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Abstract 

Phosphorous is ubiquitous in planet Earth and plays a fundamental role in all living systems. 

Finding a reasonable prebiotic source of phosphorous is not trivial, as common sources where it is 

present nowadays are in the form of phosphate minerals, which are rather insoluble and non-

reactive materials, and, accordingly, unavailable for being readily incorporated in living 

organisms. A possible source of phosphorous is from the exogenous meteoritic bombardment and, 

in particular, in iron/nickel phosphites. These materials, by simple interaction with water, produce 

oxygenated phosphorous compounds, which can easily react with organic molecules, thus forming 

C-O-P bonds. In the present work, periodic ab-initio simulations at PBE level (inclusive of 

dispersive interactions) have been carried out on metallic Fe2NiP-schreibersite, as a relative 

abundant component of metallic meteorites, in order to characterize structural, energetics and 

vibrational properties of both bulk and surfaces of this material. The aim is to study the relative 

stability among different surfaces, to characterize both the nanocrystal morphology and the 

reactivity towards water molecules.  
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Introduction 

Among the main biogenic elements (SPONCH), phosphorous represents only ⁓1% in mass of 

living organisms. Nevertheless, it is ubiquitous in the form of phosphate (PO4
3-): ATP (as well as 

ADP and AMP), nucleic acids, and phospholipids are paradigmatic compounds containing 

phosphates essential for life. Phosphorous abundance and its availability in prebiotic scenarios are 

still under debate baffling the scientific community for decades. The major phosphorous reservoir 

on Earth is the mineral apatite (Ca5(PO4)3(F,OH,Cl)). However, it suffers from poor solubility and 

reactivity, and, accordingly, it can hardly be considered as a source of phosphorous ready to be 

incorporated in “living” phosphorous.1  

In 1955 Gulick proposed, for the first time, as possible exogenous source of phosphorous the 

mineral schreibersite ((Fe,Ni)3P),2 undergoing corrosion by water contact. The proposal remained 

speculative up to the discovery of amino acids trapped in meteoritic materials from the first 

analysis on the Murchison meteorite.3–6 Because of this important finding, i.e. that biological 

matter could be delivered on Earth from exogenous sources, the role of phosphorous in this context 

was also reconsidered. Indeed, schreibersite is particularly interesting because Fe and Ni are 

among the first heavy elements to condensate from the solar nebula7,8 (whose schreibersite is one 

of the minor phases9).10 The commonly accepted hypothesis is that, during the heavy meteor 

bombardment in the Archean era (4.0-3.8 billion years ago), significant amounts of reduced 

phosphorous have been incorporated in the Earth crust.11–13 According to recent models, it was 

calculated that ca. 1-10% of the early Earth crust was composed by phosphide minerals.14 Very 

recently, Hess et al.15 proposed a new route to provide available phosphorus on the early Earth 

through lighting strikes as a major facilitator of prebiotic phosphorus reduction. Indeed, lighting 

strike hitting clay-rich soil of the early crust will form highly reduced glasses called fulgurites, in 
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which schreibersite is synthesized in situ by the high energy provided during the electric discharge. 

Clearly, this mechanism is independent of meteorite flux and provides prebiotic reactive 

phosphorus on Earth-like planets for a much longer time than that of the late meteoritic 

bombardment of the early Earth. The amount of schreibersite produced during the Hadean and 

early Archean era with that mechanism has been estimated to be 10-1000 kg/year of phosphide 

and 100-10000 kg/year of phosphite and hypophosphite. Therefore, the mineral schreibersite may 

really play a central role as a source of phosphorous due to its relatively high abundance and wide 

distribution in the continental crust. 

Schreibersite, irrespective from its origin, will then suffer corrosion by the weathering processes. 

Indeed, in 2005 Pasek et al. applied the Gulick’s hypothesis by performing a corrosion experiment 

on iron phosphide (Fe3P) with water solutions of different compositions.16 The impressive results 

they obtained are not limited to the fact that many oxygenated phosphorous compounds were found 

after Fe3P corrosion, but, also, these species react with organic molecules. Moreover, authors  dealt 

with the abundance of the generated reactive P: they estimated that from a 60 tons meteorite, at 

least 1 ton of reduced phosphorous is produced. Since then, the same research group carried out 

several experiments under different conditions of the substrate (by introducing a proper amount of 

nickel), temperature,17 pH,18 and reactants19 (also adding organic species).20 All these experiments 

clearly show the formation of oxygenated phosphorous compounds, in particular phosphites 

(HPO3
2-/H2PO3

-), more reactive and soluble than phosphates, and also the phosphorylation of 

organic compounds, including nucleosides.18 An accurate study based on RAIRS 

(Reflection−Absorption InfraRed Spectroscopy) demonstrates that H2O molecules bind 

preferentially P atoms on the schreibersite surface at low temperatures (120-140K),21 this 

mechanism being also confirmed by isotopic water-18O.22 
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Recently, it has been proven that schreibersite is a good catalyst to also activate the reaction 

among carbohydrates to give more complex sugars (formose reaction network), accompanied by 

well-known oxygenated phosphorous species (phosphites and, in minor quantity, phosphates).23 

To the best of our knowledge, very few computational studies have been performed on 

schreibersite, 24–26 and all of them regard the phase stability of different Fe3P polymorphs at 

different conditions of high temperature and pressure, in order to study the stability and possible 

phase changing to understand the presence of these materials in planetary cores. No computational 

works have been found on Fe2NiP-schreibersite, and, in particular, no theoretical studies on the 

surfaces of Fe3P and Fe2NiP have been carried out so far, which would be the first and foremost 

aspect to focus on if one is interested in corrosion reactions operated by water. 

Therefore, in the present work we have carried out first principles calculations by adopting 

density functional theory (DFT) on the bulk structure of Fe2NiP-schreibersite. Moreover, a detailed 

analysis of the low-Miller-index surfaces has been performed to predict the nanocrystal 

equilibrium morphology and the potential reactivity of the exposed faces towards water, which 

will be addressed specifically in a separate work. 

 

Computational Details 

Bulk 

Periodic DFT calculations were carried out with the Vienna Ab-initio Simulation Package, (VASP) 

code,27–30 which uses projector-augmented wave (PAW) pseudopotentials31 to describe the ionic 

cores and a plane wave basis set for the valence electrons. This approach is particularly suitable 

for schreibersite due to its intrinsic metallic character. 
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 Geometry optimizations and frequency calculations were performed with the gradient 

corrected PBE functional,32 which has already proven to provide good results on metallic 

systems.33,34 Moreover, several different schemes were adopted to add the contribution from 

dispersive (London) interactions (not accounted for by plain PBE) on the bulk structure to assess 

their performance in predicting the cell parameters with respect to the experimental ones. 

Specifically, the following dispersion corrections have been applied: 

• No dispersion correction (i.e. pure PBE functional) 

• D2 correction with Grimme’s original parameters;35 

• D* correction, i.e. the Grimme’s D2 correction modified for solid systems, where van 

der Walls radii (R0) are rescaled by 1.05 (1.3 for H atoms);36 

• D*0 correction, i.e. the D* correction where the C6 coefficients for the transition metals 

Fe and Ni are set to 0;37 

• D*n correction, i.e. the D* correction where the C6 coefficients for the transition metals 

Fe and Ni are set to the values of the preceding noble gas (Argon);37 

• D3 Grimme’s correction38 with Becke-Johnson (BJ) damping.39 

The cutoff energy of plane waves (which control the accuracy of the calculations) was set to 500 

and 1000 eV, in order to check the stability of the basis set when the cell volume of the bulk is free 

to relax. The self-consistent field (SCF) iterative procedure was converged to a tolerance in total 

energy of ΔE = 10-6 eV for geometry optimizations, while for frequency calculations the tolerance 

was increased to ΔE = 10-8 eV. As regards the optimization procedure, both atomic positions and 

cell parameters were free to relax. The tolerance on gradients was set to 0.01 eV/Å for each atom 

in each direction. The Monkhorst-Pack sampling of the Brillouin zone was used for the k-points 

mesh. Shrinking factors have been set on (8 8 8) and (16 16 16) for a total number of 76 and 552 
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irreducible k-points, respectively, in the Brillouin zone, ensuring a good accuracy in computing 

the electronic structure of a metallic system. The difference between the two k-grids in the total 

energy is 0.3 meV, and, accordingly, the (8 8 8) sampling was used to save computer resources 

when dealing with calculations on surfaces. 

 Vibrational frequencies were computed on the bulk structure at Γ point, by numerical 

differentiation of the analytical first derivatives, using the central difference formula (i.e. two 

displacements of 0.02 Å for each atom in each (x,y,z) direction), in order to confirm that the 

optimized structure is a minimum (all real frequencies). To calculate Raman intensities, the 

Phonopy40 and Phono3py41,42 codes were used both for generating atomic displacements (only for 

irreducible atoms), and for processing VASP outputs. For a deeper analysis of the computed 

normal modes and a better assignment of low-frequency modes, whose atomic contributions are 

difficult to discriminate, the CRYSTAL17 code was used.43,44 In the specific, the CRYSTAL17 

code has powerful tools to make isotopic substitutions, thus calculating a posteriori (i.e. at zero 

computational cost) the frequency shift due to the change of the atomic masses. This allows to 

separate the contribution of each atom to a certain normal mode on the basis of the frequency shift 

when the isotopic substitution is applied. As this is a post-processing tool, (i.e. it does not require 

any additional ab-initio calculation as it relies on the stored force constant matrix), it does not 

depend on the chosen methodology, and therefore the isotopic shift calculated by CRYSTAL17 

can be directly applied also to the VASP frequencies. Here we want to highlight that, despite the 

differences in the two codes (CRYSTAL17 uses localized gaussian functions as basis set, which 

are not effective in treating metals due to their intrinsic delocalized electrons), vibrational 

frequencies are in good agreement with that computed by VASP. We also checked, by visual 

inspection, the correspondence between VASP and CRYSTAL17 for each normal mode (see ESI).  
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Surfaces 

After the careful check on the accuracy of the chosen computational parameters on the bulk 

structure, for the calculations on surfaces only two dispersion schemes were adopted: 

• D*0 correction, i.e. the D* correction where the C6 coefficients for transition metals Fe 

and Ni are set to 0; 

• D3 Grimme’s correction with Becke-Johnson (BJ) damping. 

The cutoff energy for plane waves was set to 500 eV (differences between 1000 and 500 eV on 

the bulk structure are negligible, vide supra). The self-consistent field (SCF) iterative procedure 

was converged to a tolerance in total energy of ΔE = 10-6 eV, as for the bulk. During the 

optimization procedure, only atomic positions were free to relax, keeping the cell parameters fixed 

to their bulk optimized values in order to simulate the rigidity imposed by the semi-infinite crystal 

underneath the surfaces. Shrinking factor for surfaces was set to (8 8 1), the last one being the 

number of k-points in the non-periodic direction (i.e. no sampling of the reciprocal space). As 

VASP relies on plane waves basis set and, accordingly, surfaces are replicated also along the non-

periodic direction, the vacuum space among fictitious replicas was set to at least 20 Å in order to 

have no interactions among them. Therefore, the final c cell axis was set from 50 to 70 Å, 

depending on the surface thickness. 

Visualization and manipulation of the structures and figures rendering have been done with the 

MOLDRAW,45 VESTA,46 VMD,47 and POVRAY48 programs.  
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Results 

Bulk structure 

The bulk structure of schreibersite is reported in Figure 1. The empirical formula is (Fe2,Ni)P. It 

belongs to the 𝐼4̅ (n° 82) space group (tetragonal family, with a=b≠c and α=β=γ=90°). It exhibits 

16 irreducible atoms and 4 symmetry operators bringing a total of 32 atoms in the crystallographic 

unit cell.49 

Table 1 shows the comparison between experimental and calculated cell parameters. As a 

general comment, all the computational parameters lead to a more compact structure with respect 

to the experimental one. The small changes between different cutoffs for the plane waves proves 

that 500 eV leads to converged results. In contrast, the system is sensitive to different dispersion 

schemes. It has already been demonstrated that for bulk transition metals pure PBE gives a good 

description of structure data, cohesive energies and bulk moduli.33,34 This is confirmed by our 

results: while pure PBE gives the best results, adoption of original Grimme’s dispersion parameters 

(D3 and D2) and the corrected one for solids (D*) leads to the largest deviations from experimental 

data. As D2 correction consists of few parameters, it is easy to change the dispersive contribution 

on selected atoms, and, in our specific case, the C6 coefficients on Fe and Ni have been reduced 

to those of the previous noble gas (Argon, D*n) or even switched off (D*0), this later case 

presenting a very small deviation of the bulk parameters with respect to pure PBE. Details on the 

geometrical neighborhood of each irreducible atom are reported in the SI (see Table S1 and Figure 

S1). As our future purposes include the adsorption of water on the surfaces of this material, where 

in particular phosphorous plays a central role, instead of pure PBE for the surface analysis we used 

the D*0 correction where dispersion is left only on phosphorous (i.e., C6 coefficients were set to 

0 on transition Fe and Ni metal atoms).  
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From the point of view of the electronic structure, schreibersite is an open-shell conducting 

system (metallic behavior). Figure 2 clearly shows that there is no band gap among valence and 

conducting bands, i.e. there is an electron transfer as a result of the frontier band crossing. The 

metallic behavior of this system is confirmed by Bader charges50–52 reported in Table 2 which 

reveal an almost zero charge on Ni showing an atomic character, while on the two kind of Fe atoms 

Bader’s charges are more or less the same showing slightly positivized atoms. Phosphorous charge 

keeps the cell neutrality by assuming a significant anionic character. Fe and Ni in their atomic state 

have d6 and d8 configuration, respectively. From Table 2, it turns out that Ni atoms are basically 

in their atomic low spin electron configuration, i.e. all the electrons are coupled. On Fe atoms the 

high spin state would result in a quintet multiplicity (i.e. two paired and four unpaired electrons): 

however, the total spin moment is close to 2 for Fe1, which presents four paired and two unpaired 

electrons. On Fe2 instead, one of the two unpaired electrons is shared with the other metals: the 

sum of the spin moment fractional part over all the metal atoms is close to 1 (0.277 (Fe1) + 0.386 

(Fe2) + 0.245 (Ni), for the 500/NoD case), which represents the “missing” spin fraction on Fe2. 

As expected, phosphorous does not carry significant spin density. The same considerations on the 

accuracy of different dispersion schemes done for geometrical parameters are also valid for 

electronic data on Table 2, i.e. almost insensitivity towards the plane wave cutoff while being 

affected by different dispersion schemes. This is not surprising, as different dispersion schemes do 

not alter the electron density directly but shrink the structure ultimately affecting the final spin 

coupling.  

Finally, we computed the Raman spectrum only with the D*0 dispersion scheme, due to the high 

cost of the simulation. Experimental (adapted from Fig. 15e of ref. 53) and simulated (FWHM 50 

cm-1) spectra are shown in Figure 3a. To relief for the anharmonicity and the adopted functional 
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systematic errors, we shifted the computed spectrum to align it with the experimental first peak at 

212 cm-1 while conserving the internal band shifts. In ref.53 different samples of meteoritic 

schreibersite were extensively characterized by means of Raman spectroscopy, among other 

techniques. In the following, we will provide a full assignment of the computed peaks in 

comparison with those of synthetic schreibersite Fe2NiP.53 In Figure 3b the same computed Raman 

spectrum of Figure 3a is shown with a better resolution to highlight the fine structure of the 

spectrum. 

Our predicted spectrum does not show bands above 600 cm-1 (the highest computed band is at 

466 cm-1, last weak peak of Figure 3b), at variance with experimental spectra showing specific 

signals above 600 cm-1.53 The 466 cm-1 band is unambiguously attributed to the antisymmetric 

stretching of the lightest atoms present in the structure (Fe--P): therefore, the only way to justify 

higher frequency peaks in the experiments is to invoke the role of impurities, probably oxygen 

atoms bringing new stretching Fe-O bands into play.  

Figure 4 shows the most relevant normal modes to the spectrum highlighting the nuclear 

displacements to allow classifying each mode (GIF figures of each vibrational normal modes are 

available in the SI). The low-frequency modes (panels from Figure 4a to 4f, and first two peaks of 

Figure 3a) correspond to phonon modes involving heavy atoms (Fe and Ni). These modes are 

difficult to disentangle in terms of simple geometrical changes due to the coupled nature of these 

vibrations in the metallic system. Remarkably, these signals can be interpreted as the fingerprint 

of schreibersite. In Table 3, the various isotopic substitutions made on the structure are shown in 

traffic-light colors, from red (large shifts) to green (small shifts), which help to assign the 

contributions of each species to these highly coupled phonon modes. As one can see, P has 

basically no contributions to low-frequency modes, as its isotopic substitution (33P) does not affect 
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those bands. In contrast, substitutions on Fe and Ni (i.e., 58Fe and 60Ni) produce frequency shifts 

up to 3 cm-1. 

Panels from Figure 4g to 4j (the shoulder at 300 cm-1 in the computed spectrum of Figure 3a) 

correspond to combining Fe1—Fe1 stretching and P-Fe2-P bending, while in panels of Figure 4k 

and 4l the P-Fe2-P bending modes are coupled with the Fe2-Ni stretching (310 cm-1 and 314 cm-

1). The last row of Figure 4 (from 4m to 4p) corresponds to Fe2-P stretching with different 

symmetry, with very small contributions from Fe1 and Ni atoms. 

 

Surface models 

Starting from the crystal bulk structure of schreibersite (see Figure 1), periodic slab models with 

low Miller indices were built up. Specifically, the following five surface models were generated 

(see Figure 5): (100) = (010), (001), (101) = (011), (110) and (111).. As it is well known, to be 

physically acceptable, a surface must be stoichiometric (i.e. electro neutral) and non-polar (i.e. no 

dipole moment across the non-periodic direction), which is achieved by adopting non-polar repeat 

units (RUs). Therefore, from all the possible facets cut out from the bulk structure, only the (100), 

(001), and (110) surfaces satisfy the abovementioned requirements. The other surfaces, namely 

(011) and (111), even being stoichiometric, exhibit a dipole moment across the non-periodic 

direction, and, accordingly, they will not be considered in the surface analysis due to their 

electronic instability as a function of the slab thickness. For each physically acceptable surface, 

different terminations can be possible, and all of them have been investigated in order to find the 

most stable one.  

 From the different RUs represented in Figure 5, slab models of different thickness, ranging 

from 1 to 5 RUs, were created, in order to identify the minimum thickness which leads to 
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converged properties. As a reference property to check for the convergence, we focused on the 

surface formation energy Es as a function of the surface thickness, adopting the following formula: 

𝐸𝑠 =
(𝐸𝑠𝑙𝑎𝑏,𝑛 − 𝑛[𝐸𝑠𝑙𝑎𝑏,𝑛 − 𝐸𝑠𝑙𝑎𝑏,𝑛−1])

2𝐴
  

where Es is the surface formation energy, Eslab,n is the energy of the n-layer slab, Eslab,n-1 is the 

energy of the (n-1)-layer slab, and A is the surface area. In this equation the term [Eslab,n - Eslab,n-1] 

replaces the more commonly used Ebulk (the total energy of the bulk unit cell). This choice avoids 

numerical instabilities due to comparing energies of systems with different periodicity (see details 

in ESI).54–56 Indeed, the classical formula referring to a bulk energy, is numerically unreliable 

when dealing with metals, for which the k-points sampling for system of different dimensionality 

affects the Es with large errors or instabilities. As a consequence, we only discuss results derived 

from the above equation. In Figure 6a, the surface formation energies of all the facets studied in 

this work is shown. It turns out that the most stable surface is the (110)2 with Es of 1.51 (D*0) and 

2.28 (D3) J m-2. The majority of the other surfaces, namely (001)2, (001)3, (100)1, (100)2, exhibits 

Es values in the range around 2.01-2.06 (D*0) and 2.74-2.80 J m-2 (D3). The most unstable surfaces 

are the (001)1 and (110)1, with Es values of 2.40 (D*0) and 2.56 (D*0) J m-2, and 3.15 (D3) and 

3.12 (D3) J m-2. Interestingly, there is a qualitative relationship between the Es values and the 

roughness of the surface, i.e. the rougher the surface the higher the Es. This is shown by the lateral 

views of the slabs (Figure 5, second and third columns) from which the (110)2 exhibits the flattest 

surface, while the (001)1 and (110)1 are more rumpled. In all cases, the Es rapidly converges to 

stable values with slab thickness of 3/4-layers. The D3 calculated Es values are all systematically 

larger by 0.7 J m-2 than those with the D*0 correction. This is due to the over-stabilization of the 

Grimme D3 dispersive energy of the bulk structure, which increases the cost of extracting the 

surface form the bulk compared to plain PBE and PBE-D*0. 
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 The convergence of the Es is paired with that of other surface properties. For instance, we 

computed the Bader charges of the innermost atoms of the most stable (110)2 surface, which 

indeed converge to the bulk values (see Figure S5), i.e. the Fe atoms exhibit positive Bader charges, 

Ni atoms are almost neutral, while P atoms carry a large compensating negative charge. These 

values are expected to play a significant role on the reactivity of the different surfaces towards 

water. 

 From the converged surface formation energies of all the studied facets, we built the 

corresponding crystallographic shape as resulted by the Wulff construction (Figures 6b).57 

Interestingly, only the (110) and (001) faces appear represented in the crystal morphology, due to 

the high surface formation energy, and accordingly instability, of the (100) one. The large 

difference in the surface formation energies Es due to the adoption of different dispersion schemes 

(D*0 and D3) does not alter the shape of the Wulff polyhedron, as the relative surface formation 

energies Es for the different facets are method independent. 58 

 

Conclusions 

This work deals with the quantum mechanical treatment of the mineral schreibersite Fe2NiP, a 

relevant material for the exogenous delivery of phosphorous to the early Earth through iron rich 

meteorites bombardment. Indeed, phosphorous is released from schreibersite by contact with water 

in the form of phosphite/phosphates. A variety of biochemical relevant molecules have been shown 

to be formed when schreibersite is contacted with simple organic molecules, forming the 

fundamental the C-O-P bond.  
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Here, DFT simulations using the gradient corrected PBE functional, supplemented by the 

Grimme’s dispersion D2 and D3 corrections has been adopted to theoretically characterize some 

physicochemical properties of the bulk and different surfaces of this material.  

The blind application of the dispersion (London) contribution has been found to be detrimental 

for the prediction of the bulk schreibersite, as the cell parameters become underestimated 

compared to the plain PBE ones, which in turn are in good agreement with the experiment.  

Following previous literature advices, we restore the good agreement with the experiment by 

setting to zero the C6 parameter of Fe and Ni elements (no contribution to dispersion), while 

keeping the original value for phosphorus. This ensures that dispersion will be properly included 

when adsorption of molecules will be taken into account as an essential component for any non-

covalent interactions. Band structure and project density of states revealed a metallic nature of 

schreibersite, while Bader charges reveal an almost zero charged Ni atom, a positively charged Fe 

ions (+0.321 e) compensated by a strong anionic character of the P atom (-0.640 e). The open shell 

character of schreibersite brings a spin moment value almost nil on P atom, and strongly localized 

on Fe1 (2.271 e) and Fe2 (1.394 e) with minor role of Ni atom (0.245 e). 

The simulated and experimental Raman spectra, which are in good agreement upon applying a 

proper scaling factor, were compared, and the principal bands were assigned with the purpose to 

help the assignment of the experimental bands, as the samples are often plagued by impurities. 

Due to the metallic character of the material, the normal modes are fully coupled and extend to 

almost all atoms of the unit cell. Only modes involving P are well separated falling in the highest 

frequency region of the spectrum.  

As regards the surfaces of schreibersite, low-Miller-indiced facets were studied with the aim to 

identify those which are likely exposed to the external environment.  Calculations show that only 
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the (110) and the (001) surfaces appear as extended faces when the Wulff theorem is applied to 

construct a representative structure of a likely nanoparticle. This is particularly useful for future 

purposes in studying the interaction of this material with whatever molecule of interest and in 

particular with water. Indeed, water reactions with the schreibersite surfaces are the first steps in 

getting P atoms in the soluble form of phsophites/phosphates able to be incorporated in biological 

relevant molecules in prebiotic environments.
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a) Bulk structure – ab view 

   

b) Fe1 neighbors – bc view c) Fe2 neighbors – bc view d) Ni neighbors – bc view 

 

Figure 1. PBE-D*0 optimized geometry of the schreibersite bulk structure (crystallographic cell) 

in coordination polyhedral representation. Atom legend colors: P is in yellow, Fe in light grey, and 

Ni in dark grey. Unit cell is represented as thin black lines. 
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Spin down Spin up 

   

Figure 2. Calculated projected density of states (PDOS) and electronic band structure. Spin up 

and down are represented with the right and left portion of the image. 
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Figure 3. Top: Raman spectra of schreibersite: in red the experimental one53 , in blue the computed 

one, with FWHM of 50 cm-1. Bottom: high-resolution computed Raman spectrum (FWHM 5 cm-

1).
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a) 211 cm-1 

 

b) 216 cm-1 

 

c) 238 cm-1 

 

d) 252 cm-1 

 

e) 260 cm-1 

 

f) 273 cm-1 

 

g) 275 cm-1 

 

h) 279 cm-1 

 

i) 297 cm-1 

 

j) 307 cm-1 

 

k) 310 cm-1 

 

l) 314 cm-1 

 

m) 354 cm-1 

 

n) 421 cm-1 

 

o) 426 cm-1 

 

p) 441 cm-1 

Figure 4. Atomic displacements (green arrows) related to the normal modes associated with the 

Raman spectrum of Figure 3b. Atomic legend colors: P is in yellow, Fe in light grey, and Ni in 

dark grey.
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a) (001)1 – ab top b) (001)1 – ac side c) (001)1 – bc side 

 

  

d) (001)2 – ab top e) (001)2 – ac side f) (001)2 – bc side 

 

  

g) (001)3 – ab side h) (001)3 – ac side i) (001)3 – bc side 

   

j) (110)1 – ab top k) (110)1 – ac side l) (110)1 – bc side 
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m) (110)2 – ab top  n) (110)2 – ac side o) (110)2 – bc side 

   

p) (100)1 – ab top q) (100)1 – ac side r) (100)1 – bc side 

   

s) (100)2 – ab top t) (100)2 – ac side u) (100)2 – bc side 

   

v) (011) – ab top w) (011) – ac side x) (011) – bc side 

 
  

y) (111) – ab top z) (111) – ac side aa) (111) – bc side 

Figure 5. Physically sounded ((001), (110), (100)) and unsounded ((011), (111)) facets cut out 

from the bulk structure. Atom legend colours: P is in yellow, Fe in light grey, and Ni in dark grey. 
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Figure 6. Left: Converged surface formation energy Es (J m-2) of all the studied surfaces. The 

surfaces which do not contribute to the Wulff shape are represented in grey-scale colors. Right: 

Wulff shape superimposed to a representative nanoparticle structure. Colors in the chart 

correspond to those of the Wulff shape.
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Table 1. Experimental (EXP) vs calculated (with different basis sets and dispersion schemes) cell 

parameters (units of Å) of the schreibersite bulk structure, with the corresponding percentage 

deviation. 

cutoff/dispersion a c diff % a diff % c 

500/NoD 8.984 4.377 -0.327 -1.062 

1000/NoD 8.996 4.382 -0.185 -0.946 

500/D2 8.878 4.332 -1.496 -2.073 

500/D* 8.887 4.329 -1.402 -2.144 

500/D*n 8.925 4.350 -0.977 -1.675 

500/D*0 8.984 4.374 -0.320 -1.121 

500/D3 8.882 4.331 -1.453 -2.109 

1000/D3 8.892 4.335 -1.341 -2.022 

 
 

    

EXP49 9.013 4.424   
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Table 2. Bader charge analysis and spin moment (in elementary charge units, e) of the irreducible atoms 

in the bulk primitive unit cell calculated with different basis sets and dispersion schemes.  

 Net charge 

Atom 500/NoD 1000/NoD 500/D2 500/D* 500/D*n 500/D*0 500/D3 1000/D3 

P -0.640 -0.635 -0.607 -0.609 -0.626 -0.641 -0.606 -0.603 

Fe 0.321 0.320 0.308 0.309 0 .315 0.321 0.307 0.308 

Ni -0.001 -0.006 -0.008 -0.010 -0.005 -0.002 -0.009 -0.012 

 
Spin moment 

P -0.054 -0.054 -0.051 -0.051 -0.053 -0.054 -0.052 -0.052 

Fe1 2.277 2.287 2.204 2.208 2.231 2.271 2.199 2.207 

Fe2 1.386 1.400 1.287 1.285 1.333 1.394 1.284 1.293 

Ni 0.245 0.245 0.238 0.238 0.242 0.245 0.244 0.244 
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Table 3. Harmonic vibrational frequencies (cm-1) for the bulk Fe2NiP mineral and their shifts (cm-1) 

due to isotopic substitutions. Color coding highlights large (red, from -10.6 to -6.9 cm-1), medium 

(yellow, from -3.2 to -1.1 cm-1) and small (green, from -1.0 to -0.8 cm-1) shifts. Blanked cell for shift 

smaller than -0.8 cm-1. 

No subst. 33P 58Fe1 58Fe2 60Ni 

138 -0.9    

160    -0.9 

183   -0.9  -0.8 

190     -1.9 

193 -0.9 -1.7   

211 -0.8 -1.2 -1.8  

212    -1.2  

216     -2.1 

217   -1.8  -1.1 

219   -1.0 -0.9 -1.3 

221   -1.0 -1.3 

238 -1.0 -1.0 -2.0  

240  -1.6 -1.1  

252   -1.1 -1.9 

260  -1.4 -1.6  

261  -2.2  -1.5 

273  -0.8 -2.7  

275  -1.0 -2.1 -1.8 

279  -2.8   

283 -0.8 -1.4 -1.4 -1.3 

285  -1.0 -1.7 -1.6 

297  -3.2   

307  -3.0 -3.0  

310   -1.7 -0.9 

314  -1.1 -1.4 -2.2 

354 -7.0    

366 -6.9   -1.3 

387 -8.0  -1.0  

421 -9.3  -0.8  

426 -10.6    

434 -9.5  -1.2  

441 -10.2  -0.9  

453 -10.4  -0.8  

467 -9.2  -1.5 -0.9 
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