ba( i 15 + 13773)
+by( 7 + ) + byt + ). (A2)

Minimization of F, shows that the P2,/c structure is stabi-

lized for n=n3#0, 7,=7,=0. In order to determine the
effective transition path followed at the a— v transition one
has to consider the atomic positions in the two structures. In
a-N, the nitrogen atoms occupy the Wyckoff positions 8c
(0.055 0.055 0.055) with the molecule centers in position 4a
(0 0 0). In y-N, the atoms occupy the positions 4f (0.095
0.095 0.000), with the molecule centers at 2a (0 0 0). Table
IT indicates the atomic shifts associated with the different
possible transition paths relating the « and 7y structures when
going across a monoclinic P2;/c intermediate substructure,
taking into account the reorientation of the N, molecules
from the cube to the square diagonals. The effective transi-
tion path, represented in Fig. 4, corresponds to the shortest
atomic shifts (0.5 A) involving the minimal shear strain e,,.
One can then verify that other intermediate substructures

with lower symmetries (Pc, P1) or more than eight atoms in
the primitive cell correspond to larger atomic shifts and
strains.
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