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Direct Solvothermal Crystallisation of the Metastable Cubic 
Perovskite CsMnF3 and its Magnetism 

Craig I. Hiley,a Catriona A. Crawford,a Clemens Ritter,b Mark S. Senn,a,* Richard I. Waltona,* 

The solvothermal synthesis of polycrystalline cubic CsMnF3 at 

100 °C is reported, a phase previously prepared phase-pure only at 

700 °C and 30 kbar. In situ powder X-ray diffraction, shows that 

cubic CsMnF3 transforms irreversibly to the 6H polymorph at 

~500 °C. The magnetic properties of cubic CsMnF3 are characterised 

by G-type antiferromagnetic ordering, as determined from powder 

neutron diffraction. 

 

The solvothermal synthesis of a wide variety of oxide perovskites has 

been documented in the literature; this includes various ABO3 

compositions that would usually be expected to crystallise using the 

high temperatures associated with solid-state chemistry, such as 

ferroelectric titanates, and niobates, multiferroic chromites and 

ferrates, magnetoresistive manganites, and superconducting 

bismuthates.1 The advantage of direct crystallisation from solution, 

often under hydrothermal conditions when water is used, is access 

to materials with small crystallite size (micron to nanometre 

dimensions) that may be annealed into fine-grained electroceramics, 

or used in sensing or heterogeneous catalysis because of their high 

surface areas.2-4 The synthesis of oxides from solution can also allow 

access to unexpected polymorphs, either metastable crystal forms 

that subsequently collapse on further heating, such as the ilmenite 

structure of NaNbO3,5 or structures usually only stable at higher 

temperatures, such as the cubic polymorph of BaTiO3.6  

Fluoride perovskites have been less studied than their oxide 

analogues, which may be due to the corrosive nature of many 

fluoride precursors (fluorine gas or HF, for example) that makes 

routine synthesis challenging.7 Solvothermal routes to metal 

fluorides offer an attractive way for their convenient preparation, 

with the use of closed reaction vessels and solution precursors that 

are easy to handle. Examples include Na2FeF4
8 and NaMF3 (M = Mn, 

Fe, Co, Ni),9 and oxyfluorides, not accessible by other routes, such as 

the M(OH)F diaspores.10, 11 Herein we study the solvothermal 

crystallisation of CsMnF3 and reveal an example of a polymorph-

selective synthesis, where a crystal form previously reported at high 

temperature and pressure12 is formed directly under mild conditions.  

An initial sample of CsMnF3 synthesised by the solvothermal reaction 

between the binary fluorides CsF and MnF2 in ethylene glycol at 160 

°C was found to contain mostly the cubic polymorph of CsMnF3 and 

some unreacted MnF2, ~20 wt% of the sample as determined by 

phase quantification from Rietveld fitting against laboratory XRD 

(Figure S1a). Increasing the synthesis temperature to 180 °C 

increased the amount of MnF2 remaining in the sample, whilst 

lowering the synthesis temperature revealed a near-linear 

relationship between temperature and MnF2 content (Figure S1b), 

with no significant effect on the crystallinity of the cubic CsMnF3 

phase. Rietveld analysis of the laboratory XRD from a sample 

prepared at 100 °C suggested that <2.5 wt% MnF2 is present in this 

sample. This sample was used in further characterisation 

experiments (except neutron powder diffraction, see Experimental 

and below).  

Synchrotron powder XRD was collected using beamline I11,13 

(Diamond Light Source, U.K.) from the sample synthesised at 100 °C. 

Rietveld analysis of the diffraction data from the sample at room 

temperature suggested the sample contained 2.4(1) wt% MnF2, and 

revealed an additional small (1.3(1) wt%) impurity of 6H-CsMnF3 

which was not detected by laboratory XRD. The remainder (96.3(1) 

wt%) was cubic CsMnF3 and these three phases account for all 

observed diffraction peaks (Figure 1a). Upon cooling to 100 K, the 

main phase remains cubic with a contraction of the lattice parameter 

a (Figure 1c inset). A quartz capillary filled with a specimen from the 

same sample had slightly higher refined weight fractions of MnF2 and 

6H-CsMnF3 at room temperature (6.63(7) wt% and 2.93(3) wt%, 

respectively). Upon heating, no significant changes are observed up 

to 300 °C. 

Above 300 °C, a phase transition from cubic CsMnF3 to 6H-CsMnF3 

occurs, which is complete by 500 °C (773 K, Figure 1b,c). This shows 

that the cubic polymorph is metastable and it is unlikely that it can 

be synthesised by a conventional solid-state reaction at ambient 
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pressure. Additionally, the amount of MnF2 gradually decreases from 

~400 °C, with additional, unidentified peaks appearing from 450 °C, 

which is likely to be caused by reaction with air in the capillary or with 

the quartz capillary (Figure S2).  

The Goldschmidt tolerance factor, t, of CsMnF3 is 1.06 is close to a 

cubic – hexagonal threshold, so it is not obvious from t alone which 

polymorph is likely to form. Previous high temperature syntheses of 

the hexagonal polymorph, and the phase transition observed here 

from cubic to 6H-CsMnF3 upon heating, suggest that latter is the 

most thermodynamically stable polymorph. However, the isolation 

of the cubic polymorph from low temperature solution syntheses 

may suggest that the formation of face-sharing MnF6 octahedral 

environments has a significantly higher activation energy, likely due 

to the shorter cation-cation distances and hence repulsion.14 

The magnetic susceptibility of cubic CsMnF3 shows variation as a 

function of temperature that is indicative of antiferromagnetic order, 

with a Néel temperature (TN) of approximately 70 K (Figure 2a). This 

is in contrast to 6H-CsMnF3, which has a complex magnetic structure 

with antiferromagnetic and ferrimagnetic exchange pathways that 

has not been fully resolved.15-17 A linear fit to the high temperature, 

paramagnetic region (350 K ≤ T ≤ 400 K) of the inverse molar 

susceptibility gives a good agreement and can be interpreted by the 

Curie-Weiss law (Figure 2a). This gives a Curie-Weiss temperature, 

θCW, of -94.5(8) K, which indicates net antiferromagnetic interactions 

and an effective moment per Mn2+ ion, μeff, of 6.29(2) μB. High spin 

Mn2+ has no orbital angular momentum (L = 0) and its spin-only 

moment is 5.92 μB. A 6.3 wt% MnF2 impurity is sufficient to account 

for the discrepancy between μeff and the spin-only value, which is 

concordant with the mass fraction obtained by Rietveld refinement 

against powder synchrotron XRD from the sample in a quartz 

capillary (refined to 6.63(7) wt%). The literature shows that the μeff 

of octahedral high spin Mn2+ (and Fe3+, another 6S ion) has been 

reported to be between 6.1 μB and 6.4 μB in several other fluorides, 

oxides and phosphates.15, 18-26 This divergence has sometimes been 

attributed to short range correlation persisting above TN, or slight 

deviation from an ideal octahedral environment. These effects are 

unlikely to be the cause of a larger-than-expected μeff in cubic 

CsMnF3; it has a regular octahedral environment for Mn (on average) 

and the Curie-Weiss fit was carried out across a temperature range 

of 350 – 400 K, much greater than TN (~70 K).  

Variable temperature neutron powder diffraction data27 were 

collected using the D1B28 powder diffractometer (Institut Laue-

Langevin, France). To prepare the large powder sample (~5 g) for 

neutron diffraction, a synthesis scaled up by a factor of 10 was 

employed (see Experimental). This sample was found to contain an 

increased amount of MnF2 (18.2 wt%, by Rietveld analysis of neutron 

powder diffraction) compared to the original sample. When cooled 

below TN, CsMnF3 remains apparently cubic, though several 

magnetic superstructure peaks develop in the neutron diffraction 

pattern at d = 4.98 Å, 2.06 Å, 1.98 Å and 1.67 Å, as well as the main 

antiferromagnetic superstructure29 peak (100) from MnF2 at d = 4.87 

Å (partly overlapping from the cubic CsMnF3 peak, Figure 2b), which 

has a similar TN. A fit to the neutron diffraction pattern at 10 K (Figure 

2c) shows cubic CsMnF3 has G-type antiferromagnetic ordering at 10 

Figure 1. (a) Three-phase Rietveld fit to synchrotron XRD collected from a sample of 

cubic (3C) CsMnF3 at 300 K (in borosilicate capillary). Tick marks for 6H-CsMnF3 and MnF2 

impurities omitted for clarity. Inset shows weak peaks from impurity phases (with tick 

marks shown). (b) Synchrotron X-ray diffraction contour plot measured as a function of 

temperature, shown over phase transition temperature region. (c) Refined mass 

fractions of crystalline phases from sample (in quartz capillary) using synchrotron XRD 

upon heating. Inset shows refined lattice parameter, a, as a function of temperature 

measured using three diffraction experiments. For D1B, open and closed symbols were 

measured using a short (1.28 Å) and long (2.52 Å) neutron wavelengths, respectively. 
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K, with a moment of 4.77(2) μB (Figure 2d, inset). The moment 

direction could not be uniquely determined from the powder data. 

This model was used to fit to the variable temperature data upon 

heating to 80 K, with lattice parameter a slightly increasing (Figure 

1b) and the Mn magnetic moment, μ(Mn), undergoing an 

exponential decay (Figure 2d). Close to the TN (40 K < T < 65 K), μ(Mn) 

can be fitted using a critical power law, with the saturated moment, 

μ0, fixed at the 2S value of 5 μB. The fit yields a TN of 63.6(2) K and a 

critical exponent, β, of 0.258(7), suggesting a significant deviation 

from a mean field system (β = 0.5) or simple 3D Heisenberg or Ising 

antiferromagnetic systems (β = 0.365 and 0.325, respectively).30 A β 

close to 0.25 may suggest a tricritical point.31  

Goldschmidt’s tolerance factor32 (t) is a geometric relationship used 

for predicting the structure of ABX3 compositions based on the radii 

of constituent ions. The threshold values of t have been largely 

determined from the rich family of oxide perovskites, though fluoride 

perovskites, ABF3, largely obey the same trend; because of the 

similar size and hardness of the fluoride and oxide anions (whilst 

other, softer halide ions display significant deviation from these 

values).33 The NaBF3 perovskites (B = Mn-Ni) have values of t 

between 0.89 and 0.96 and all adopt an orthorhombically distorted, 

GdFeO3-type perovskite structure,9 whilst the analogous KBF3 

perovskites are all cubic34 (at room temperature35-37) and range in t 

between 0.97 and 1.05, and the CsBF3 perovskites have t ⩾ 1.06 and 

all are reported to adopt a hexagonal polytype when prepared by 

solid state, high-temperature synthesis.38 

Figure 3 compares the crystal structures of the two polymorphs 

studied here, showing the different connectivity of the Mn-centred 

octahedra. The application of pressure to hexagonal perovskites has 

been found to destabilise the B cations in face-sharing octahedra due 

to B-B repulsion.39, 40 In particular, Kafalas and Longo12 found the 

CsBF3 (B = Mg, Mn-Ni, Zn) hexagonal perovskites convert to 

hexagonal polytypes with an increasing proportion of ccp layers with 

application of pressure, with a transition from the 6H to the cubic 

(“3C”) polymorph seen in CsMnF3 and CsFeF3 when quenched from 

700 °C at 30 and 80 kbar, respectively, whose tolerance factors (1.06 

and 1.07 respectively) are closest to the cubic – hexagonal threshold. 

A synthesis of an impure sample cubic nanocrystalline CsMnF3 was 

recently reported by Fellner and Lauria41 from Mn(II) acetate and CsF 

(1 : 3 ratio, respectively) in a mixture of oleic acid and octadecene at 

Figure 2. (a) Molar magnetic susceptibility of cubic CsMnF3 as a function of temperature in an applied field of 1000 Oe, with a Curie-Weiss (CW) fit to the inverse molar magnetic 

susceptibility. (b) Variable temperature neutron diffraction in 10 K increments, plotted in d-space. (c) Two-phase (cubic CsMnF3 and MnF2) magnetic Rietveld fit to neutron powder 

diffraction data at 10 K. Tick marks for both phases include magnetic superstructure peaks (d) Refined Mn2+ moment in cubic CsMnF3 as a function of temperature with a fit using a 

critical power law (see text).  Inset shows the G-type antiferromagnetic ordering in cubic CsMnF3 structure, with Cs ions omitted for clarity. n.b. All neutron powder diffraction data 

presented in (b-d) were measured from a different sample containing ~18 wt% MnF2. 
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160 °C. This sample was contaminated with a significant amount of 

an acid fluoride phase Cs2H3F5 (though the diffraction pattern of 

Cs2H3F5 has been indexed to a face-centred cubic cell, its crystal 

structure has not previously been determined, making quantitative 

analysis impossible). The AC magnetic susceptibility as a function of 

temperature of the mixed CsMnF3-Cs2H3F5 sample suggested 

antiferromagnetic ordering occurred at a low temperature (<60 K, 

though this can be affected by the oscillating field frequency in AC 

susceptibility measurements42). Scanning electron microscopy (SEM) 

from the sample prepared by our synthesis route shows crystallites 

with a predominant rod-like morphology  (Figure 4a) with a widths 

of ~0.1 μm and lengths of ~0.4 μm, contrasting with the 5 nm 

crystallites observed in the sample reported by Fellner and Lauria.41 

When the sample was heated to 748 K (475 °C) under N2 for 1 hr,  6H-

CsMnF3 is produced with crystallites that retain the approximate rod-

like morphology though with a more-rounded shape and an increase 

in crystallite size (Figure 4b). 

In summary, we have prepared high purity cubic CsMnF3 by a 

solvothermal reaction in ethylene glycol that allows its phase 

transitions and magnetic behaviour to be studied in detail. We have 

shown that it converts to the thermodynamic 6H polymorph upon 

heating to ~450 °C, demonstrating its metastability. Magnetic 

susceptibility and powder neutron diffraction show that the sample 

is a G-type antiferromagnet with TN ~70 K. The preparative chemistry 

developed could be applicable to other transition-metal fluorides 

with the prospect of discovery of novel compositions and crystal 

structures, with control of crystal morphology. 
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