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Abstract 

 All elements that form diatomic molecules, such as H2, N2, O2, Cl2, Br2, and I2 are 

destined to become atomic solids under sufficiently high pressure. However, as 

revealed by many experimental and theoretical studies, these elements show very 

different propensity and transition paths, due to the balance of reduced volume, lone 

pair electrons, and interatomic bonds. The study of F under pressure can illuminate 

this intricate behavior since F, owing to its unique position on the periodic table, can 

be compared with H, with N and O, and also with other halogens. Nevertheless, F 

remains as the only element whose solid structure evolution under pressure has not 

been thoroughly studied. Using a large-scale crystal structure search method based on 

first principles calculations, we find that, before reaching an atomic phase, F solid 

transforms first into a structure consisting of F2 molecules and F polymer chains and 

then a structure consisting of F polymer chains and F atoms, a distinctive evolution 

with pressure that has not been seen in any other elements. Both intermediate 

structures are found to be metallic and become superconducting, a result that add F to 

the elemental superconductors.   
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Many elements, such as H, N, O, and Cl, form diatomic molecules under ambient 

conditions. At high enough pressure they are destined to transform into atomic phases, 

accompanied by emerging properties such as metallization and high Tc 

superconductivity. Being the most abundant element, hydrogen, although containing 

only one electron in its shell, is very resistant to molecular dissociation and undergoes 

a series of structure changes before eventually transforming into atomic phases under 

extremely high pressures (> 550 GPa) [1]. Intermediate phases show complex 

structural features, such as the coexistence of two types of H. Computational 

predictions [2,3] and the experimental evidence [4] reveal the corresponding phase 

contains alternating layers formed by two different types of H2 molecules. 

The dissociation of elementary molecules and transformation into atomic phases 

is dictated by the number of valence electrons. More electrons delay the formation of 

atomic phases. B and C are stable as covalent solids under ambient pressures, whereas 

N, due to its peculiar electron counting, forms the exceedingly strong N≡N triple 

bonds and the most stable diatomic molecule. However, despite the presence of many 

metastable phases, its stable molecular phase evolves directly into an atomic “cubic 

gauche” (cg) phase at a modest pressure of about 110 GPa [5,6]. Its atomic phases 

show intricate structural variations, such as the predicted N10 diamondoid structure at 

263 GPa [7] and an all-nitrogen metallic salt at 2.5 TPa [8], respectively. As compared 

to N, O has 6 valence electrons, a number that is suitable for a double O=O bond and 

two lone electron pairs on each O. Although O2 molecules consist of weaker bonds 

than N2, counterintuitively, they are much more resistant to dissociation and persist up 

to 1.9 TPa, beyond which they form polymeric spiral chain and zig-zag chain 

structures [9,10]. The next element is Fluorine, in which the diatomic bond is the 

weaker than for both N2 and O2, since the number of its valence electrons only 

permits the formation of single bonds. Nevertheless, no study, theoretical or 

experimental, has demonstrated the dissociation of F2 under pressure. The x-ray 

powder diffraction studies of Meyer et al. indicated that α-F2 is monoclinic with two 

candidate space groups C2/m and C2/c of solid fluorine at ambient pressure [11]. Lv 

et al performed ab initio calculation and found that the C2/m structure is dynamically 
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unstable, and that the C2/c structure transforms to Cmca above 8 GPa and remains 

stable up to 100 GPa [12]. 

The behavior of F2 molecules under pressure can also be compared with diatomic 

molecules of other halogens such as Cl2, Br2 and I2. The metallization and 

dissociation of these molecules have been observed experimentally. Solid molecular I2 

becomes mixed-molecular structure at 12.5 GPa [13], an insulator to metal transition 

occurs at about 16 GPa keeping molecular characteristic and dissociates into 

incommensurate modulated structure at about 23 GPa [14]. The incommensurate 

structure transforms to an atomic phase with space group Immm at 30 GPa, then to 

I4/mmm at 45 GPa, finally to Fm-3m phase at 53 GPa [15]. The Cl2 and Br2 solids 

share a common phase transition with I2, but the transition pressures are higher 

[16,17]. Recent experiments show that the mixed-molecular structure, metallization 

and molecular dissociation for Cl2 occurs at about 130, 200 and 258 GPa, respectively 

[18]. Remarkably, both I and Br are found to become superconducting with Tc=1.2 K 

and Tc=1.5 K at 28 and 90 GPa, respectively [19], which are consistent with 

theoretical predictions [20,21]. Together with metallic hydrogen, these results suggest 

that superconductivity might be a ubiquitous phenomenon, accompanying molecular 

dissociation under pressure.  

In this letter, we report an unexpected and unique structural evolution of F2 

molecular crystal under high pressure, obtained from extensive structure searches in 

conjunction with first principles calculations. Strikingly, instead of transforming 

directly from molecular phases to atomic or extended phases like H, N, and O, 

Fluorine undergoes transitions into two intermediate structures, one that is stable from 

2.8 TPa to 4.4 TPa consists of both F atoms and F2 molecules, and the other that is 

stable from 4.4 TPa to 30 TPa consists of both F atoms and polymeric F chains. The 

true atomic phase of F can only be obtained under extremely high pressures beyond 

30 TPa, clearly revealing the distinct resistance of F towards transition to an atomic 

phase. Despite the remaining molecular features in the intermediate structures, they 

are found to be superconducting, albeit with low Tc of only a few Kelvin.   

The structure prediction is the key to computational materials discovery [22]. We 
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searched for low enthalpy structures of fluorine in the multi-TPa range using the ab 

initio random structure searching (AIRSS) method [23,24]. This approach has been 

applied to many systems including hydrogen [2,3], oxygen [10] and nitrogen [8] at 

high pressures. AIRSS based structure predictions were performed at selected 

pressures of 0.5, 1, 2, 3, 4, 5, 10, 20, 30, 40 TPa and different cell sizes containing up 

to 30 atoms. Details of the searches are provided in the Supplemental Material.  

 

FIG. 1. (color online). Enthalpy difference curves of various structures relative to (a) 

the Cmca structure below 5 TPa and (b) the  structure between 5-40 TPa. (c) 

and (d) The nearest F-F distances (intra F-F) and the next nearest F-F distances (inter 

F-F) in the Cmca phase; the nearest F1- F1 distance (intra F1-F1), the next nearest F1- 

F1 distance (inter F1-F1), the nearest F2– F2 distance (F2– F2), and the neighboring F1– 

F2 distance (F1– F2) in P6/mcc phase; the nearest F2- F2 distance (F2-F2), the nearest 

F1- F1 distance (F1-F1), the neighboring F1– F2 distance (F1– F2) in  phase, the 

nearest and next nearest F- F distance in Fddd phase as function of pressure. 

 

Figure 1 shows the pressure dependence of enthalpy for structures that are found 

in this work as well as the most stable structures from previous studies. Strikingly, the 
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molecular Cmca phase that was found to be stable from 8 GPa to 100 GPa persists up 

to 2.75 TPa. The low-pressure molecular phases such as C2/m and C2/c are omitted 

because they are only stable below 8 GPa and their enthalpies are very close to that of 

Cmca. At 2.75 TPa, F transforms from the Cmca structure to a P6/mcc structure and 

then, at 4.38 GPa, to a  structure. This structure is surprisingly stable in a large 

pressure range and only transforms to an Fddd structure at 30 TPa. As shown by the 

calculated phonon spectra (Fig. S1), no structure shows dynamic instability in the 

pressure ranges that they are predicted to be thermodynamically stable.  

Apart from the exceedingly wide range of stable pressures, the structures of these 

phases show a striking feature that has not been seen in any other elementary solids, 

namely the coexistence of atomic, molecular, and polymeric F atoms in the same 

structure. Among four stable structures, Cmca is a pure molecular phase and Fddd is a 

true atomic phase. The nearest F-F distances in Cmca at 1 TPa are calculated to be 

1.28 Å, while the next nearest F-F distances are 1.55 Å, which clearly shows the F2 

molecular character in this structure. For comparison, the bond length of F2 molecules 

in gas phase is 1.43 Å. With increasing pressure, both nearest and next nearest F-F 

distances decrease but the molecular features remain throughout its stable pressure 

range.  

In contrast to the Cmca and Fddd structures, there are two types of F atoms, F1 

and F2, in both P6/mcc and  structures with composition F1/F2 ratios of 6:1 and 

3:1, respectively. As shown in Fig. 2, P6/mcc consists of layers of F2 molecules 

formed by F1 atoms; whereas F2 atoms form straight polymeric chains that are 

perpendicular to the F2 molecule planes. At 3 TPa, the nearest F1- F1 distance is 1.17 

Å, and the next nearest F1– F1 distance is 1.41 Å and is inside the F2 planes. In 

contrast, the nearest F2– F2 distance in the chain is 1.32 Å, indicating a weaker bond 

comparing with F1– F1. The neighboring F1– F2 distance is 1.56 Å, significantly larger 

than the neighboring distances between F atoms of the same type. Interestingly, the 

structural motifs of F2 planes are very similar to several high pressure structures of H2 

[2], such as the P63/m and C2/c structures. In particular, the topology of the F2 planes 
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in P6/mcc structure is identical to that of the H2 planes in P63/m structure (see Fig.2 

(b)). The major difference is that the vertical H atoms form H2 molecules in P63/m, 

whereas the vertical F2 atoms in P6/mcc form linear chains, as shown in Fig. 2 (a).  

 

FIG. 2. (color online). Crystal structure of fluorine phases. (a) The crystal structure of 

P6/mcc. The F1 and F2 are shown using blue and pink spheres, respectively. (b) A 

layer of the P6/mcc structure. The layers are stacked in an ABCBA fashion. (c) The 

crystal structure of  showing polymeric line chains. (d) The crystal structure of 

 showing icosahedron. (e) The crystal structure of atomic phase Fddd. 

Although both the P6/mcc and  structures consist of two types of F atoms, 

the structural features of the two are distinctly different. Interestingly,  is 

identical to A15 structures of some binary compounds such as Cr3Si, except F plays 

the roles of both constituents in A15. The major difference to the P6/mmc structure is 

that there are no F2 molecules in this structure. This does not mean that F has 

transformed into an atomic phase, because, as in all A15 structures, the F2 atoms form 

polymeric chains, with different bonding features to the F1 atoms. Correspondingly, at 
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5 TPa, the nearest F2– F2 distance in  structure is 1.22 Å, which is slightly 

smaller than the F2– F2 distance of 1.24 Å in P6/mcc line chains. Each F1 atom has 12 

neighboring F2 atoms, with F1– F2 distance of 1.50 Å at 5 TPa. The F2 atoms 

surrounding the F1 atom can be viewed as forming a deformed icosahedron. Such 

cage structures are common in compounds formed by group 14 elements (C, Si, Ge) 

at ambient condition, but rarely seen in solids under very high pressures. A well 

known exception is the N10 cage structure in diamondoid nitrogen [7].  

 

FIG. 3. The calculated ELF of our predicted phase. (a) Cmca in the (100) section at 3 

TPa. (b) and (c) P6/mcc in the (001) and (100) section at 3 TPa. (d)  in the 

(100 section) at 5 TPa. 

The mixed molecular and polymeric F in P6/mcc and mixed polymeric and 

atomic F in  structures are also revealed distinctively by their bonding nature. 

Electron Localization Functions (ELF) can distinguish the bond type and strength and 

is therefore calculated for the two structures. As shown in Fig. 3, ELF shows not only 

strong covalent bonds in F2 molecules in Cmca and P6/mcc structures but also 

considerably stronger bonds between neighboring F2 atoms in the line chains in 

P6/mcc and  structures. The F1 atoms in neighboring molecules in the same F2 

3Pm n

3Pm n

3Pm n

3Pm n



9 
 

plane are also moderately bonded in this structure. On the other hand, ELF values 

between the F1 and F2 atoms in both P6/mcc and  structures are small, 

indicating weak bonding between them.  

The structural evolution of solid F under pressure is accompanied by changes in 

electronic structure. The molecular Cmca phase has a significant electronic gap, that 

decreases with pressure up to 500 GPa and then increases with pressure throughout its 

stable pressure range. At 2.75 TPa, the transition pressure to P6/mcc phase, its gap 

becomes 2.65 eV as calculated by DFT using the PBE functional. The change of the 

band gap in Cmca structure is the result of the two competing effects. Under 

increasing pressure, it is reduced by the increasing intermolecular interactions, and 

increased by the contraction of the F-F bonds. In contrast to the molecular phase, the 

two intermediate phases, P6/mcc and , and the atomic phase, Fddd, are all 

metallic. Interestingly, as shown by the projected density of states (PDOS), the F2 

molecules in P6/mcc contribute significantly to the electron density at the Fermi level, 

demonstrating that the metallization might happen without regard to the dissociation 

of F2 molecules, similar to H2 and other halogens. Also, at the Fermi level of the 

P6/mcc structure, the PDOS of polymeric F (F2) is very low and the PDOS of the 

molecular F (F1) show a dip, both leading to poor metallicity. In contrast,  

shows a much higher DOS at the Fermi level, with contributions from both the 

polymeric F (F1) and the atomic F (F2). Furthermore, Fddd, as an atomic phase, shows 

a typical band structure of metals and a high DOS at the Fermi level.  
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FIG. 4. (color online) (a) Variation of band gaps with pressure for Cmca. Band 

structure and partial densities of states (PDOS) of (b) P6/mcc phase at 3 TPa, (c) 

 Phase at 5 TPa, (d) Fddd at 30 TPa. 

Since the intermediate P6/mcc and  structures, and the atomic Fddd 

structure are metallic, they are attractive candidates for superconductivity, especially 

considering that both I and Br become superconducting in their molecular phase. 

Although the Tc of I and Br are below 2 K, F solids might exhibit higher phonon 

frequency and stronger electron-phonon coupling because of its lower atomic mass 

and stronger covalent bonds, both factors might improve Tc. The Eliashberg function, 

electron-phonon coupling (EPC) constant and logarithmic average phonon frequency 

ωlog are calculated to investigate the superconductivity (Table SI in supplementary 

information). For P6/mcc structure, the EPC calculation yields a small λ of 0.29 and a 

large ωlog of 1382 K at 3 TPa. In the case of  and Fddd phase, the calculated λ 

is 0.38 and 0.44, and ωlog is 1923 K and 2224 at 5 TPa and 30 TPa, respectively. The 

Tc for three phases are calculated using the Allen-Dynes-modified McMillan equation 

[31] 
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where μ* is the Coloumb pseudopotential, with typical values 0.10 and 0.13. The 

calculated Tc is low at 0.3-1.3 K for the P6/mcc structure at 3 TPa, 2.1-5.5 K for the 

 structure at 5 TPa, and 8.4-16.1 K for Fddd at 30 TPa. The predicted Tc for 

atomic phase is larger than that of two intermediate phases, which due to the large λ 

and ωlog.  

 
FIG. 5. (color online) The calculated Eliashberg function α2F(ω) (black) and EPC coefficient 

λ (red) of (a) P6/mcc at 3 TPa, (b) at 5 TPa, and (c) Fddd at 30 TPa. 

Finally, we discuss the cause of this unconventional multistep structural evolution 

toward the complete dissociation of the F-F bonds and the transformation of solid F to 

the atomic phase. Firstly, the internal energy U and the pV, the two terms of enthalpy, 

are shown separately as functions of pressure for the four stable structures. It reveals 

that the major driving force for the structure evolution under pressure is the volume 

reduction. The results reveal very different trend of pV and U under pressure. Under 

an increasing pressure up to 5 TPa, the intermediate structures show an improving 

advantage due to the reduced volume. Their internal energies are higher than that of 

the Cmca structure, but the differences dwindle, and finally become zero and are then 

reversed at pressures beyond 10 TPa. It is the combination of U and pV that stabilizes 
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these intermediate phases. Between the two intermediate phases, Pm-3n has smaller 

volume at both low and high pressures. Its internal energy is higher but becomes 

smaller than P6/mcc at 25 TPa. Comparing with these structures, the atomic phase 

Fddd shows a higher internal energy throughout the pressure range. However, its 

volume and therefore its pV reduces rapidly with increasing pressure. The pV term 

becomes lower than P6/mcc at 6 TPa and lower than Pm-3n at 8 TPa. However, only 

at 30 TPa, when the reduction in pV overcomes the large excess U, does Fddd 

become the most stable structure. Therefore, the transformation of F to the atomic 

phase is mainly driven by the volume reduction under pressure. This is in marked 

difference to H of which the atomic phase is caused by both the volume reduction and 

the change of the electronic structure.  

The intricate structural evolution of F and the general trend of pV and U under 

pressure is largely due to the competition between reduced volume and the lone pair 

electrons of F that, compared to all other elements, is the hardest to compress While 

the volume becomes smaller due to the gradual disappearance of the molecular 

structures, the persistence of the lone pair electrons give rise to higher internal energy 

in intermediate phases and especially in the atomic phase. Although, the reduced 

volume eventually overcomes the large internal energy increase of the atomic 

structure, the required pressure is much higher than for any other element, including 

H and O.  

In summary, using a crystal structure prediction method, based on DFT 

calculations, we have thoroughly studied the structural evolution of solid F under high 

pressure and found a unique multistep transformation from low pressure molecular 

structures to an atomic phase, which has not been seen in any other elementary solid. 

Comparing with H, N, O and other halogens, F is extremely resistant to becoming an 

atomic phase and only reaches that destination of all elements under an exceedingly 

high pressure of 30 TPa. Most strikingly, the structural evolution undergoes two 

intermediate steps with high-symmetry structures, P6/mcc and , that contain 

the mixture of F2 molecules and F line chains and the mixture of F line chains and F 

3Pm n
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atoms, respectively. Both two intermediate structures and the eventual atomic phase 

with Fddd symmetry are metallic and become superconducting, although the Tc are 

only at the level of 1 to a few Kelvins.  
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