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Raman scattering study of ammonia up to 75 GPa:
Evidence for bond symmetrization at 60 GPa
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Results from a Raman scattering study of ammonia up to 7S GPa in a diamond-anvil cell are re-

ported. Both internal and external modes were investigated up to 30 GPa and internal modes
were further examined up to 7S GPa. The results show a phase transformation at 14 GPa and
point to another one at 60 GPa, the latter transformation leading very likely to a symmetric H-
bonded solid.

I. INTRODUCTION

The aim of this work is twofold. Firstly, it is to inves-
tigate ihe phase diagram of ammonia above 6 GPa, and
secondly, to know more about the behavior of a weakly
H-bonded solid under several tens of GPa.

Until recently, the high-pressure forms of solid am-
monia were not known. Raman scattering, x-ray,
neutron-diffraction, volume, and ultrasonic measure-
ments allowed the study of the domain at 6 GPa from
170-295 K.' Several scattering techniques have re-
cently been applied to the study of the dynamical prop-
erties of NH3 below 1 GPa. ' " As shown in Fig. 1,
four solid forms were known until now.

The effect of very high pressure is a strong decrease of
the intermolecular distances. This deeply modifies the
interatomic bonds of the molecuIe. For example, it was
shown in the case of ice that pressure is a physical way
to strengthen the H bond H . O. ' ' Such a
strengthening is at the expense of the 0—H covalent
bond. ' In ice, such effects may cause deep changes in
the nature of the intermolecular H bond, which should
become at least partly ionic around 42 GPa when sym-
metrization of the H bond is reached. ' ' ' In that
respect NH3 is an interesting test since it is a simple ex-
ample of a weakly H-bonded molecular solid. Moreover,
its properties are of interest for solid-state physics, and
also for astrophysical modeling. Among the different
probes quoted above, Raman scattering is one of the
most appropriate tools to investigate this kind of prob-
lem. Actually, the Raman spectrum contains a great
deal of information about symmetry properties of the
sample under investigation and, although unpolarized
spectra are obtained, this technique is well suited to
studies in the diamond-anvil cell (DAC).

%'e report here Raman scattering results on NH3 at
room temperature in the DAC up to 75 GPa. Using
group-theoretical analysis, these data will be discussed
by considering the known symmetry properties of NH3
at low pressure as well as structural symmetry argu-
ments and specific features of the H bond. Accordingly,
we show that our data are suScient to propose a re-

stricted set of possible structures for solid NH3 at 14 and
60 GPa. Emphasis is given to the fact that compression
of ammonia under several tens of GPa progressively
leads to a solid which loses its molecular character.

II. EXPERIMENT

Two difrerent DAC's were used. Up to 30 GPa we
used a DAC which is similar to that designed by Bloch
and Piermarini. ' The diameter of the diamond culet
was 650 pm, which provides a rather large sample space.
The gasket hole was about 300 pm and the original
thickness 80 pm. Above 30 GPa and up to 75 GPa the
cell used was similar to that of Mao and Bell' with
beveled-diamond anvils and a central fiat diameter
around 250 pm. The hole in the gasket was about 50
pm and 50 pm in thickness. The sample space was 611ed

by condensing liquid ammonia (Air l.iquide, 99.95%
purity) using an ad hoc gas-tight chamber capping the
cell. Closure of the system encloses the NH3 sample un-

der a pressure around 5 GPa. Pressure was measured
using the shift of 3000-ppm Cr + ruby chips initially
placed in the sample space along the Mao-Bell pressure
scale. Raman spectra were recorded with a T800
Coderg triple monochromator with a cooled photomulti-
plier detector and a photon-counting system, The in-
strumental resolution was 5 cm '. %'e used a forward-
scattering geometry (0'); the laser beam (400 mW, 488.0
nm) from an argon-ion laser was focused down to about
10 pm on the sample.

III. RKSUI.TS

The Raman spectra of ammonia solid phase I were ex-
tensively studied at atmospheric pressure and low tem-
perature. ' The internal modes, also investigated in the
liquid phase, ' are mainly characterized by a strong
scattering around 3300 cm ' where three overlapping
bands exist [Fig. 2(a)j, which are assigned in order of in-

creasing frequencies to v& the symmetric stretching
mode, 2v4 the overtone of the bending mode v4, and v3
the antisymmetric stretching mode. It is generally ac-
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cepted that the two bands v& and 2v4 are in Fermi reso-
nance. The two bending modes v2 and v& are observed,
respectively, around 1060 and 1640 cm ' in the solid
state. External modes of phase I secre reported at at-
mospheric pressure ' ' and under pressure. ' ' De-
tails on the mode assignments are given in Sec. IV A.

A. Phage III

I
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At room temperature and above 1.2 Gpa, NH3 crys-
tallizes in a cubic phase Fm 3m (Oz ). Since the site sym-
metry is rn 3m (Oz ), ' this phase is orientationally disor-
dered (see Sec. IV A).

With an optical high-pressure vessel we already stud-
ied the Raman spectra of this phase close to the melting
line. The strong scattering region around 3300 cm I
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FIG. 1. Phase diagram of ammonia, pressure in log scale vs

T. Solid line according to Ref. 3; dashed line according to Ref.
5; , above 6 GPa at 295 K, this work. According to this
study, solid phase IV is F63/mme (site symmetry 3m), sohd
phase V is I43m (site symmetry 3m), and solid phase VI may
be Pm 3m (site symmetry m 3m for N atoms and 4/mmm for H
atoms).

FIG. 2. Typical internal spectra of the NH3 solid phases.
Intensity in counts/s, wave number is in cm . Spectral reso-
lution is 5 cm '. (a) Internal spectra of NH3 solid phase I at
0.32 GPa and 213 K, and NH3 solid phase II at 0.83 GPa and
232 K. Assignments of the peaks are provided according to
Tables I and II. (1}From top to bottom, internal spectrum of
NH3 solid phases III, IV, V, and VI at 295 K. Assignments of
the peaks are provided according to Tables III-VI. For clari-
ty, the notation v& (F) is kept for the spectra of solid phase VI.
Peaks from optical system luminescence are shaded.
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FIG. 3. Symmetric and antisymmetric stretching mode fre-

quencies of NH3 and their components vs pressure. Symbols
indicate different samples; solid lines, experimental curves; dot-
ted line, extrapolation of vl (E) st low pressure; dashed lines,
rough behavior of v& (A) and v3 (E) above 40 GPa. Below 30
GPa the uncertainty of v is around +2 cm ', above 30 GPs
the uncertainty for v& ( 3 ) snd v3 (E) may reach +10 cm ' and
k5 cm ' for vl (F)„error bars are given at 40 GPs. Gn the
top, arrows give transition pressures. For clarity, notations are
those used for NH& solid phase I.

and at 1.5 GPa is shown in Fig. 2(b); it is very similar to
that of the liquid phase. The three broad peaks are as-
signed from the lower frequencies, to v&, 2v4, and v3.
Deconvolution shows that the envelope consists of Ave

overlapping bands. The symmetric stretching frequency
v& is observed to decrease with pressure, whereas the an-
tisymmetric stretching frequency v3 increases (see Fig. 3
and Sec. IV 8). We did not observe Raman-active lattice
modes in accordance with the symmetry properties of
phase III (see Sec. IV A). Above 2 GPa, strong Raman-
active librational modes are observed. This indicates
that in this range the phase transition line II-III is not
the dotted straight line given in Fig. 1, although it has
been proposed in a recent x-ray investigation.

B. Phase IU

At room temperature the transformation which occurs
at around 3.8 GPa is easily observed, owing to the
birefringent character of the new phase. ' X-ray data
show that phase IV has an hexagonal symmetry with a
c/a ratio, at 3.8 GPa, shghtly above the ideal value of
1.633 for a compact structure. This ratio decreases with
pressure to 1.633 at 6 GPa. Compared to phase III the
shape of the vibron modes is deeply changed [Fig. 2(b)).
Three peaks are resolved, one fairly broad in the v, re-
gion and two in the v3 range. Deconvolution shows that
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FIG. 4. Frequencies of the lattice modes of solid NH3
phases IV and V as s function of pressure. Symbols indicate
different samples; solid lines, experimental curves; dashed lines,
estimated behavior; arrow on the top, position of the transition
IV-V. Assignments are given according Tables IV and V. Er-
ror bars, +5 cm ' around 6 GPa, +2 cm ' above 10 GPs.

the spectrum consists of at least Ave overlapping bands,
which for clarity are not given in Fig. 2(b).

At the III-IV transition the frequency v, experiences a
positive 35-cm ' jump, then decreases upon further
compression (Fig. 3). Apart from the newly resolved
component of v3, which decreases with pressure, no
change can be observed on the variation of v3 versus p,
which increases upon further compression.

Five external Raman-active modes were observed in
solid phase IV. Frequencies v versus pressure p are plot-
ted in Fig. 4. Gruneisen parameters are found to be be-
tween 1.9 and 1.2 for translational modes and around
0.65 for rotational modes. %idths are from the lower
frequency mode, 10, 10, 40, 20, and 50 cm ', respective-
ly. It is interesting to note that these modes may be
clearly observed only above 6 Gpa.

C. Phase U

Around 14 GPa the following points indicate the oc-
currence of a new phase: {i}The form of the spectrum
around 3300 cm ' begins to Inodify showing the oc-
currence of a new mode [see Fig. 2(b)]; (ii) we can detect
slight changes in the variations v, and v3 versus p (Fig.
3); and (iii) plots of the three external higher frequencies
versus pressure exhibit jumps or a change in the slope
dv/dp (see Fig. 4). These small changes suggest that the
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Upon further compression and in the range 30-50
GPa, the intensities of the lower frequency v, and the
upper frequency v3 decrease and the bands disappear in
the background. On the other hand, the intensity of the
new peak stays roughly constant (see Fig. 5).

Above 30 GPa the investigation was done with a
DAC designed for very high pressure (Sec. II); the sam-
ple was too small to allow the observation of the exter-
nal modes.
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D. Phase VI

%e have mentioned previously that above 50 GPa the
spectrum around 3300 cm ' only exhibits the new peak
which appears at 14 GPa. A plot of v versus p (Fig. 3)
shows a discontinuity around 5 cm ' close to 60 GPa.
This jump is slightly above the uncertainty in this zone
and suggests the occurrence of a new phase (see Secs.
IVA and IVB).

IV. DISCUSSION

A. Symmetry considerations and mode assignment

In the following, starting from our Raman data, we
have applied group theory to get information about crys-
tallographic symmetries of NH3. Description of the
method can be found in the work of Decius and
Hexter. The notations are from the International Cris-
tallographic Tables. Prior to this discussion, symmetry
properties of solid ammonia (phases I and II) at low tem-
perature and pressure should be recalled.

20 40 60
P (GPa)

transformation involves a slight modi6cation of struc-
ture. A marked jump in the Brillouin shift around 15
GPa, observed in this group, indicates, however, a first-
order phase transition. Although the birefringence
pattern evolves across the transition, change in the
birefringent character of the sample was not noticeable
from solid phase IV to solid phase V. Gruneisen param-
eters are around 1.3 for the four 6rst external modes and
0.6 for the higher-frequency rotational mode.

Beyond 14 GPa the form of the vibron bands contin-
ues to evolve strongly upon further compression. The
intensity of the new band increases, ~hereas that of the
lower-frequency component of v3 decreases, to disappear
in the background at around 20 GPa. In the range of
14-21 GPa the envelope appears to involve six overlap-
ping bands, whereas above 21 GPa deconvolution can be
done with only four overlapping bands.

FIG. 5. Intensity (in counts/s) of the internal modes v& (A),
v, (F), and v3 {E)per unit sample thickness as a function of
pressure. Symbols indicate dNerent samples; solid line, manual
fit. Rough estimates of the sample thickness were provided
from the NH3 EOS (Sec. IV 8) and measurements of the hole
gasket diameter.

Solid phase I
Information about solid phase I at room pressure is

extensive. Its structure is P2, 3 (T ) with site symmetry
3 (C3). ' The unit cell contains four NH~ molecules
and consequently 16 atoms. Group-theoretical analysis
assigns all 48 vibrational modes. The correlation dia-
gram between the vibrational modes of the free molecule
and the modes of the crystal is recalled ' and completed
in Table I, where we have provided the general features
of the expected Raman spectra. The set of Raman-
active modes consists of nine translational modes
( A +E +2F, i.e., four Raman peaks), 12 rotational
modes (A +E+3F, i.e., five Raman peaks), 24 internal
modes, v, and v2 of species A and I', and v3 and v4 of
species E and F. It should be remembered that the
( A, F) and (E,F) splittings are not due to a removal of
the degeneracy but to in-phase and out-of-phase cou-
plings between molecules of the same cristallographic
cell (Davydov splitting).

From our previous analysis at 214 K, and in the
range 0.25-0.7 GPa, the four peaks around 3300 cm
were assigned to v, ( A and F), 2v~ (E), 2v4 (F), and v3
(E and F), respectively [Fig. 2(a)j. I.ow-frequency peaks
are assigned to two translational bands and one broad
rotational band, containing the translational and rota-
tional modes, respectively. Other information concern-
ing lower temperature and atmospheric pressure may be
found in the literature.
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TABLE I. Symmetry species of the k=0 vibrations of NH3 solid phase I P2, 3 (T ). T, translation;
R, rotation and libration; DC, Davydov components. Raman activity in A, E,F. Infrared activity in

F. Acoustic modes (translation) in F.

Molecule Site Crystal

(v„v2)
v, {3),vq (A), R (3), T (3)

v] (F), v2 (F), R (F), T (F)
v3 (F), v4 (F), R' {F), T' (F)
v,
" (F), v,

" (F), R" (F), r" (F)

(v3, v4)

Line predictions

v, (E), v, (E), R {E), T (E)

Raman lines
9 lattice peaks (21 modes)~4 translational peaks T (1A +1F.+2F)

5 rotational peaks R (1A +1E+3F)
10 internal peaks
4 molecular peaks (6 modes)~vl ( A), v& ( A), v3 (E), v4 (E)
6 peaks arising from phase coupling between molecules of the same cell

or DC (18 modes) ~vl (F), v, {F), v', (F), v,
" (F), v4 (F), v4 (F)

ir lines
5 lattice peaks (15 modes)~2T (2F)+3R (3F)
6 DC (18 modes)~the Raman-active components

2. Solid phase II

A recent neutron-difFraction investigation comes to
the conclusion that solid phase II, which appears above
218 K, is an hexagonal P63/mmc (D6& ) crystal with two
molecules per unit cell on site symmetry 6m2 (D3„).

In accordance with that site symmetry, this solid is
characterized by strong rotational disorder as shown by
Raman scattering " and NMR. Thus, correlation
rules in this plastic crystal may hold only for translation-
al modes and are likely due to librational modes (Table
II). In the region of 3300 cm ' the three broad peaks
[Fig. 2(a)) are assigned (Table II) to internal modes v,
(A, }, 2v4 (E), and v3 (E). The two peaks vz (A, ) and

v~ (E) were observed around 1060 and 1640 cm ', re-

spectively. In the low-frequency range 100-500 cm
two faint externa1 modes appear and are due to transla-
tional modes T (Ez~ } and librational modes R (E,g ).

3. Solid phase III

According to the symmetry properties mentioned in
Sec. III, this plastic crystal has four molecules per cell
and, like solid phase II, the spectrum exhibits broad
peaks. Its correlation diagram is given in Table III.
Going from low to high frequencies, thc different peaks
of the internal spectrum [Fig. 2(b)] are assigned to v&

(A, ), 2v4 (E), and v3 (E). External modes are neither
Raman nor infrared active (see Sec. III).

4. Solid phase IV

Above 3.8 GPa, the data on the hexagonal structure
of solid ammonia are not comprehensive for the time be-
ing" (see Sec. III). Both phases II and IV have the
same hcp structure. Contrary to phase II, phase IV ex-
hibits well-resolved lattice peaks above 6 GPa, which
points to an ordered structure in that pressure range.
Thus the site symmetry in phase IV is the free-molecule
symmetry or one of its subgroups. The number of the
Raman-active modes then leads to the conclusion that
the structure of solid phase IV is P63/mme (D6& ) with
four molecules per unit cell on site symmetry 3m (C3, ).
The proposed correlation diagram is given in Table IV.
Accordingly, translational modes are of species
A]g, E,g, Ez~ and librational modes of species E&g and

E2 . In the internal mode region and from lower fre-
quencies, peaks are, respectively, assigned to v, ( A, g ), v3

(Ez ), and v3 (E,z ) [Fig. 2(b)].
In the range 3.8—6 GPa lattice peaks were not

resolved. This is to be compared with the x-ray results
concerning the c/a ratio and suggests a progressive or-
dering of phase IV with increasing pressure.



TABLE II. Symmetry species of the k=O vibrations of NH3 solid phase II P63/mme (D6&). T,
translation; R, rotation and libration. Raman activity in A &g, E&g,E2g. Infrared activity in A2„,E&„.
Acoustic modes (translation) in A2„+EI„.
Molecule Site Modes

C3„,

(v&, v~)

(v3, v4. )

v) (A, ), v2 (A, )

v3 (E), vq (E)

A2g R (A2g)

R {81„)

8)g

T (A2„)

T (Bgg)

Ell

(R)
R (E)g)

R (E2„)

T (E2g)

T (E,„)

Line predictions

Raman lines
2 lattice peaks (4 modes)~ 1 T ( 1E2g )+ 18 ( 1E]g )

4 molecular peaks (6 modes) v& ( A
~ ), v2 ( A

~ ), v3 (E) v4

ir lines
4 molecular peaks (6 modes) v& (A

& ), v2 ( A
& }, v3 (E), v4 (E)

TABLE III. Symmetry species of the k=O vibrations of NH3 solid phase III Fm3m (Oq). T,
translation; R, rotation and libration. Raman activity in A,g, Eg,F2g. Infrared activity in F~„.
Acoustic modes (translation) in F&„.

Molecule

C3„
A)

( v)~ v2)

(v3, v4)

Site

Fi„
(T)

(R)

Crystal

Og

F)g

Modes

v( (A)), vq (A))

v3 (E), v4 (E)

T (F)„)

R (Fqg)

Line predictions

Raman lines
4 molecular peaks (6 modes)~v, ( A, ), vz ( A

& ), v3 (E), v4 (E}
ir lines

4 molecular peaks (12 modes)~v, (A, ), v, (A, ), v, (E), v, (E)
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TABLE IV. Symmetry species of the k=0 vibrations of NH3 solid phase IV F63/p2lcc (DQg ) T,
translation; R, rotation and libration; DC, Davydov components. Raman activity in A]g, E]g,E2g.
Infrared activity in A2„,E]„. Acoustic mode (translation) in A2„+E]„.
Molecule Crystal Modes

{v], v2)

v] (A] ), v2(A] ), T(A] )

v] (B2 ), v2 {B2g), T (B2 )

A2„
B]„

v] {A2„},vp (A2„), T (Ap„)
v] (B]„),v2 (B]„),T (B]„)

R (A2g)
E. {B]g)

A]„
B2„

8 (A]„)
8 {B2„}

( v3~ v4)

E2„

v {E, ), v (E, ), 8 {E, ), T (E, )

v3 (E2g ) v4 (E2g ) R (E2g ) T {Epg )

v3 (E]„),v4 (E]„),R (E]„), T (E]„)
v3 (E2 ) v4 (Ep ) B (E7 ) T (E2 )

Line prediction

Raman lines
5 lattice peaks (9 modes) 3T{1A]g+1E]g+1E2g)+2&(lE]g+1E„)
4 molecular peaks (6 modes) ~v] ( A ]g )„v2 ( A ]g ) v3 (E]g ) v4 (E]g )

2 Dc (4 modes)~v3 (E2g), v4 (Ezg)
ir lines

1 lattice peak {2 modes)~1R(1E]„)
4 DC (6 modes) v] (A2„), v2 (Ap„), v3 (E]„),v4 (E]„)

5. Solid phase V

Our Raman results indicate that the transition ob-
served around 14 Gpa involves a slight structural
modification (see Sec. III). It is worth noting that the
extrapolation to lower pressure of frequency of the new
peak, observed in the rniddle of the strong internal spec-
trurn, falls within the v, region at atmospheric pressure
(Fig. 3). This suggests that the new frequency is a v,
component. Other assumptions on the nature of this
new peak, such as Fermi resonance or a combination of
v, (A) with a lattice mode, are less likely. The low-
frequency spectrum indicates an ordered structure.
Thus we can assume a 3m (C3„) or lower site symmetry.
We will consider at first 3m (C3„) and 3 (C&) site sym-
metries, then the use of the correlation tables shows that
the nondegenerate vibration v, is split only if the crystal
structure is cubic. This involves at least four molecules
per unit cell, as for solid phase I (see Sec. IVA and
Table I). Among the cubic symmetries with four mole-
cules per unit cell, only P2, 3 (T ) provides a plausible
structure with H atoms between N atoms. The number

of expected Raman-active modes is 9 (see Table I).
Among structures with eight molecules per cell and 3m

(C3„) site symmetry, only I43m (Tz) is possible. It has
five Raman-active external modes (Table V). In the case
of eight molecules per cell, we have not considered
structures with 3 (Ci) site symmetry which provide ei-

ther 9, 10, 11, or 12 Raman-active external modes.
Some of these structures correspond to I43m where the
(110) plane is no longer a plane of symmetry for the mol-
ecule.

%'e have discussed the highest-symmetry structures
consistent with our Raman data. Plausible lower-
symmetry structures may be found among the rhom-
bohedral group (D&~ and C3„with C, site symmetry).
Such structures may be considered as distorted cubic
structures and will not be taken into account here. %e
favor the simplest structures, which also provide the
simplest arguments compatible with our observations.

According to what follows (see Sec. IVA) and also
owing to the observed number of lattice modes, the most
likely structure is I43m. The assignment of the internal
and external Raman modes is given in Table V, assum-
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TABLE V. Symmetry species of the k=o vibrations of NH3 solid phase V I43m (Td ). T, transla-

tion; R, rotation and libration; DC, Davydov components. Raman activity in A &,E,F2. Infrared ac-

tivity in F2. Acoustic modes (translation) in F, .

Crystal

Al
(vl, v2)

Al
(T)

vl (Al), vp (Al), T (Ai)

R (A, )

vl (F2), vp (F2), T' (F2)

( v3, v4)

v3 (Fz), v4 (F&), R (Fz}, T (F2)

v, (F, ), v (F, ), 8' (F, }, T' (F, )

R" (Fl )

v, (E), v, (E), Z {E), T {E)

Line predictions

Raman lines
5 lattice peaks (11 modes)~3T{1A, +1E+1F2)+28(1E+1F2)
4 molecular peaks (6 modes)~v, (Al)y v2 (A])y v3 (E)y v4 (E)
4 DC {12 modes) —+vi {F2), v2 (F2), v3 (F2), v4 (F2)

ir lines
2 lattice peak (6 modes)~IT(1Fz)+18 (1F& }

4 DC (12 modes)~v, (F2), vz (F2), v3 (F2 }, v4 (F2)

ing this structure is that of solid phase V. External
modes are of species ( A, +2E+2Fz) and internal peaks
may be, from the lower to the higher frequencies, as-
signed to v, ( A i ), v, (F2), v, (Fz), and v3 (E) [see Figs.
2(b) and 4]. This structure is at first sight not consistent
with the observed birefringence of solid phase V, which
was not observed to disappear at the transition IV-V
(Sec. III). However, this may not rule out our con-
clusion, at very high pressure birefringence being mainly
due to stress inhomogeneities. The mechanism which
may be invoked at the IV-V transition is rather a displa-
cive one, often encountered from hexagonal to cubic
phases. Apart from the small changes in the Raman
spectrum at the IV-V transition, the slow evolution of
the internal spectrum from 14 to 21 GPa and the slug-
gishness of the transition observed in particular during
decreasing runs support that viewpoint.

6. Solid phase VI

From 14 GPa, the internal spectrum progressively
changes to exhibit at around 50 GPa a very diNerent
form with only one peak v, (F) [see Fig. 2(b)] as shown

by plots of the intensity of internal vibrations v, ( A), v,
(F), and v& (E) versus pressure (Fig. 5). This evolution

points to modification of the nitrogen-atom environment
towards a diferent symmetry about 50 GPa. In Sec.
IV 8 we will interpret this in terms of possible symmetri-
zation of the H bond at 60 GPa, where a slight jump of
v, (F) was observed, indicating a likely change of struc-
ture (see Sec. III). In this paragraph we will analyze the
consistency of our experimental observations with that
hypothesis and will discuss the possible structures of
solid phase VI. Symmetrization of the H bond involves
a change in the coordination number of a nitrogen atom,
which should be 6 when the three initial covalent bonds
and the three initial hydrogen bonds become similar
with the symmetry of a regular octahedron. For that
kind of symmetrized H-bonded solid the molecular con-
cept disappears and the type of bonding compared to
what is known at atmospheric pressure and expected at
high pressure' ' is ionicovalent. So the transformation
at 60 GPa implies a change in the nature of the 3350-
cm ' peak, which would have to become a phonon
mode of the lattice. Taking into account the weak mass
of a hydrogen atom, this high frequency for a lattice
mode is not surprising; cubic boron nitride (BN) is the
closest point of comparison with NH3 at very high pres-
sure in regard to the individual masses of its constituents
and its ionico valent bonding. Accordingly, its bulk
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modulus is 290 Gpa, rather close to that expected for
NH3 at 60 GPa (240 GPa). We can then assume the
force constants to be analogous in both, and taking into
account the ratio of reduced masses and the value of the
LO phonon in BN (1300 cm '),' we are led to expect a
Raman mode in NH3 around 3250 cm ', which is close
to the observed value.

The internal spectrum of a system of octahedral XY6
molecules consists mainly of one peak that arises from
the totally symmetric vibration v, (A,z). When NH&

molecules come closer to reaching the XF6
configuration, this vibration originates progressively
from the out-of-phase coupling component v, (F), which
is the only peak observed above 50 GPa.

The features of the V-VI phase transformation, name-
ly, (i) the significant change of the internal spectrum be-
ginning well below 60 GPa and (ii) the small jump of the
v, (F) frequency at 60 GPa show that the structure of
phase VI is closely related to thai of phase V. Further-
more, the high symmetry involved by the six equivalent
bonds around N atoms at the symmetrization of the H
bond suggests that phase VI is very likely cubic or close
to cubic.

We have accordingly searched for all cubic structures
fulfilling the following properties: (i) The N-site to H-
site ratio number is 3, in agreement with the ammonia
formula; (ii) the nitrogen atom has six equivalent first-
neighboring hydrogen atoms; (iii) the H—N—H angle is
a right angle; (iv) the hydrogen atoms are at equal dis-
tances from two first nitrogen neighbors; and finally (v)

the crystal is Raman active. These conditions are re-
strictive, and using both group-theory and x-ray cristal™
lographic tables, "' only a few structures are found.
These structures pertain to two families, leading either
to straight symmetric or to distorted hydrogen bonds.
We will discuss only the highest-symmetry structures
which characterize these two. families.

7. Pm3m {0I,') structure

A symmetric N—H bonded ammonia solid with the
simplest cubic structure Pm 3m may be obtained from
solid phase V with structure 143m after closure of the
molecular angle H—H—H to 90' and displacement of
the N atoms along the cell diagonals. Nitrogen atoms
are on site symmetry m 3m (Oi, ) and hydrogen atoms on
site symmetry 4/mmm (D4i, ) [Fig. 6(a)]. It is to be not-
ed that this structure is that of Cu3N. The analogy of
Cu and H is not fortuitous, the structure of symmetric
H-bonded ice (ice X) being that of the cuprite structure
of CuzO. ' ' In our case the I'm 3m structure is expect-
ed, owing to the directional character of the bonds.

According to Table VI the structure Pm 3m is not Ra-
man active; this, however, does not rule out this struc-
ture. In fact„ this structure is not dense and examination
of crystal structures of compounds of the type XF3
shows that truly cubic solids are very scarce, Cu3N be-
ing one. Generally such compounds exhibit slightly dis-
torted cubic structures, e.g., rhombohedral or tetragonal.
This may be attributed to the fact that the unstable
simple-cubic nitrogen sublattice requires some distortion

to be stabilized. Then, such a slight distortion for syin-
metric NH3 accounts for the Raman activity. An alter-
native explanation might just be that stress conditions in
the DAC are suSciently inhomogeneous to lift selection
rules for Raman activity.
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FIG. 6. Expected structure of NH3 solid phase VI. (a) Cell
of NH3 solid phase VI Pm 3m (Oz ) arising from solid phase V
I43m. (b) Cell of NH3 solid phase VI Pn 3m (Oz ) arising from
solid phase V P2l3. 0, nitrogen atoms; , hydrogen atoms.
For clarity, the distinction is made between initial covalent
bonds ( ) and initial hydrogen bonds ( ———) present in

phase V. Arrows in (b) indicate H positions from the middle
of N-N lines.

8. Pn3m {Oq ) structure

A Pn 3m structure may be obtained from solid phase
V with structure P2, 3, which may give rise only to a dis-
torted symmetric H-bonded solid. In this case, the
mechanism of the V-VI transition would involve a shift
of the N atoms along diagonals of the cell and
(0,—,—2x, —2x) directions with appropriate rotation of
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the molecule and decrease of the H—N—H angle to 90'.
This structure has four formulas per cell. Nitrogen

atoms lie on site symmetry 3m (D3d ) and the hydrogen
atoms on site symmetry mm (C2„) [Fig. 6(b)]. The Ra-
man activity involves only vibrations of the H sublattice
(see Table VI). The hydrogen atoms are equidistant
from two nitrogen atoms, but in contrast with the previ-
ous structures they do not lie on the N-N line connect-
ing the nitrogen atoms. In other words, the N-H dis-
tance (dN H ) is larger than half the N-N distance (dN N ).

Due to the fact that distance dNH is larger than

dN N/2 and from the viewpoint of the stretching of the
N-H distance (see Sec. II 8), the symmetrized state is less
easily obtained for this type of structure. Furthermore,
symmetric bonds must be rather strong and partly ionic,
consequently the N—H—N bond angle between two
successive N's is rather Sat. This is very likely the case
for ice' and hydrogen halides (HBr, HCI), but not for

our proposed Pn 3m structure where the interaction an-
gle H—N—H is close to 141'. This indicates that the
most likely structure is close to Pm3m. On the other
hand, a denser OI, structure may possibly occur at
higher pressure.

In conclusion, starting from solid phase V we propose
two plausible families of structures. Solid phase V with
structure I43m leads to a straight symmetric H-bonded
solid phase VI with structure Pn3m. Solid phase V
with structure P2, 3, on the other hand, leads to a dis-
torted symmetric H-bonded solid phase VI with struc-
ture Pn 3m.

B. Evidence for transition to a symmetric 8-bonded solid

The following two main interconnected points regard-
ing the high-pressure behavior of NH3 will now be dis-
cussed: (i) the origin of the negative pressure shift of the

TABLE VI. Symmetry species of the k=O vibrations of NH3 solid phase VI. Raman activity in

A &„E„F2g. Infrared activity in F,„. Acoustic modes (translation) in F&„.

Pm3m (OI,')
Crystal

Fl„ F

No Raman lines

Line predictions

ir lines
2 lattice peaks (6 modes)~2F&„(N and H sublattices)

Pn3m (Op)
Crystal

OI,

Line predictions

Raman hnes
5 lattice peaks (12 modes)~1 3 &g (H) + 1Eg (H) + 3Fzg (H)

ir lines
4 lattice peaks (12 modes)~4F&„(N and H sublattices)
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v, (A) mode and (ii) the possible appearance of a sym-
metric H-bonded solid above 60 GPa.

It is generally observed that since atomic distances
shorten with pressure, the external and internal frequen-
cies have a positive shift up, generally to a few tens of
GPa. However, in some cases, like H-bonded com-
pounds, a reversal effect is observed as soon as density
increases. Actually„ it has been recognized that the co-
valent X-H distances of X—H . Y compounds, where
H Y is the H bond, increases with density. This is
ascribed to the strengthening of the H bond, which then
weakens the covalent bond and leads to a negative pres-
sure shift of the stretching frequency. This feature is
well known in water where the 0-H distance in ice is
larger than in the vapor phase ' and is very likely the
case for the N-H distance between vapor and solid am-
monia. ' It is clear now that such an effect may be
generated by increasing the pressure, e.g., negative shift
of the v, and v, modes of ice' and v, mode of HBr and
HC1 (Ref. 36) were observed up to several tens of GPa.
At atmospheric pressure, this property of the H bond
has been mainly investigated for several decades by
chemical physicists. Correlations were established espe-
cially between the vx H frequency and the X X dis-
tance for different X—H X systems. ' '

Compared to ice, the behavior of the v& and v3 modes
of ammonia is more complicated. Its modes are split by
intermolecular coupling and exhibit both positive and
negative shifts. The in-phase mode v, (A), which is
most sensitive to the external H bond, exhibits a nega-
tive shift. The out-of-phase mode v, (F), which is less
sensitive to the intermolecular force, shows a positive
slope. The inAuence of the dynamic coupling is reversed
for the v, modes, i,e., the v3 (F) component has a nega-
tive slope and the v3 (E) a positive slope. This behavior
may be partly described using, for example, the valence
force model. The negative shift of v, (A) and the
simultaneous positive shift of v3 (E) of the free molecule
may be ascribed to a decrease of the force constant of
the N-H va1ence bond and an increase of the force con-
stant of the N—N—H bond angle. Although this
analysis is rather simple, it supports our hypothesis con-
cerning the approach of a symmetric H bond which in-
volves an increase of the N-H distance a decrease of the
N—N—H molecular bond angle (Sec. IV A).

In addition to the significant changes of the internal
Raman spectrum, various pieces of evidence supporting
the assumption of a continuous or second-order transi-
tion to another solid state exist. It is, however, to be
noted that this transition, which terminates by a jump of
v, (F), may be then weakly first order. This feature may
be compared to what is observed at the ice-VIII —ice-X
transition (the symmetric H-bonded ice)."

A point which supports the scheme of a continuous
transition to a symmetric solid concerns the v, ( A ) in-
tensity. Starting from symmetry arguments (see Sec.
IV A) it is clear that the v, ( A ) mode, which corre-
sponds to an out-of-phase motion between internal and
external bonds, leads„at the symmetrization, to a
Raman-inactive mode, the frequency of which should de-
crease as intermolecular and intramolecular forces be-
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FIG. 7. Frequency vl (A) as a function of estimated dis-
tance dN N. Distance dN N is provided by the NH3 EOS (Sec.
IV 8). Solid curve, manual fit; dashed lines„phase transforma-
tion locations.

come similar (see below). We have mentioned above that
from 30 GPa the intensity of v, ( A ) indeed progressively
vanishes (see Sec. IV A and Fig. 5) and its frequency de-
creases. This is also the case for the v3 (E) mode. The
second point concerns the behavior of frequency v, ( A )

versus molar volume or dN& distance. In the liquid
state dN N was estimated from volume data at 300 K.
In the solid state and below 6 GPa, molar volume and,
consequently, dN N were obtained from the recent x-ray
data of Mills. These data were fitted using an iso-
thermal path equation where the volume jump at the
transition III-IV has been taken into account. Above 6
GPa, dN N could be obtained by extrapolatio~ of that
equation which fits solid phase IV. Because our extrapo-
lation concerns pressures much higher than a few GPa
we did a careful analysis with different types of equa-
tions of states. %e finally chose the equation of Vinet
et a1. ,

' which has been shown to be better suited to the
high-pressure range, i.e., to large volume variations, than
the Murnaghan equation. The two parameters, bulk
modulus and its first derivative at zero pressure are
found to be 3.7 GPa and 5.65, respectively. The fre-
quency v, ( A ) versus d N N, computed as indicated
above, is plotted in Fig. 7. The plot exhibits a nonlinear
behavior for dN N below 2.9 A, that is, around 20 GPa.
Extrapolation points to a rapid decrease for dN N in the

0
2.6-2.7 A range or according to our equation of state
close to 60 GPa. This pressure zone is close to the point
where we have observed a jump of v, (F). The estima-
tion of dz N at pressure as high as several tens of GPa is
very crude and the above correlation may be fortuitous.
However, if we rely upon the validity of high-pressure
equations of state, such as those used here (Murnaghan
or Vinet), the relative accuracy of dN N may be estimat-
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ed to be better than 4%. The corresponding pressure
margin is roughly +15 GPa around 60 GPa. It is to be
noted here that we were not able to take into account
the efFects due to the IV-V transition, which very likely
involve a small volume jump and weak changes on the
parameters of our equation.

An estimate of the dN N distance for a symmetric H
bond may be obtained from the physicochemical studies
mentioned above. Correlations have been established be-
tween quantities such as vx H, dx H, and dxx, ' ' al-
though such correlations are well known only for the
(O-O, O-H) pair. A crude comparison between the varia-
tions of vx H versus dx x between the O—H . 0 and
N—H - N systems gives an upper limit of 2.7 A for
dN N when symmetrization occurs. This is supported by
s recent infrared band-shape analysis in imidazol crystals
at low temperature, which indicates that the N-N dis-
tance for N—H N symmetric systems must lie be-
tween 2.65 and 2.75 A.

It is, however, of interest to note that the vz H versus
dz N variation observed in nitrogen compounds at room
pressure is quite different from that obtained in the
present work (Fig. 7). Indeed, in the range of 3.3-2.7 A
for d N N, we obtain an average slope d v~ H/d (d N N ),
which is nearly one order of magnitude less than the
slope obtained from data at ambient pressure. Compar-
ison of results concerning HzQ and 0—H 0 systems
leads to a less marked difFerence. In contrast to H20,
the molecular angle H—X—H in NH3 undergoes a large
change from 107' to 90' under pressure and this alone
would account for the difFerence between the two sys-
tems. Moreover, variations such as vx H versus dx x ob-
tained from physicochemical and high-pressure studies
are not expected to be the same since the charge transfer
mechanism versus dx H is different.

A point which is relevant to that comparison concerns
the value of vx H in the symmetrized state. Phy-
sicochemical papers provide values for voH and vN H

slightly below 1000 cm '. In both high-pressure inves-
tigations of NH3 and H2O, v& peaks were observed to
disappear in the background 10 or 20 GPs from the ex-
pected symmetrization pressure p„so it wss not possible
to measure the trend close to the symmetrized state.
However, it is possible to provide an estimate for the
limit of vN 8, which in fact is found to lie above 1000
cm '. %e have previously mentioned the change in the
nature of the v, (F) mode when solid phase V transforms
to solid phase VI; this obviously holds for the v& (A)
mode. %'e will use hereafter a linear chain model simi-
lar to that proposed by Zallen. %e start with two
atoms per unit cell and two force constants kNH snd
kH. . . N for the covalent bond snd the H bond, respec-
tively. Modes v, (A) and v, (F) pertain to the same
phonon dispersion branch and, due to the respective
motions involved, v, (A) is a zone-center mode and v,
(F) a zone-boundary mode. In the v, (A) mode the
external bond vibrates out of phase with the internal
bond and the external-bond constants contribute to the
restoring force. It is worth noting that this model pre-
dicts a v, ( A) frequency higher than v, (F). In fact, in

co, =[2(k, +k„)/mN] ~

for the zone-boundary acoustic mode,

coo ——(2k, /p)' (2)

for the zone-center optical mode, and

a)0——[2(k, +k„)/mH]'~ (3)

for the zone-boundary optical mode, where we have as-
surned for simplicity kN ——kH, which is quite reasonable
if only electrostatic forces and mass ratio are taken into
account and where mH and mN are, respectively, H and
N masses, and JM the corresponding reduced mass. %ith
kH =0, Eqs. (1)-(3) lead to the well-known equations for
a diatomic chain. The unit cell may then be doubled, in-
troducing, for example, a slight difFerence between alter-
nating k, . This first accounts for the correlation field

splitting (Davydov doublet), which gives two high exter-
nal frequency branches and secondly provides a low-
frequency optical branch. According to our model, ~o
and mo, which may be larger than ~0, correspond to v&

(A) and v& (F), respectively. Using our data, i.e., v&

(F)=3340 cm ' at p„Eq. (3) gives k, +kH. This allows
us to estimate the lower-frequency optical mode, which
is found close to 900 crn '; this is in accordance with
the extrapolation to 60 GPa of the v& frequencies in Fig.
4. Now assuming k, =kH, a lower value at around 2340
cm ' for the v, (A) frequency is obtained through Eqs.
(1) and (2). It is of interest to note that for v, ( A) =3000
cm ', which is the extrapolated value from Figs. 3 and
7, the ratio kH/k, obtained from Eqs. (2) and (3) is
around 0.3. Actually, for a real solid, this ratio is ex-
pected to be slightly smaller. In fact, in a three-
dirnensional model, kH results from the H-H nearest-
neighbor interactions and the amount of such interac-
tions is larger than that of N-H interactions. This sim-
ple formal model indicates a v, ( A) value at p, „which is
clearly above the physicochemical data but in better
agreement with our results. A more elaborated model is
required to have a better understanding about the pres-
sure dependence of v, ( A ) and v, (F) and the evolution
of the H bonding.

this model only 6rst-neighbor interactions are con-
sidered, whereas longer-range interactions should be tak-
en into account. In an actual solid with Pm3m struc-
ture, H atoms are surrounded by eight H nearest neigh-
bors and H-H interaction must play a large role. Fur-
thermore, it is agreed that many-body efFects play a
significant role in the free energy of molecular solids,
especially those with anisotropic molecules. This remark
is very likely relevant to H-bonded solids. Besides, as is
expected at high pressure, interactions must concern a
range spreading out beyond the first neighbors. Using
again the linear chain model, a longer-range interaction
may be simulated by adding two positive force constants
kN and kH between N atoms and H atoms, respectively.
This model leads for a symmetric H-bonded chain
(kN „=kH. . . N

——k, ) to the characteristic frequencies



V. CONCLUSION

%ithin the resolution of our Raman scattering investi-
gation, some significant features of the phase diagram of
NH3 have been determined at room temperature up to
75 GPa.

Solid phase III, in accordance with previous data, is
found to be fcc. Its space group is Fm3m (0„') with site
symmetry m 3m (0„). This phase is a disordered solid.

Solid phase IV, which occurs at 3.8 GPa, has, in ac-
cord with x-ray data, space group P63/tttrnc (D6t, );
above 6 GPa the site symmetry is found to be 3m ( C3, ).
Solid phase V, which appears at 14 GPa, is very likely
cubic, and a I43m (T~) structure with site symmetry 3m

(C3, ) would fit our data.
Around 60 GPa solid phase V transforms to solid

phase VI, also cubic or close to cubic, and a plausible
structure is Pm 3m (Ot, ), with a slight distortion, N
atoms being on site symmetry m 3m (0„), H atoms on
site symmetry 4/mtrttrt (D4t, ).

It is clear from Tables I-III that with increasing tem-
perature the molecular centers shift to sites of higher
symmetry, indicating the onset of molecular rotational
disorder. This step is achieved along the sequence I-II-
III. On the other hand, with increasing pressure, Tables
III and IV show that the site symmetry shifts towards
3m, the molecular symmetry. This step is reached at the
end of the sequence of transition III-IV (at 6 GPa). It

corresponds to the vanishing of the molecular rotational
disorder. On further compression, our results show a
shiA of the symmetry around N atoms towards higher
symmetry. This process, which begins around 20 GPa,
corresponds to a progressive change in the nature of the
intermolecular and the chemical covalent bonds. This
assumption is mainly supported by the significant change
of the internal spectrum, the strong decrease of the Ra-
man intensity of the intramolecular mode v, ( A ), and its
negative pressure shifts, which mainly occurs along the
sequence V-VI. %e conclude that this process, which
leads to disappearance of the molecular character, is
reached around 60 GPa where symmetric bonding
occurs. Infrared spectroscopy and x-ray difraction in-
vestigations are required to get firm conclusions about
structures of solid phases V and VI.
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