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ABSTRACT: Phase transitions of the (NH,),WO,F, crystal were studied by
Raman spectroscopy in the range from 10 to 350 K. The mechanism of two phase
transitions at T, = 201 and T, = 160 K was proposed. The significant spectra
changes occur in the range corresponding to the W—O vibrations. The first
temperature phase transition is due to the ordering of the quasi-octahedral groups
[WO,F,]*™ and partial ordering of ammonium groups. Experimental data allow for
attributing the first (T; = 201 K) phase transition to the first order close to the
tricritical point. The noticeable changes of the Raman spectrum have been found in
the range corresponding to the ammonium vibrations below the temperature T,.
The second phase transition is associated with the further ordering of ammonium
groups. Room temperature (296 K) experiments have been carried out under high
hydrostatic pressure up to 10 GPa. Above 2 GPa, new spectral features appear,
allowing for the assumption of the existence of a new high-pressure phase of
(NH,),WO,F,, which is mainly connected with ordering of the [WO,F,]*~ quasi-
octahedral groups.

B INTRODUCTION

Noncentrosymmetric building units with individual net dipole
moments are extensively used in solid-state chemistry for the
engineering of new materials with interesting properties (piezo-
electricity, nonlinear optics, ferroelectricity, pyroelectricity, etc.).

Crystals with the common formula of A,MO,F, (A = Na, Rb,
Cs, or NH,, M = W and Mo) attract our attention due to
the presence of noncentrosymmetric quasi-octahedral anions
[MO,F,]*". These are characterized by a relatively simple
crystal lattice structure and sufficient flexibility, allowing one to
widely change a set of lattice-forming ions and to achieve a
necessary combination of material properties. This enables one
to create structures, with macroscopic dipole moment appear-
ing by itself or due to external effects.”” Besides the possibility
of obtaining ferroelectric and ferroelastic states in oxyfluorides,
there are other factors, making these materials more attractive
for practical applications. A high level of ionic group disorder

[WO,F,]*” of cis-configuration. Two independent states of cis-
WO,F, octahedron are characteristic of static and dynamic
disorder in this structure. Two crystallographically independent
ammonium groups, N1H, and N2H,, reorient independently
from octahedra.”

With the temperature decreasing, the crystal undergoes two
subsequent phase transitions G, = G; = G, at temperatures
T, = 201 K and T, = 160 K.> The entropy changes accom-
panying the phase transitions appear to be significantly dif-
ferent: AS; = 19.0 J/mol-K(~R In 10) and AS, = 1.4 J/mol-K
(R In 1.2).° The authors suggest that the high temperature
transition is associated with the processes of ordering of the
structural elements, while the low temperature one is due to
small atomic displacements in an already ordered phase. The
structure of the distorted phase G, of (NH,),WO,F, is triclinic
P1, Z = 4 Below T, the structure of (NH,),WO,F, is also
characterized by triclinic symmetry (PT). As for the ammonium

in highly symmetrical phases, phase transitions accompanied by
significant entropy changes, and the sensitivity of the phase transi-
tions to external pressure allow one to consider oxyfluorides as
promising materials to achieve barocaloric effects.” This offers
new perspectives for using these compounds as active elements
of solid-state coolers.*

The crystal structure of diammonium dioxotetrafluorotung-
state (NH,),WO,F, is orthorhombic at room temperature:
Gy = Cmem, Z = 4.>° 1t consists of isolated quasi-octahedra
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tetrahedra, it is assumed they are not fully ordered. Thermal
expansion, phase diagrams, and barocaloric effect for this crystal
were studied.® The complex analysis of the crystal structure and
entropy changes®® allows one to assume that the phase transition
mechanism at T can include the ordering of both quasi-octahedra
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Figure 1. Flower-like druses of the (NH,),WO,F, plates obtained from
(a) scheelite and single crystals obtained through (b) intermediate
(NH,);WO,F;,

(and, correspondingly, that of the central atom) and ammonium
tetrahedra. The phase transitions of (NH,),WO,F, in the range
from 10 to 300 K were studied by the method of incoherent
inelastic scattering.® The investigation confirmed the hypothesis
on the contribution of the tetrahedra ordering into the entropy
change of the high-temperature phase transition.

Thus, two structural phase transitions in the (NH,),WO,F,
crystal were considered by earlier studies.”” No considerable
structural differences between the intermediate G, and low-
temperature G, distorted phases were observed. The phase
transition mechanism at T, was not determined. It was es-
tablished that the temperature range of the intermediate phase
stability decreased with increasing hydrostatic pressure. How-
ever, no studies were performed at a pressure above 0.6 GPa.

Further investigations of structural changes in the crystal
(NH,),WO,F, are necessary to specify the mechanisms and
phase transitions. The method of Raman spectroscopy can be
an additional powerful tool for studying phase transitions. This
method allows one to estimate the role of molecular groups in
the phase transition mechanism and character of phase transi-
tions. In particular, temperature and baric phase transitions in
other oxyfluorides'®™"> were studied by Raman spectroscopy.
The present paper describes the temperature- and pressure-
dependent structural changes in (NH,),WO,F, by using
Raman spectroscopy to clarify the phase transition mechanisms.

B EXPERIMENTAL SECTION

Tungsten oxide compounds, aqueous hydrofluoric acid (45% HF by
weight), and ammonium hydrogen difluoride (NH,HF,) of a reagent
grade were used. The compound under investigation was prepared
in two ways. The first one was the fluorination of tungstates with
concentrated HF at heating. It is a conventional method used
by Marignac, as early as 1862."* We used WO; or ammonium
paratungstate, but the recovery degree (the yield based on W) was not
more than 70%. So, we suggest the more productive, suitable, and
faster way comprising the interaction of two solids: calcium tungstate
(scheelite) CaWO, and ammonium hydrogen difluoride NH,HF,."®
The initial components were mixed in a stoichiometric ratio and
heated to 150—200 °C for 0.5—1.0 h, yielding (NH,);WO,F; with a
virtually 100% yield. The reaction is exothermic and takes place even
at room temperature:

CaWO, + 3.5NH,HE,
= CaF, + (NH,),WO,E + 0.SNH, + 2H,0

The cake was leached with water (solid: liquid = 1:4), and insoluble
CaF, was precipitated. The mother liquor was filtered and slowly
evaporated in air. (NH,),WO,F, was crystallized from the saturated
solution in the form of plates forming flowerlike druses (Figure 1a).
High-quality, variously shaped single crystals (thick plates, prisms,
and isometric polyhedra) of this salt were obtained through
(NH,);WO,F;, which was precipitated from a hot solution of
(NH,),WO,F, in the excess of NH,F followed by the addition of
aqueous NHj, until a white product appeared during the stirring
process. The solid was dissolved in HF aqueous solution, filtered, and
slowly evaporated in air at room temperature. The size of prismatic
single crystals was from 0.2 to 25 mm in length (Figure 1b).

Raman spectra were acquired using a Horiba Jobin Yvon T64000
spectrometer in backscattering geometry, operating in the dispersion
subtraction mode with the spectral resolution determined by the
entrance slit of 2 cm™ (the resolution was achieved using a 100 ym slit
diffraction grating with 1800 line/ mm). The spectra were excited using
an Ar+ laser (wavelength of 514 nm) with the power of 20 mW,
corresponding to a laser power density of 60 W/cm?® Temperature
measurements were taken by a closed-cycle helium cryostat ARS
CS204-X1.SS. The temperature was controlled using a calibrated
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Figure 2. Raman spectrum of crystal (NH,),WO,F, at 295 K.
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Table 1. Experimental and Calculated Vibrational Wavenumbers of the [WO,F,]*~ Anion

Raman experiment (NH,),WO,F, at
295 K (the present work), cm~

calculation [WO,F,]?>~ (C,,) DET/B3LYP (cm™')*

. —1y24
IR experiment, wavenumber (em™)

wavenumber (cm™)  FWHM (cm™)  wavenumber (cm™) assignment K,WO,F, Rb,WO,F, Cs,WO,F, assignment
955 12 939 v (WO,) 910 955 946 WO,
898 888 27 13 886 v, (WO,) 880 904 892 WO,
579 19 542 U(WE,) + 1(WFy) 574 570 WE
387 15 373 5(WO,)
317 26 304 w(WO,)
161 62 179 5(WE,,) + 7 (WO, — WE,)
x15 x8
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0 T 00 400 600 800 1000 1300 1500 1700 2600 3000 3200 3400 3600
Raman shift, cm™
Figure 3. Polarized Raman spectra of the crystal.
silicon diode LakeShore DT-6SD1.4L. The temperature stabilization 1000F ' ' m ! ' ' ad
accuracy was better than 0.2 K. The sample was placed in the indium ool °* 9000 ¢ 0 0 0 ¢ 0l osmamii— memmeme s ¢ o o o
gasket, with one side being opened and then mounted on the cold sers s e o REIERIEREUnIS 1Y 1Y)
finger. During the experiments, the cryostat was pumped to a pressure 800 ! . ]
of 1.0 X 10™° mBar. _ 700} i
The experiments were carried out under the conditions of high g B00L osss.s.s0s assas s o2 s s ‘”-'-‘m- ]
hydrostatic pressure at room temperature (295 K), using a diamond ' fooemee -
anvil cell with the sample chamber diameter of 0.25 mm and height of § 5001 ]
0.2 mm. The pressure to the accuracy of 0.05 GPa was determined by G 400F wevetee s aeaen .i....._é__._........ -
th'e shift of the luminescence line 2Fg 41}5X21% of the Cr**ion of a ruby S 300l fitininipessn L e R
microcrystal located near the sample. ™ A carefully dehydrated 200l ' ' ]
mixture of ethanol and methanol in the ratio 4:1 was used as a .-
pressure-transmitting medium,'” " 1001 o
To analyze quantitatively the temperature dependences of the 0 L e o
low frequency part of the spectrum (up to 100 cm™), the damped 0 50 100 150 200 250 300 350
harmonic oscillator function was used.**>' The other part was Temperature, K
analyzed by using the Lorenz circuit.”* ool T T T ]
3 s 8 3 3 L 33 38 q * o eeved
Ls LI T ] H I ]
W RESULTS AND DISCUSSION - e ey
The full spectrum of the crystal (NH,),WO,F, at 295 K is 700 ]
presented in Figure 2. A high degree of the ionic group disorder v‘g O O B
does not allow a full theoretical and group analysis. To interpret £ ' ]
the spectra at room temperature, the evidence presented in ref 2 S00¢ : ]
23 was used. Table 1 shows the experimental and simulated g 400p - oo e e e
vibration spectra of the [WO,F,]*” group. The first column @ 300f Tt ey
presents the results of the current experiment on Raman Pl S A i ceeeld
scattering at 295 in the crystal (NH,),WO,F,. The second q00f Tt e e e e : "3
column shows the corresponding Raman scattering frequencies o T TS

of the [WO,F,]*” ion in the (NH,),WO,F, crystal and their
assignments.23 The abbreviations denote stretch (v), bend
(6), wag (w), rock (z), symmetric (s), and asymmetric (as).
The corresponding frequencies of the IR absorption in
oxyfluorides containing potassium, rubidium, and cesium
cations in the outer sphere are given for comparison.”* Such
an interpretation allows one to conventionally divide the
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Figure 4. Dependencies of the line positions, a, on temperature and b,
on pressure in the range from 0 to 1000 cm™".

spectrum into S parts: 1, up to 150 cm™" lattice vibrations; 2, in
the range from 150 to 750, stretching W—F vibrations and
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Figure S. (a) Temperature dependence of the position of the low
wavenumber mode, (b) temperature dependence of half width at half-
maximum, and (c) temperature dependence of the effective wave-
number squared.

bending O(F)—W—O(F) vibrations of the [WO,F,]*" ions; 3,
in the range from 750 to 1100 cm™', stretching W—O
vibrations of the [WO,F,]*” ions; 4, in the range from 1200 to
1800 cm™!, ammonium bending vibrations; S, in the range from
2500 cm™! to 3500 cm™!, ammonium stretching vibrations are
observed.

An overview of the experimental polarized Raman spectra for
all components of Raman tensor at room temperature 296 K is
shown in Figure 3.

Temperature measurements were taken in the temperature
range of 8—350 K. The behavior of the temperature depen-
dence of the line position in the range up to 1000 cm™" is given
in Figure 4a. In the range from 100 to 650 cm™’, one can
observe the stretching and bending vibrations of W—F at
575 cm™! and 162 cm™), as well as the bending vibrations of
O-W-O0 at 387 and 317 cm™. Up to the temperature T, =
201 K, the positions of all the lines behave monotonically
(Figure 4a). New modes appear after the transition from
orthorhombic into the triclinic phase (T; = 201 K). However,
no anomalies in the spectra are observed associated with the
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Figure 6. Transformation of low wavenumber part of spectrum under
increasing pressure.

second phase transition (T, = 160) in the range of the lattice
vibrations, stretching vibrations W—F, and bending ones
O—W=-O0. In the range from 40 to 100 cm™}, a mode at 55 cm™!
is observed at 350 K. New lines appear below 200 K, the line
positions are distinctly shifted, and the slope of the temperature
dependencies of the positions of some lines changes. The
wavenumber shift of the line at S5 cm™ amounts to 15 cm™. An
abrupt change of the wavenumber indicates that the first
transition is of the first order. The anomalous behavior of the
lowest wavenumber mode (28 cm™ at 350 K) in this range
deserves particular consideration. The changes of the positions of
the spectral lines in the range from 10 to 1000 cm™' with
increasing pressure are shown in Figure 4b. There appears a new
line in the range of 200 cm™'. The mode line at 25 cm™
disappears at a pressure higher than 2 GPa. In the range up to
850 cm™", the number of lines in the low-temperature phase does
not correspond to the number of lines in the high-pressure phase
(Figure 4, panels a and b).

Figure S shows the temperature dependence of the posi-
tion of the low wavenumber mode, the behavior of the half-
width of the line width with temperature and square of
the wavenumber w* = @?;, — y>.*° Figure Sc shows the soft
mode position as a function of temperature. Good linear
approximation, as evidenced by Figure Sc is typical for soft
modes corresponding to phase transitions near tricritical
points. The dependence obtained is approximated by the
linear function, with the ordinate axis intercept being —591 cm™
and the slope at 4.3 cm™'/K. At 200 K, the line position
increases by a jump from 22 to 34 cm™' (Figure Sa). The line
width at 200 K increases from 17 to 34 cm™' and decreases
abruptly to S em™" (Figure Sb). Such an abrupt change of the
wavenumbers and linewidths indicates that there is a first-order
phase transition. The similar behavior of the line width is
observed in the oxyflouride Rb,KMoO;F; in the first-order
transition."

The low wavenumber modes can be connected with vibra-
tion of heavy ion (W) and lattice vibration. Transformation of
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the low wavenumber part of the spectrum under pressure
increasing is presented in Figure 6. One can see significant
changes in this part of the spectrum. The low wavenumber
mode disappears (25 cm™') and new modes arrive under
increasing pressure.

In the range from 860 to 1000 cm™ one can observe the
W=O stretching vibrations. The changes of this part of the
spectrum with temperature are shown in Figure 7a. Cooling
results in the lines becoming significantly narrowed, with one of
them disappearing after the transition (T; = 201 K). A
significant change of the line width confirms the assumption of
there being the transition of the first order. In the wavenumber
range to 1000 cm™}, no anomalies associated with the second
phase transition are observed. The high-pressure phase differs
significantly from the low-temperature phase. With the
temperature decreasing below 200 K, a line in the range of
890 cm ™' disappears (Figure 7a), while with increasing pressure
there remain two lines in this range (Figure 7b).

There are also significant changes in the spectra in the range
from 800 to 1000 cm™'. Figure 8 shows the changes in the
spectra with pressure in the range of 900 cm™. A new line
appears in the range of W—0O (950 cm™') vibrations at a
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Crystal Growth & Design

50 100

0 150
3300 T T

200 250 300

0000000000° . a
3250 |

0

; : :
3200 |anpmEgeEEannEEE ! '
: °
3150 .........'...’. o Goe7 e

re®e00e
0000

0
o 0000,
904000 X

Wavenumber, cm™

3100
u]

3050 00O00oooO00000n

[m]

140 t t u

120 |

FWHM, cm
g g 8

H
o

L [ L] ]
un LI o
se®8_ pooooood,
rooogo B gl
000%04,0000 "
0~ ~000
)

N
o

b

0

1 1! ] 1 1
100 150 200 250 300

Temperature, K

0 50

0
3300,

32501 .

cm’

- 3200t

Wavenumber
«
(4]
=)

w
e
o
=

3050+ .

FWHM, cm -
& a o s o
o N S (2] [e] o
o (=] o o o o

@
o
T

60 1 L Y
10

Pressure, GPa

Figure 10. Dependence of the line positions (a) on temperature and (c) on pressure in the range from 3000 to 3300 cm™". Dependence of the full

width at half-maximum on (b) temperature and (d) pressure in the range from 3000 to 3300 cm™".

-1

pressure of 2 GPa. This vibration is fully symmetrical.
Therefore, the appearance of a new line at baric transition
can be due to the doubling of the unit cell volume. The observed
phase transition appears in the ranges, corresponding to the
lattice vibrations, stretching vibrations W—F and W—O, and
bending vibrations O—W—0O of the WO,F,* ions.

The normal modes of vibration of a free NH," ion of
Td symmetry have wavenumbers of 1397 (F,), 1680 (E),
3040 (A,), and 3145 (F,) cm™' modes.”® The modes of
the ammonium vibrations are of very low intensive (Figure 2).
We could only analyze the F, symmetry stretching mode of
ammonium. We expected the splitting of the triply degenerated
stretching mode at 3150 cm™ (F,) in the low-symmetry phases.
The changes in the spectra of the ammonium ion stretching
vibrations with temperature are given in Figure 9a. With in-
creasing pressure, the spectral line profile features hardly
change (Figure 9b), while with the temperature decreasing
below T,, the spectral profile becomes complex (Figure 9a).
However, the main changes in the range of the ammonium
vibrations occur at temperatures below the second-phase
transition (Figure 10). The spectral changes in the range of
the ammonium stretching vibrations with temperature in-
creasing are given in Figure 10 (panels a and b). Large line-
widths, particularly in the range of 2500—3500 cm™,
corresponding to the internal stretching vibrations of the
ammonium ion, can be due to both the influence of the well-
known anharmonicity of NH," ion vibrations*” and the orienta-
tional disordering of ammonium sublattices.”® New lines arise
after decreasing temperature below T = 190 K. The phenomena
observed can be accounted for by the fact that cooling the
crystal below the phase transition temperature results in the
ordering of the ammonium groups. The spectral changes with
increasing pressure in the range of the ammonium ion stretch-
ing vibrations are given in Figure 10 (panels ¢ and d). The
position of the peak near 3150 cm™" increases between 0 and

379

10 GPa (Figure 10c), while its width monotonically decreases
from 190 to 85 cm™' and becomes nearly constant above
2 GPa (Figure 10d). These spectral changes are connected with
ordering processes of the ammonium group up to 2 GPa. Nearly
constant bandwidth above 2 GPa shows that between 2 and 10 GPa
ordering processes of ammonium group are not observed.

B CONCLUSION

A new high-pressure phase of (NH,),WO,F, has been found at
2 GPa. The character of the changes in the (NH,),WO,F,
spectra indicates that the high-pressure phase and low-
temperature phase are different. The high-pressure phase
transition is connected with the ordering of the [WO,F,]*~
ions and partial ordering of the ammonium group. Splitting of
the lines in the high-pressure phase in (NH,),WO,F, would
indicate that the cell volume doubles.

The phase transition T, is of the first-order, close to the
tricritical point. The molecular and ammonijum ions in the
high-temperature phase are disordered orientationally, which is
evidenced by wide internal lines and weak temperature
dependence of these widths far from the transition point T.
The temperature phase transition T is due to the ordering of
the molecular groups of [WO,F,]*” and ammonium groups,
while the phase transition T, is due to the ammonium ordering,
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