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Abstract

The mineral schreibersite, e.g., FesP, is commonly found in iron-nickel meteorites
and could have served as an abiotic phosphorus source for prebiotic chemistry. However,
atomistic calculations of its degradation chemistry generally require quantum simula-
tion approaches, which can be too computationally cumbersome to study sufficient
time and length scales for this process. In this regard, we have created a computa-
tionally efficient semi-empirical quantum Density Functional Tight Binding (DFTB)
model for iron and phosphorus-containing materials by adopting an existing semiau-
tomated workflow that represents many-body interactions by linear combinations of
Chebyshev polynomials. We have utilized a relatively small training set to optimize
a DFTB model that is accurate for schreibersite physical and chemical properties, in-

cluding its bulk properties, surface energies, and water bulk absorption. We then show
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that our model shows strong transferability to several iron phosphide solids as well
as multiple allotropes of iron metal. Our resulting DFTB parameterization will allow
us to interrogate schreibersite aqueous decomposition at longer time and length scales
than standard quantum approaches, allowing for the potential to investigate its role in

prebiotic chemistry on early Earth.

Introduction

Phosphorous plays a central role in the formation of many life-building compounds, including
nucleotides, phospholipids, adenosine triphosphate (ATP) for metabolic energy storage, and
calcium phosphate (apatite) found in bone.' ™ Extraterrestrial sources such as meteoritic
impacts could have served as one possible source of prebiotic phosphorous on early Earth,
including those with the mineral schreibersite, (Fe,Ni)3-P."" Schreibersite is a ferromagnetic
material with tetrahedral symmetry (orthogonal lattice constants with a = b > ¢). It has
been suggested to play a role in the formation of prebiotic organics, »""’ where experimental
studies have shown that it can react with a wide variety of organic compounds and can
catalyze the formation of amino acids, sugars, and nucleotides. >’ However, early Earth
likely experienced a wide range of thermodynamic conditions, including electrical storms
and extreme thermodynamic conditions due to impacts, = that are difficult to probe with
experimental trial and error alone. Schreibersite degradation studies would thus benefit from
atomistic simulations, which identify specific reaction mechanisms and kinetics, and can help
narrow the relevant thermodynamic conditions for prebiotic synthesis.

To date, computational studies on schreibersite have largely focused on quantum simula-
tions of bulk properties and water surface adsorption using Kohn-Sham Density Functional
Theory (DFT).""'" DFT is known to yield accurate descriptions of condensed phase phys-
ical and chemical data, as well as the energetics of chemical bond breaking and forming
under reactive conditions (e.g., Refs. 12,11). However, DFT simulations generally require

heavy computational effort, which limits calculations to systems containing few hundreds of



atoms and to molecular dynamics (MD) timescales of tens of picoseconds. These scales are
generally orders of magnitude smaller than those probed by experiments, where for example,
chemistry at elevated pressure and temperature can nanoseconds or longer to equilibrate,
and extended structures can form that are nanometer-scale in diameter.”*" Reactive MD
models can help alleviate this time and length scale gap optimizing empirical ** or machine-
learning functional forms~" to DFT or other quantum mechanical data. These methods
are generally fit to the properties of specific chemical reactants over a narrow range of ther-
modynamic conditions. As a result, they can yield high computational efficiency, but tend
to yield completely unphysical results outside of their fitting regime.

The Density Functional Tight Binding method (DFTB) represents a promising alterna-
tive for simulations of reactive materials. DFTB is an approximate quantum simulation
technique whereby the majority of the electronic interactions are represented by a minimal
atomic basis set and are precomputed and mapped to a radial grid.”" =" The DFTB total
energy expression contains an empirical repulsive energy Ele, that can be fit to experimental
or high-level computational data in order to extend the technique to a wide variety of mate-
rials and conditions. " There is considerable flexibility in the Egep, functional form, including
cubic splines,”’ Gaussian Process Regression,”” many-body polynomial based representa-
tions,” and neural network potentials.”” The DFTB methodology allows for several orders
of magnitude increase in computational efficiency while retaining most of the accuracy of
standard DF'T-MD simulations. Consequently, DFTB simulations can achieve close to chem-
ical equilibrium timescales for reactivity under extreme conditions (~ 1 ns) using relatively
low computational effort. One of the main limitations of DF'TB, though, is the availability of
existing repulsive energies in literature, as one repository of interaction parameters
does not contain specific interactions between iron and phosphorus. In addition, the DF'TB
method itself has several hyperparameters, mainly the wavefunction and density confining
radii (discussed below), that require challenging optimizations as well.

In this work, we overcome these issues for FesP schreibersite by determining the Fe-Fe



and Fe-P DFTB interaction potentials through a semi-automated workflow that leverages the
Chebyshev Interaction Model for Efficient Simulation (ChIMES).""*" ChIMES is a many-
body reactive force field model for MD simulation based on linear combinations of Chebyshev
polynomials. This linear parameterization allows for rapid model optimization, allowing us
to cycle through large numbers of DFTB and ChIMES hyperparameters. DFTB/ChIMES
models have been created for a wide variety of systems, including TiH,, "~ energetic mate-
rials, "’ actinides,” and as a general purpose model for organic materials.”’ Here, we adopt
the ChIMES framework to determine iron-iron and iron-phosphorus interaction for DFTB,
specifically. We first briefly review the DFTB and ChIMES approaches and explain our
workflow for optimization of both DFTB and CHIMES hyperparameters. We then downse-
lect our model through validation against a wide range of DFT that was not included in our
training set, such as the Fe3P lattice constants, bulk moduli, surface facet energies, and bulk
water absorption. We further examine our optimal DFTB/ChIMES by computing surface
facet energies, water surface adsorption on different facets, and MD simulation at ambient
and extreme conditions. Finally, we explore the transferability of our model through the pre-
diction of properties for different materials, including FeP, Fe,P, and three allotropes of iron.
Our results indicate that our DFTB/ChIMES model yields comparable accuracy to DFT for
properties related to prebiotic synthesis, including the intense pressures and temperatures

that can be accessed during planetary impact.

Methods

DFT calculations and training set construction

All DFT simulations were performed using the Vienna Ab initio Simulation Package (VASP),
with projector augmented wave (PAW) pseudopotentials””” and the Perdew, Burke, and
Ernzerhof (PBE) exchange-correlation functional.”” Partial occupancies of the electronic

states were set with fourth-order Methfessel-Paxton smearing, " using a width of 0.2 eV. We



observed converged energies for the bulk system with a plane-wave energy cut-off of 500 eV,
with a self-consistent field (SCF) convergence criteria of 107 eV and a 6 x 6 x 6 k-point
Monkhorst-Pack mesh sampling of Brillouin zone.” The force convergence tolerance for ge-
ometry optimizations was set to 0.01 eV /A for each atom in each direction. Our calculations
were performed with collinear spin polarization initialized in a ferromagnetic configuration,
which was maintained during all optimizations. As mentioned is Ref. 15, the inclusion of
van der Waals (vdW) correction to our calculations resulted in a constant offset of the water
absorption energies, with minimal change to optimized configurations. Furthermore, the ob-
served effect is strongly dependent upon the choice of the vdW functional.”” Hence, for the
model development in this study, we have chosen to adopt standard PBE functional without
vdW, though we note that those effects can be included at a later date.

Our training set was built by performing DFT-MD simulations of a 32 atom FesP
schreibersite supercell, initially optimized to dimensions of 9.045A x9.045A x4.380A, yield-
ing a density of 7.36 g/cm?. We then used the relaxed structure to initiate 20 ps long
DFT-MD trajectories with a timestep of 1.0 fs at temperatures of 300, 1500, and 2000 K
and pressures of 0, 10,20, 30, and 40 GPa. From these simulations, we then aggregated the

following 310 training configurations in total:
e 120 equally spaced configurations at P = 0 GPa and T" = 300, 1500, and 2000 K.
e 120 equally spaced configurations at P = 10, 20, 30, and 40 GPa and T = 1500 K.

e 70 configurations obtained by randomly displacing by 0.1 A the atoms of the optimized

FesP structure, similar to previous reactive MD model development.

DFTB calculations

DFTB calculations were performed with the DFTB+ code” using orbital resolved self-
consistent charge calculations (SCC)“ with a convergence criteria of 2.72x107° eV (107 au).

We adopted the same electron thermal smearing and k-point mesh of our DFT calculations.



Similarly, all DF'TB calculations were performed with collinear spin polarization initialized
in a ferromagnetic spin geometry. The DFTB formalism has been extensively discussed in
literature,” """ with a brief outline provided here. The total energy expression with
SCC is derived by assuming spherically symmetric charge densities and then expanding the
Kohn-Sham total DFT total energy expression to either second”' or third order”” about
small charge fluctuations. We note that in this work we rely on the second-order charge
fluctuation model only.

The resulting total energy expression reads as:

Eprre = Eps + Ecoul + Erep- (1)

Here, Egg is the band structure energy, which is computed from the Kohn-Sham eigenstates
determined from diagonalization of the approximate Hamiltonian with a minimal, Slater-
type basis set. The term Fgoy corresponds to the charge-transfer energy from second-order
charge fluctuations and is computed self-consistently. Finally, E\, is the repulsive energy,
which contains the ion-ion repulsions, as well as Hartree and exchange-correlation double
counting terms. FE,., is generally represented as a short-ranged empirical function that
includes first coordination shell or bonded interactions only. Its parameters are usually fit
to reproduce DFT or experimental data, and it can describe pairwise’”"" or many-body
interactions. """ The Hamiltonian and overlap matrices used in Egg are determined
from pre tabulated Slater-Koster (SK) tables that assume two-center interactions, only.
However, prior to SK tabulation, both the electronic wave functions and electron density are
subjected to separate confining or compression potentials, which has the effect of improving
transferability of the calculations. For our work, we use the following simple power function

for confinement:



where x = ¥ or n, Ry corresponds to wavefunction compression, and R, to density com-
pression. Previous efforts have used larger exponents in the power function or alternate
functional forms (e.g., Ref. 66, which can be investigated in future work.

In general, optimal choice of confining radii is system-dependent and cannot be deter-
mined a priori, frequently requiring a semi-exhaustive search.”"" In our study, we choose to
focus on optimizing the Fe density and wavefunction confining radii, only, in order to make
our search more tractable. Similarly, we have only created Ege, models for Fe-Fe and Fe-P
interactions. The remaining DFTB+ interaction potentials (including tabulated Hamilto-
nian and overlap matrices, and/or Ege, functions) were taken from known parameter sets.
All non-iron interactions, such as those involving P, O, and H were taken from the mio-1-1
parameter set.” """ The Fe-O and Fe-H repulsive energies were determined by first computing
new tabulated quantum interactions using our choice of confining radii for Fe and those from
mio-1-1 for O and H. This was followed by matching energetics for dimer calculations from

the trans3d parameter set " to approximate the repulsive energies.

ChIMES Methodology and Many-body ER., determination

The ChIMES method has been discussed in detail elsewhere, """ and hence will only be
given a short introduction here. The starting point in ChIMES is a many-body expansion

of the total energy of the system:
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(3)

Here, the index n, allows for a sum over the total number of atoms. The one-body contribu-
tions (1E;,) are element-specific constants, the two-body or dimer contributions (?E;,;,) cor-
respond to pair-wise interactions, the three-body or trimer contributions (*Ej,,,) to triplet
energies, etc., until a user-defined maximum of ng is reached.

We now express each of the greater than one-body terms as a sum of linear combinations



of Chebyshev polynomials of the first kind. In this case, T,,(x) corresponds to a Chebyshev
polynomial of order m, and x = cos#, which limits the Chebyshev polynomial range to

[—1:1]. For the 2B energy ?Ej,;,, we use the following expression:
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Starting with the terms in the summation, Cyi!“? is the permutationally invariant coefficient
for mth order polynomial (taken to maximum order of Nyp) for pairwise interactions between

atoms ¢ and j, which are represented by element types e; and e;,. The term 311’12 2 is the

transformed pairwise distance (r;,;,) such that the user-defined radial range [r cutie rfﬁéﬁ”] is
scaled to [—1 : 1], using an element-pair specific scaling function. Similar to previous work,
we rely on the Morse-like exponential function, where r;,;, is scaled by a user chosen constant
Aeress 1€, 8502 o exXP (=144 /Aeres). The value of A, is usually taken to be the peak
position of the first coordination shell from the radial distribution function for that element
pair. We ensure smooth behavior and zero energy at the radial boundary (7’2532) through
the term fe*“(r;,4,), which we take to be is a Tersoff smoothing function. Lastly, we use a
smoothly varying penalty function f,(r;,;,) in order to prevent sampling of distances below
the minimum value sampled in our training set, thus preventing determination of Chebyshev
polynomials outside of their natural range.

Greater than two-body terms can be determined through creation of many-body orthogo-
nal polynomials. These can be obtained by defining a cluster of size n and taking the tensorial

product of the Chebyshev polynomials derived from the constituent (Z) unique pairs. In this

case, the three-body polynomials will be products of (g) = 3 two-body polynomials, i.e.:

N3g N3p N3g'
3 __ %1 Cig iy Cig Cig 613 E E 611612613 62162'2 €iy Cig €igCig
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m=0 p=0 ¢q=0
(5)

The triple sum over the three-body polynomials is taken over the hypercube up to a prede-



fined order N3p, and the primed sum denotes that we include only terms for which two or
more of the polynomial powers are greater than zero (to guarantee that three distinct triplets

are evaluated). Four-body (4B) terms are similarly included in ChIMES optimizations,

4

2) = 6 constituent

where 4E, ;,i.i, is now determined from the sum over the product of the (
pair-wise polynomials multiplied by a single permutationally invariant coefficient.

The training set for the Erep, was then created by computing the DFTB quantum mechan-
ical terms for each configuration (e.g., Eps and Foy) and subtracting these quantities from
the corresponding DFT data. This generally includes the cartesian forces, F , stress tensor
components, a, and the total system energy. Optimal ChIMES parameters (the coefficients
of linear combination) can then readily be determined through linear least squares fitting
of the overdetermined matrix equation wAC = wB,.,, The matrix A corresponds to the
derivatives of the ChIMES energy or force expression with respect to the fitting coefficients
(i.e., the unweighted polynomial values, including the smoothing function). The column
vectors C' and B, correspond to the linear ChIMES coefficients for which we are solving
and the numerical values for the training data, respectively. The symbol w corresponds to
a diagonal matrix of weights to be applied to the elements of B, and rows of A.

The Chebyshev polynomial coefficients can then be solved for by minimizing the objective

function:

1 M ne 3 M 3 M
Fobj = | 777 (Z Yo wh (AFa)+ Y > w2 (Acad)’+ ) wh (AET)2> : (6)

7=11i=1 a=1 T=1a=1 T=1
Here, M is the total number of configurations in the training set, N, is the total number

of data entries (3Mn, force components plus 3M stress tensor components plus M energy

T%

components), the w values correspond to the weights, and AF,, = F&nmpms, — Rep,, >

— T T* J— T T* 3 T* T %
Aoyg = OCNIMES,5 — ORep, s and AE; = Efyngs — ERep- In this case, FRepai’ ORepy s and

ERep correspond to the residuals determined by the difference between the DFT computed

quantities and those computed from DFTB without the repulsive energy for ith atom in the

Tth configuration, and o/ correspond to the Cartesian direction. Previous work has indi-



cated that forces and the diagonal stress tensor components can be the most significant data
for Egep determination. """ Consequently, for Fe;P DFTB/ChIMES model development,

we have chosen to optimize to these quantities, only.
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Figure 1: Workflow for DFTB/ChIMES optimization.

We then optimized the DFTB+ confining radii and ChIMES hyperparameters through
a workflow similar to our previous efforts”’ (Figure 1). For ChIMES FEg., parametriza-
tion, we set the minimum and cutoff radii to consider the first coordination shell of the
configurations in our training set: 1.6 < rp.p. < 3.5A and 1.5 < rpp < 2.9. We use
Morse-like scaling constants of Apepe = 2.6 and Apep = 2.25, which correspond to the average
nearest neighbor distances in our training set. We have limited our search to the follow-
ing sets of {nap, nsp,n4p} ChIMES polynomials orders: {8,4,0}, {12,8,0}, {12,8,4}, and
{16,12,0}. We have also applied different weights to stress tensor components, with values

of w, =1,5,10,25,50, in order to improve agreement with the validation data.
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Results and discussion

Ry and R, Optimization

We have computed a grid of DFTB Hamiltonian and overlap matrix tables that span values
of 3.2 < Ry < 5.0 auand 6.0 < R, < 17.0 au, for a total of 30 different combinations of Ry
and R,. These parameterizations were then passed through our workflow in order to create
a unique ChIMES repulsive energy for each set of {Ry, R,}. We find that in general the
root-mean-squared errors (RMSE) in the forces and stresses show some correlation with the
compression radii. Smaller Ry and R,, are associated with smaller force and stress errors. For
example, the {8, 4,0} model set yielded Fe force errors on the order of 8.1 kcal/ mol.A, P force
errors 5.4 kcal/mol.A, and stress tensor errors of 4.5 GPa for { Ry = 3.2au, R, = 6.0au}, in
contrast to values of 16.6 kcal/mol.A, 13.4 kcal/mol. A, and 4.14 GPa for {Ry = 5.0au, R,, =
17.0au} and w, = 1. The force RMSE exhibits relatively small changes with increasing stress
tensor weight, though setting w, = 50 decreases the stress errors to < 1 GPa. Increasing
the polynomial order of the ChIMES model has the overall effect of lowering the RMSE. For
example, the {16,12,0} model set yields Fe force errors of approximately 7.8 kcal/mol. A, P
forces of 5.1 kcal/mol. A, and stress tensor errors of 2.7 GPa for {Ry = 3.2au, R,, = 6.0 au}
and w, = 1. (Please see Supporting Information for additional data.).

The resulting DFTB/ChIMES models were then validated against a number of properties
previously computed results from DFT calculations '~ that were not a part of our training
set. This includes the FesP lattice constants, bulk modulus, surface energies for the (001),
(100), and (110) crystal facets, and water bulk absorption and surface adsorption energies.
All DFTB/ChIMES validation calculations were performed using the same k-point meshes
as the DFT results, namely, bulk systems were run using a 6 x 6 x 6 k-point Monkhorst-
Pack grid, while a 1 x 7 x 7 mesh was used for the surface calculations, where the smaller
mesh value is related to the nonperiodic surface direction. We again used SCC~' and charge

convergence criteria of 2.72 x 107° eV (107% au) and a force convergence tolerance of 0.01
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eV/A for each atom in each direction.

We now report on the results from our validation calculations. In general, we find that
the inclusion of 4B terms in the {12, 8,4} parameterization yields only very change small in
accuracy relative to the {12,8,0} set. Hence, for the sake of brevity, we limit our discussion
to the {8,4,0} and {16,12,0} parameterizations, which are the lowest and highest limits of

ChIMES complexity in our study (the complete set of results can be found in the Supporting

Information).
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Figure 2: Percentage deviation from DFT values of the schreibersite a lattice constant a
for (a) {8,4,0}, and (b) {16,12,0} model sets, as a function of the stress tensor weights
(reported above the plots). Results for the ¢ lattice constant are included in the Supporting
Information.

Lattice constants. Our results for the relative difference between the {8, 4,0} model and
DFT for the schreibersite equilibrium lattice constants (Fig. 2 for the a constant, with results
for ¢ included in the Supporting Information for the sake of brevity) indicate that using equal
weights in our optimizations for the forces and stress tensor components (wp = w, = 1)
consistently yields an overly compact lattice, where the values of a and ¢ are approximately

8% and 10% smaller. These higher density structures also optimize to antiferromagnetic spin
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geometries, rather than the correct ferromagnetic result. In addition, we observe a relatively
small dependence on values of Ry and R,. However, the introduction of weights of w, > 1
while keeping wg at unity improves the results appreciably, where observe the errors improve
to —5% for w, = 5 to ~ 1% for w, = 25, 50.

Increasing the polynomial order to {16,12,0} uniformly improves the lattice constant
results relative to DFT results, regardless of the value of w,. Here, the average error in a
and ¢ is ~ 3.5% for w, = 1, which decreases to < 0.5% for w, = 25,50. We note that we
observe only small differences between results for {12,8,0} and {12,8,4}, where the lattice
constants both agree within 1% for values of w, = 10 and 25 (see Supporting Information

for detailed data).

Bulk modulus. We now investigate the influence the confining radii on the schreibersite
bulk modulus in order to test the validity of our models for high-pressure material property
prediction. In this case, we have computed the zero temperature compression curves by
isotropically compressing the system pressure to 100 GPa with each DFTB/ChIMES model.
We then fit our data with a Rose-Vinet equation of state equation of state, where the bulk
modulus K is one of the fitting parameters.””’ For reference, we previously obtained a DFT
bulk modulus of Kppr = 173.2 GPa, ” compared to two available experimental results of
172" and 157.9" GPa.

Fig. 3 reports the results in terms of relative difference AK, with respect to DFT. We
find that all results for w, = 1 yield bulk moduli that are up to 400% too high for the
{8,4,0} set, and over 100% too high for the {16,12,0} set. This is due to the excessively
compact antiferromagnetic structure present in all of these DFTB/ChIMES models. We
observe that applying values of w, greater than one yields improved results. The {8,4,0}
model set yields errors of approximately 100% for w, = 5, and errors approaching zero for
w, = 25 and greater. Our results for {16, 12,0} initially converge more rapidly to low error

results, where we observe a number of DFTB/ChIMES optimizations that yield errors of
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close to zero for w, = 5 and 10. However, the relative values of AKj increase with higher
values of w,. This is likely because the large stress tensor weights combined with the higher
complexity of the model yield higher errors in the forces overall. In general, we find that the
{16, 12,0} model set generally yields the highest level of accuracy for our validation studies.

Hence, we choose to focus on this model set for the remainder of our confining radii study.
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Figure 3: Percentage deviation from DFT bulk modulus of schreibersite for (a) the {8,4,0}
set and (b) {16, 12,0} set a function of stress tensor weights (reported above the plots).

Surface Energies. Next, we have investigated the surface formation energy for the (001),(100),

and (110) low index surface facets. The surface formation energy is defined as

E = )
surface 24 ( 7)

Here, Fg.p is the total electronic energy of the slab, (Fuux/npuk) is the energy per atom
of the bulk cell, n is the number of atoms contained in the slab, A is the surface area of
a given facet, and the factor of two accounts for both surfaces present in a periodically
replicated system. We use our previously computed surface structures from DFT as our

initial configuration for DFTB/ChIMES validation test. In this case, each surface slab is
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six atomic layers thick (corresponding to a total of 96 atoms) and with a vacuum region of
20 A in each direction perpendicular to the slab surface in order to minimize nonphysical
interactions between periodic images. Furthermore, due to the heterogeneity of the system,
each facet was constructed with different surface terminations (i.e., the number of P or Fe
atoms at the surface). By enforcing both symmetry (top and bottom layers are identical)
and stoichiometry (i.e., the system maintains a 3:1 iron to phosphorus ratio), we were able
to build two different surface terminations for each facet, where either a majority of iron
(labeled ‘type 17) or phosphorus atoms (labeled ‘type 2) is present. The errors for the (001)
and (100) surfaces were similar for all sets of confining radii. Hence, for our discussion, we
choose to focus on both types of the (001) and (110) surfaces, only.

The complete set of formation energies is reported in the Supporting Information. Our
results for {16,12,0} show that the energies for both type 1 and type 2 (001) surfaces are
highly sensitive to the value of w, (Fig. 4). When no weights are applied the stress tensor
components, the surface energy can be up to 60% larger than DFT (first panel on the left
of Fig. 4b), with the highest value of Eé(l))l = 3.66 J/m? for Ry = 3.2 au and R, = 12 au
compression radii, compared to the DFT value of 2.24 J/m?. We find that increasing the w,
5 or 10 improves the results significantly, where surface energies with Ry > 4.4 au deviate
from DFT for both type 1 and 2 surfaces by less than 5%, with values of Eé(l))l between 2.15
and 2.33 J/m?, each. Increasing w, to larger values yields significantly larger errors, where
the w, = 25 set yields surface energies that are 20-30% higher for Ry < 4.4 au, with values
of Eé(l))l between 2.67 and 3.02 J/m?. This is again likely due to large errors in the forces for
this set, which results in large errors in optimized geometries.

In contrast, the effect of different confining radii on the (110) surface energy was more
difficult to characterize (Fig. 5), as our set of DFTB/ChIMES models for the {16,12,0}
set were more likely to be overfit. This resulted in a lack of convergence of a number of
our surface optimizations, as indicated by the lack of data points for some combinations of

{Ry, R,}. However, we still observe a similar trend for both type 1 and type 2 surfaces,
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Figure 4: Percentage deviation from DFT values of schreibersite surface energy formation
for (001) facets of termination type 1 (a) and type 2 (b) obtained for {16, 12,0}.

where values of Ry > 4.0 and w, = 5 or 10 yielded the smallest deviations from DFT.
For example, the DFTB/ChIMES model obtained with {Ry = 4.7 au, R, = 9.0 au} and
w, = 10 yielded an error of ~ 3% for the type 1 surface and 22% of the type 2 surface, with
values 2.61 and 1.88 J/m?, compared to the DFT results of 2.53 and 1.54 J/m?, respectively.
It is likely the difficulties with convergence for this set would be improved with additional

training data, which is the subject of future work.

Bulk interstitial water absorption. We now examine the interaction of schreibersite
with water molecules in the bulk. We have used the PyMatGen code'” to identify two
distinct interstitial sites within the lattice (Fig. 6). Specifically, the first type of interstitial
site (site 1) consists of a tetrahedral cage composed of iron atoms. The second type of
interstitial site (site 2) is formed by a tetrahedron that incorporates a phosphorus atom at
one of its vertices. The formation energies for these sites are calculated via the equation
Eaet = Epespin,0 — (Evux + En,0), where Ege,pip,0 represents the total energy of the

relaxed defected structure, Fpuy is the total energy of the bulk schreibersite, and FEy,o
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Figure 5: Percentage deviation from DFT values of schreibersite surface energy formation
for (110) facets of termination type 1 (a) and type 2 (b) obtained for {16, 12,0} as a function
of stress weights.

denotes the energy of an isolated water molecule in vacuum. In this case, both DFT and
all DFTB/ChIMES calculations were initiated from the same initial configurations, which
resulted in dissociation of the water molecule upon optimization. For reference, the values
computed via DFT are Egio1 = —3.56 eV and Egieo = —3.49 eV, respectively.

Our sweep tests of confining radii for the {16,12,0}/w, = 5,10 model sets indicate
that in general these dissociative absorption energies are more accurately computed when
considering longer confining radii (Fig. 7). For example, errors relative to DFT are minimized
for the w, = 5 set when Ry = 5.0 au and R,, = 17.0 au, with values of —3.49 and —3.88 eV,
respectively for site 1 and site 2. However, we observe that smaller confining radii such as
Ry = 4.7 au and R,, = 9.0 au yield relatively small errors as well, with values of —3.64 and
—3.22 eV for site 1 and site 2, respectively, when w, = 5. It is worth noting that, although
the w, = 10 in general also exhibits high accuracy, it tends to be overfit when Ry = 5.0
(indicated by the missing points in Fig. 7). The increased error with higher stress tensor
weighting is commensurate with the higher error in predicted forces, discussed above. The

errors are also generally highest for the {Ry = 3.2 au, R, = 6.0 au} models due to over
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Figure 6: (Bulk interstitial sites for water absorption in schreibersite for (a) site 1 with only
Fe atoms, (b) site 2 with one P atom as a vertex of the tetrahedral cage.
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Figure 7: Percentage deviation from DFT values of schreibersite bulk water absorption for
{16,12,0} obtained for both interstitial sites and for w = 5 and w = 10.
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compression of the wavefunction and density.

Optimal Hyperparameters. Our findings thus far provide a broad picture of how the
ChIMES hyperparameters and DFTB configuration influence the precision and accuracy of
our model. Given our results, we have chosen { RE® = 4.7 au, RF® = 9.0 au}, {n.g = 16, n3p =
12, n4p = 0} as our optimal set of DFTB/ChIMES hyperparameters, with w, = 5 for the
weights assigned to the stress tensor components (final results shown in Table 1). This model
yielded the highest overall degree of accuracy while avoiding overfitting for our validation
calcuations. This model is able to predict the correct energetic ordering of absorption sites
(Esite2 > Fsite1) with a somewhat large AFE of 0.41 eV relative to our DFT calculations,

though this value likely changes with the choice of functional and basis set.

Table 1
DFTB/
cnves PFT
Lattice
constant [A] a 9.008  9.045
C 4.366 4.380
K0 [GPa] 170.3  173.2

type 1 2.32 224

2
(001) {J/m type 2 2.10  2.00
o typel 220  2.05
(100) [J/m type 2 2.05  1.95
261 2.53

or  type 1
(110) [J/m’] type 2 1.88  1.54

Site 1 -3.64 -3.78
Site 2 -3.22 -3.49

Edcf [GV]

Water Surface Absorption Energies

We now test our optimal DFTB/ChIMES model for water absorption on the most stable
facet, i.e., the (110) type 2 (phosphorus terminated) surface. Similarly to interstitial defects,
we defined the adsorption energies as Faqs = Fsabin,0 — (Esab + Fu,0) where Egapin,0

is the energy of the FesP slab with the adsorbed molecule in its final state, Fgap, is the
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energy of the pristine slab, and again Ey,o is the energy of an isolated water molecule in
vacuum. In our previous work,'” we identified three different adsorption sites, i.e., ‘ontop’,
‘bridge” and ‘hollow’ (Fig. 8). Each type of site can involve different combinations of Fe
or P atoms, resulting in two different site types for each classification. We thus validate
our model against results for ontop sites on an iron or on a phosphorous atom, bridge sites
among two iron atoms or one iron and one phosphorous, and two different hollow sites, with
or without phosphorus, depending on the packing of the surface atoms. In addition, the
computed adsorption energies for each site depend on the initial orientation of the water
molecule, i.e., whether one of the hydrogen atoms from the water molecule is pointing up

[Pe]

(‘u’) into the vacuum, down into the slab (‘d’), or the HyO molecular plane is parallel to

the schreibersite surface (‘p’).'”'" Hence, each adsorption site is examined for its u, p, and d

dependence as well, for a total of 18 adsorption energies (Table 2).

Figure 8: Different adsorption sites on (110) surface. In this image, the big brown circles
represent iron atoms, while the smaller orange circles stand for the phosphorous atoms.
Graphic taken from Ref. 15.

We observe that the strength of the adsorption energies involving iron atoms are generally
overestimated by DFTB/ChIMES relative to DFT, yielding values that are ~0.22-0.25 eV
too negative for the Fe-Fe bridge site, ~0.38-0.40 eV too negative for the Fe-Fe-P hollow

site, and 0.43-0.57 eV too negative for the Fe ontop site. One exception is the Fe-Fe-Fe p
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Table 2: Adsorption energies for the different sites shown in Fig. 8, and for the initial
molecular configurations investigated here. We note that ‘p’ stands for planar, ‘u’ stands
for upward and ‘d’ for downward. Values for u, p, and d that are nearly isoenergetic indicate
optimization to a similar final water molecule geometry.

DFTB/
chves  PFT
(p) -0.640 -0.429
Fe-Fe  (u) -0.604 -0.444
. d)  -0.693  -0.445
Bridge Epg 0152 -0.211
Fe-P  (u) -0.156 -0.168
(d) -0.156 -0.184
(p) -0.710 -0.331
Fe-Fe-P (u) -0.710 -0.338
(d) -0.728 -0.334
Hollow (p)  -0.188  -0.195
Fe-Fe-TFe (u) -0.729 -0.484
(d) -0.725 -0.484
(p) -0.799 -0.227
Fe (W) -0.720  -0.269
d)  -0.702  -0.268
Ontop Epg 0.145  -0.173
P (W) -0.131  -0.162
(d) -0.125 -0.164
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hollow site, where our model agrees with DFT within 0.07 eV.

In contrast, the adsorption energies from DFTB/ChIMES predominantly involving phos-
phorus atoms tend to be more accurate, where the Fe-P bridge site results differ from DFT
by less than 0.05 eV and the P ontop site by less than 0.04 eV. These discrepancies in the
Fe results are likely due in part to the fact that the Fe-O and Fe-H pairwise repulsive en-
ergies were determined by matching to the trans3d parameter set, which was optimized for
bond length and dissociation energies, whereas chemical surface interactions with transition

metals can require the inclusion of many-body interactions.

Magentization as a Function of Pressure

Given our objective of developing a model suitable for high-pressure impact studies, we
consider the variation of magnetization in response to external pressure. Here, we have com-
puted the relative magnetization in scheibersite as it is compressed at zero Kelvin from zero
to 100 GPa ( Fig. 9). Results from DFTB/ChIMES and DFT are very similar throughout
the entire pressure range, with a gradual decrease up to 30 GPa, where we observe a rapid
drop that corresponds to a potential first-order phase transition.">'»'* This diminishing
trend culminates in a non-magnetic state at P > 50 GPa in both DFT and DFTB/ChIMES,
where the iron atoms have largely lost their magnetic moments, as previously noted by

high-pressure experiments.

Molecular Dynamics

In order to test the dynamics of our model under ambient and extreme conditions, we have
performed molecular dynamics (MD) calculations using DFTB/ChIMES at pressures and
temperatures from ambient up to 50 GPa and 1500 K. Both DFTB/ChIMES and DFT
NV'T simulations were initiated using an optimized 32-atom schreibersite bulk simulation
cell, run for 5 ps and using a timestep of 1 fs. Here, we have used a 2 x 2 x 2 k-point

Monkhorst-Pack grid for both sets of simulations.
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Our results for the Fe-Fe and Fe-P RDF's indicate overall very good agreement between
the DFTB/ChIMES and DFT datasets (Fig. 10), where we have excluded the P-P RDFs
for the sake of brevity. Simulations under ambient conditions (Fig. 10a) indicate that
DFTB/ChIMES can effectively capture the first coordination shells, where we observe a
close match with DFT for the first peak in both the Fe-Fe and Fe-P RDFs. DFTB/ChIMES
reveals a slightly less structured atomic distribution for the second and third coordination
shells, though the differences are relatively small. At elevated conditions (10b), we observe
strong agreement with DFT for all solvation shells captured within our simulations. Notably,
configurations at P = 50 GPa were absent from our dataset, indicative of the ability of our

model to represent state points beyond our training regime accurately.

Transferability of the model

Finally, we examine the transferability of our DFTB/ChIMES model through lattice op-
timizations of materials other than FesP schreibersite. All optimizations were performed
using the material unit cells and the DFTB+ convergence criteria discussed above. We
first performed calculations on two other iron phosphide structures, FeP and Fe,P. Iron
monophosphide (FeP) belongs to a family of transition-metal monopnictides, crystallizing
in the MnP structure type (orthorhombic, space group Pnma). Recently, FeP has garnered
attention due to its distinctive magnetic and superconducting properties, including the for-
mation of a helical magnetic structure. " Di-iron phosphide (Fey), has been investigated as
an anode material in sodium-ion batteries. ” FeyP crystallizes in a hexagonal crystal struc-
ture that can be described as layers of Fe atoms in a hexagonal close-packed arrangement
with P atoms occupying half of the octahedral interstices.

Our optimization results for these two iron phosphides are summarized in Tab. 3. The FeP
b and c lattice constants compare very well with DFT and experiment, with errors of ~1%
and 4%, respectively. The a lattice constant differs by roughly 10%, though DFTB/ChIMES

is able to retain the orthorhombic primitive cell. The Fe;P optimization yielded somewhat
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Table 3: Comparison between DFTB/ChIMES, DFT, and experiments for the FeP and Fe,P
lattice constants.

FeP Feo P
DFTB/ DFTB/
CLIMES DFT expt DFT

ChIMES
a[A] 3340 3.034 3.089
b[A] 5356 5133 5.174 0828 5802 5876
c[A] 5745 5694 5772  3.340 3408 3.449

expt

closer comparison with DFT and experiment overall, where both a and ¢ lattice constants
agree within ~1-2%.

We have also performed transferability studies on three allotropic forms of iron metal,
including a-Fe, v-Fe, and e-Fe. Ferrite, or a-iron, is the ground state and corresponds
to a ferromagnetic body-centered cubic (bcc) structure that remains stable up to 1185 K.
Beyond this temperature but at low pressure, a-Fe transitions the face-centered cubic (fcc)
~-Fe structure, also named austenite. Under pressures exceeding approximately 10-13 GPa
and temperatures up to around 700 K, a-Fe adopts the hexagonal close-packed (hcp) e-iron
structure, also called hexaferrum.'" The results of our calculations indicate strong agreement
for the lattice constants of all three phases, with agreement of < 1% a-Fe and ~-Fe. The
agreement for e-iron is also reasonable, where DFTB/ChIMES differs by ~1% or the a
lattice constant, and by ~4% for the ¢ lattice constant (Table 4). However, we observe
some disagreement with DF'T for the energetic ordering of the allotropes. In this case, DFT
yields an energetic ordering of a-Fe followed by e-Fe and y-Fe, DFTB/ChIMES yields e-Fe
as the most stable phase. However, e-Fe is nearly isoenergetic with a-Fe for both sets of
calculations, and the energetic difference between a-Fe and ~-Fe is similar, with a value of
0.13 eV from DFTB/ChIMES and 0.09 eV from DFT. Regardless, our results indicate the
relatively strong transferability of DFTB/ChIMES to Fe/P-containing materials, given that

none of these materials were present in our training set.
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Table 4: Comparison of the DFTB/ChIMES with DFT and experimental values of the
different iron allotropes’ lattice constants and energy per atom. In particular, the energetic
ordering is given with respect to the most stable structures, which has a 0.0 eV value in the
table.

a—Fe ~v—Fe e—Fe
DFTB/ DFTB/ DFTB/
CLIMES DFT expt CHIMES DFT expt CLIMES DFT expt
& [A] 2.827 2.831 2.856 3.647 3.630 3.6519 2.464 2.484  2.461
c [X] 3.715 3.898 3.952
AE [eV] 0.022 0.000 0.157 0.093 0.000 0.072
Conclusions

In this work, we have determined an optimal DFTB/ChIMES model in order to conduct
quantum simulations of chemical reactivity due to the meteoritic mineral schreibersite. We
have used our workflow to optimize the DFTB semi-empirical Hamiltonian and overlap
matrices, while simultaneously determining a many-body ChIMES repulsive energy. The
advantage to our workflow stems from the rapidity with which the linear ChIMES parameters
can be determined for each set of quantum interactions, as well as the relatively small data
requirements for our repulsive energy optimizations. Our DFTB/ChIMES workflow can be
performed with a semiautomated approach, allowing for a rapid downselection of DFTB
hyperparameters for the required application.

Our DFTB/ChIMES model yields accurate results for the validation of our study, indica-
tive of a robust model for simulations of Fe3P degradation due to planetary impact. This
included a wide diversity of data, such as the scheribersite lattice constant, bulk modulus,
and low-index surface energies. We also compute relatively accurate results for bulk water
absorption and water surface adsorption, though these results could be improved further by
including these types of systems in our optimization workflow. Regardless, DFTB/ChIMES
can determine a highly accurate representation of the magnetization as a function of in-
creasing pressure, where results compare closely with DF'T in terms of a schreibersite phase

transition at approximately 30 GPa and the absence of magnetization above 50 GPa. Fur-
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thermore, our model is shown to be robust for molecular dynamics simulations under extreme
pressures and temperatures. Finally. we show that our model shows transferability to dif-
ferent materials, including iron monophosphide, di-iron phosphide, and three allotropes of
iron metal. Future work can involve further refinement of our Fe/P DFTB model, by in-
cluding training data from additional materials, phases, and thermodynamic state points.
Ultimately, our model will help with simulations of prebiotic impact synthesis, where the role
of aqueous schreibersite systems in phosphate production is difficult to discern, and there
is subsequently a need for quantum simulations for predictions of chemical and physical

properties to help elucidate future experiments.
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