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Abstract
Nefedovite,  Na5Ca4(PO4)4F, has been investigated by in situ high-temperature powder (30–690 °C) and single crystal (27–
827 °C) X-ray diffraction and Raman spectroscopy. Nefedovite is tetragonal, space group I-4, a = 11.6560(2), c = 5.4062(2) 
Å, V = 734.50(2) Å3 (R1 = 0.0149). Nefedovite is a 1D antiperovskite, since its crystal structure contains chains of corner-
sharing anion-centered  [FCa4Na2]9+ octahedra. The chains are parallel to the c direction. Nefedovite is stable up to 727 °C 
and undergoes a displacive phase transition in the temperature range 277–327 °C. With increasing temperature, the  PO4 
tetrahedra in the crystal structure of nefedovite gradually rotate around the imaginary fourfold inversion axes aligning the 
 O2…O3 edge parallel to [110], which ultimately leads to the appearance of the mirror plane perpendicular to the c direction 
and the change of space group from I-4 (82) to I4/m (87). The crystal structure of nefedovite expands strongly anisotropically 
with the direction of the maximum thermal expansion oriented perpendicular to the chains of anion-centered octahedra. 
The information-based structural complexity analysis demonstrates that both low- and high-temperature modifications of 
nefedovite are structurally simple with the IG,total value less than 100 bits per unit cell. The structural complexity decreases 
along the phase transition, which is typical for displacive phase transitions.

Keywords Nefedovite · Thermal stability · Phase transition · Crystal structure · Structural complexity · Raman 
spectroscopy

Introduction

Nefedovite,  Na5Ca4(PO4)F, is a fairly typical mineral of 
ultra-agpaite pegmatites and hydrothermalites of the Khib-
iny alkaline massif (Kola Peninsula, Russia) along with 
other phosphates, such as apatite,  Ca5(PO4)3F, and naca-
phite,  Na2CaPO4F. Initially, the mineral was reported by 
Khomyakov A.P. et al. (1983) in the pegmatites veins in 
urtite of the mine dumps at Mt. Yuksporr, and in the core 
of a drill hole in the Kuniok River valley. In the case of 
Mt. Yuksporr, nefedovite is associated with coarse-grained 
orthoclase, nepheline, aegirine, eudialyte, titanite, lampro-
phyllite, (SrNa)Ti2Na3Ti(Si2O7)2O2(OH)2, and djerfisherite, 
 K6(Fe,Cu,Ni)25S26Cl. Powder-like aggregates of nefedovite 
replacing pale green apatite occur as poikilitic phenocrysts 
in the rocks along with nacaphite.

In the Kuniok River valley, nefedovite could be 
found in aegirine-orthoclase veinlets as colorless 
transparent isometric grains up to 0.5  mm in size. 
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Nefedovite was also found associated with natrite, 
 Na2CO3, and other alkaline minerals such as silicates 
and sulfides including pectolite,  NaCa2Si3O8(OH), 
lobanovite,  K2Na(Fe2+

4Mg2Na)Ti2(Si4O12)2O2(OH)4,  
tinaksite,  K2NaCa2TiSi7O18(OH)O, shcherbakovite, 
 K2NaTi2O(OH)Si4O12, rasvumite,  KFe2S3, etc. Powder-like 
nacaphite often replaces nefedovite. Undersaturation of the 
carbonate-phosphate solution with fluorine leads to the for-
mation of nefedovite, whereas the supersaturation results in 
the crystallization of nacaphite.

In addition to its occurrence in nature, synthetic  Eu2+- 
and  Cu+-doped analogs of nefedovite,  Na5Ca4(PO4)F, have 
been investigated by a number of authors for their interest-
ing luminescence (Xiao et al. 2012; Yerpude et al. 2018). 
The Eu-doped synthetic nefedovite has been considered as 
a potential material for white light-emitting diodes (LEDs) 
and its Cu-doped analogue is of interest as a blue-emitting 
phosphor. The high thermal stability of synthetic nefe-
dovite is an advantage from the viewpoint of its possible 
applications.

On the basis of the powder X-ray diffraction studies, 
Khomyakov et al. (1983) suggested that nefedovite is tri-
clinic with marked pseudo-tetragonal cell. The crystal 
structure of nefedovite was solved and refined by Sebais 
(1984). The structural models for refinement were con-
structed on the basis of related compounds with the gen-
eral formula  Na5-xREE4[TO4]4A1-x, where T = Si, Ge, P and 
A = OH, F. Three synthetic silicates with rare-earth metals 
were selected as the most suitable candidates:  NaSmSiO4 
(space group I4/m),  Na5Y4(SiO4)F (space group I-4) and 
 [NaGdSiO4]4·xNaOH (space group I-4). Although the 
authors also noted small triclinic deviations in the data-
set, the structure was determined to be tetragonal with 
space group I-4 and the unit cell parameters a = 11.644, 
c = 5.396 Å, V = 731.60 Å3 (R1 = 0.073). The slightly modi-
fied  [NaGdSiO4]4·0.2NaOH crystal structure was used as a 
starting model.

This research work is a continuation of our previous 
investigations devoted to the thermal evolution of natural 
and synthetic antiperovskites, i.e. the compounds based 
on anion-centered octahedra (Avdontceva et al. 2015a, b, 
2023a, b). Antiperovskites, the inverse analogues of perovs-
kites with anions and cations interchanged, are extensively 
studied due to their attractive physical properties such as ion 
conductivity, energy storage, superconductivity, giant mag-
netoresistance, luminescence, negative thermal expansion, 
etc. (Sullivan et al. 2015; Li et al. 2011; Oudah et al. 2016; 
Clarke et al. 2021; Dawson et al. 2021).

Herein, we present and discuss the results of in situ pow-
der high-temperature X-ray diffraction (HTXRD) and single-
crystal X-ray diffraction (SCXRD) studies of nefedovite over 
a wide temperature range. The phase transition and the crys-
tal structure of the resulting high-temperature modification 

are described for the first time. This makes a contribution 
to the understanding of the thermal behavior of compounds 
with anion-centered octahedra. In addition, we report on the 
Raman spectra and the structural complexity calculation, 
as well as the theoretical analysis of potential sodium-ion 
migration in nefedovite at room-temperature conditions.

Materials and methods

Sample

The sample of nefedovite from the collection of the last 
author originates from a microcline-pectolite-sodalite-
aegirine vein in urtite at Mt. Koashva (Khibiny, Kola penin-
sula, Russia). The mineral occurs there as transparent, color-
less isometric crystals up to 2 mm in diameter.

Raman spectroscopy

The Raman spectra of nefedovite were obtained by means of 
a Horiba Jobin–Yvon LabRam HR 800 system in the range 
70–4000  cm−1 using a solid-state laser with λ = 532 nm. The 
spectrometer was calibrated against a silicon standard, the 
spectral resolution was 2  cm−1 The data were accumulated 
from 2 to 10 s and the 50 × objective was employed for the 
measurements that were performed at room temperature 
with the sample oriented randomly. Further visualization and 
analysis of the spectra were done by means of the OriginPro 
2018 SR1 b9.5.1.195 software.

Chemical composition

The chemical composition of nefedovite was studied using 
a Hitachi S-3400N scanning electron microscope equipped 
with an Oxford Instruments Energy Dispersive Spectrometer 
X-Max 20 (20 kV/1.7 nA, the working distance is 10 mm). 
The spectra were recorded automatically using the AzTec 
Energy software package with the TruQ technique. The fol-
lowing standards were applied:  CaSiO3 for Ca, GaP for P, 
albite for Na,  BaF2 for F.

In situ powder and single crystal high‑temperature 
X‑ray diffraction

The thermal behavior of nefedovite was investigated by 
two complementary methods. First it was studied in air 
by powder high-temperature X-ray diffraction (HTXRD) 
using a Rigaku Ultima IV diffractometer with a high tem-
perature attachment (40 kV/30 mA, CoKα1 + 2 radiation, 
Bragg–Brentano geometry and PSD D/Tex Ultra detector). 
A powder sample was deposited on a Pt holder (20 x12x2 
 mm3) and fixed using a hexane suspension. The temperature 
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measuring range was 30–690 °C with 30 °C steps. The 
unit-cell parameters for all temperatures were refined by 
the Rietveld method using Topas 4.2 (Bruker AXS 2009). 
The background was modeled by a Chebyshev polynomial 
approximation of the 12th order. No significant changes 
were detected in the diffraction patterns analysis at all tem-
peratures. X-ray diffraction patterns at different temperatures 
for nefedovite are shown in Fig. 7 in the Supplementary 
materials.

A suitable single crystal of nefedovite was selected and 
placed into a quartz capillary with a 10 micron wall thick-
ness and studied by the in situ single crystal X-ray diffrac-
tion (SCXRD) analysis using a Rigaku Xtalab Synergy-S 
diffractometer (MoKα radiation, 50 kV/1.0 mA, high-speed 
direct-action detector (HyPiX-6000HE)) in the temperature 
range 27–827 °C with 50 °C steps. The hemispheres of dif-
fraction data (frame width 0.5°, counting time 0.8 s) were 
collected for all temperatures using the same strategy. The 
orientation of the crystal did not change during all the meas-
urements. The CrysAlisPro software was used for the data 
processing (Rigaku Oxford Diffraction 2015). An absorp-
tion correction was applied using the SCALE3 ABSPACK 
algorithm. The crystal structure of nefedovite was refined 
for all temperatures using the SHELX program package 
included in the OLEX2 shell (Sheldrick 2015; Doloma-
tov, 2009). It was observed that in the temperature range 
277–327 °C the crystal structure of nefedovite undergoes a 

reversible phase transition from the non-centrosymmetric 
space group I-4 to the centrosymmetric space group I4/m. 
The crystal structure of the high-temperature (HT) modifica-
tion of nefedovite at 327 °C was initially refined in the I-4 
space group. The ADDSYM program within the PLATON 
software package (Spek 2003) was used for the checking of 
missing symmetry operations, which led to the determina-
tion of the centrosymmetric I4/m space group. The similar 
missing symmetry checks up to 327 °C did not show any 
deviations from the I-4 space group. Since the systematic 
absences for the I-4 and I4/m space groups are identical, the 
inspection of the reciprocal space does not allow to monitor 
the transition critical point, which can be established on the 
basis of structural data only. It is well-probable that the exact 
temperature of the phase transition can be determined from 
the measurement of other physical properties associated with 
the absence of an inversion center in the symmetry group of 
low-temperature (LT) modification.

Nefedovite is stable up to 727 °C and loses its crystallin-
ity completely in the temperature range 727–827 °C. The 
phase transition mechanism is discussed in detail below.

The crystal structure data and refinement parameters for 
both modifications are shown in Table 1, the atomic coordi-
nates and equivalent isotropic displacement parameters (Å2) 
for the LT and HT modifications are given in Tables 2, 3, 
respectively. Tables 4, 5 provide selected bonds lengths for 

Table 1  Crystal data and structure refinement parameters of nefedovite (1) at 27 °C and at 427 °C (2), respectively

Sample 1 2

Crystal system tetragonal tetragonal
Temperature (°C) 27 427
Space group I-4 I4/m
a, Å 11.6560 (2) 11.7856 (2)
c, Å 5.4062 (1) 5.4158 (2)
V, Å3 734.50 (3) 752.26 (4)
Z 2 2
Dcalc (g/cm3) 3.048 2.976
μ,  mm−1 2.165 2.114
F(000) 664.0 664.0
Radiation MoKα (λ = 0.71073) MoKα (λ = 0.71073)
2Θ range for data collection,° 6.992 to 59.214 6.914 to 59.368
Index ranges − 15 ≤ h ≤ 15,− 15 ≤ k ≤ 12, − 7 ≤ l ≤ 7 − 13 ≤ h ≤ 16,− 15 ≤ k ≤ 16,− 7 ≤ l ≤ 7
Reflections collected 3774 3880
Independent reflections 898 [Rint = 0.0176, Rsigma = 0.0140] 537 [Rint = 0.0192, Rsigma = 0.0113]
Data/restraints/parameters 898/0/70 542/0/45
Goodness-of-fit on F2 1.121 1.119
Final R indexes [I ≥ 2σ(I)] R1 = 0.0149, wR2 = 0.0386 R1 = 0.0181, wR2 = 0.0472
Final R indexes [all data] R1 = 0.0152, wR2 = 0.0388 R1 = 0.0194, wR2 = 0.0478
Largest diff. peak/hole / e Å−3 0.28/-0.33 0.27/− 0.38
Flack parameter 0.64(5) –
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both modifications. The data for the HT modification are 
given for the temperature of 427 °C.

The main thermal expansion coefficients were calculated 
and the figures of thermal expansion tensor were visualized 
using the TTT program package (Bubnova et al. 2013). The 
Vesta software was used for crystal-structure visualization and 
analysis (Momma and Izumi 2011).

For the analysis of the bond-length changes with increas-
ing temperature, the following rigid-body motion correction 
was used:

where L and l0 are the corrected and observed  A1–A2 bond 
lengths, respectively, and Beq(A1) and Beq(A2) are equivalent 
temperature factors of the cation  (A1) and anion  (A2), respec-
tively (Downs 2000).

(1)L2 = l2
0
+ 3∕8�2

(

Beq

(

A2

)

− Beq

(

A1

))

Table 2  Atomic coordinates, equivalent isotropic displacement 
parameters (Å2) and bond-valence sums (BVS, in v.u  valence units) 
of nefedovite at 27 °C

Atom x y z BVS Ueq

Ca 0.67875 (3) 0.61140 (3) 0.51713 (9) 2.18 0.00844 (13)
P 0.10446 (4) 0.24970 (4) 0.49019 (12) 4.81 0.00797 (14)
Na1 0.09373 (7) 0.38885 (7) -0.0073 (2) 0.91 0.0188 (2)
Na2 0 0 ½ 0.84 0.0212 (4)
O1 0.03778 (16) 0.21573 (16) 0.2559 (3) 2.07 0.0146 (4)
O2 0.10384 (13) 0.38155 (12) 0.5178 (4) 1.88 0.0150 (3)
O3 0.22810 (13) 0.20748 (13) 0.4579 (3) 1.88 0.0126 (4)
O4 0.04961 (16) 0.19513 (16) 0.7186 (3) 1.93 0.0142 (4)
F 0 0 0 0.88 0.0153 (5)

Table 3  Atomic coordinates and equivalent isotropic displacement 
parameters (Å2) of nefedovite at 427 °C

Atom x y z Ueq

Ca 0.67928(3) 0.61147(3) ½ 0.01799(14)
P 0.10411(4) 0.24951(4) ½ 0.00797(14)
Na1 0.09527(9) 0.38922(8) 0 0.0412(3)
Na2 0 0 ½ 0.0469(5)
O1 -0.04408(9) 0.20602(11) 0.2683(2) 0.0326(3)
O2 0.10409(14) 0.38016(12) ½ 0.0332(4)
O3 0.22635(12) 0.20649(12) ½ 0.0328(4)
F 0 0 0 0.0360(6)

Table 4  Selected bond lengths (Å) of nefedovite at 27 ° C 

 1  1-X,1-Y, +  Z;  21/2  + X,1/2  + Y,1/ 2 + Z;  31 /2 + X, 1/2 + Y, -1/2 + Z;   4 

1/ 2 +  Y, 1/2-X,1/2 - Z;   5 1/2  + Y,1/2-X ,3/2-Z;   6–1/2  + X,-1/2 + Y ,-1/2 +  
Z;  7– 1/2 + X, -1/2  + Y, 1/2 + Z;  8   + X , +  Y, 1 +  Z;   9 –1/ 2 + Y,1/2-X,1/2 
-Z;   101/ 2-Y,1 /2  + X ,1 /2-Z;   1 1  + X , +  Y, -1 +  Z;   12  -X,1-Y, + Z;   131/2-
X,1/ 2 -Y, -1/ 2  + Z ;   14 - X,-Y, + Z;   15 -Y , +  X, 1- Z;  1 6  + Y ,-X , 1 -Z;   1 71 /2- 
Y,-1/2 + X,1/2-Z; 181/2-X,1/2-Y,1/2 +  Z;  1 91/2-Y,- 1/2  +  X,3 /2- Z

   
P–O1 1.538(2) Ca–O14 2.321 (2)
–O2 1.544 (2) –O12 2.418 (2)
–O3 1.533 (2) –O21 2.535 (2)
–O4 1.529 (2) –O31 2.395 (2)
 < P–O > 1.536 –O33 2.695 (2)
Na1–O313 2.368 (2) –O43 2.413 (2)
–O29 2.475 (2) –O45 2.367 (2)
–O210 2.523 (2) –F2 2.4568 (4)
–O1 2.554 (2)  < Ca–O,F > 2.450
–O211 2.571 (2) Na2–O4 2.628 (2)
–O411 2.749 (2) –O414 2.628 (2)
–O2 2.843 (2) –O415 2.628 (2)
 < Na1–O > 2.583 –O416 2.628 (2)
F–Ca9 2.4567 (4) –O1 2.874 (2)
–Ca11 2.4567 (4) –O114 2.874 (2)
–Ca13 2.4567 (4) –O115 2.874 (2)
–Ca17 2.4567 (4) –O116 2.874 (2)
–Na2 2.7031 (1) –F 2.7031 (1)
–Na211 2.7031 (1) –F8 2.7031 (1)
 < F–Na,Ca > 2.539  < Na2–O,F > 2.751
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Structural complexity

The structural complexity of both modifications of nefedovite 
was calculated on the basis of the Shannon information per 
atom (strIG) and per unit cell (strIG,total) using the following 
equations (Krivovichev 2012, 2013, 2014; Krivovichev et al. 
2022):

where k is the number of crystallographic orbits (= the num-
ber of occupied Wyckoff sites in the crystal structure), pi is a 
random-choice probability for an atom from the ith crystal-
lographic orbit, that is

where mi is the multiplicity of the ith crystallographic orbit 
relative to the reduced unit cell and ν is the number of atoms 

(2)IG =
∑K

i=1
pilog2pi

(

bits

atom

)

(3)IG,total = −�
∑K

i=1
pilog2pi(bits∕u.c.)

(4)pi = mi∕�

in the reduced unit cell. The TOPOS Pro software was used 
for the calculation (Blatov et al. 2014).

Bond‑valence studies of Na‑Ion Transport

The bond-valence sum (BVS) maps were calculated for the 
preliminary assessment of possible Na-ion migration path-
ways. The BVS maps at various bond-valence mismatches 
Zi–∑si (Zi = 1 for  Na+,  si = exp[(R0–R)/b], where R0 and b 
are empirical constants (Brown and Altermatt 1985; Brese 
and O’Keeffe 1991), R is the cation–anion distance, and 
∑si is BVS) were calculated using the BondStr program 
(Rodríguez-Carvajal 2018) for  Na+ sites in grids with steps 
of ∆x, ∆y, and ∆z = 0.1 Å in the unit cell with the fixed sites 
of other atoms. The calculated data were visualized using the 
VESTA software (Momma and Izumi 2011).

Results

Raman spectroscopy

The Raman spectrum of nefedovite is shown in Fig. 1. Gen-
erally, it agrees well with the spectrum obtained for other 
anhydrous phosphates (Litasov and Podgornykh 2017; Frez-
zotti et al. 2012). The main bands correspond to stretching 
and bending vibrations of  PO4 tetrahedra: the most intense 
band at 955  cm−1 can be attributed to symmetric (ν1) vibra-
tional modes of P-O, whereas the anti-symmetric stretch-
ing vibrations are reflected in middle-intensity and low 
intensity modes at 1069  cm−1 and 1037  cm−1, 1056  cm−1, 
respectively. Bands at 590  cm−1 and 431  cm−1 are connected 
with in-plane (ν2) and out-of-plane (ν4) bending modes of 
 PO4 tetrahedra. The low-intensity band at 313  cm−1 can be 
attributed to Ca-O,F stretching vibrations. The bands up to 
260  cm−1 are lattice modes.

Chemical composition

The chemical formula of nefedovite was calculated 
on the basis of P = 4. The average composition is (wt 
%): CaO 33.2,  Na2O 22.59,  K2O 0.45,  P2O5 41.79, 
SrO 0.25, F 2.94, total 101.22. The empirical formula, 
 (Na4.95K0.06)Ʃ5.01(Ca4.02Sr0.01)Ʃ4.03(PO4)4F1.05, is in good 
agreement with the ideal formula  Na5Ca4(PO4)4F.

Crystal structure description

The results of the crystal structure refinement at 27 °C dem-
onstrate a good agreement with the data obtained previously 
(Sebais et al. 1984). As it was mentioned above, nefedovite 

Table 5  Selected bond lengths (Å) of nefedovite at 427 °C

1 + Y,-X, + Z;  2 + Y ,-X ,1- Z ;  3–1 /2 + X,- 1/2 + Y 
,1/2  + Z;   4–1/2 +  X,-1/2  + Y, -1/ 2 +  Z;    51- X,1 -Y, 1-Z ;  6 1/2 -X, 1/2 
-Y, 3/2-Z;  7 1/2- X,1/ 2-Y ,1/ 2-Z ;  8-Y, +  X, + Z;  91 / 2-Y ,-1 /2  + X,-1/2  
+ Z;  10–1/2  + Y ,1/2-X ,1/2-Z; 11 1-Y, +  X, + Z;  12 + X, +  Y,-1 +  Z; 131/ 
2 + X,1/2  +  Y, -1/ 2 +  Z;  141/2  +  X, 1/2  +  Y,1/2 +  Z;  151/ 2 + Y,1/2- X,1 
/2  + Z ;  161/2 +  Y,1 /2- X,1 /2-Z;  1 71/2 +  X ,1/ 2 +  Y ,1/ 2-Z ;  1 8 1/2 -Y, 
1/2 + X,1/2-Z ;  191/2-Y, 1/2 + X,1/2 + Z;  20 + Y,1-X,1-Z;  21-X,1-Y,1-
Z;  22-X,-Y,1-Z;  23-X,-Y, + Z;  24-Y, + X,1-Z;  25 + X, + Y,1-
Z; 26 + X, + Y,1 + Z

P–O11 1.529(2) Ca–O114 2.361 (1)
–O12 1.529(2) –O117 2.361 (1)
–O3 1.533(2) –O35 2.417 (2)
–O2 1.540(2) –O115 2.427 (2)
 < P–O > 1.532 –O116 2.427 (2)
Na1– O3 2.386(2) –O25 2.556 (2)
–O28 2.548(2) –F14 2.488 (1)
–O220 2.536(2)  < Ca–O,F > 2.434
–O118 2.671(2) Na2–O1 2.782 (1)
–O119 2.671(2) –O11 2.782 (1)
–O26 2.7120(1) –O12 2.782 (1)
–O27 2.7120(1) –O18 2.782 (1)
 < Na1–O > 2.590 –O122 2.782 (1)
F–Ca4 2.4881 (3) –O123 2.782 (1)
–Ca7 2.4881 (3) –O124 2.782 (1)
–Ca9 2.4881 (3) –O125 2.782 (1)
–Ca10 2.4881 (3) –F 2.7079 (1)
–Na2 2.7029 (1) –F26 2.7079 (1)
–Na212 2.7029 (1)  < Na2–O,F > 2.767
 < F–Na,Ca > 2.560
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crystallizes in the I-4 space group and, according to Sebais 
et al., its crystal structure can be described on the basis of 
clusters consisting of four  CaO7F polyhedra located at z = 0 
and z = ½ (< Ca–O >  = 2.449 Å). The bond-valence calcu-
lations reveal that the addition of the O3 atom to the Ca 
coordination polyhedron and the O2 atom to the Na1 polyhe-
dron is appropriate, despite the relatively high bond- lengths 
(Brese and O’Keeffe 1991) (Tables 3, 4). The clusters of Ca 
polyhedra are connected via corners to form a three-dimen-
sional framework (Fig. 2a). The Na atoms occupy two non-
equivalent sites with the columns of edge-sharing  Na1O7 
polyhedra (< Na1–O >  = 2.583 Å) and chains of corner-shar-
ing  Na2O8F2 polyhedra (< Na2–O,F >  = 2.751 Å) oriented 
along the c axis (Fig. 2b). The columns and the chains are 
linked together by face-sharing with Ca-centered polyhedra 
of the clusters. The structure contains four independent O 
sites in general positions. The bond lengths in the  PO4 tetra-
hedra have standard values and deviations (Table 4).

The crystal structure of nefedovite can also be described 
in terms of anion-centered polyhedra. The main structural 
subunits in this case are F-centered octahedra  [FCa4Na2]9+, 
which share trans-corners to form chains parallel to the c 
axis (< Ca―F >  = 2.457, < Na2―F >  = 2.703 Å). The 
 PO4 tetrahedra and Na1 atoms are located between the 
chains (Fig. 3a, b). Although nefedovite is not a classical 
antiperovskite, the chains can be considered to be derived 
from the antiperovskite framework of corner-sharing 
anion-centered octahedra (Krivovichev 2024).

The HT-modification of nefedovite crystallizes in 
the centrosymmetric space group I4/m. It has the same 

overall structural topology and differs slightly from the 
crystal structure of nefedovite at 27 °C. In particular, the 
O3 site can no longer be considered to be bond to the 
Ca atom, owing to the rather long Ca―O3 distance of 
2.982 Å. In contrast to the room-temperature structure, 
the high-temperature one contains three independent O 
sites with two of them (along with the P site) located on 
the mirror symmetry plane with the z coordinate equal 
to ½. This difference is the result of the re-orientation of 
phosphate tetrahedra as the temperature increases. This is 
clearly reflected in the progressively decreasing value of 
the angle between the O2–P1–O3 and (110) planes from 
7.01° (27 °C) to 1.7° (277 °C) before the phase transition 
occurs at 277–327 °C (Table 6). Thus, the detailed inspec-
tion of the crystal structure demonstrates that  PO4 tetra-
hedra rotate around one of its local (imaginary) fourfold 
inversion axes gradually to align the  O2…O3 edge parallel 
to [110], which ultimately leads to the appearance of the 
mirror plane perpendicular to the c axis and the space-
group change from I-4 to I4/m (Fig. 4a,b).

Thermal behavior

The temperature dependence of the unit-cell parameters 
were analyzed using the data of in situ single crystal and 
thermal powder X-ray diffraction analysis. The data corre-
late well with each other. Their behavior can be described 
by a linear polynomial approximation using the following 
equations:

a = 11.6458 + 0.03 ×  10–3 T, R2 = 0.9993;
c = 5.4083 + 0.02 ×  10–3 T, R2 = 0.9573;

Fig. 1  Raman spectrum of 
nefedovite
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V = 733.14 + 0.04 × T, R2 = 0.9983 (the HTXRD data).
and.
a = 11.6475 + 0.03 ×  10–3 T, R2 = 0.9993;
c = 5.4048 + 0.02 ×  10–3 T, R2 = 0.9746);

V = 733.16 + 0.04 × T, R2 = 0.9989 (the SCXRD data).
The absence of the visible changes in the dependencies at 

the critical point (Fig. 5) can be explained by the displacive 
character of the phase transition.

Fig. 2  The fragments of the crystal structure of nefedovite described in terms of cation-centered polyhedra: Ca cluster in the center of the unit 
cell (projection onto the (001) plane (a), chains and columns of Na1 and Na2 polyhedra elongated along the c axis (b)

Fig. 3  The crystal structure of 
nefedovite described in terms of 
anion-centered octahedra: pro-
jection onto the (001) plane (a), 
and the chain of anion-centered 
octahedra (b)
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The calculation of the thermal expansion coefficients indi-
cates that the crystal structure of nefedovite expands strongly 
anisotropically: α11 = 27.8(2), α33 = 4.5(3), αV = 60.1(1) 
(HTXRD); α11 = 27.7(2), α33 = 4.9(2), αV = 60.4(6) 
(SCXRD). The anisotropy is almost unchanged with the 
increasing temperature with the ratio αmax/αmin ≈ 6 (30 °C) 
being slightly higher for the powder HTXRD data. The max-
imum thermal expansion corresponds to the direction per-
pendicular to the chains of  [FCa4Na2]9+octahedra, indicat-
ing that these units correspond to the strongest cation–anion 
bonds in the structure. It worth noting that, according to 
our previous studies of the crystal structures based on the 
chains of face-sharing F-centered octahedra (Avdontceva 
et al. 2015a, b, 2023a, b), the situation is exactly the oppo-
site. The direction of the maximum thermal expansion in 
those cases is parallel to the chains, which can be explained 

by the F-F repulsion across the shared edge. In the case of 
nefedovite, the chains are built up by the sharing corners 
with the distance between the  F− anions being significantly 
greater than in the case of a face linkage.

The rotation of  PO4 tetrahedra obviously leads to the fact 
that thermal expansion is maximum in the ab plane. If we 
describe the crystal structure of nefedovite as a heteropoly-
hedral framework consisting of  PO4 tetrahedra and  CaO7F 
polyhedra, then the rotation of  PO4 tetrahedra leads to the 
removal of the corrugation of the ab plane of the framework.

Structural complexity

The structural complexity of both modifications of nefed-
ovite was estimated using the Shannon information per atom 

Table 6  The values of the angles between the O2–P1–O3 and (110) planes in the crystal structure of nefedovite at different temperatures

LT-modification HT-modification

Temperature (°C) 27 77 127 177 227 277 327–727

Angle (°) 7.01 6.75 5.98 5.21 4.16 1.70 0

Fig. 4  The arrangement of the  PO4 tetrahedra in the crystal structures of LT- (a) and HT- (b) modifications of nefedovite. The projections onto 
the (010) plane
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and Shannon information per unit cell. The results are pro-
vided in Table 7.

Sodium‑ion migration in nefedovite

Using the structural data for nefedovite, the BVS maps have 
been created in order to calculate the bond-valence energy 
landscape (BVEL) and to predict the probability of the 
migration of  Na+ ions (Fig. 6). The calculations show the 
probability of the  Na+ migration in nefedovite, which can 
occur within the channels along the c direction at 0.54 eV.

Discussion

According to our data, the crystal structures of LT and HT 
modifications of nefedovite are fully ordered. The analysis 
of the temperature-induced bond-length evolution indi-
cates that  PO4 tetrahedra are almost invariant with respect 
to the changing temperature. The relative elongation of 

the average < P–O > bond length in both modifications is 
less than 0.6% and is close to the errors of determina-
tion (< P–O >  = 1.542 Å (27 °C) and 1.550 Å (727 °C)). 
As mentioned above, the crystal structure of nefedovite is 
characterized by the strongly anisotropic thermal expan-
sion with minimal α33 expansion parallel to the chains 
of F-centered octahedra. This is clearly reflected in the 

Fig. 5  The temperature dependencies of the unit cell parameters of nefedovite according to SCXRD data (red squares) and HTXRD data (black 
diamonds) and the section of the figure of thermal expansion coefficients

Table 7  The structural complexity parameters for the LT- and HT-
modifications of nefedovite per atom (IG bit/atom) and per reduced 
unit cell (IG,total bit/cell)

ν Space group IG, bits/atom IG,total, bits/cell

LT-nefedovite 30 I-4 3.040 91.207
HT-nefedovite 30 I4/m 2.774 83.207

Fig. 6  The BVS map isosurfaces (0.30) for sodium ions in nefedovite. 
Projection onto (001) plane
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practically total absence of the relative elongation of the 
F–Na2 bond (0.01 Å) oriented parallel to the c axis. At the 
same time, the F–Ca bond located within the (001) plane, 
increases slightly with a relative elongation of nearly 2.5% 
(< F1–Ca >  = 2.461 Å (27 °C) –2.522 Å (727 °C)).

Considering the crystal structure of nefedovite in terms 
of cation-centered polyhedra, we should note the continu-
ous shortening of the Na1–O4, Na2–O4 and Na2–O1 bonds 
compared to the LT-modification. This tendency is related 
to the gradual rotation of  PO4 tetrahedra before the phase 
transition described above. The Na1–O2 bond in the HT-
modification is located almost parallel to the b axis and 
demonstrates the largest relative elongation (approximately 
2%), whereas another Na1-O2 bond located parallel to the c 
axis remains practically unchanged within the experimental 
errors.

Thus, in the crystal structure of nefedovite the antiper-
ovskite chains are the most robust extended units and the 
maximum expansion occurs within the plane perpendicular 
to the chains.

The crystal structure of nefedovite can also be described 
as a heteropolyhedral framework consisting of  PO4 tetra-
hedra and  CaO7F polyhedra with wide channels elongated 
along [001] and filled with  Na+ cations. The channels are 
one-dimensional and provide low-barrier pathways for the 
migration of  Na+ ions. The paths involve Na1 sites only, 
whereas the migration of Na2 site is very limited. Consider-
ing the percolation energy of 1.6 eV reported for the mobil-
ity of  Na+ in polyanionic compounds (Boivin et al. 2017), 
the nefedovite structure type may be regarded as promising 
for the solid-state electrolytes.

According to Krivovichev (2024), antiperovskites can be 
divided into different topological types according to the D 
values, where D is the dimensionality of the unit formed by 
anion-centered octahedra. Nefedovite is a 1D antiperovskite 
with chains of trans-corner sharing  [FCa4Na2]9+ octahedra 
that can be considered as a one-dimensional fragment of 
a classical  [XA3] antiperovskite framework (A = cation; 
X = anion). For more information on the related minerals 
and inorganic compounds see Krivovichev (2024).

The crystal structures of the LT- and HT-modifications 
of nefedovite differ in their information-based parameters 
of structural complexity, but both belong to the structurally 
simple compounds with the total complexity less than 100 
bit per unit cell (Krivovichev 2013). The HT-modification 
of nefedovite is simpler and has the lower value of physi-
cal density, which is in a good agreement with the general 
concept that, in the majority of inorganic structures, struc-
tural complexity decreases with the increasing temperature 
(Krivovichev 2013; Krivovichev et al. 2022). The phase 
transition is translationsgleiche (the unit cell remains the 
same), whereas the point symmetry increases, in agreement 
with the statistical principle that, for the displacive phase 

transitions, the symmetry increases with the increasing 
temperature (Landau, Lifshitz, 1980; Tomaszewski 1992; 
Filatov 2011).

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00269- 024- 01276-7.
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