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A B S T R A C T   

X-ray, calorimetric and dilatometric studies of RbCdZrF7 revealed the existence of the second order phase 
transition Cmcm ↔ P21/m at T0 = 200 K. The structure of the initial and distorted phases is ordered. The phase 
transition is associated with displacements of fluorine atoms, which leads to minor rotations of the CdF7 and ZrF7 
pentagonal bipyramids. A small change in entropy, 0.1R, is characteristic of displacive-type transformations. An 
anomalously high susceptibility of the transition temperature to hydrostatic pressure was found.   

1. Introduction 

For a long time, materials based on zirconium and hafnium fluoride 
complexes have been actively investigated for their potential use. 
Numerous and comprehensive studies have shown that many of these 
crystals exhibit important practical properties [1], such as superionic 
conductivity [2,3], ferroelectricity [4], visible luminescence [5] and 
X-ray luminescence [6] In addition, zirconium and hafnium fluorides are 
suitable for optical applications as compact solid-state laser sources at 
wavelengths from UV to mid-IR [7,8]. 

Among the large number of zirconium and hafnium heptafluoride 
complexes, there are several series of crystals, for example A+

3M4+F7 
[9–11] and A+M2+M4+F7 (A+: K, NH4, Rb, Tl; M2+: Mn, Cu, Cd, Ca; M4+: 
Zr, Hf) [12–14], a remarkable feature of which is the presence in the 
structure of seven-coordinated pentagonal bipyramid M4+F7. Despite 
the low symmetry of these anionic structural units, the former group of 
fluoride complexes exhibits cubic symmetry in the initial phase, Fm-3m 
(Z = 4), which can decrease during structural phase transitions initiated 
by changes in temperature and/or external hydrostatic, as well as in
ternal chemical pressure. The latter tool plays a significant role in the 
formation of sequences of structural distortions and corresponding 
physical properties. 

Ammonium heptafluoridozirconate, (NH4)3ZrF7, undergoes six 
structural transformations in a narrow temperature range (240–290) K: 

Fm-3m ↔ F23 ↔ Immm ↔ I2/m ↔? ↔ P-1 ↔ monoclinic [15,16]. Partial 
and complete replacement of the tetrahedral ammonium cation with 
spherical potassium, on the one hand, does not change the cubic sym
metry of the initial phase, but, on the other hand, leads to a strong 
decrease in the number of phase transitions and a significant difference 
in the symmetry of the distorted phases, which are purely individual for 
each of the compounds: (NH4)2KZrF7 - Fm-3m ↔ P42/ncm ↔ P42/nmc 
[17]; K3ZrF7 – Fm-3m ↔ R-3m [18]. Moreover, the total entropy change 
associated with the change in symmetry from cubic to the 
lowest-symmetric also decreases: (NH4)3ZrF7 – ΔS ≈ Rln5.7 [16]; 
(NH4)2KZrF7 – ΔS ≈ Rln2.6 [19]; K3ZrF7 – ΔS ≈ Rln1.4 [18]. 

Analysis of the structural models of the initial and distorted phases in 
combination with the entropy parameters of transitions allowed us to 
assume that even in (NH4)3ZrF7, despite the rather large value of the 
total experimental entropy, the mechanism of each of the individual 
structural distortions is not associated with any order-disorder pro
cesses, but with a different degree of anharmonicity of fluctuations of 
critical structural units. 

The structure of another group of fluoride complexes, A+M2+M4+F7, 
with a seven-coordinated polyhedron M4+F7 can be considered as a 
derivative of A+

3M4+F7, formed by replacing two monovalent atoms 
with a divalent one, which is also surrounded by seven fluorine atoms. 
The symmetry of these compounds was lower than cubic and depended 
on the ionic radius of the divalent cation (CN = 7): orthorhombic, Cmcm 
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(Z = 4), for the case of M2+: Cd (1.03 Å), Ca (1.06 Å) [12] and mono
clinic, P21/m (Z = 2) for M2+: Mn (0.9 Å) [13]. That is, a decrease in the 
volume of the unit cell due to a change in chemical pressure leads to a 
decrease in symmetry. Studies of the structure of A+M2+M4+F7 hepta
fluoride complexes were performed only at room temperature, and the 
question of the possible implementation of transitions between the 
Cmcm and P21/m phases during temperature changes, and, as a result, 
changes in the cell volume, remained open. 

The present paper is devoted for the first time to the study of the 
thermal stability of the Cmcm structure in A+M2+M4+F7 fluoride com
plexes. To this end, a comprehensive study of the structure, heat ca
pacity, and thermal expansion of RbCdZrF7 was performed over a wide 
temperature range. 

2. Experimental 

Caution. Hydrofluoric acid is toxic and corrosive! It must be handled 
with extreme caution and the appropriate protective gear and training 
[20–22]. Experiments were done in a fume hood. 

Our preparation of RbCdZrF7 is less complicated and requires less 
time than was previously reported [12]. The starting material, 
(NH4)3ZrF7, was prepared by reacting ZrO2 with concentrated HF (40 
wt.%) followed by the addition of an excess of NH4F. Reagent grade 
Rb2CO3 and Cd(OH)2 (or CdO) were added in stoichiometric quantities 
according to the reaction: (NH4)3ZrF7+ 0.5Rb2CO3+ Cd(OH)2=

RbCdZrF7+ 3NH3+ 0.5CO2+ 2.5H2O. The mixture of initial components 
was thoroughly ground using a mortar and pestle, during which the 
formation of NH3 was noticed by its distinct smell and green coloring of 
wet indicator paper. The mixture was placed in a Pt-cup and heated on a 
hot plate for removing ammonia. The obtained cake was wetted with a 
40% HF solution, evaporated to dryness and placed in a muffle for 2–3 h 
at 600 ◦C, which resulted in a homogeneous phase of the complex. 

All structural studies of the RbCdZrF7 compound obtained were 
performed by X-ray method using a Bruker D8 ADVANCE powder 
diffractometer (Cu-Kα radiation), the Anton Paar temperature attach
ment and linear VANTEC detector. The 2θ range of 9 − 90◦ was 
measured with 0.6 mm divergence slit, the step size of 2θ was 0.016◦, 
and the counting time was 1.2 s per step. Profile fitting, crystal structure 
searching and Rietveld refinements were performed by using TOPAS 
4.22 [23]. 

XRD characterization of RbCdZrF7 at 300 K showed that almost all 
structural peaks, with the exception of a small number of tiny impurity 
peaks, are indexed by a C-centered orthorhombic unit cell (Fig. 1a) with 
parameters close to those published earlier [12]. 

The stability of the initial orthorhombic phase to temperature 
changes was examined by measuring the thermal properties. For this 
aim samples were prepared in the form of quasi-ceramic tablets with a 
diameter of 4 − 8 mm and a thickness of about 1 − 4 mm by pressing at 
~ 2 GPa. 

At the first stage, preliminary calorimetric measurements were per
formed using a differential scanning microcalorimeter DSM-10 M (DSM) 

in the temperature range of 100 − 400 K in a dry helium atmosphere 
with a heating rate of 8 K/min on a sample weighing ~ 0.02 g. 

Detailed heat capacity studies were carried out in a temperature 
range of 80 − 315 K by means of a home-made adiabatic calorimeter 
with three screens [24]. The sample weight was 367.3 mg. In the entire 
temperature range studied, the error in determining the heat capacity 
did not exceed (0.4 − 0.8)%. The heat capacity of the "sample + heater +
contact grease" system was measured by both discrete and continuous 
heating. In the first case, the calorimetric step varied from 0.5 to 1.0 K. 
In the latter case, the system was heated at a rate of dT/dt ≈ 0.02 K/min. 
The heat capacity of the heater and contact grease was determined in 
individual experiments. 

Thermal expansion was measured using a push-rod dilatometer 

Fig. 1. Difference Rietveld plot of RbCdZrF7 measured at: T = 300 K (a); T = 133 K (b).  

Fig. 2. Anomalous heat capacity, measured by DSM in the heating mode.  

Fig. 3. The temperature dependence of the molar heat capacity (a), anomalous 
heat capacity ΔCp (b) and the excess entropy change (c) of RbCdZrF7. Dashed 
line – lattice specific heat. 
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(NETZSCH model DIL-402C) with a fused silica sample holder. The ex
periments were carried out in a dry He flux with a flow rate of ~ 50 mL/ 
min in the temperature range of 100 − 410 K with a heating rate of 3 K/ 
min. To eliminate the influence of thermal expansion of the system, the 
results were calibrated using quartz as a standard reference. The irre
producibility of the data obtained in successive series of measurements 
was less than 5%. 

3. Results and discussion 

In calorimetric experiments using DSM, one small reproducible 
anomaly was found. Fig. 2 shows the temperature dependence of the 
excess heat capacity ΔCp (the difference between the total molar heat 
capacity Cp and the non-anomalous lattice contribution CL), which exists 
in a very wide temperature range, ~ (150 − 205) K. The maximum of 
ΔCp was found at temperature T0 = 198 ± 3 K which was interpreted as 
the phase transition temperature in heating mode. 

Results of the detailed measurements using an adiabatic calorimeter 
are shown in Fig. 3a. Molar heat capacity Cp = 220 J/mol K at 310 K is 
quite close to the limit value 3RN = 250 J/mol K (R = 8.314 J/mol K is 
the universal gas constant; N is the number of atoms in the formula unit) 
in accordance with the Neumann–Kopp rule, which allowed us to as
sume a low characteristic Debye temperature for RbCdZrF7. Analysis of 
the lattice, CL, and anomalous, ΔCp, associated with the phase transition, 
contributions to the total heat capacity confirmed the validity of our 
expectations. The procedure for determining the CL(T) dependence was 
performed by fitting experimental data on Cp(T) significantly above and 
below the phase transition region (at T< 150 K and at T> 250 K) in the 
framework of the Debye and Einstein models, followed by CL interpo
lation over the entire temperature region of the measured heat capacity 
(Fig. 3a). The characteristic Debye and Einstein temperatures were 
estimated as ΘD = 195 K and ΘE = 534 K, respectively 

A small and symmetrically blurred peak of the anomalous heat ca
pacity ΔCp(T) relative to T0 = 197 ± 2 K was detected in a very wide 
temperature range of 150 − 250 K (Fig. 3b) Integration of the ΔCp(T) 
function over the entire range of existence of excess heat capacity 
allowed us to determine the enthalpy change associated with the phase 
transition as ΔH0 = 225 ± 20 J/mol. The corresponding entropy change 
was ΔS0=

∫
(ΔCp/T)dT = 1.0 ± 0.2 J/mol K (Fig. 3с). Such a small en

tropy allows us to confidently assume that structural distortions in 
RbCdZrF7 cannot be associated with any order-disorder processes during 
the phase transition. 

Fig. 4 shows the results of a study of the thermal expansion of 
RbCdZrF7. The volume strain, ΔV/V0 = 3⋅(ΔL/L0), increases mono
tonically with increasing temperature over the entire range of 100 − 410 
K, but its total change is very small, ~ 1%. A smooth inflection on the 
dependence ΔV/V0(T) (Fig. 4a) is observed in approximately the same 

region where the anomalous behavior of the heat capacity is detected 
(Fig. 3b). More clearly, the anomalous behavior of thermal expansion 
associated with the phase transition can be seen in the dependence of the 
volume expansion coefficient β = 3α (Fig. 4b), whose behavior is char
acterized by a significant difference in comparison with the heat ca
pacity. The β anomaly is a sharp peak with a maximum at T0≈ 200 K 
instead of a blurred bump ΔCp. Such a strong difference in the behavior 
of two related thermal properties can be explained by the fact that 
although they are studied on ceramic samples of the same type, linear 
deformation ΔL/L0 is measured along one direction, which can be 
characterized by a significant texture, while Cp(T) is a volume property. 

The behavior of Cр and β is typical for second-order phase transition. 
The presence of a pronounced nonlinear temperature dependence β(T) 
below T0 allows us to analyze the degree of proximity of the transition to 
the tricritical point. According to the phenomenological theory of phase 
transitions, the inverse square of Δβ is a linear function of temperature 
[25]. Fig. 4c shows that this condition is satisfied in a fairly wide range 
and a significant value of N= [(Ttcp-T0)/T0]1/2≈ 0.3 indicates that the 
phase transition in RbCdZrF7 is very far from the tricritical point Ttcp≈

213.5 K at which N = 0 and Cp→ ∞. 
The strong blurring of the heat capacity anomaly also prevented 

direct measurements of the effect of external pressure on the phase 
transition temperature in RbCdZrF7 using the highly sensitive method 
that we successfully used earlier for constructing temperature-pressure 
phase diagrams of a large number of fluoride complexes and oxy
fluorides [26]. Estimation of the volume baric coefficient using the 
Ehrenfest equation dT/dp = T0⋅Vm⋅Δβ/ΔC≈ 220 K/GPa (here Vm is the 
molar volume) indicates a very high sensitivity of RbCdZrF7 to hydro
static pressure. 

Fig. 4. Temperature dependence of the volume deformation (a) and the coef
ficient of volume thermal expansion (b) and (Δβ)− 2 (c) of RbCdZrF7. 

Table 1 
Main parameters of processing and refinement of the sample RbCdZrF7.  

T, K 300 133 

Sp.Gr. Cmcm P21/m 
a, Å 6.7796 (1) 6.4486 (2) 
b, Å 11.0672 (2) 8.4042 (2) 
c, Å 8.4240 (2) 6.4745 (2) 
β, º – 116.794 (1) 
V, Å3 632.06 (2) 313.22 (2) 
Z 4 2 
2θ-interval, º 9− 90 9− 90 
Rwp, % 10.07 13.07 
Rp, % 7.43 9.54 
Rexp, % 4.19 4.24 
χ2 2.40 3.08 
RB, % 3.55 4.41  

Table 2 
Fractional atomic coordinates and isotropic displacement parameters (Å2).  

Atom x y z Biso 

T = 300 K 
Rb 0.5 0 0 2.7 (4) 
Cd 0 0.1897 (4) 0.25 1.3 (4) 
Zr 0.5 0.3074 (4) 0.25 0.7 (4) 
F1 0.5 0.4650 (15) 0.25 2.7 (4) 
F2 0.322 (3) 0.1527 (12) 0.25 2.7 (4) 
F3 0.225 (3) 0.3600 (14) 0.25 2.7 (4) 
F4 0.5 0.2991 (9) 0.003 (5) 2.7 (4) 
T = 133 K 
Rb 0.5 0 0.5 1.0 (3) 
Cd 0.1938 (9) 0.25 0.8138 (10) 0.5 (4) 
Zr 0.8120 (11) 0.25 0.1976 (13) 0.5 (4) 
F1 0.928 (4) 0.25 0.008 (5) 1.1 (4) 
F2 0.492 (4) 0.25 0.193 (5) 1.1 (4) 
F3 0.898 (4) 0.25 0.588 (6) 1.1 (4) 
F4 0.596 (4) 0.25 0.881 (5) 1.1 (4) 
F5 0.151 (5) 0.25 0.423 (6) 1.1 (4) 
F6 0.755 (2) 0.007 (3) 0.147 (3) 1.1 (4)  
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As mentioned above, almost all X-ray peaks of the RbCdZrF7 com
pound were indexed at 300 K by a C-centered orthorhombic unit cell 
with parameters close to those previously published [12]. Therefore, 

this structure was taken as the initial model for the Rietveld refinement 
which was stable and gave low R-factors (Table 1, Fig. 1a). The co
ordinates of the atoms and the lengths of the main bonds are presented 
in Tables 2 and 3, respectively. 

When cooling to 133 K, splitting of the main peaks was observed 
(Figs. 1b and 5 ). The superstructure peaks were not detected (Fig. 1b), so 
it was suggested that the phase transition is associated with cell 
distortion without multiple increasing the cell volume. In other words, 
the transformation can be described by the appearance of instability at 
(0, 0, 0) k14 - point (G) of the Brillouin zone of a highly symmetric unit 
cell Cmcm (hereinafter, the notation of irreducible representations 
(irrep) and points of the Brillouin zone are given in accordance with 
reference books [27,28]). 

Since the main peak is split, therefore, the symmetry of the new 
phase must be monoclinic or triclinic, but not orthorhombic. It is highly 
desirable to determine as symmetric a space group as possible for the 
distorted phase, so monoclinic symmetry was chosen for the first 
consideration. A list of all possible monoclinic phases with k = (0,0,0) 
(Table 4) was obtained using the ISODISTORT program [29]. 

The crystallographic data are deposited in Cambridge Crystallo
graphic Data Centre (CSD # 2050059-2050060). The data can be 
downloaded from the site (www.ccdc.cam.ac.uk/data_request/cif). 

Preliminary fitting of all the proposed cells showed that only one 
variant of the unit cell with P21/m splits the peaks properly and fits well 
powder pattern at 133 K. The coordinates of the atoms of the P21/m 
crystal structure were calculated by ISODISTORT and used later in the 
Rietveld refinement. An excellent fit of all intensities and low R-factors 
were obtained (Table 1, Fig. 1b). The coordinates of the atoms and the 
lengths of the main bonds are shown in Tables 2 and 3, respectively. 
Structural analysis of this distorted phase using the Plato program [30] 
did not reveal any problems with symmetry, bond lengths, or interstices 
in the structure, so we can assume that the space group P21/m was 
chosen correctly. 

Thus, the RbCdZrF7 crystal undergoes a single phase transition at T0 
≈ 200 K, which is associated with small displacements of the structural 
elements. According to group-theoretic analysis, the Г2

+ irrep drives this 
phase transition. The transformation can be written as Cmcm ↔ (Г2

+(η)) 
↔ P21/m (Fig. 6), where η is the critical order parameter. It should be 
noted that this irrep allows the phase transition to be continuous, which 
is consistent with the data from the study of thermal properties. The 
phase transition leads to a redistribution of the charge order of the F ions 
with the appearance of a new translation and splitting of positions. For 
example, both sections F2 and F3 in the Cmcm structure (Fig. 6a) are 
divided into two sections in the P21/m phase (Fig. 6b): F2, F3 and F4, F5, 
respectively. The ions F1, F2, and F3 of the Cmcm phase experience the 
greatest displacement during the phase transition, and the correspond
ing shifts are 0.22, 0.14, and 0.44 Å in the ab plane (or the ac plane of the 
P21/m phase), respectively. These maximum shifts are really not very 
large and lead only to a small rotation of the pentagonal bipyramids 
ZrF7, CdF7 along the c axis of the Cmcm phase (or the b axis of the P21/m 

Table 3 
Main bond lengths (Å).  

T = 300 K 
Rb—F2 2.957 (10) Cd—F4i 2.13 (5) 
Rb—F3i 3.028 (12) Zr—F1 1.745 (17) 
Cd—F1ii 2.487 (17) Zr—F2 2.093 (15) 
Cd—F2 2.224 (17) Zr—F3 1.951 (18) 
Cd—F3 2.426 (17) Zr—F4 2.08 (5) 
T = 133 K 
Rb—F2 2.876 (18) Cd—F6iv 2.18 (3) 
Rb—F4 3.08 (2) Zr—F1 1.701 (19) 
Rb—F5 2.951 (11) Zr—F2 2.050 (14) 
Cd—F1i 2.542 (15) Zr—F3 2.33 (3) 
Cd—F2ii 2.34 (3) Zr—F4v 1.89 (3) 
Cd—F3iii 1.81 (3) Zr—F5vi 2.01 (2) 
Cd—F4 2.428 (13) Zr—F6 2.08 (3) 
Cd—F5 2.42 (3)   

Symmetry codes for the phase at 300 K: (i) -x+1/2, -y+1/2, -z; (ii) -x+1/2, y-1/ 
2, -z+1/2. 
Symmetry codes for the phase at 133 K: (i) x, y, z+1; (ii) x-1, y, z; (iii) -x+1, -y, 
-z+1; (iv) x+1, y, z; (v) x, y, z-1. 

Fig. 5. The (130) peak splitting into (10-2) and (20-1) under cooling from 300 
K to 133 K. 

Table 4 
All possible monoclinic unit cells with k = (0, 0, 0) obtained from Cmcm.  

Irrep Space group Basis 

Г2
+ P21/m (1/2,1/2,0),(0,0,1),(1/2,-1/2,0) 

Г3
+ C2/m (0,1,0),(1,0,0),(0,0,-1) 

Г4
+ C2/c (1,0,0),(0,1,0),(0,0,1)  

Fig. 6. Crystal structure of RbCdZrF7 at T = 300 K (a) and T = 133 K (b).  
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phase) and/or their deformation. 

4. Conclusions 

For the first time, an investigation of the thermal stability of the 
Cmcm structure in A+M2+M4+F7 fluoride complexes was carried out. 

A comprehensive study using calorimetric, dilatometric, and struc
tural methods revealed the existence of a phase transition in RbCdZrF7 at 
T0 = 200 K. The initial Cmcm phase is characterized by relatively small 
isotropic displacement parameters for all atoms, including fluorines 
(Table 2), and, as a consequence, is ordered. Structural distortions 
during the Cmcm ↔ P21/m phase transition, which lead to an even 
stronger decrease in Biso, are associated with the rotation of the 
pentagonal bipyramids CdF7 and ZrF7 by a very small angle. This is why 
the experimentally determined entropy change was very small, ΔS0≈

0.1R, and characteristic of displacive transformations. 
In accordance with irrep (Г2+(η)), the phase transition under 

consideration can be continuous which agrees with the behavior of the 
thermal properties characteristic for the transformations of the second 
order rather far from the tricritical point. 

A remarkable feature is that RbCdZrF7 demonstrates very high 
sensitivity to external pressure with the baric coefficient dT0/dp = 220 
K/GPa which can be useful at design of effective materials based on 
A+M2+M4+F7 heptafluoride complexes. 

It seems very interesting to continue studies on crystals with an 
ammonium group, for example, NH4MnZrF7 [13], demonstrating the 
monoclinic symmetry P21/m at room temperature. 
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