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Superconducting Phases of Phosphorus Hydride Under
Pressure: Stabilization via Mobile Molecular Hydrogen

Tiange Bi, Dan Miller, Andrew Shamp, Eva Zurek*

Department of Chemistry, State University of New York at Buffalo,
Buffalo, NY 14260-3000, USA

E-mail: ezurek@buffalo.edu

At 80 GPa phases with the PH, stoichiometry, which are composed of simple cubic like phos-
phorus layers capped with hydrogen atoms and layers of H, molecules, are predicted to be im-
portant species contributing to the recently observed superconductivity in compressed phosphine.
The electron phonon coupling in these phases results from the motions of the phosphorus atoms
and the hydrogens bound to them. The role of the mobile Hy layers is to decrease the Coulomb
repulsion between the negatively charged hydrogen atoms capping the phosphorus layers. An
insulating PH5 phase, whose structure and bonding is reminiscent of diborane, is also predicted
to be metastable at this pressure.
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Pressure can have a dramatic effect on structure, chemical bonding, reactivity, and the prop-
erties of matter. '™ High pressure experiments have recently led to the discovery of superconduc-
tivity in hydrides of two p-elements: sulfur® and phosphorus.® Density functional theory (DFT)
calculations predicted that phases with the H3S stoichiometry would become more stable than su-
perconducting solid H,S” and solid H; at ~6 GPa,® and the T, of an Im3m-H3S phase estimated
using the Allen-Dynes modified McMillan equation, ~200 K at 200 GPa,’ was in good agreement
with the experimental observations.> These successes inspired the search for superconductivity
in compressed phosphine.® Experiments showed metalization at ~30 GPa, and the measured re-
sistance disappeared at 83 GPa and 30 K. The 7. increased with increasing pressure, reaching
103 K at 207 GPa. The lack of experimental structural information motivated a series of theoreti-
cal predictions that identified several phases, including PH, '° PH,, ! and PH;!%!2 as candidates
for the experimentally observed superconductivity between 100 and 200 GPa. Notably, all of the
reported structures were found to be metastable, that is they were thermodynamically unstable
with respect to the elemental phases, but phonon calculations confirmed they were local minima.

Because the aforementioned studies '3 did not carefully investigate the PH,, phase diagram
for pressures less than 100 GPa, herein we have carried out an exploration of the potential en-
ergy surface (PES) for n = 1 — 6 using the evolutionary algorithm XTALOPT!* at 40, 50, 80
and 100 GPa. The enthalpies of formation, A H, of the metastable phases ranged from 15 to
55 meV/atom with respect to the elemental phases. Because no structural transitions were found
to occur in the most stable phases with n = 1 — 4,6 below 100 GPa, and the superconductivity
was first observed at 83 GPa, we focus on the results obtained at 80 GPa. Some of the structures
found at 100 GPa have been reported previously. -1

Except for PH5, the most stable structures were metallic, and they were composed of simple
cubic (sc) like layers of phosphorus, with the atoms in the top and bottom layers terminated
by hydrogen atoms; an example is the PH, phase shown in Fig. 1. At this pressure phosphorus
possesses a sc structure. '° The two-dimensional lattices were separated by layers of H, molecules.
The number of layers of phosphorus/H, were 6/2, 4/3, 4/5, 2/3 and 2/5 for the most stable PH,
PH,, PH3, PH, and PHg phases found, respectively. Below 63 GPa the most stable PH; phase also
adopted this type of structural motif with two P-H layers separated by four H, layers. However,
at 80 GPa the most stable system was a non-metallic PH; phase whose structure and electronic
structure resemble that of diborane, with its electron deficient three-center-two-electron (3c-2e)
bonds. With the exception of a C'm-PH phase, by 100 GPa the most stable phases were no longer
layered.

Herein, an in-depth analysis of the dynamically stable PHs phases with C'mmm and C'2/m
symmetry, one of which is illustrated in Fig. 1, are provided as an example to demonstrate the
properties of the layered structures. These systems were chosen because: (i) their estimated 7.s
provided the best agreement with the experimental results; (ii) the reactions 2PH — PHs + P and
PH; — PH, + %HQ are exothermic with enthalpies of -6.4 and -8.6 meV/atom at 80 GPa, respec-
tively. Our detailed analysis reveals that even though the freely-rotating Hy molecules are not
important for the superconducting properties of these phases, they stabilize them by decreasing
the Coulomb repulsion between the -PH atoms from adjacent layers.

In Cmmm-PH; two of the H, layers, those closest to the -PH atoms, are parallel to the a-axis
whereas the third is parallel to the b-axis. The phosphorus atoms are octahedrally coordinated.
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The electron localization function confirmed the presence of P-P, P-H and H-H bonds. Our evo-
lutionary searches identified another dynamically stable PH, phase with C'2/m symmetry that
was nearly isoenthalpic with Cmmm. In the C2/m phase, which is shown in Fig. 2, the P-P-H
angles were 179.4° (vs. 180° for C'mmm) and the Hys closest to the P-H atoms were tilted with
an angle of 19.5° to the a-axis, resulting in a slightly smaller volume and a 5.1 meV/atom smaller
PV contribution to the enthalpy.

The nudged elastic band method estimated a barrier of 3.1 meV/atom for a pathway con-
necting the C'mmm and C2/m phases that consisted of the concerted rotation of all of the H
molecules in the structure, and was employed to determine the barrier for a 180° rotation of the
Hjys in the middle layer (12.4 meV/atom), the top and bottom layers (6.9 meV/atom), and all three
layers (6.1 meV/atom). To investigate the mobility of the Hys further, molecular dynamics (MD)
calculations were carried out at 15, 30, 100, and 300 K. In all of the simulations free rotation
of Hy was observed, and hydrogen atoms were exchanged between the Hy and P-H units. This
behavior is akin to the proton transfer between the H, molecules within the graphite-like layers
of Phase-IV of solid H,, which occurs during their rotation as observed in MD simulations. !’
Moreover, below 110 GPa the low-pressure phase I of solid hydrogen consists of freely rotating
molecules on a hexagonal closed-packed lattice.!'® At times the rotations in our MD simulations
resulted in the molecules comprising the central layer to come close enough to each other so that
extended hydrogenic networks with H-H distances of ~0.8-1.0 A formed and these lattices ap-
peared to “flow”. However, when the geometries were optimized at O K the hydrogenic lattices
broke and the H, molecules reformed.

The Bader charges of both of the PH; phases showed that the phosphorus atoms that only
formed P-P bonds and the H, hydrogens were nearly neutral. The average charge on the phos-
phorus and hydrogen atoms within the P-H units were +0.38 and -0.40, respectively. We therefore
postulated that the role of the H, layers within the structure was to reduce the Coulomb repulsion
between the negatively charged hydrogens in the P-H groups via screening, and by increasing the
P-H- - -H-P separation.

To test this hypothesis the C'2/m-PH; phase was modified by varying the number of H, layers
and the resulting structures were optimized at 80 GPa. As shown in Fig. 2, removal of all of the
H; layers in a geometry that staggered the P-H contacts resulted in a PoH structure whose AHp
was 80.4 meV/atom less stable than the parent. Modification of the structure so that the P-H
groups directly pointed towards each other destabilized the system by a further 85.2 meV/atom.
The internal energy of the staggered system was 30.4 meV/atom larger, but its PV’ contribution
to the enthalpy was 115.6 meV/atom smaller. This suggests that the increased Coulomb repulsion
stemming from the shorter P-H- - -H-P distances in the staggered phase (0.956 A vs. 1.215 A) is
outweighed by its smaller volume (47.25 A3/unit cell vs. 48.64 A3/unit cell). PyH; and the most
stable PH phase were derived from the unstaggered PoH wherein Hys were added in the voids
between the P-H motifs. Both of their A Hy values were smaller than that of the PoH parent. A
PH structure wherein the layers containing P-H units were staggered was not a stationary point on
the PES. Addition of one more H, layer to C'2/m-PH, yields a PyH; phase whose A Hr was the
same as that of PHs, suggesting that further addition of Hy would yield similarly stable structures.

The bands and DOS of both of the PH, phases were nearly free electron like, and their metal-
licity was due primarily to phosphorus p-states. The hydrogen exchange observed in the MD
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simulations illustrates that the vibrations involving hydrogen atoms are strongly anharmonic, sug-
gesting that anharmonicity is also likely to be important for an accurate determination of the 7..
To obtain a rough estimate of the 7. we employed the Allen-Dynes modified McMillan equation,
see Table 1. The 7. for PH3 was not calculated because we were unable to find a phase with this
stoichiometry that was dynamically stable at 80 GPa, using cells that contained up to 20 formula
units.

The Ts of the two PH, phases yielded the best agreement with experiment, 30 K at 83 GPa.®
Our results are closer to experiment than those previously obtained using DFT for superconduc-
tors, wherein an /4 /mmm symmetry structure that did not contain layers of molecular H; units,
and was the lowest enthalpy PH, phase above 153 GPa,!! had a T, of nearly 50 K between 75-
125 GPa.!” Interestingly, the modes that give the largest contribution towards A within the two
80 GPa PH, phases originate from the vibrations of the phosphorus atoms (<500 cm~') and
from the phosphorus-hydrogen motions (~500-2500 cm~1!), whereas the hydrogen vibron only
furnishes a minor amount to A. This is in contrast to the findings for the 200 GPa PH, phases,
which did not contain molecular Hy units, wherein A\(H-H) was larger that \(P-P).!!

The T, of phosphorus is 4.3 K at 70 GPa, and it decreases below 4 K up to 160 GPa. '8 \(P-
P) is significantly smaller for the polyhydrides than for pure phosphorus. The smallest value is
for PH,, likely because its phosphorus layer is only two atoms thick such that each phosphorus
atom is coordinated to one hydrogen atom. This, coupled with its decreased A(P-H) (as compared
to the other hydrides) results in a nearly negligible 7. for PH;. A comparison of the PH and
PH, phases shows that the increased \ of the latter is due to vibrations between 0-2000 cm™!.
These correspond to P-P and P-H motions, but do not include the P-H stretching mode found near
~2300 cm™!. This suggests that there may be an optimal thickness of the phosphorus layers that
maximize the sum of the electron phonon coupling contributions arising from the H-capped phos-
phorus layers, and that the Hy molecules are not important for the superconductivity. The band
structures of the PHy phases show numerous nearly parallel steep bands that cross Er and flat
bands near I, in-line with the steep band/flat band scenario observed in many superconductors, !°
including HjS.

Finally, let us take a look at the PH,, structure with the lowest A Hr discovered at 80 GPa:
a dynamically stable P1-PHj5 phase. As show in Fig. 3, it was comprised of P;H;, building
blocks that resemble diborane. Analogous to diborane, four out of the five valence electrons of
phosphorus participate in conventional 2c-2e bonds with the terminal hydrogen atoms in PoHy,
leaving four electrons in the PoH, ring to participate in 3c-2e bonding. The optimized geometry
of the P,H;y molecule in the gas phase, Fig. 3(b), confirms that the bridging P-H bonds are
weaker than the terminal P-H bonds, and the molecule attains Dy, symmetry, again in-line with
the findings for diborane. As illustrated in Fig. 3(d), the six gas phase molecular orbitals (MOs)
of PoH; that are lowest in energy resemble the HOMO (highest occupied MO) to the HOMO-5
of diborane, and the four occupied MOs of PoH; that are highest in energy have the same nodal
structure as the unoccupied MOs of diborane that are shown.

Ashcroft proposed that metalization of hydrogen, whether it be in the atomic or molecular
form, can be hastened via the “chemical precompression” that occurs when hydrogen is com-
bined with, for example, a main group metal.?° And he argued that such hydrides could be high
temperature superconductors for the same reasons believed to be important for metallic hydrogen.
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Indeed, vibrations that include the motions of the hydrogen atoms are the main contributors to the
electron phonon coupling, )\, of the Im3m-H3S phase.® Herein, we have shown that hydrogen
plays a very different role in two metastable PH, phases at 80 GPa. Layers of H, molecules that
can rotate freely, and form mobile extended hydrogenic networks at finite temperature, reduce the
Coulomb repulsion between the negatively charged hydrogens that cap simple cubic like layers
of phosphorus atoms. But, the metallicity and A of the PH, phases originates within the hydrogen
capped phosphorus layers.
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Figure 1: (a) The conventional cell of the C'mmm-PH, structure at 80 GPa. (b) Electronic band
structure along with the total and site projected electronic densities of states (DOS). The Fermi
level, E'r, is set to zero. The free electron (FE) DOS is given by the dashed line.
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Figure 2: AHp for the reaction P + % (Hy) — PH,, versus the number of molecular hydrogen
layers within C'2/m-PH, and the illustrated modifications at 80 GPa. The dashed line indicates
the AHp of the C2/m-PH; phase. The most stable PH phase shown in this Figure had 4/1
phosphorus/H, layers and it was 19.3 meV/atom less stable than a 6/2 layer phase found in the
evolutionary search.
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Figure 3: The optimized geometry of molecular (a) BoHg and (b) PosHyy. The B-H and P-H
distances are provided. (c) A 2x2x2 supercell of the P1-PHj structure at 80 GPa. (d) (From left
to right) The MO level diagrams for: molecular BoHg and PoH;( optimized at 1 atm, and in the
geometry it adopts in P1-PH; at 80 GPa. The Fermi levels are set to 0 eV. Isosurfaces (isovalues

0.02-0.04 a.u.) of select orbitals are provided. The calculated site-projected densities of states
(PDOS) of P1-PHj; at 80 GPa is located on the far right.
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Table 1: Electron-phonon coupling parameter (\), logarithmic average of phonon frequencies
(wiog) and estimated superconducting critical temperature (7.) for values of the Coulomb pseu-
dopotential (*) of 0.1 for simple cubic (S.C.) phosphorous, and various PH,, phases at 80 GPa.
The number of layers of phosphorus/H, are also provided.

System A AP-P) AP-H) ANH-H) wy (K) T.(K) P/H,

S.C.P 0.70  0.70 0 0 528.2  18.5% 00/0

C2PH 0.63 0.28 0.33 0.02 476.7 123 6/2

C2/mPHy 095 041 0.51 0.03 467.2 30.1 4/3

CmmmPHy; 0.88  0.37 0.48 0.02 529.4 29.5  4/3

C2/mPH; 034 0.08 0.24 0.02 683.2 1.9 2/3

“A value of p* = 0.18 yields 8.2 K.
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Superconducting Main Group Hydrides: Theoretical calculations predict that a two-dimensional
superconductor composed of layers of phosphorus atoms that are capped with hydrogen atoms
can be synthesized by 80 GPa. Key to the stability of this phase are layers of fluid hydrogen
molecules that lie between 2D sheets and minimize the Coulomb repulsion between them. Such
a phase may be responsible for the recently observed superconductivity below 30 K at 83 GPa in
compressed “phosphine”.
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S1 Computational Details

Crystal structure prediction was carried out using density functional theory (DFT) coupled with
the evolutionary algorithm (EA), XTALOPT, release 9.! Duplicate structures were detected via
the XTALCOMP algorithm.? EA runs were carried out on PH,, (n = 1-6) stoichiometries at 40,
60, 80 and 100 GPa employing 1-6 formula units (FU) within the simulation cells in a single run.
The lowest enthalpy structures obtained from each search were relaxed in the pressure range of
40-100 GPa.

Geometry optimizations and electronic structure calculations were performed by using DFT
as implemented in the Vienna Ab-Initio Simulation Package (VASP) version 5.4.1,> with the
gradient-corrected exchange and correlation functional of Perdew-Burke-Ernzerhof (PBE).* In
order to test the effect of long range intermolecular London dispersion interactions, the vdW-DF-
optB88°~7 exchange correlation functional was used to optimize the geometries and evaluate the
enthalpies for PH,, structures between 40-100 GPa. However, it was determined that at the pres-
sures studied the effect of vdW interactions for these types of systems is negligible for example
compare Figure S3 with Figure S4, and see Figure S19. Meanwhile, the convergence test for vari-
ous cutoff energy (ENCUT) and k-mesh are showing in Figure S1 and Figure S2, respectively. At
80 GPa the difference in the enthalpies of the C'mmm and C2/m PH; phases was 1.2 meV/atom,
which is approximately equal to the level of convergence attained by our computational settings.

The projector augmented wave (PAW) method® was used to treat the core states, and a plane-
wave basis set with an energy cutoff of 700 eV was employed. The H 1s! and P 35/3p? electrons
were treated explicitly using the PAW-PBE H and PAW-PBE P POTCARS, which are available
in the potpaw-PBE.52.tar.gz file from the VASP repository. The k-point grids were generated
using the I'-centered Monkhorst-Pack scheme, and the number of divisions along each reciprocal
lattice vector was chosen such that the product of this number with the real lattice constant was
30 A in the structure searches, and 40-50 A otherwise.

Phonon calculations were performed using the Quantum Espresso (QE)? program to obtain
the dynamical matrix and the electron-phonon coupling (EPC) parameters. The phonon calcu-
lations showed that PH, C'2/m PHy, C'mmm PH,, PH, and PH;5 were dynamically stable at 80
GPa. A calculation was not performed on PHg because of the computational expense: it had P1
symmetry and 28 atoms in the unit cell. In the QE calculations, the H and P pseudopotentials, ob-
tained from the QE pseudopotential library, were generated by the method of Trouiller-Martins '
with 152 and 3523p? valence configurations, respectively, along with the PBE generalized gra-
dient approximation. Plane-wave basis set cutoff energies were set to 80 Ry for all systems.
The Brillouin-zone sampling scheme of Methfessel-Paxton'!' using a smearing of 0.02 Ry and
18 x 18 x 18 k-point grids were used for all calculations of PH,, phases, excepta 12 x 12 x 12
mesh was used for the C'2 PH-phase at 80 GPa. Density functional perturbation theory as im-
plemented in QE was employed for the phonon calculations. The EPC matrix elements were
calculated using 2 X 2 x 2 g-meshes for all of the structures at 80 GPa. The EPC parameter,
A, was calculated using a set of Gaussian broadenings in steps of 0.005 Ry from 0-0.300 Ry.
The broadenings for which A was converged to within 0.05 were between 0.015 and 0.040 Ry
for all structures. The critical superconducting temperature, 7., has been estimated using the
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Allen-Dynes modified McMillan equation !? as,

. 1.04(1
Tczwlgexp B 0 ( +)\)
1.2 A — 1*(1+0.62))

6]

where wy,, 18 the logarithmic average frequency. Because ;* has been proposed to range from
0.083 for PH3," to 0.089 for hydrogen'# to 0.18 for phosphorus,' the T.s for a range of u*
values are provided in Table S15.

The molecular calculations on the PH5 dimer building block of P1-PH; and the BH; dimer
were performed by using the Amsterdam Density Functional (ADF) software package '®!7 and
the PBE gradient density functional.* The basis functions on all of the atoms consisted of an all
electron triple-C Slater-type basis set with polarization functions (TZP) from the ADF basis set
library coupled with the zeroth-order relativistic approximation (ZORA). 8-20

In the right hand side of Figure 3 in the main text we show the MO diagram of a PoH;
fragment directly extracted from the P1-PH; phase at 80 GPa. As expected, the main difference
between it’s geometry and that of the optimized PoH;y was the P-H bond length. The shorter
P-H distance in the compressed species leads to a larger orbital overlap and a slight broadening
of the energy levels of the occupied MOs. As shown in the right panels of Figure 3d in the main
text, the occupied DOS of the insulating solid spans a similar energy range as the molecular level
diagram. The increase in the hydrogen s-character in the PDOS above ~-5 eV to near the top of
the valence states correlates with an increase in the contribution of the H s-orbitals to the HOMO
and HOMO-1 of the PoH;o molecule. However, in contrast to the molecular calculations where
non-negligible phosphorus d-character was found in the HOMO to the HOMO-1, the PDOS did
not reveal the mixing in of d-states below Fp.
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S2 Discussion of Structures and Superconductivity

Our analysis suggests that the main role of the Hy layers within C'2/m and C'mmm-PHy is
to decrease the Coulomb repulsion between the P-H layers, and their contribution towards A
is minimal. This made us wonder if it would be possible to find a stable, superconducting, two-
dimensional sheet comprised of four layers of (nearly) simple cubic phosphorus atoms terminated
by hydrogen atoms at atmospheric conditions. Unfortunately, even though such a structure would
have a g(Er) comparable to that of the PH, phases at 80 GPa, it would be dynamically unstable
because of the geometry adopted by the phosphorus atoms: at room temperature and pressure
the thermodynamically stable form of black phosphorus consists of edge-sharing six-rings in a
chair-like conformation that form puckered layers.?! A geometry optimization of an isolated layer
with the PoH stoichiometry resulted in the puckering of the phosphorus layers, and a concomitant
opening of the band gap.
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S3 XTALOPT Searches Details

The XTALOPT EA uses a population based pool, instead of a generation based pool. Thus, a new
offspring is created as soon as another structure has finished optimizing. Tables S1 to S6 provide
the size of the population of the EA searches we have carried out for various PH,,, n = 1 — 6,
stoichiometries at the listed pressures. Note that each EA run considered 1-6 FU, but we list the
total number of structures optimized for each FU separately.

Stoichiometry Formula Units Pressure Population Population
(GPa)  (vdW-DF-optB88) (PBE)
PH 1 40 209 58/419
2 208 55/419
3 208 55/419
4 208 55/419
5 208 55/420
6 208 55/419
PH 1 60 267 392/309
2 268 393/309
3 267 394/309
4 267 392/309
5 267 391/308
6 266 392/308
PH 1 80 262 181/167
2 262 181/166
3 262 181/166
4 262 180/166
5 261 180/166
6 261 180/166
PH 1 100 176 193
2 176 192
3 176 192
4 176 192
5 175 192
6 176 192

Table S1: The number of formula units, and the size of the population used in the evolutionary
structure searches for PH at 40, 60, 80, and 100 GPa with either the optB88 or PBE functional.
Multiple runs at the same pressure are separated by “/” for respective populations.
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Stoichiometry Formula Units Pressure Population Population
(GPa)  (vdW-DF-optB88) (PBE)
PH, 1 40 166 -
2 145 -
3 161 -
4 166 -
5 170 -
6 166 -
PH, 1 60 212 189
2 213 189
3 211 188
4 211 188
5 211 188
6 212 188
PH, 1 80 152/289/490 62/206
2 151/288/491 49/206
3 151/289/490 49/204
4 150/288/490 48/205
5 150/288/490 48/204
6 150/288/491 49/204
PH, 1 100 159 276
2 158 275
3 158 275
4 158 276
5 158 274
6 158 274

Table S2: The number of formula units, and the size of the population used in the evolutionary
structure searches for PH, at 40, 60, 80, and 100 GPa with either the vdW-DF-optB88 or PBE
functional. Multiple runs at the same pressure are separated by *“/” for respective populations.
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Stoichiometry Formula Units Pressure Population Population
(GPa)  (vdW-DF-optB88) (PBE)

PH3 1 40 188 -

2 188 -

3 188 -

4 189 -

5 188 -

6 188 -
PH;3 1 60 212 298

2 212 298

3 212 298

4 212 297

5 212 297

6 212 297
PH; 1 80 276/136 149/355

2 275/136 149/352

3 275/135 149/352

4 275/135 148/352

5 275/135 148/352

6 275/135 148/352
PH; 1 100 291 474

2 291 474

3 291 476

4 291 474

5 290 474

6 290 473

Table S3: The number of formula units, and the size of the population used in the evolutionary
structure searches for PH3 at 40, 60, 80, and 100 GPa with either the vdW-DF-optB88 or PBE
functionals. Multiple runs at the same pressure are separated by “/” for respective populations.
We have also carried out a 16-20 FU evolutionary search using a 2x2x 1 supercell of a 80 GPa
C2/m PHj structure as a seed. 345 structures were optimized with 16 FU, and 72 structures were
optimized with 17-20 FU, but no more stable or dynamically stable geometry has been found.
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Stoichiometry Formula Units Pressure Population Population

(GPa)  (vdW-DF-optB88) (PBE)

PH, 1 40 183 196
2 183 197

3 183 196

4 183 197

5 182 195

6 182 196

PH, 1 60 219 382
2 220 382

3 220 382

4 219 382

5 219 382

6 218 381

PH, 1 80 174 225
2 174 227

3 173 227

4 173 224

5 173 224

6 174 225

PH, 1 100 234 369
2 233 369

3 233 369

4 233 369

5 233 369

6 233 368

Table S4: The number of formula units, and the size of the population used in the evolutionary
structure searches for PHy at 40, 60, 80, and 100 GPa with either the vdW-DF-optB88 or PBE
functionals. Multiple runs at the same pressure are separated by “/” for respective populations.
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Stoichiometry Formula Units Pressure Population Population

(GPa)  (vdW-DF-optB88) (PBE)

PH; 1 40 202 101
2 202 100

3 202 100

4 202 100

5 202 100

6 202 100

PH; 1 60 278 171
2 278 172

3 278 171

4 278 171

5 278 170

6 277 170

PH; 1 80 170 149
2 170 149

3 170 149

4 170 149

5 169 148

6 169 148

PH; 1 100 195 408
2 195 409

3 195 408

4 195 408

5 195 407

6 194 407

Table S5: The number of formula units, and the size of the population used in the evolutionary
structure searches for PHj at 40, 60, 80, and 100 GPa with either the vdW-DF-optB88 or PBE
functionals. Multiple runs at the same pressure are separated by “/” for respective populations.
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Stoichiometry Formula Units Pressure Population Population

(GPa)  (vdW-DF-optB88) (PBE)

PHg 1 40 164 270
2 164 269

3 163 269

4 163 269

5 163 269

6 164 269

PHg 1 60 219 368
2 219 367

3 219 367

4 218 368

5 219 368

6 218 367

PHs 1 80 208 263
2 208 263

3 208 262

4 208 261

5 207 261

6 207 261

PH; 1 100 176 251
2 176 252

3 176 251

4 177 250

5 176 249

6 175 249

Table S6: The number of formula units, and the size of the population used in the evolutionary
structure searches for PHg at 40, 60, 80, and 100 GPa with either the vdW-DF-optB88 or PBE.
Multiple runs at the same pressure are separated by ““/” for respective populations.
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S4 CONTCARs of PH,, (n =1-6) Phases

C2PH

HP
66
Direct

2.18181313
0.00000000
-1.09090657

0.09558634
0.51852280
0.15610881
0.69429692
0.91603330
0.44956438
0.13701509
0.47354370
0.20705144
0.40717201
0.34128232
0.27377896

0.00000000
2.18179421
-1.03873584

0.79018648
0.20981352
0.60751690
0.39248310
0.85185896
0.14814104
0.83260742
0.16739258
0.90195246
0.09804754
0.03273740
0.96726260

0.00000000
-0.00182604
16.30367877

0.57706354
0.42293646
0.46181191
0.53818809
0.46646891
0.53353109
0.66347140
0.33652860
0.79987943
0.20012057
0.06750335
0.93249665

Table S7: CONTCAR of C2 PH primitive cell at 80 GPa including cell parameters in A and

fractional coordinates for atomic positions
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C2/m PH,

HP
84
Direct

2.18513623
-0.00064665
0.02820701

0.49264568
0.89051684
0.61998984
0.38001016
0.88091535
0.50735432
0.11908465
0.10948316
0.50186403
0.49813597
0.50282988
0.49717012

0.00000000
2.18513613
-0.02819866

0.50735432
0.10948316
0.61998984
0.38001016
0.11908465
0.49264568
0.88091535
0.89051684
0.49813597
0.50186403
0.49717012
0.50282988

0.00000000
0.00000000
12.94550169

0.36211771
0.57658742
0.50000000
0.50000000
0.40403726
0.63788229
0.59596274
0.42341258
0.91693226
0.08306774
0.74643817
0.25356183

Table S8: Same as Table S7 but for C2/m PH,.
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Cmmm PHy

HP
84
Direct

2.18698201
-0.00809106
0.00000000

0.50000000
0.87918419
0.61997156
0.38002844
0.87918419
0.50000000
0.12081581
0.12081581
0.50000000
0.50000000
0.50000000
0.50000000

0.00000000
2.18696704
0.00000000

0.50000000
0.12081581
0.61997156
0.38002844
0.12081581
0.50000000
0.87918419
0.87918419
0.50000000
0.50000000
0.50000000
0.50000000

0.00000000
0.00000000
12.94922034

0.36196989
0.58632376
0.50000000
0.50000000
0.41367624
0.63803011
0.58632376
0.41367624
0.91710933
0.08289067
0.74642621
0.25357379

Table S9: Same as Table S7 but for C'mmm PH,.
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P1PH;

HP
124
Direct

2.18449431
-0.00714128
-0.01873739

0.71048981
0.49208156
0.72568243
0.23308504
0.50566554
0.01210196
0.09658348
0.49715233
0.23091568
0.72908599
0.10727303
0.99705978
0.10731380
0.09987536
0.10419691
0.09897732

0.00000000
2.18487443
-0.05093211

0.50635126
0.52262731
0.28736380
0.02244376
0.29374466
0.79604915
0.88916164
0.52231360
0.02547610
0.28296781
0.90824443
0.78262017
0.90214944
0.90009244
0.89853390
0.89822505

0.00000000
0.00000000
15.12205919

0.52206148
0.23769320
0.24963750
0.31996871
0.54711456
0.45139293
0.57886922
0.38629659
0.46832663
0.39156625
0.19917611
0.31611931
0.10633609
0.96005136
0.67172915
0.81807007

Table S10: Same as Table S7 but for P1 PHs.
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C2/m PH,
1

HP
82
Direct

2.18721623
-0.00073313
-0.15585981

0.89543067
0.50361310
0.38051039
0.10456933
0.11051839
0.49638690
0.88948161
0.61948961
0.50711969
0.49288031

0.00000000
2.18721611
-0.15591206

0.89543067
0.50361310
0.61948961
0.10456933
0.11051839
0.49638690
0.88948161
0.38051039
0.50711969
0.49288031

0.00000000
0.00000000
8.63638935

0.64630631
0.70919054
0.50000000
0.35369369
0.60936741
0.29080946
0.39063259
0.50000000
0.87090821
0.12909179

Table S11: Same as Table S7 but for C2/m PHy.
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P1 PH;

HP
102
Direct

3.22365717
1.60340802
-0.12543619

0.28315292
0.94511431
0.05488569
0.71684708
0.17391855
0.82608145
0.44196723
0.64388369
0.35611631
0.55803277
0.86940993
0.13059007

0.00000000
3.04538784
-1.55496201

0.80154460
0.75873674
0.24126326
0.19845540
0.31242869
0.68757131
0.38936854
0.01326743
0.98673257
0.61063146
0.24914007
0.75085993

0.00000000
0.00000000
4.54748886

0.00978155
0.55456182
0.44543818
0.99021845
0.13018565
0.86981435
0.62367857
0.25131777
0.74868223
0.37632143
0.74326103
0.25673897

Table S12: Same as Table S7 but for P1 PH;.
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P1PHg

HP
24 4
Direct

2.17950920
-0.00028791
-0.11475302

0.10611396
0.99110371
0.00139215
0.87848388
0.87876871
0.38587581
0.39399260
0.62613079
0.13479431
0.62207552
0.38915005
0.59817203
0.12151612
0.99860785
0.00889629
0.89388604
0.86520569
0.37792448
0.40182797
0.61084995
0.12123129
0.61412419
0.37386921
0.60600740
0.99298650
0.00670356
0.99329644
0.00701350

0.00000000
4.38063766
-1.95650655

0.98535050
0.87370401
0.64552380
0.46788828
0.41789875
0.69453632
0.43678761
0.16237641
0.13449265
0.77975510
0.28198952
0.10868687
0.53211172
0.35447620
0.12629599
0.01464950
0.86550735
0.22024490
0.89131313
0.71801048
0.58210125
0.30546368
0.83762359
0.56321239
0.80419079
0.69912499
0.30087501
0.19580921

0.00000000
0.00000000
10.80087836

0.39603435
0.23388602
0.76935095
0.59350222
0.41090455
0.29759413
0.71412687
0.48383632
0.61178652
0.67849312
0.49903547
0.28656199
0.40649778
0.23064905
0.76611398
0.60396565
0.38821348
0.32150688
0.71343801
0.50096453
0.58909545
0.70240587
0.51616368
0.28587313
0.10471155
0.89852349
0.10147651
0.89528845

Table S13: Same as Table S7 but for P1 PHg.
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C2 PH;

HP
102
Direct

2.22811038
0.00000000
-1.04605431

0.23315370
0.76684630
0.28879006
0.37379581
0.62620419
0.71120994
0.10204036
0.25819132
0.89795964
0.74180868
0.44045645
0.55954355

0.00000000
2.23023758
-1.11511879

0.64520572
0.29026489
0.75832222
0.97097554
0.22112667
0.17625134
0.83532622
0.96352804
0.53085059
0.43314851
0.03064808
0.14292235

0.00000000
0.00000000
10.17687377

0.35494083
0.64505917
0.58207087
0.74984888
0.25015112
0.41792913
0.30447563
0.53037953
0.69552437
0.46962047
0.88772573
0.11227427
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Table S14: Same as Table S7 but for C2 PH5 at 60 GPa.
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SS Convergence Tests
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Figure S1: Relative enthalpy of the C'2/m-PH; phase at 80 GPa as a function of the cutoff energy
used in the plane wave basis set (ENCUT). The relative enthalpy is given with respect to the
enthalpy calculated using ENCUT = 700 eV. The k-mesh used a spacing of 27x0.02 A=,
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Figure S2: The relative enthalpy of the C'2/m-PH; phase at 80 GPa as a function of the product of
divisions along each reciprocal lattice vector with the real lattice constant. The relative enthalpy is
given with respect to the enthalpy calculated with a k-mesh which used a spacing of 27 x0.02 A~
The ENCUT employed for all calculations was 700 eV.
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S6 Tie-lines
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Figure S3: AHp for the reaction P + 7 Hy — PH,, versus the Hy mole fraction at 40, 60, 80 and
100 GPa obtained with the PBE functional.
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Figure S4: AHp for the reaction P + 5 Ha — PH,, versus the H, mole fraction at 40, 60, 80 and
100 GPa obtained with the vdW-DF-optB88 functional.
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S7 Electronic Band Structure and Density of States Plots

(b) " C2/m PH, 80 GPa Electronic Band Structure
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Figure S5: (a) The conventional cell of the C2/m PH, structure at 80 GPa. Phosphorus atoms
are orange; hydrogen atoms are white. (b) Electronic band structure along with the total and site
projected electronic DOS of C2/m-PH, at 80 GPa. Er is set to zero.
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C2 PH 80 GPa Electronic Band Structure
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Figure S6: Electronic band structure along with the total and site projected electronic DOS of
C'm-PH at 80 GPa. Ey is set to zero.
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C2/m PH, 80 GPa Electronic Band Structure
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Figure S7: Electronic band structure along with the total and site projected electronic DOS of
C2/m-PH, at 80 GPa. E is set to zero.
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S8 Electron-Phonon Coupling and Superconductivity
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Figure S8: Phonon band structure, Eliashberg spectral function, o F'(w), and the electron-phonon
integral, A(w) for C2/m PH, at 80 GPa. Circles indicate the phonon line width with a radius
proportional to the strength. The highlighted sections of the o> F'(w) plots show the division into
vibrational modes that are comprised of phosphorus vibrations (P-P, pink), motions of hydrogen
and phosphorus atoms (P-H, tan), and mainly hydrogen vibrations (H-H, white). The contribution
towards A for these divisions are 0.41 (43.3%), 0.51 (53.8%), and 0.03 (2.9%) for the pink, tan,
and white divisions, respectively.
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Figure S9: Phonon band structure, Eliashberg spectral function, aQF(w), and the electron-phonon
integral, A\(w) for C'mmm PH, at 80 GPa. Circles indicate the phonon line width with a radius
proportional to the strength. The highlighted sections of the o> F'(w) plots show the division into
vibrational modes that are comprised of phosphorus vibrations (P-P, pink), motions of hydrogen
and phosphorus atoms (P-H, tan), and mainly hydrogen vibrations (H-H, white). The contribution
towards A for these divisions are 0.37 (42.0%), 0.48 (55.3%), and 0.02 (2.7%) for the pink, tan,
and white divisions, respectively.
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Figure S10: Phonon band structure, Eliashberg spectral function, o*F(w), and the electron-
phonon integral, A\(w) for C2/m PH, at 80 GPa. Circles indicate the phonon line width with
a radius proportional to the strength. The highlighted sections of the o> F(w) plots show the divi-
sion into vibrational modes that are comprised of phosphorus vibrations (P-P, pink), motions of
hydrogen and phosphorus atoms (P-H, tan), and mainly hydrogen vibrations (H-H, white). The
contribution towards \ for these divisions are 0.08 (24.5%), 0.24 (70.7%), and 0.02 (4.8%) for
the pink, tan, and white divisions, respectively.

26

This article is protected by copyright. All rights reserved



Sl-bi-miller-shamp-zurek

80 GPa C2 PH 0.0 o) 15
5000 I ’ I 1 I 1 1 1 I 1 1 1 I 1 1 1 I
| 1 |
| 1 |
‘?-"‘ 4000 -:':=-‘I-=;'=__':_=_-.=-‘=;.=. = ,__ I l
=
L
- Y
Q
c
[<}]
=}
S
Qo : : : —— total o?F(w)
“ 1000 ' Am)
0

r Y M PHDOS, o«*F(a)

Figure S11: Phonon band structure, Eliashberg spectral function, o*F(w), and the electron-
phonon integral, A\(w) for C2 PH at 80 GPa. Circles indicate the phonon line width with a radius
proportional to the strength. The highlighted sections of the o> F'(w) plots show the division into
vibrational modes that are comprised of phosphorus vibrations (P-P, pink), motions of hydrogen
and phosphorus atoms (P-H, tan), and mainly hydrogen vibrations (H-H, white). The contribution
towards A for these divisions are 0.28 (43.9%), 0.33 (52.9%), and 0.02 (3.2%) for the pink, tan,
and white divisions, respectively.
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Table S15: Electron-phonon coupling parameter (), logarithmic average of phonon frequen-
cies (wiog) and estimated superconducting critical temperature (7;) for values of the Coulomb
pseudopotential (1*) of 0.08-0.18 for simple cubic (S.C.) phosphorus, the C2 PH, C2/m PHa,,

Cmmm PHa, and the C'2/m PH, phases at 80 GPa.

System X W (K) TW=005(K) =010 (K) Tw="0T5(K)
SC.P 0.70 5282 21.6 185 8.2
C2PH  0.63 476.7 14.9 12.3 4.4
C2/mPH, 095 4672 33.2 30.1 18.4
CmmmPH, 088 5294 33.0 29.5 16.9
C2/mPH, 034 683.2 3.1 1.9 0.0
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S9 8 Formula Unit (FU) PH,
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Figure S12: The conventional cell of an 8 FU PH; structure at 80 GPa. Phosphorus atoms are
orange; hydrogen atoms are white. The structure is created by doubling the unit cell of the 4 FU
C2/m PH, structure along the c-axis. The thickness of phosphorus and Hs layers are also dou-
bled. The enthalpy (AHr) of formation for this structure with respect to decomposition into
elemental P and H phases is 33.5 meV/atom, and the 8 FU PH, structure is 12.7 meV/atom more
stable than the most stable 4 FU PH; phase. It is not surprising that the structure with the thicker
P/H; layers is enthalpically more stable. Because the phosphorus polyhydride phases are thermo-
dynamically unstable with respect to decomposition into solid elemental H, and phosphorus at
these pressures, an evolutionary run should, in principle, evolve towards a structure with infinitely
thick P/H, layers in the limits of infinte cell size.
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S10 Electron Localization Functions and Bader Analysis of
C2/m PH, and its Modifications

Table S16: The Average Bader Charges Per Atom Type.

System P()(e) P@2)(e) HA)() H@)() HE) ()
PoH 0.21 -0.02/0.07  -0.24 - -
P>H (Staggered) 0.24 0.02 -0.26 - -
PH 040  -0.05/0.04 -0.40 - -0.04/0.04
PH (H, shifted) 0.35 -0.03/0.06  -0.37 - -0.04/0.03
PoH; 0.19 0.04 -0.23  -0.04/0.03 -
C2/m PH, 0.38 -0.03/0.06  -0.40  -0.02/0.02 -0.03/0.03
PoH; 0.43 -0.09/0.08  -0.43  -0.01/0.01 -0.01/0.01
Cmmm PHs 0.38 -0.04/0.06  -0.39  -0.03/0.03 -0.03/0.03

P (1) is for the P atoms bonded to H atoms (P-H); P (2) is for the P atoms only participating in
P-P bonds; H (1) is for the H atoms bonded to P atoms (P-H); H (2) is for the H atoms in the top

and bottom Hj layers; H (3) is for the H atoms in the middle H layers.

30

This article is protected by copyright. All rights reserved



Sl-bi-miller-shamp-zurek

P,H (0)
Staggered

PH (1)
H, shifted

P,H, (2) C2mPH,(3)  CmmmPH, (3) P,H, (4)

Figure S13: The isosurface (ELF=0.7) of the electron localization function of C2/m PH,, its
modifications and C'mmm PH, at 80 GPa. The number in brackets is the number of H, layers
present in the structure.
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S11 Nudged Elastic Band Calculations (NEB)
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Figure S14: Calculated NEB barrier plot of one pathway connecting the C'2/m PHy and the
Cmmm PH, phases where the enthalpies are provided relative to the enthalpy of the C2/m PH,
structure at 80 GPa.
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Figure S15: Calculated NEB barrier plot with all Hs rotating 180° where the enthalpies are pro-
vided relative to the enthalpy of the C'mmm PHs structure at 80 GPa.
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Figure S16: Calculated NEB barrier plot with only middle layers of Hs rotating 180° where the
enthalpies are provided relative to the enthalpy of the C'mmm PHs structure at 80 GPa.
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Figure S17: Calculated NEB barrier plot with only side layers of Hy rotating 180° where the
enthalpies are provided relative to the enthalpy of the C'mmm PHs structure at 80 GPa.
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S12  Structures Extracted from the ab initio Molecular Dy-
namics Simulations

Figure S18: Snap shots of a couple of structures obtained during the ab initio molecular dynamics
calculations as examples to illustrate the formation of extended hydrogenic lattices that result
from the rotation of molecular hydrogen within the layers. Both of these two structures are

obtained from the simulation at 100 K and the cutoff distance for the H-H bonds was chosen to
be 1.0 A.
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S13  PH;

S13.1 Phase Transition
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Figure S19: The enthalpies as a function of pressure for the P1 phase of PHj relative to a C'2
phase between 40 and 100 GPa. Solid lines are results obtained with the PBE functional; dashed
lines are results obtained with the vdW-DF-optB88 functional.
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S13.2 Phonon Band Structure and Density of States
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Figure S20: The phonon band structure and phonon density of states plot for P1 PH; at 80 GPa.
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S13.3 PHj; Electronic Localization Function

Figure S21: An isosurface (ELF=0.7) of the electron localization function of the P1 PHj; at
80 GPa.
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