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Disorder-order phase transition at high pressure in ammonium fluoride
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Solid NH4F displays intriguing parallels with ice despite its apparently ionic character. Here we investigate its
phase diagram in low-temperature and high-pressure regions using Raman spectroscopy, x-ray diffraction, and
ab initio structure search calculations. We focus on the high-pressure cubic phase which resembles that found in
ice under pressure and is also the ambient pressure phase of other ammonium halides. We detect a disorder-order
transition above 10 GPa, recalling those found both in other ammonium halides and in ice. The transition reveals
itself in the pressure dependence of several Raman modes as well as through the progressive splitting of lattice
and bending modes of the cubic phase at low temperatures. An in-depth analysis of the Raman modes and their

evolution is made.
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I. INTRODUCTION

Ammonium salts are generally considered to be ionic
systems due to the similarity of their properties and structures
(NaCl or CsCl type) with potassium, rubidium, and cesium
salts, and due to the similarity of the sizes of the cations.
Ammonium fluoride (NH4F), however, is different, being
isostructural to ice Ih in ambient conditions, with local
tetrahedral coordination and hydrogen bonding [1-3]. As in
ice, the hexagonal phase transits to rhombohedral and cubic
phases with the increase of pressure, as shown in the schematic
phase diagram in Fig. 1. Earlier work has mainly used x-ray and
neutron diffraction and Raman spectroscopy in the 0-16 GPa
range to establish the low-pressure room-temperature phase
diagram of NH4F. At ambient temperature, the room-pressure
hexagonal phase NH4F I [4,5] transits at about 0.36 GPa to the
rhombohedral phase NH4F II [6,7]. At higher temperature, a
small region beyond 400 K and below 1 GPa is characterized
by a NaCl-type cubic phase (NH4F IV), while at still higher
temperatures and in the same pressure range, the liquid phase
is reported [8,9]. At pressure higher than 1 GPa, a CsClI-type
cubic phase (NH4F III [6]) similar to the other halides, is found
to be stable to the highest pressures measured of about 16 GPa
[10].

NH,4FIis a wurtzite-type structure with space group P63mc
compared to ice Ih with space group P63/mmc, while NH4F II
belongs to the space group R3c [11] compared to ice II
with space group R3 [12]. A key feature of the ice phase
diagram is an order-disorder transition between the ice-VII and
ice-VIII phases. Above 1 GPa, cubic ice VII consists of two
interpenetrating cubic lattices just as in cubic NH4F III. Ice VII
is disordered with respect to proton positions with the ice rules
satisfied locally [13]. It undergoes a small tetragonal distortion
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toice VIII [14] below 278 K. This compression along the ¢ axis
of the new structure is driven by hydrogen ordering. The other
ammonium halides, which are cubic in ambient conditions, are
also known to undergo temperature- and pressure-dependent
order-disorder transitions [15,16] related to the hydrogen bond.
These analogies between NHy4F and ice, on the one hand, and
the other ammonium halides, on the other, bring up important
and as yet unanswered questions. Is NH4F III a disordered
phase and does an ordering transition exist? Does the behavior
of NH4F resemble that of ice or that of the other halides? In the
following, we answer these questions with Raman scattering
and x-ray diffraction measurements as a function of pressure
and/or temperature as well as an ab initio computational
structure search. We find consistent results indicating that
NH4F II1 is a disordered phase in ambient conditions which
orders at high pressure. At low temperature, this ordered phase
exhibits a tetragonal distortion. This transition has similarities
with both the behavior found in ice and in other ammonium
halides.

II. HIGH-PRESSURE X-RAY DIFFRACTION

Ammonium fluoride purchased from Aldrich (99.99%) was
loaded with neon as the transmitting medium and a stainless
steel gasket with a hole of 200 um in a diamond-anvil cell
of 400 pum culet diameter. Pressure was monitored with
the emission line of a ruby [17]. X-ray diffraction was
performed at the PSICHE beam line (SOLEIL Synchrotron),
using 0.3738 A wavelength radiation. Diffractograms were
recorded for pressures from 5 to 26 GPa and at 292 K on a
two-dimensional (2D) MarCCD detector and integrated with
the FIT2D program [18] to get conventional powder-diffraction
patterns. These were fitted using the Rietveld method [19]
as implemented in the FULLPROF suite of programs [20]
with the lattice parameter, background, line shape (using a
Thompson-Cox-Hastings pseudo-Voigt function), and angular
shift to account for possible misalignments as parameters.
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FIG. 1. A schematic phase diagram of the three known ambient
and high-pressure phases of ammonium fluoride including the phase
transition from the cubic (Illc) to the tetragonal (IIIt) phase found in
this work. Empty circles and straight lines are from previous work.
Filled circles and triangles which define phase boundaries between
the three phases are measured data from this work. Pressure was
increased while cycling between low and ambient temperature.

Atomic positions of N and F were fixed because they are at
special Wyckoff positions of space group P43m [F at (0,0,0)
and N at (0.5,0.5,0.5)]. H positions, not detected by x rays,
were not included in the refinement.

We focus on the high-pressure cubic structure of NHyF III
with the P43m space group and containing 1 formula unit
(f.u.) per unit cell NH4F [6]. In the P43m cell, nitrogen atoms
are located on the center (1b sites), fluorine at the corners
(1a site), and hydrogen atoms around the nitrogen atoms in a
tetrahedral configuration, as shown in Fig. 2(a).

Some integrated diffraction spectra at various pressures
are shown in Fig. 3(c), while 2D as-measured diffractograms
for these spectra are shown in Fig. 4. Examples of Rietveld
refinement performed at 6 and 25.5 GPa are shown in Figs. 3(a)
and 3(b). The symbols in Fig. 3(d) show the variation of
the cubic lattice parameter a as a function of pressure at
292 K. The parametrized equation of state [21] is calculated for
pressure points below 20 GPa with a satisfactory fit and yields

IEa Y W

FIG. 2. (a) The P43m structure: small spheres (gray) represent
hydrogen, the central sphere (blue) represents nitrogen, and corner
spheres (green) represent fluorine. The solid lines depict the unit cell
and the dashed lines indicate the hydrogen bonds. N-H bonds are
along [111], [111], [T111], and [111] directions. (b) The 2 x 2 x 2
supercell model: six ammonium ions (white spheres for hydrogen)
are in the tetrahedral configuration (N-H bonds along the [111], [111],
[111], and [111] directions), while two ammonium ions (red spheres
for hydrogen) are in the antitetrahedral configuration ([111], [111],
[111], and [111] directions).
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a bulk modulus of 33.9 & 0.9 GPa (with B’ = 4.1 £ 0.2 GPa).
For pressure exceeding 20 GPa, there is a deviation from
the expected behavior as indicated by the flattening of the
experimental equation of state, a point that will be discussed
below. X-ray powder-diffraction results are limited by the
tendency of NH4F to crystallize in large-size grains under
pressure whether the precursor in the high-pressure cell is a
single crystal or powder (Fig. 4).

The (P,V) phase diagram was modeled using the ab initio
random structure searching (AIRSS) method [22] in order
to predict the most promising crystalline phases at given
pressures. These ab initio structural searches generate and
optimize random structures to a minimum in the enthalpy
using density functional theory (DFT). We carried out searches
at different fixed pressures: 0, 9, 13, and 30 GPa, using 1, 2,
3, 4, and 5 f.u. of NH4F per unit cell. At 0 GPa, the lowest
predicted enthalpy structure is the NH4F I phase. At 9, 13,
and 30 GPa, we always found the lowest enthalpy structure
to be the P43m space group also found in experiment (see
Supplemental Material [23]).

The experimental equation of state is compared to the
calculated ones for the P43m structure in Fig. 3(d). We carried
out structural relaxations at fixed pressure in order to calculate
the equation of state of the P43m structure and the 2 x 2 x 2
supercell. Geometry optimization calculations (DFT) were
performed with the PW code of the QUANTUM ESPRESSO [28]
package within different generalized gradient approximations
(GGAs) such as the Perdew-Burke-Ernzerhof (PBE) [29]
and PBEsol [30] exchange-correlation functionals and a
plane-wave basis set. Monkhorst-Pack (MP) k-point grids
typically containing 4-28 points were used for the Brillouin
zone sampling with an energy cutoff of 1090 eV. Convergence
was assumed when the energy changed by less than 10~/
eV between self-consistent field steps. In Fig. 3(d), we show
the variation of the cubic cell parameter normalized to the 0
GPa values. The theoretical bulk moduli (47.2 GPa with B’ =
4.3+ 0.2 GPa for PBE and 56.3 GPa with B’ =4.5+0.2
GPa for PBEsol) are overestimates of experiment (33.9 GPa),
while the 0 GPa lattice parameter is underestimated.

The primitive unit cell of the P43m structure shown in
Fig. 2(a) presupposes a perfectly ordered crystal, which is
improbable at nonzero temperatures. Indeed, all the other
halides in the cubic CsCl structure are disordered at high
temperature, in the so-called phase II [31-34]. A change
in the orientation of the central tetrahedron involves the
breaking and reforming of H bonds and the rotation of
the central NHy4" ion only, since the corner F~ ions are
strictly identical. The tetrahedra thus assume one of two
positions in a disordered way at high temperature. As the
statistically meaningful ab initio calculations of large-scale
disordered structures are computationally out of reach, we
simulate disorder (or lower symmetry) by adoptinga?2 x 2 x 2
supercell, shown in Fig. 2(b), containing six NH4" ions in
the tetrahedral configuration and two NH4 ™" ions in the (other)
antitetrahedral configuration with N-H bonds oriented in [111],
[111], [111], and [111] directions. The N atoms of these two
NH,™ ions are, respectively, located at the (0.25,0.25,0.25)
and (0.75,0.75,0.75) positions. The choice of this supercell
was reached after considering two other simple possibilities,
including one antitetrahedral and four antitetrahedral cells per
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FIG. 3. (a),(b) Rietveld refinement of cubic NH4F III at 6 and 25.5 GPa and at 292 K. Black dots: experimental spectrum; green line:
calculated pattern; lower line (red): observed-calculated difference. Vertical tick marks are the Bragg reflections in the P43m space group. (c)
Integrated spectra at various pressures showing contributions from the sample, from solid Ne (except at 6 GPa) and from the gasket (G). (d)
Calculated a/ay ratio with experimental data (diamonds) and the parametrized fit (solid line) as a function of pressure. The experimental error
bars are smaller than the symbols. The data deviate from the fit above 20 GPa. Pressure and volume are calculated using DFT with the PBE
and PBEsol functionals for the exchange correlation. The values of a, used for the P43m structure are 3.31 A (PBE) and 3.24 A (PBEsol). The
values of ay (per f.u.) for the 2 x 2 x 2 supercell are 3.37 A (PBE), 3.33 A (PBEsol), and 3.35 A (experiment).

2 x 2 x 2 supercell. These latter possibilities, which are more
“ordered,” consequently underestimate the lattice parameter
and overestimate the bulk modulus. The calculated bulk
moduli (36.6 GPa with B’ =4.3+£0.2 GPa for PBE and
35.2 GPawith B’ = 4.4 + 0.2 GPafor PBEsol) forthe 2 x 2 x
2 supercell with two antitetrahedral unit cells are in much better
agreement with the experimental value (33.9 GPa), implying

6 GPa 14.5 GPa

25.5 GPa

FIG. 4. As-measured 2D diffractograms at various pressures
showing contributions from the few crystalline grain sample, with
intense spots from diamond anvils (D) and rings from the gasket (G)
and from solid neon.

disorder of the NH4" tetrahedron in the extended crystal
structure at high temperature. We have thus explained this fact,
known in the other ammonium halides, using our experimental
equation of state and a simple simulated model for disorder. We
now come back to the flattening of the experimental equation
of state at about 20 GPa which causes it to deviate from the
calculation for the model disordered supercell. The direction of
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FIG. 5. Variation of experimental Raman spectra at 295 K for
a few chosen pressures showing the principal phases. From left to
right: lattice and librational modes, NH;* bending region, and N-H
stretching region. Hexagonal NH4F I spectrum at 0.3 GPa (black);
rhombohedral NH4F II spectrum at 0.6 GPa (red); cubic NH4F III
spectra at 1.5 GPa and above (blue).
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FIG. 6. Top panels: FWHM of the lattice and bending modes as a function of pressure for room temperature, low temperature (100 K), and
two intermediate temperatures of 150 and 200 K, and for two different experimental runs labeled (1) and (2). Bottom panels: Experimental
Raman spectra for lattice and bending modes. At 7.5 GPa, the line shape at 100 K (black solid line) is expectedly slightly narrower than at 295 K
(red dotted line). Above 10 GPa, as pressure increases, the 100 K spectra are significantly broader than the 295 K spectra as a consequence of
splitting of the Raman mode in the ordered lower-symmetry NH4F IIIt phase.

the deviation indicates ordering at ambient temperature above
20 GPa, a point that should be noted for discussion below.

III. HIGH-PRESSURE, LOW-TEMPERATURE
RAMAN SPECTROSCOPY

To supplement the results of the x-ray diffraction, which
is limited by the large crystal grains in the sample and
also by its insensitivity to hydrogen atoms, we resort to
high-pressure, low-temperature Raman spectroscopy of NH4F.
A Jobin-Yvon HR-460 single monochromator spectrometer in
a backscattering configuration with 1500 grooves/mm grating
and equipped with an Andor CCD camera was used. 514.5 nm
wavelength radiation from an Ar laser was focused into a 2 um
spot by a long-working-distance Mitutoyo x20 objective. The
power of the laser measured directly on the diamond-anvil
cell (DAC) was kept below 2 mW to avoid any photoinduced
transformation of the sample. Measurements were performed
at 295 K between 0.26 and 42 GPa and between 100 and 275 K
in steps of 25 K, up to a pressure of 31 GPa.

In Fig. 5, we show Raman spectra of the principal regions
for a few chosen pressures. Measurements were made from
ambient pressure to 42 GPa and at a temperature of 295 K.
NH4F I, NH4F 11, as well as the cubic NH4F III phase are
all clearly identified by their distinctive Raman spectra. In
the three panels, the principal modes are shown, including the

transverse-optical (TO) lattice mode (above 200 cm™!) and the

internal modes related to bending (above 1400 and 1800 cm™!,

respectively, v4 and v,) and stretching (above 3000 cm™', v3
and vy).

Two low-intensity modes are also detected in NH4F III
above 600 cm™! (left panel of Fig. 5) and above 2025 cm™!
(middle panel of Fig. 5). The weak feature above 600 cm™!
is the librational mode (vg) probably observed because the
ammonium ion in NH4F is in a highly asymmetric potential
well. In the cubic phases of the other ammonium halides,
it is generally detected as a combination mode or an over-
tone [35]. In NHyF III, it has been directly observed with
inelastic neutron scattering at the wave numbers detected
in our experiment [11]. The slightly stronger feature above
2025 cm™! is the (v4 + vg) combination mode also observed in
the other ammonium halides [34], in particular in ammonium
chloride [36]. The pressure dependence of these weak modes,
the TO lattice mode, and the v, bending mode are shown
in Fig. 6. While the x-ray measurements do not reveal a
structural change, all four modes clearly exhibit a change
of slope with pressure at about 10 GPa (Fig. 7). Small
differences in the pressure corresponding to the change of
slope are probably due to the fact that two of the modes
are combination modes. In the other ammonium halides,
this behavior is an unambiguous signature of a transition
from a disordered cubic phase to an ordered cubic phase
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FIG. 7. Variation of the Raman shift as a function of pressure at 295 K for four modes. Linear fits to portions of data highlight a change of
slope observed at 10 GPa, signaling the beginning of the disorder-order transition as well as a further change of slope above 20 GPa. (a) The
TO lattice mode (left) and the vg librational mode (right). (b) The v, bending mode (left) and the (v4 4 v¢) combination mode (right).

[34,36] with an ordering of the ammonium ion in the crystal
structure. Some modes also show a further change of slope
at still higher pressure, recalling the anomaly above 20 GPa
in the equation of state and indicating a more ordered structure.

We now discuss the line shape and pressure evolution of the
stretching modes. The broad stretching band centered around
3000 cm™! observed experimentally is typical of the high-
pressure behavior in the N-H stretching region [37,38] or in
cubic ice [39], but in contrast with sharper modes measured
in the other ammonium halides [31,34,40,41]. On the other
hand, in both ice [39,42] and in the halide with the largest
ion NHyI [33], the stretching modes soften with pressure. The
reason for this is the increasing strength of hydrogen bonding
with pressure which weakens the corresponding covalent bond
(H-N or H-O as the case may be) and softens the internal
stretching mode. In NH4F, which is a hydrogen-bonded crystal
like ice, the opposite behavior is observed, i.e., the stretching
modes harden as in NH4Cl [40]. This complex trend, combined
with the absence of a signature of the order-disorder transition
on the stretching modes in some halides [33,34], implies that
the behavior of these modes with pressure in NH4F is not
straightforward and may not necessarily reflect changes in
hydrogen ordering. We therefore concentrate on the lattice
and bending modes in the following.

The disorder-order transitions in the cubic phases of the
other ammonium halides as well as in ice also depend on
temperature. Notably, disordered cubic ice VII transforms
to ordered tetragonal ice VIII. Two recent reports [43,44]
indicate that this transition is accompanied by a splitting
of the principal lattice mode at high pressure in ice VIIIL.
To investigate this aspect, we make temperature-dependent

Raman measurements with regular steps from 295 to 100 K
for several pressures from 2 to 35 GPa, and in two different runs
to test repeatability. At low pressures, line shapes are slightly
narrower at low temperatures, as expected due to increase in
the phonon lifetime. A progressive and marked change occurs
in the bending and the lattice modes [Fig. 6(a)] above 10 GPa.
The principal Raman line in each of these regions begins to
broaden as temperature is decreased from 295 to 100 K. The
broadening increases and is detected at higher temperatures
as pressure increases. At 100 K and beyond 20 GPa, the
broadening undergoes a jump and stabilizes with a visible
splitting of the main lines.

IV. DISCUSSION

The broadening and splitting of the bending and lattice
modes in going from 295 to 100 K above 10 GPa are com-
patible with a subtle lowering of symmetry. The dependence
on temperature rules out an extrinsic effect related to nonhy-
drostatic conditions, which are also precluded by our use of a
neon pressure medium. The other ammonium halides [15,16]
and ice [45] are known to undergo temperature-dependent
order-disorder transitions related to the hydrogen bond, though
no such transition has been reported in NH4F. In NH4ClI [31],
NH,4Br [32], and in NHy4I [33], this transition to the ordered
phase is accompanied by a splitting of the lattice mode which
accentuates with pressure. However, these earlier works have
not dwelt on the reasons for this splitting or its mechanism as
the temperature is lowered. Here we give an explanation based
on both our measured Raman spectra and our simulations. The
observed splitting of the lattice and bending modes cannot
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result just from the ordering transition. The calculated spectra
for the ordered P43m structure are unequivocally single mode
in both of these regions. Besides, no other lower-symmetry
structure is found in these regions apart from the ordered
P43m structure. The splitting of the modes can only be
due to a lowering of symmetry. We look for the simplest
explanation, which is a small spontaneous tetragonal distortion
of the cubic CsCl structure at low temperature. We will label
this low-temperature phase NH4F IIIt. Our simulations (see
Supplemental Material [23]) also show Raman mode splitting
in the tetragonal structure with the P42m space group.

Both Raman and x-ray diffraction indicate a disordered
high-temperature P43m NH4F III cubic phase which under-
goes ordering above 10 GPa. Disorder-order transitions are
also found in the other ammonium halides. The splitting of
the Raman lattice and bending modes at low temperature also
indicates a transition towards a tetragonally distorted NH,F I1It
phase for pressures higher than 10 GPa. As pressure increases,
this transition shifts towards higher temperatures and appears
to be complete above 20 GPa. Is ordering compatible with a
tetragonal distortion? To clarify this point, we have calculated
the thermodynamic cost of the above tetragonal distortion
for two cubic P43m unit cells stacked along the ¢ axis.
The first stack shown in Fig. 8(a) is of identical P43m unit

PHYSICAL REVIEW B 96, 094110 (2017)

cells, fiving rise to the P42m structure on distortion. The
second stack shown in Fig. 8(b) is of two P43m cells but

with a 90° rotation of the NH, ™ tetrahedron around the ¢ axis
between the two cells, representing rotational disorder as in
our 2 x 2 x 2 supercell, and giving rise to a P4,/mcm unit
cell on distortion. While the enthalpies of the P43m and P42m
structures are within a few meV /f.u. over the entire pressure
range, the enthalpy of the P4,/mcm structure is more than
50 meV /f.u. higher. This indicates that the low-temperature
ordered, tetragonally distorted phase is energetically favored.
Again, simulated Raman spectra for the P42m structure are in
much better agreement (see Supplemental Material [23]) with
our experimental data than those for the P4,/mcm structure.

V. CONCLUSION

In conclusion, using high-pressure x-ray diffraction, high-
pressure and low-temperature Raman spectroscopy, and ab ini-
tio structure search calculations, we have found an ordered
low-temperature phase, NH4F IIIt, and an accompanying
disorder-order transition from the cubic NH4F III phase.
NH4F is simultaneously an ammonium halide and an icelike
molecular crystal bound with hydrogen bonds, an ambiguity
reflected in our results. On the one hand, we detect a disorder-
order transition in NHyF III similar to the one found in the
other ammonium halides. This transition sets in above 10 GPa
and is detected in the pressure dependence of several Raman
modes. On the other hand, as pointed out earlier, all three
phases of NH4F closely resemble those found inice in a similar
pressure range. Moreover, at low temperatures, we find a subtle
distortion from cubic NH4F III to slightly tetragonal NH,F IIIt.
This disorder-order transition thus also bears a similarity to the
cubic-tetragonal, ice VII-ice VIII disorder-order transition.
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