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Abstract. X-ray diffraction and differential scanning calorimetry experiments have made it
evident that(NH4)>MgF, undergoes a first-order structural phase transition at16X from

a KoNiF4-type structure {4/mmm) at room temperature to a monoclinic celfZ;/c) at low
temperatures. The transitiofd/mmm — P21/c arises from coupled Mgftilts ¢ and 6

around [110] and [001] directions of the tetragonal unit cell and have been explained in the
framework of the Landau theory using an expansion of the free energy with two interacting
order parameterg and 6, taking into account up to sixth-order terms. The large entropy
content of the transition has been explained assuming that the ammonium ion is free to rotate
around the fourfold crystallographic axis in the high-temperature phase.

1. Introduction

Structural studies in compounds with the layered perovskjtei, structure (space group,
I14/mmm; Z = 2) have regained interest in the last few years owing to the relationship with
the crystallographic properties of high-superconductors and related oxides, KRB, type

(RE = rare earth; M= Cu, Ni or Co) [1]. This structure can be viewed as a stacking of
layers of corner-sharing NgFoctahedra. Each layer is displaced with respect to the nearest
layers by @o/2, bo/2, co/2), whereay, bo, co are the direct cell vectors. The K ions (or

rare earth ions in oxides) are located between two consecutive layers. Rotations of the
octahedra produce different phases at low temperatures with lower symmetry. These phases
have been classified according to the different modes of octahedra tilting [2,3]. Some
RE;MO,4 (RE = rare earth; M= Cu, Ni or Co) oxides undergo a sequence of structural
phase transitions [4, 5] from tetragondW{mmm) to orthorhombic Bmab; Z = 4) owing

to a small rotation of the M@ octahedra around tha (or b) axis on decreasing the
temperature. The new base-centred cell has approximately the following lattice parameters:
a~ b~ +/2ay andc ~ co. At lower temperatures a first-order phase transition from the
orthorhombic Bmab) to tetragonal P4,/ncm) phase £ = 4) occurs. This phase can be
obtained from the4/mmm phase by a rotation of one layer of M@ctahedra around the

ap axis and the other layer around thg axis. In this structure, the new lattice parameters
are alsoa ~ b ~ +/2a¢ andc = cq.

To our knowledge, these types of phase transition have not been described as yet for
tetrafluorides. Nevertheless the ammonium fluoride perovskites are special cases. The
aspherical symmetry of the NHion may induce other phases different from the typical
cases observed in oxides. In fact, the ammonium ordering in trifluoride perovskites gives

1 Author to whom correspondence should be addressed.
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rise to different crystal structures of non-ammonium isomorphous compounds. As an
example, RbMnk does not show any phase transition as a function of temperature while
structural transitions in KMng[6] and KCdF; [7] proceed in steps from the high-symmetry
phase (simple-cubic perovskite) through lower-symmetry phases down to the orthorhombic
(Pbnm; Z = 4) phase. Nevertheless, the low-temperature pha&es{) in the ammonium
trifluorides NHMnF3 [8] and NH,CdF; [9] are reached in only one step owing to the
simultaneous tilts of Mg (M = Mn or Cd) octahedra and ordering of the Nkbns. As

we shall show in this work, the N;{’-Hon is placed at the fourfold axis of th&IH4),MgF,4
tetragonal structure. As the NHon does not have any fourfold symmetry axis, it must be
disordered at least between two orientations and, therefore, an ordering process is expected
at low temperatures.

(NH4)>MgF,; has been studied in the past [10] but its structural characterization at
different temperatures remains unsolved. The only available data indicate that it is
isostructural to KNiF4 at room temperature. Therefore, the first aim of this work is to
obtain a deeper knowledge of tlidH,4),MgF, structure and the possible phase transitions
produced by decreasing the temperature. MoreaW,),MgF, is a good candidate for a
structural study, since the high hydrogen content makes it inadequate for a neutron diffraction
experiment, but the relatively low atomic numbers of N, F and Mg give good possibilities
of localizing the H atoms by a powder x-ray diffraction experiment.

2. Experimental details

The polycrystalline sample was prepared by heating a mixture of Mg&@ NH,F at

473 K, for 3 d [10] in a Teflon sample holder. The excess of4sNHvas removed

by annealing at 420 K in a gentle Ar flow. Differential scanning calorimetry (DSC)
measurements were performed between 100 K and room temperature (RT) in a Perkin—
Elmer DSCY7 instrument. Data on the energy power vefsugere converted to molar heat
capacityC, by calibration witha-Al,03.

X-ray diffraction was carried out with a D-max Rigaku diffractometer using a rotating-
anode generator as source. The generator was operated at 45 kV and 160 mA, apd Cu K
(1.5418A) radiation was selected using a graphite monochromator. A continuous-helium-
flow cryostat from Oxford Instruments was coupled to the goniometer for the measurements
at low temperatures. Temperature control was better than 0.1 K and the precision in absolute
temperature was checked at 107 K measuring the splitting of the diffraction peaks (200) and
(002) of NHyMgF3, which has a first-order structural transition from cubic to tetragonal at
10754 0.1 K [11]. This splitting was clearly detected at 107 K and undetected at 108 K.
Step-scanned diffractograms, using an aluminium plate as sample holder, were taken at
20 K from 2 = 5° to 20 = 120 in steps of 0024 and a counting rate of 5 s/step. A
glass plate was used for RT measurements without the cryogenic system. The pattern was
collected between t0and 80 every 0024 with a counting rate of 8 s/step. Refinement
of the powder patterns was performed using rbeLPROF computer program [12].

3. Results

3.1. Room-temperature phase

The high-resolution x-ray powder diffractogram @H,).MgF,4 at RT is shown in figure 1.
The diffractogram is consistent with a,KiF4-type structure {4/mmm,), as previously
reported [10]. Neither the coordinates of F and Nfinor the hydrogen atomic positions
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were reported. About 4 wt% NfigF; was also detected. We have performed a Rietveld
refinement using a pseudo-Voigt profile function as peak diffraction shape without including
the hydrogen atoms; the Rietveld profile reliability wag, = 13.4% and the Bragg factor

Rp = 104% [12]. Since the peaks are well separated, the integrated intensities were
used for the localization of the H atoms. The Fourier difference method gave only one
physically reasonable clear peak at the position (1/2, 1/2, 0.77), locatedACf@fn the

N atom along the shortest N-F path. Consequently, thg lid has one N-H bond along

the fourfold axis of the tetragonal4/mmm) structure and the other three form a regular
triangle perpendicular to it. The orientation of the molecule can be fully specified given the
rotation anglew around the fourfold axis.
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Figure 1. X-ray powder diffraction patternej and best fit (——) of(NH4)2MgF4 at RT.

The bars denote the calculated Bragg reflectiong(Ifttl4)oMgF4 (first line) and for the small
impurity NHsMgF3 (second line). The difference between the calculated and experimental
diffractogram is plotted at the bottom.

In order to investigate the orientation of the ammonium ion, the potential energy as a
function of the angle» has been calculated. The electrostatic potential energy has been
computed considering only the nearest neighbours of the ammonium and assuming all ions
as point charges [13], i.e. F withle, Mg with+2e and an overall charge on Ijtbf +1e.

No interaction between ammonium ions has been considered. The point charges reported
for H in ammonium group ranges from0.18e to+0.5e [14]. We have taken a value of
+0.42e in this work for each H [13, 15], this was checked satisfactorily in previous neutron
diffraction work on a related compound [8]. Let the reference pointwbe 0, when a

H atom is in the direction of thag axis of the tetragonal structure; taking into account that

the NH; molecule has a threefold symmetry axis coincident with the fourfold symmetry



8974 G Subas et al

axis of the tetragonal unit cell, the rotational potential can be written as
V(w) = Vo + V1c0o912w) + V,coq24w) + - - - 1)

which in a first-order approximation gives the equilibrium orientatiegs= 0 (+27n/12)

for Vi < 0, orw,y = n/12(+2wn/12) for V4 > 0. The resultingV; is of the order of a few
kelvins; soV (w) is quasi-independent @f. This result implies that a preferred orientation

of the ammonium ion does not exist and it is free to rotate around the fourfold axis at room
temperature.

The final fitting parameters are shown in table 1 and the relevant interatomic distances
are given in table 2. The best fit has been obtained by locating one H atom along the
fourfold axis, i.e. the 4e Wyckoff position. The other three H atoms are placed at the
320(2H) and 16n{1H) positions with a 1/4 occupancyf, = 7/12). A fit with w,, =0
did not give a betteRg. The large thermal parameters obtained for these H are consistent
with a free rotation of these H atoms around the fourfold axis. In this structure, owing to
virtual absence of overlapping in the diffraction peaks, the most relevant reliability index
is Rp calculated for the integrated intensities of the peaks. Some other possibilities of the
tetrahedral orientation (i.e. without one N—H bond along d¢heexis) have also been tested,
but they gave much poorer fits to the experimental diffractogram and energies of thousands
of kelvins higher than described above.

Table 1. Refined fractional atomic positions, thermal parametgrand unit-cell parameters
((NH4)2MgFa, 300 K; space groupi4/mmm; Z = 2: a = 4.05671) A; ¢ = 13.83546) A:

Bragg reliability factorRp = 3.4%; Rietveld unweighted factaRp = 7.4%; Rietveld weighted

factor R,, = 9.4%). The standard errors in parentheses refers to the least significant digit.
The coordinates of hydrogen atoms are constrained to form a regular tetrahedron centred in the
N atom. Each kind of atom has an unique isotropical thermal parameter.

Atom  Position x y z B (,5\2) Occupancy
N 4e 1/2 1/2 0.8412(2) 3.7(1) 1

H(1) 4e 1/2 1/2 0.7675 919 1

H(2) 320 0.7289 0.5613 0.8659 9.1(9) 0.25
H(3) 16m 0.3324 0.6675 0.8659 9.1(9) 0.25

Mg 2a 0 0 0 3.9(1) 1

F(1) 4e 0 0 0.1444(2) 4.0(1) 1

F(2) 4c 1/2 0 0 4.0(1) 1

3.2. Low-temperature phase

The x-ray powder pattern afNH,),MgF, at 20 K is shown in figure 2. New diffraction
peaks appear and some peaks of the high-temperature phase are split in the low-temperature
diagram. All attempts to index the pattern following the computational methods of trial and
error were unsuccessful in giving physically acceptable solutions. Therefore, a different
procedure was used, taking information not only from the position of the lines but also
from their intensity. It is expected that the low-temperature structure will arise from the
RT phase by small tilts of the MgFoctahedra, which would produce splittings of the RT
diffraction lines (substructure lines) due to the distortion of the tetragonal cell, with only
slight changes in the intensities of the single lines. The new weak reflections (superstructure
lines) would indicate a larger unit cell than at RT. The first step was to find the distortion
of the subcell. Dividing the integrated intensities of the RT phase by their multiplicity, we
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Table 2. Characteristic interatomic distances and angles at 300 K with their standard deviations.

MgFs octahedra N environment
Atoms Distance fi‘) Atoms Distance ,{\)
Mg—F(1) 1.997(3) N-F(1)® 2.724(4)
Mg—F(1)(iR  1.997(3) N—F(2)(ii} 2.875(1)
Mg-F(2) 2.028(1) N-F(1)(iif)  2.875(1)
Mg—F(2)(ii)2  2.028(1) N-F(1)(iV  2.875(1)
Mg-F(2)(iii)2  2.028(1) N—F(1)(\W 2.875(1)
Mg—F(2)(ivR  2.028(1) N-F)(vi)  2.989(2)
(Mg-P 2.018 N-F2)(viif  2.989(2)

N-F(2)(viii)>  2.989(2)
N-F@2)(ixP  2.989(2)

a Symmetry codes: (iy, y, —z; (i) x — 1, y, z; (i) —y, x,z; (iv) —y,x — 1, z.
b Symmetry codes: (iy+0.5, y+0.5, z+0.5; (ii) x, y, 1—z; (iii) x, y+1, 1—z; (iv) x+1, y, 1—z;
V) x+1,y+1,1—z; (Vi) x,y,z+1; (vii) x, y+1, z+1; (viii) =y, x,z+1; (iX) 1—y, x,z+ 1.
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Figure 2. X-ray diffraction pattern at 20 K ofNH4)2MgF4 () and calculated profile (—).
The bars denote the calculated Bragg reflections(ifs)2MgF4 (first row), small impurities
from the aluminium sample holder (second row) and4NigFs (third row). The difference
between experimental and calculated patterns is shown at the bottom.

get a collection of indexed substructure reflections with approximate values of intensity.
A calculated diffraction pattern may be made assuming the same width as at RT for the
reflections, for any choice af, b, ¢, @,  andy subcell parameters. The possible structures
given by Aleksandrowet al [2] were taken as a guide in order of descending symmetry
from the I4/mmm structure. Going on with this procedure it is clear that no orthorhombic
structure can explain the observed splitting of the (101) line of thiewmm structure, which
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would give (111) and (11). A more careful analysis, by fitting, b, ¢ and 8, showed the
structure number 16 in table 1 of Aleksandretval [2] as the only physically acceptable
possibility. This result implies the following tilts of the MgFoctahedra: an alternate
rotation around thep axis +6 and —0 in alternate layers, and simultaneous rotations of
the alternate layers by an angle around theag or by axes, respectively. That gives a new
cell with approximate lattice parameters~ b ~ +/2a¢ andc ~ co and a new monoclinic
space groupP2;/c, with Z = 4.

The angleg andd were the only atomic positional fitting parameters in the first trials of
the refinement by the Rietveld method. In the next steps all non-hydrogen atomic positions
and thermal parameters as well as the unit-cell and instrumental parameters were refined,
giving a final Ry = 15.3%. Finally the position of hydrogen atoms were deduced assuming
the NH} to be a rigid regular tetrahedron, and refining the three angles which define the
orientation of each molecule with respect to the crystal lattice. The orientation found is
physically reasonable and coincides with the minimum electrostatic energy, calculated as
for the high-temperature phase. The small thermal parameters for the H atoms indicate that
ammonium ion is in a fixed configuration in the low-temperature phase. The final fitting
parameters are listed in table 3 and the relevant interatomic distances are given in table 4. It
is of interest to examine only the intensity data fof X020 < 80°, because the scattering
amplitude becomes very weak for light atoms at large diffraction angles (aktowe &r
the most relevant peaks are produced by the Al sample holder).

Table 3. Refined fractional atomic positions, thermal parametgrand unit-cell parameters
((NHg)2MgFs, 20 K; space groupP2i/c; Z = 4; a = 5.70397) A; b = 5.72988) A;

¢ = 13821(2) )&; B = 86.9957)°; Bragg reliability factorRp = 5.58%; Rietveld unweighted
factor Rp = 10.4%; Rietveld weighted factaR,,, = 13.6%). The standard error in parentheses
refers to the least significant digit. H atoms are constrained to form regular tetrahedra centred
in N. The standard deviation of orientation is. 5All atoms of the same kind have a unique
thermal parameter.

Atom  Position  x y z B (A2
N(L)  4e 0.4962(39)  0.0144(84)  0.1561(12) 0.5(3)
N@) e —0.028937)  0.4836(81)  0.1598(11) 0.5(3)
Mg(l) 2a 0 0 0 1.2(1)
Mg(2) 2d 112 12 0 1.2(1)
F1) e ~0.005330)  0.0173(62)  0.1487(9)  0.9(1)
FQ)  4e 04913(31)  0.4806(61)  0.1381(9)  0.9(1)
F3)  4e 0.7795(17)  0.2580(28) —0.00299)  0.9(1)
F4)  4e 0.2523(18)  0.2270(24) —0.01169)  0.9(1)
HL)  4e 0.3422 —0.0681 0.1314 0.5(3)
HE) e 0.4987 0.1850 0.1314 0.5(3)
HEB)  4e 0.4814 0.0140 0.2301 0.5(3)
H@4)  4e 0.6645 ~0.0764 0.1314 0.5(3)
HGE)  4e ~0.0381 0.5057 0.2333 0.5(3)
H6)  4e ~0.1846 0.5401 0.1332 0.5(3)
HT7)  4e ~0.0032 0.3085 0.1435 0.5(3)
HE)  4e 0.1090 0.5802 0.1292 0.5(3)

The final angles wer@| ~ 3° and¢ ~ 4°. The motion of the octahedra induces the
approach of four fluorine atoms to the ammonium ion (see table 4) in such a way that the
NHj ions (freely rotating around the axis at RT) choose the orientation of the minimum
distances between the nearest fluorine atoms and the hydrogen atoms.
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Figure 3. Anomalous heat capacity @NH4)2MgF4 obtained from linear extrapolation from
the high-temperature data to low temperatures: ——, the Landau prediction. The linearity of
(T/ACI,)2 versus temperature is shown in the inset: ——, guide for the eyes.

3.3. Differential scanning calorimetry

DSC experiments between 100 and 300 K have shown a sharp anomaly at around 165 K.
The hysteresis of the detected phase transition has been determined by means of heating and
cooling scans at different scanning rates. We have obtained from the extrapolation to zero
velocity the temperature of the phase transition and the thermal hystesgBis=(1.8 K)

from the difference between the temperatures from the extrapolated heating and cooling
processes. The anomalous contributidl’,, shown in figure 3, has been estimated by
subtraction of a linear extrapolation of ti@, values down tolI' < Ty, after subtracting

the rotational contribution (approximatelyC, = R) at high temperatures, in order to take

into account the free rotation of l\ﬂHions. (T/AC,,)2 for T < Ty is linear close toly,

in good agreement with the Landau prediction for the first-order transition as is shown in
the inset of figure 1. The anomalous entrofiyy and enthalpyA H have been obtained

by integration of the Landau curve below 132 K and the experimental data above this
temperature owing to the uncertain estimation@grfar below the transition. The resulting
values areAS/R = 5.240.8 andA H/R = 593+86 K (R = 8.3143 J mof! K—1); the large

errors come from the difficult estimation of the anomalous contribution at low temperatures.

4. Discussion

As we have shown|NH,4).MgF, undergoes a first-order structural phase transition at 163 K
from I4/mmm to P2;/c symmetry. This phase transition is produced by the simultaneous
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rotation of the Mgk octaedra byy and¢. A pictorial view of the low-temperature phase
unit cell, where the octahedra tilts are overemphasized, is shown in figure 4 together with
the high-temperature unit cell indicated by broken lines. In the high-temperature phase
the electrostatic potential owing to the neighbouring atoms of the ammonium ion allows
the free rotation of this ion around the tetragonal fourfold axis. The structural changes
in the low-temperature phase, on the contrary, induce an approach of four of the fluorine
atoms to the ammonium ion and its position is fixed. Consequently, the structural change
is accompanied by an ordering of the orientation of ;NHThe large anomaly found in
the calorimetric measurements can be explained as owing to the gain of entropy (enthalpy)
coming from the transition of the NHion from a fixed state to free rotation. In fact, the
anomalous entropy calculated up to 180 K gives a valuaS8fR = 5.2, which agrees
with twice the molar entropy of a rotor with a fixed axis (note that there are twg MHs
per unit formula),AS/R = 2.60 (180 K). The molar entropy of a rotor with a fixed axis is
given by AS/R = 1 +Iny/2x1ksT/h? in the high-temperature limit] being the moment
of inertia of the NH ion. Therefore, the calorimetric data are close to the one-dimensional
free-rotor case, in good agreement with the crystallographic results.

The phase transition iiNH4)>MgF, originated from the instability of the octahedral
units with respect to definite types of rotational distortigh gnd ¢ tilts). These tilts
of the octahedra are similar to those observed in the lowest-temperature phase of the
(CH3NH3),CdCl, [16] and (CH3NH3)oMnCl,4 [17] dielectrics, but in these last cases the
symmetry reduction occurs in three stepgd/mmm (T1) — Bmab (01) — P4/ncm
(T2) - P2 /c(M). The first two transitions are very common also in,RE, [4,5].
In the notation of [2], the orthorhombic (O1) and low-temperature tetragonal phases (T2)
correspond to the same irreducible representation{dRf the X point in the Brillouin zone
of the high-temperature tetragonal (T1) phase. Then, this T1-O1-T2 sequence is explained
including sixth-order terms in the Landau expansion of the free energy [5]:

F = Fot 5(T = T) (@ + D) + 5 @3+ 6 + y763 + L (07 + D7 - 03) + o0’
+on(g7 — ¢3)

where ¢; and ¢, are the two components of the IR order parameter ang is related
to the orthorhombic strain. Physicallyy; and ¢, represent the rotation angles of the
octahedra along [110]¢¢) and [110] (¢,) directions of thel4/mmm phase. In the T1
phaseg¢: = ¢ = n = 0,v < 0. In the O1 phasey # 0 and eitherp; # 0 and¢, = 0,
or ¢, # 0 and¢; = 0. In the T2 phasey = 0, |¢1] = |¢2] # 0 andv > 0. Therefore,
the Ol — T2 transition is associated with the change in the sign @it the transition
temperature.

To interpret the monoclinic phag®2; /¢, another two-component order parameter which
corresponds to the IR; is needed. The transitions associated with thisriRf the same
X point in the Brillouin zone would give two new phases. In this case, the two components
0, and@, of the order parameter represent the rotation angles of the two layers around the
c axis (i.e.0; tilt of layer 1 and6, tilt of layer 2). This IR alone could produce first a
tetragonal (T3) phas®4/mbm; (Z = 4) with 6; # 0 and6, = 0, or6; = 0 andf, # 0
and secondly an orthorhombic (02) pha®d{m) with 61| = |62| # O.

The monoclinic phase M, found in this work, is obtained wheén = |¢2| # 0 and
01, = —6, # 0. Then, the Landau free energy should include terms depending on the four
parametersps, ¢, 61 and 6,. We have assumed for simplicity that= |¢1| = |¢,| and
0 = 6, = —6,. A Landau expansion keeping terms up to fourth order only cannot explain
a direct transition from the T1 phase to the M phase, except from the second-order point.
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Figure 4. Crystallographic unit cell ofNH4)>MgF,4 at low temperaturesA2;1/c symmetry).
Broken octahedra correspond to the Mghhits and circles to the amonium ions. The high-
temperature unit cell is also displayed as broken lines.

Consequently, the simplest expansion of the free energy to reproduce the present transition
is written as [18]

B

1)
F=Fo+ 2 S0+ 1¢+ ¢>+ ‘3294 96+§¢292

2 6

with @y = ay(T — T,1), az = ax(T — T3), y1 > 0 andy, > 0. Large negative values o¢f

(6 < —/1B1]1B2]) as well as either boti8;, B, < 0, or at least one of them negative, are
necessary to describe a first-order transition between the T1 and M phases. Depending on
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Figure 5. Phase diagrams in the, «2) plane fory; andy, > 0,81 > 0,82 < 0, A < 0 and
§ < 0: ——, first-order phase transitions — —, second-order phase transitions.

the sign ofg; and 8., three different cases are possible. We have reproduced in figure 5 the
phase diagram in thex{, «) plane corresponding t8; > 0 andB, < 0. The conclusions
derived from our discussion are also valid for the other two cases and they are not reproduced
here [19]. Assuming constant values 8y, B2, y1, v» and$ at different temperatures, the
state points lie on the straight line

a
ay = —az+ai(Te2 — T.1)
az

ending at the point defined by; = —a31T,; and oy, = —a,T,., which allows a first-order
transition at7, = 163 K, directly from the T1 to the M phase if., is close toT,;.
Otherwise there are two transitions, namely one from T1 to T2 and the other from T2 to M,
as has been observed in tetrachlorides [16, 17]. Besid&s, i high enough and}, < 0
the M phase is not reached at any temperature; consequently, there is only a transition from
T1to T2 or O1 as occurs in REIO,4 where|¢| # |¢2| is allowed.

Several phenomenological theories have been proposed to explain the observed phase
sequences in oxides and tetrachlorides with general formpBXA [4, 16, 20]. However,
it is the first time that a direct first-order transition, as reported in this paper, is found
experimentally in this family of crystals. We have proposed a Landau-type free-energy
function which interprets all these phase sequences, including this direct transition from the
T1 to the M phase. In particular, the high-symmetry phasé\#i,),MgF, is unstable in
the presence of two types of distortioh &nd¢ tilts) of different symmetries which interact
non-linearly. This interaction term is necessary to explain the main characteristics of the
transition, as its first-order character together with the simultaneous ordering of ammonium
ions and tilts of octahedra. As in cubic compounds,;Ni#3; (M = Cu, Ni, etc), where the
condensation of the two modesdand M; govern the minimum-energy order of ammonium
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ions [8], the transition iNNH4)>,MgF, is described by coupling the tilts of the octahedra
by means of the reorientation of ammonium ions.

5. Conclusions

(NHz)2MgF4 has a tetragonal unit cell at RT well explained using fd¢mmm spatial
group. Both x-ray diffraction measurements and DSC measurements indicate thas HH
freely rotating molecule around its threefold axis which lies in the fourfold crystalline axis.

This compound shows a structural transition owing to the tilts of thegfaedra. The
structure at low temperatures shows a monoclinic unit cell, well described by the spatial
group P2;/c. The NHI ions are fixed in this unit cell, leading to minimum distances
between the H and F atoms that is the minimum-energy structure.

This kind of direct transition is very unusual in related compounds such as oxides and
tetrachlorides but can be perfectly explained in the framework of the Landau theory with
two non-linear interacting order parameters using an expression for the expansion of the
free energy up to sixth-order terms in both order parameters.
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