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In this work, we testedb initio methods combined with evolutionary algorithms for searching stable crystalline structures for solid fluorine

in the Tera-Pascal (TPa) regime. We performed several structural searches using the USPEX code, at pressures that spanned the range fr
1to 5 TPa, considering up to 16 atoms per unit-cell for selected pressures. Our findings partially support recent studies by validating the
transformation of fluorine from a molecular forr@mca, into an intermediate polymeric form before its eventual dissociation. Enthalpy
comparisons between candidate structures of fluorine at high pressure show a direct transition from the molecdlanphimge a Pm3n

extended structure at 2.7 TPa, the later consisting of linear chains and independent atoms, which disagrees with previous conflicting report:
that proposed two other intermediate phases to also exist as stable crystalline forms close to 3 TPa at zero temperature.
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1. Introduction very challenging to obtain reliable results [10,11]. In addition
to the very small sample sizes that are typical of experiments

Under extreme conditions of pressure and temperature, tHBVOIVing DACs, other technical difficulties came from the
chemistry of materials, as we know it, changes drasticallyfaCt that fl_uorme a_nd other halogen e_Iements are c_haracter-
making it possible to access new states of matter. Thus, ex¢€d by being volatile, corrosive, and highly reactive, increas-
perimental and theoretical research under extreme conditiorl§9 the complexity level when studied in the lab. For this rea-
have been fundamental in their contribution to geophysicsSON: it was not until a few years ago that, by using computa-
planetary sciences, and mineralogy, as well as to the charafonal techniques, a study established thatdi¢c structure
terization of new materials of technological interest and theifS energetically more stable tha2/m, which then trans-
respective phase diagrams, leading to a better understandifgfMs into C'mca at 8 Giga-Pascals (GPa) [12] and not re-
of their physical and chemical properties. In this sense, thgor_tmg any otherstruptural transformation up.to the pressure-
fundamental study of diatomic molecules of single elementdmit of that work, which was 100 GPa. In their study, Olson
with low atomic numbers subjected to high-pressure condi€t &l-[13] spanned a higher pressure range covering up to a
tions, has been the subject of great interest by the scientifit€W Tera-Pascals (TPa); not only they corrected the transi-
community due to the theoretical and experimental detectiofOn from €2/c to Cmca by placing it at 70 GPa, but also

of phenomena, such as the eventual metallization induceffPOrted a phase transition £, /mmc and then taPm3n,

by pressure or phase transformations observed in analogo@ 2-> and 3.0 TPa, respectively. Additionally, the study by
mono-atomic systems such as nitrogen [1, 2] and the halogeqls.on et al. [13] included a structural search component:
elements [3-6]. Fluorine is the first of the halogens and thdheir work made use of a methodology that has undergone re-
last of the diatomic elements of the first row in the periodicCeNtly @ process of refinement called Symmetry Driven Struc-
table. It was chosen as the study object of this work giverfure Search (SYDSS) [14]; this method is based on sampling
its similarities with hydrogen and the high energy density ofSPace groups and Wyckoff positions to propose new crys-
its electronic bonds, likewise, it is an abundant element in thd@! structures. In Ref. [13], the structural search for high-
universe and is particularly interesting for its high oxidizing Préssure phases received as starting point a set of structures

capacity and for having the highest electronegativity amoné)reviously reported for lower pressures and some restrictions
all elements, followed by oxygen’s. were imposed to generate new systenes,the bond lengths

. . nd the number of atoms in the molecules. More recently,
Despite the above reasons, fluorine has not been stu%

. . . . Duanet al. [15] presented enthalpy relations for some pre-
ied very extensively if compared to other single-element d"dicted phases of fluorine up to 30 TPa based orathéni-

tio random structure searching (AIRSS) method [16]. In the
Structural sequence reported in that work, fluorine undergoes

mained controversial for many years because two differe 0 intermediate transitions, namel6 /mme and Pm3n
structures were proposed through spectroscopy studies alf2.7 and 4.0 TPa respecti'vely before dissociating inio the
theoretical calculations, respectively [7-10]. Experimentstdd atomic phase: at 30 TPa '

were carried out using diamond anvil cells (DAC), but it was
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Given the substantial differences observed in recent the-
oretical reports at TPa pressures for solid fluorine, validatingrasLe I. Structural information of previously reported structures
the structures found in Refs. [13, 15] is necessary. For thisor high-pressure phases of fluorine.
study, we chose the computational tool for crystal structure

determination known as USPEX [17-20], which is currently Space Lattice Atomic
one of the most reliable codes used within the materials sci- group parameters coordinates
ence community and combinab-initio methods with struc- Pressure A.°) (fractional)
ture prediction techniques based on evolutionary algorithms. (64) Cmca a=4.31 8f
In the_past, USPEX has bee_n ablg to predict new phases of 0.02 TPa b— 288 y = 0.3799
materials at high pressure, including some up to 350 GPa Ref. [12] o584 13033
that are relevant to the Earth’s interior, allowing new ways ' e o
of understanding matter at extreme conditions. a=pF=~y=90

In this work, we tested USPEX'’s abilities by performing  (131) P4s/mmc a=2.69 2a
meticulous structural searches of fluorine crystalline phases, 2.75 TPa b=c=260 2d
varying the number of atoms per unit cell and repeating Ref. [13] a=f=~=90
this process at different volumes that correspond to TPa (192) Ps /mce o= 3.68 og
conditions of pressure. All this, interfaced with Quantum 0 '
ESPRESSO [21,22] as the selected tool for accualadimitio 3.00TPa b=c=2.65 121
structural relaxations, as detailed in the Methods section. The Ref. [15] a=[£3=90 z = 0.1097
Results and Discussion section provides our research’s find- v =120 y = 0.6831
ings and analysis for several candidate-structures. Finally, we  (223) pjn3, a = 2.59 %,
present our main conclu3|on§ in Fhe last section, by prowdmg 315 TPa 0= =~y =90 6d
answers regarding the coordination nature, electronic charac-
ter and range of stability of fluorine’s high pressure phases in Ref. [13]
the range from 1 to 5 TPa. 5.00 TPa a=244 2a

Ref. [15] a=08=~v=90 6¢

2. Methods space group. Thus, this first generation is mainly composed

In view of the previous contradicting results, regarding theOf arbitrary far-of-equilibrium structures. It is then necessary
predicted sequence of transitions when going from molecul© perform a structural relaxation to decrease and determine
lar to extended forms of solid fluorine, the main objectivethet0ta| internal energy of each candidate system and use that
of this work is to provide an independent insight by using avalue as a fitness criterion. Then, after a purely random start,
different methodological approach for performing the struc-"eW generations are created via genetic operations which can
tural search of novel phases of this element in the Tera-Pasc@PPly criteria such as heredity, mutation, and permutation;
regime. Over the past years, the likelihood of obtaining rehevertheless, a portion of the new structures is still made ran-
liable results with computing methods for crystal structuredomly to ensure a level of diversity in each generation. The
prediction has been improved substantially. In this work, westructural search ends when one of these criteria is achieved:
have selected the USPEX package for its proven robustne§® newbest structures generated for a certain number of

in pressure regimes similar to the one of this study. In theJenerations, or, the set value for the maximum number of
initial stage we used USPEX to successfully generate goog€nerations is reached.

candidate structures for solid fluorine, followed by density ~ Here, fixed composition searches were conducted to
functional theory (DFT) calculations for the structural opti- determine suitable high-pressure phases for solid fluorine.
mization and refinement of selected candidate phases at difSPEX-based structure predictions were performed indepen-
ferent pressures. In addition, the density functional perturdently on different cell sizes, containing 2, 4, 6, 8, 12, and
bation theory (DFPT) scheme allowed us to determine thd6 atoms, in a pressure range spanning from 1.0 to 5.0 TPa
dynamical stability of the structures that were found, fromin steps of 0.5 TPa, with the exception of 1.5 TPa that was

vibrational data. not considered explicitly in this work but interpolated instead.
Also, the two biggest cell sizes (12 and 16 atoms) were stud-
2.1. USPEX calculations ied at four selected pressures instead of eight, and interpo-

lated for the other pressures in that same range. The USPEX
USPEX employs an evolutionary algorithm to generate dif-calculations started with an initial population of 30 struc-
ferent structures of solid crystals, which is mostly unbiasedures, generated randomly with no restrictions on the space
because it only uses information that the researcher praggroups that could be assigned to the structures. In addition,
vides about the number and type of atoms to be containedo seeds or anti-seeds were considered. Subsequent genera-
within the crystalline unit cell [17—-20]. At first, the initial set tions were produced by applying the following variation op-
of structures is generated by randomly choosing any crystarations (in parenthesis are the weights used in this work):
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heredity (50%), soft-mutation (15%), lattice mutation (10%), ™ Heredity ¢ Permutation 4 Lattice Mutation - Random - Soft Mutation
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The trial structures were optimized in a low-to-high preci- 0 5 10 15 20 25 30 35 40
sion process using first-principles DFT calculations using the Generation Number

Quantum Espresso suite [21, 22] for variable-cell relaxationFicure 1. Enthalpy distribution, in eV per atom, of structures
We increased the convergence criteria and precision settinggnerated during 40 different runs for fluorine with 2-16 atoms per
at each step, with a reciprocal space resolution for k-pointinit cell and at 1-5 TPa. The symbols represent the origin of gen-
generation of 0.20, 0.16, and 0_1’2}/@, respectively. The erated structures: random generation (yellow circles) or as a result
k-point grids for the Brillouin zone integration were gener- of certain genetic operations:_ heredity (blu_e squares), permutation
ated with the Monkhorst-Pack method [23]. Finally, all DFT (grey rhombus), lattice mutation (orange triangles), and soft muta-
calculations were performed using the plane-wave pseudopcs'—On (green dash).

tential method with projector-augmented wave (PAW) pseu-
dopotentials [24]. For the calculation of the exchange and
correlation functionals, generalized gradient approximation
(GGA) combined with Perdew-Burke-Ernzerhof (PBE) [25]
parametrization was used. With the calculated lattice en-
thalpy after total relaxation, the structures were sorted from
the lowest to the highest to be later used as input for the next

e Mutation creates a child structure from a single par-
ent, retaining some characteristics from it while intro-
ducing new structural features. There are two main
types of mutationslattice mutationthat randomly dis-
torts the cell shape, allowing a better exploration of the
neighborhood of parent structures and preventing pre-

generation. mature convergence of the lattice; asaft-mutation
which moves the atoms along the eigenvectors of the

3. Results and discussion softest modes in order to create a new structure across
the lowest energy barrier, allowing a local and semi-

We began our exploration by first keeping present the struc- local exploration of the energy landscape.

tures that were reported in previous studies up to 5.0 TPa

[12,13, 15]: C'mca, P4;/mmce, P6/mcc, Pm3n. Their Each run contemplates the use of the genetic operations

structural parameters are detailed in Table | for future refdescribed above, together with a percentage of randomly gen-

erence and comparisons. erated structures. Figure 1 shows the enthalpy distribution of

the generated systems within all 40 runs performed. We can
3.1. Structural search process see that randomly generated structures (yellow circles) with

: . those from permutation operations (grey rhombus) and up to
Lnn?::aell,l 2622¥1ii02?|2 fllﬁgggjr:trr:ﬁtuereosf \1\”,[?: '_l_lgaaxé?: pg:?_ome extent also the ones from soft mutation (green dashes)
| spanning P . 9 ) ; 9 span a large energy interval. In contrast, most relevant struc-
erated in 40 different runs, via USPEX combined with DFT, : .
: . . ."tures are created due to heredity (blue squares) and lattice
using the Quantum ESPRESSO suite. As explained earlief : .
- . ) rhutation (orange triangles).
the first generation of each run consists of randomly gener-
ated structures. After that, the act of creating a new candié s ¢ | q o
date structure usually follows a two-step procedure. Firsty < rystal structure determination
the evolutionary algorithm enables the generation of a ne

YErom USPEX predictions, 14 different crystal structures
system using one of three operations [17-20]: predictions, ! Y uetu

emerged as potential candidates for fluorine in the terapas-
e Heredity combines two or more parent structures tocal regime. These structures included all those previously
create a new one, allowing a broad search of the energ§eported that were compatible with our cell sizes.(except

landscape while preserving fragments of good Struc.for P6/mcc which contains 14 atoms per cell, since this size
tures. was not included in our study) and also a triclinic form. An

additional closer inspection demonstrated that some phases

e Permutationrandomly swaps chosen pairs of atomsyere very similar to each other: in those cases the ones with
within the unit cell, which facilitates finding the op- |ower symmetry were, in fact, slightly distorted cells of those
timal ordering of the atoms. with higher symmetry, with differences of around 1% in their
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FIGURE 2. Structure prediction process for fluorine with 8 atoms per cell within the pressure range from 2.0 to 4.0 TPa. The squares show
the lowest enthalpy obtained at a given generation, with the colors indicating the space group of the best indivifualed), F'mmm

(brown), Cmeca (orange),l4/mmm (blue), andPm3n (purple). The insets show as 3D-images the sequences in the process of predicting
the best structures by using the genetic algorithm implemented in USPEX. Relative enthalpies from Ref. [13,15] are in gray and pink circles,

respectively.

TABLE Il. K-point grids for the final phases of high-pressure fluo-

sults for the forces and cell stresses. USPEX was able to
predict those phases proposed in previous works [13, 15] af-
The insets show structures with

rine. ter just a few iterations.
Phase k-point grid the best individual e.nt.halpy per atom at each generation; the
squares mark the minimum enthalpy corresponding to differ-
(12)C2/m —2 16 x 16 x 12 ent space groupS2/c (red), Fmmm (brown), Cmca (or-
(71) Immm — 2 16 x 16 x 12 ange),l4/mmm (blue), andPm3n (purple). Each green
(139) I /mmm, — 2 12 x 16 x 16 rhombus indicates the relative enthalpy of other structures ob-
(225) Fm3m — 4 12 % 12 x 12 f[alned wnf(; U.SII(DE_X Iand those :_epcljrted in Refs. [13,15] are
in gray and pink circles, respectively.
(12)C€2/m —6 1251612 Figure 3, the enthalpy relations for the structures found
(15)C2/c -8 dxdx4 in this work, along with those previously proposed, are rep-
(64) Cmca — 8 16 x 16 x 16 resented. The molecular phaSeica remains stable up to
(131) Ps2/mme 16 x 16 x 16
_ (12) C2/m-2 (71) Immm-2 --(139) 14/mmm-2 (225) Fm-3m-4
(223) Pm3n 16 x 16 x 16 (12) C2/m-6 (15) C2/c-8 (64) Cmca-8 ~-(131) P42/mmc-8
--(223)Pm-3n-8  —=(191) P6/mmm-14
cell parameters and atomic positions. This realization al- £ ;5,3
lowed us to narrow the list down to 9 structuré®/m — 2, £ 150
Immm, I,/mmm, Fm3m, C2/m — 6, C2/c, Cmca, £ 100
P42/mme, and Pm3n. More detailed calculations were g so i
carried out for the final set of structures. For instance, ad- 5 ° ‘
ditional physical properties were calculated using Quantum “i 122 . \
ESPRESSO with a projector-augmented wave pseudopoten- i;:m
tial including seven valence electrons. For all final calcula- £
tions, the kinetic energy cutoff for the plane-wave basis set 10 15 20 25 30 35 40 45 50

was 200 Ry and their correspondent k-point grid for the Bril-
louin zone integration provided a total energy difference con

Pressure (TPa)

FIGURE 3. Enthalpy relations of the structures found with the US-

vergence of 2 meV per atom or better. The details are dispgy code and those reported in Refs. [13,15], relative t@thea

played in Table II.

structure as a function of pressure. The final number after the dash,

Figure 2 shows the case of 8 atoms per cell at selecteph the name of each structure, represents the number of atoms per
pressures after variable-cell optimization frah initio re-

conventional unit cell.
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FIGURE 4. Fluorine primitive cell of a) moleculaf’mca at 1.0 TPa, and b) polymeric-atomiém3n at 4.0 TPa consisting of linear chains
(gray spheres) and atoms residing in the voids between chains (yellow).
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FIGURE 5. Phonon dispersion relations 6fmca at a) 2.5 TPa and b) 3.5 TPa, aRdn3n c) 2.5 TPa and d) 3.5 TPa.

2.7(3) TPa. This persistence of the ph&3eca up to the pressures. On the other hand, since Btgmmec structure
terapascal regime was also reported in Ref. [15], and our USeported in Ref. [15] did not appear in the USPEX search be-
PEX calculations confirm that statemeidfmca transforms  cause it has 14 atoms per cell, we included it manually in
directly into Pm3n, which was also reported as a stable formour calculations and its enthalpy is also plotted (violet line
for solid fluorine by Olsoret al. [13] and Duanret al. [15]. in Fig. 3). However, same as fd?4, /mmc, P6/mmc also
Nevertheless, in those two previous referencesRhe3m  does not become the most stable within our pressure range,
phase emerges at a higher pressure and after a reported intdrerefore, our results do not support the findings from previ-
mediate phaseP4,;/mmc for Ref. [13] andP6/mmc for ~ ous works regarding the existence of an intermediate phase
Ref. [15], which represent contradictory findings. In fact, betweenC'mca and Pm3n at zero temperature.

our USPEX results found the phagel, /mmc (green line Regarding the two most stable structures found in this
in Fig. 3) which shows an interesting tendency, but its enwork, we can conclude that'mca is a molecular phase,
thalpy is not the lowest at any pressure within the range of ousince, for example at 1.0 TPa, the nearest F—F distance is
current study, although the situation could change at highetalculated as 1.28, and the second nearest F—F distance is

Rev. Mex. Fis69 041606
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Electronic Bands - (64) Cmca - 2.5 TPa Electronic Bands - (64) Cmca - 3.5 TPa

— Fs — Fs

al NS <
$2 2 — N\ é L OS—
Eo
-4 | (-
-6 L2
ﬁ% 1 | N\ y [ s
82 R r T v 7 T L3 NE R r T v z PR
a) DOS (eV) b) DOS (eV)
Electronic Bands - (223) Pm-3n- 2.5 TPa Electronic Bands - (223) Pm-3n- 3.5 TPa
8 — 8
—
6 — DOS 6
) ; : \\ Z\\
> 2 = > 2
@ z
o £o
u o
w2 b w2
4 3 4
-6 { - 6
-8 r 1 2 3 4 -8 — s
X M R r M DOS (eV) r X M R r M DOS (ev)
c) d)

FIGURE 6. Band structure and partial density of states (PDOS)nfca at (a) 2.5 TPa and (b) 3.5 TPa, aRdn3n (c) 2.5 TPa and (d) 3.5
TPa. The orbital s and orbital p contributions, and the total DOS are represented in blue, red, and gray lines, respectively.

1.55A, which clearly establishes the molecular character of  3°
this crystalline structure which is shown in Fig. 4a). On the 28
other hand, the phageéma3n is composed of two types of F 26
atoms as shown in Fig. 4b): 75% of them (in gray) are poly- 24
mer linear (1D) chains that go along the lattice vectors, and %22
the remaining 25% (in yellow) are atoms located in the oth- §

erwise empty space between the linear chains, as shown ir 51s
Fig. 4b). The mixed polymeric-atomic F character in phase 16
Pm3n is consistent with the reports from Refs. [13, 15]. At 14
4.0 TPa, the distance between atoms within the polymeric ,,
chain is 1.26, and the closest distance between an atom lo-
cated in an interstice and an atom in a linear chain isA..40 0 15 20 25 30 35 40 45 50

Pressure (TPa)

2.0 ¢

d-ga

The dynamical stability of structureSmca and Pm3n
has been established through phonon calculations whic
! sure.
demonstrate that they are stable as a function of pressure

across the phase transition, as represented in Fig. 5. FroBig g\/ \hich increases to 2.9 eV at 3.5 TPa [Fig. 6b)]. The
a mechanical perspective, an observed increase in frequeBeapayior or this band-gap as a function of pressure is shown
cies with increasing pressure shows that the phonon modes ki 7 for the pressure range spanned in this study, showing
of phasegmca andPm3n become stiffer, hinting toamore 5, \nysual behavior below 4.5 TPa, since, for most materials,
rigid structure. This observation is ;lgn|f|cant_ as it suggest%pmying pressure is a well known way to induce metalliza-
that these structures are able to withstand increased Stregsn, still, fluorine is not alone in this exotic behavior [26]

and deformation without undergoing structural deformation, hare the ability to lower the energy by forming insulating

or collapse. closed-shell electronic structures wins over the tendency to
In addition to the phonon calculations, electronic bandiower the energy of the system by delocalizing the electrons.
structures were also computed on both systems. At pressur&ially, as expected, it is observed that the contributions to
below and above the transition, pha3e:3n was found to be  the total electronic density of states (DOS) for the two main
a metal according to an absence of gap at the Fermi level iphases in this study come primarily from the orbfatather
its electronic band structure [Figs. 6¢) and d)]. On the othethan orbitals, however, while for the case @tm3n the pro-
hand,Cmeca is a wide-gap semiconductor and our calcula-jection on the orbitak is basically non-existing at energies
tions revealed that at 2.5 TPa [Fig. 6a)] it has a band-gap ofthat are close or above the Fermi energy, the contribution of

ﬁIGURE 7. Variation of band-gaps faf'mca as a function of pres-
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that same orbital appears clearly also above the Fermi levelere not supported here at zero temperature and, even if it is
for the case ofCmca, pointing to a sp-type of hybridization fair to admit that the energy differences between competing
in that molecular phase. candidates are too small, our results for the stable phases are
well converged and do no suffer from numerical errors since
within this level of theory they are consistent across many
iterations of the structural search process and also at every

In summary, the evolutionary structural search approach imPressure that was tested in this study. Although beyond of the
plemented in the USPEX code, supported by DFT for calcuScope of this work, the phase changes reported here at high
lating forces and stresses, has been tested at pressure corRigssure may be the initial step towards further work on this
tions spanning several TPa. We corroborated the existence fementi.e., calculating the finite temperature contributions
a transition from the widely stabl@mca molecular form of 0 the free energy for determining how the relative stability of
fluorine towards a non-molecular phase that is composed of @€ different structures may change. Finally, this work may
mixture of linear chains and isolated atoms. So far, the stabilP€ the inspiration for exploring the behavior of other halogen
ity of a pure element’s molecular solid is one of the highest inelements at high pressure.

fluorine, rivaled only by oxygen that also shares with fluorine

its high electronegativity, confirming the heuristic expecta-5  Acknowledgements
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