SUPPLEMENTARY METHODS
Density functional theory calculations

We use the generalised gradient approximation to density functional theory (DFT) proposed by Perdew, Burke, and Ernzerhof (PBE)1 as is implemented in the VASP software
package2 . The “projector augmented wave” method is employed to represent the ionic cores3 ,
considering the following electrons as valence states: Ga’s 4s and 4p; P’s 3s and 3p; Zn’s 3d
and 4s; and S’s 3s and 3p. Wave functions are represented in a plane-wave basis truncated at
500 eV. For integrations within the Brillouin zone (BZ) we employ Monkhorst–Pack k–point
grids with a density equivalent to 14 × 14 × 14 in the unit cell. By using these parameters
we obtain zero-temperature energies converged to within 0.5 meV per formula unit. Geometry relaxations are performed by using a conjugate–gradient algorithm that allows for cell
volume and shape variations; the geometry relaxations are halted after the forces on the
atoms fall below 0.01 eV·Å−1 . In order to reproduce site-occupancy disorder we adopt a
16–atom simulation cell constructed by replicating 2 × 2 × 2 (2 × 2 × 1) times the elemental
2–atom (4–atom) zinc-blende (wurtzite) unit cell (see next section). We checked that the
lattice parameters obtained with the PBE exchange-correlation potential are in good agreement with the observations; for instance, for bulk zinc-blende GaP and ZnS we estimate
aPBE
= 5.52 and 5.46 Å, respectively, compared with the experimental values aexp
= 5.45
0
0
and 5.41 Å 4 . Nevertheless, PBE seriously underestimates the corresponding energy band
PBE
gaps (as expected); for instance, for bulk zinc-blende GaP and ZnS we calculate Egap
= 1.6
exp
= 2.3 and 3.5 eV4,5 .
and 2.1 eV, respectively, compared with the experimental values Egap

In order to obtain accurate energy band gaps we employ the hybrid HSE06 functional6 ,
HSE06
which is known to be appropriate for this purpose. In fact, we estimate Egap
= 2.3 and

3.1 eV for bulk zinc-blende GaP and ZnS, respectively. Due to the high computational load
associated with free-energy calculations (see below), here we employ the PBE functional for
performing geometry relaxations and energy evaluations, and the hybrid HSE06 functional
for estimating the resulting electronic features.
The calculation of phonon frequencies is performed with the small displacement method7 ,
in which the force-constant matrix is calculated in real-space by considering the proportionality between atomic displacements and forces when the former are sufficiently small8 . After
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the force-constant matrix is calculated, we apply a Fourier-transformation to obtain the
phonon spectrum at any q-point. The impact of long-range interactions on the calculation
of long-wavelength phonons has been disregarded because we are primarily interested in the
estimation of quasi-harmonic free energies, and in such a context those effects are known to
be secondary9,10 . The quantities with respect to which our phonon calculations need to be
converged are the size of the supercell, the size of the atomic displacements, and the numerical accuracy in sampling the BZ. We find the following settings to provide quasi–harmonic
free energies converged to within 5 meV per formula unit: 128–atom supercells (generated by
replicating 2×2×2 the 16–atom unit cell mentioned above), atomic displacements of 0.02 Å,
and q-point grids of 16 × 16 × 16. The value of the phonon frequencies and quasi–harmonic
free energies are obtained with the PHONOPY code11 . In using this code we exploit the
translational invariance of the system to impose that the three acoustic branches are exactly
zero at Γ, and perform central differences in the atomic forces.
In order to estimate the positions relative to vacuum of the valence and conduction
bands in (GaP)x (ZnS)1−x solid solutions we employ the CRYSTAL09 code12 . Previously
published basis sets are used for the atoms13–15 (i.e., 86 − 4111(d41) for Zn, 86 − 311(d) for
S, and pseudopotentials for Ga and P) along with the hybrid B3PW method16 with a 15%
of Hartree–Fock exchange energy. The basis set parameters for the valence functions were
re-optimized in order to reproduce as closely as possible the energy band gaps and lattice
B3PW
= 2.6 and 3.4 eV, respectively).
parameters of bulk zinc-blende GaP and ZnS (e.g., Egap

Monkhorst–Pack k–point grids of at least 8×8×8 are used, rendering total energies converged
to within 1 meV per formula unit. In these calculations, the solid solution structures were
fully relaxed, including both lattice parameters and atomic positions.

Tests on multi-configurational supercell calculations

Due to the huge computational expense associated with first-principles estimation of
phonon excitations for a large number of configurations, we calculate Fvib just for the structure rendering the highest p̃m probability at room temperature. This choice has been justified
in the main text (i.e., due to the highly peaked nature of the occurrence probability distributions in GaP–ZnS solid-solutions), however we performed a simple test to assess the effects
of choosing a different configuration on the evaluation of Fvib . Specifically, the vibrational
2

free energy of the most and least probable zinc-blende (GaP)0.25 (ZnS)0.75 configurations at
T = 300 K were calculated, with the finding that they differed by less than 10 meV per
formula unit within the interval 300 ≤ T ≤ 1000 K. Variations on the local degree of disorder in GaP–ZnS solid solutions, therefore, do not appear to lead to significant differences in
the vibrational free energy features of the system. Based on this outcome, we may conclude
that our approach for estimating vibrational free energy contributions, although it is not
statistical in nature due to obvious computational limitations, provides reasonably accurate
Fvib results (i.e., to within 10 meV/f.u.).
Concerning the numerical errors associated with finite-size effects in our multiconfigurational supercell calculations, we carried out additional calculations in a 24–atom
supercell to estimate the numerical uncertainties in our configurational mixing free-energy
results. In particular, we calculated ∆F for a x = 1/12 composition in a 24–atom supercell
and compared the results to those obtained via interpolation in a 16–atom supercell. At
T = 300 K (1000 K), we compute a mixing free-energy (neglecting vibrational contributions) of 0.029 (0.011) eV/f.u. in the 24–atom supercell and of 0.039 (0.018) eV/f.u. in the
16–atom supercell. Consequently, we may conclude that the typical numerical uncertainty
in our ∆F results is of the order of 10 meV per formula unit AB.
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Supplementary Figure 1: Phonon spectra of (GaP)0.75 (ZnS)0.25 solid solutions in the
zinc-blende and wurtzite structures. Calculations are performed with the
small-displacement method7–10 . High-frequency lattice vibrations are more energetic in the
wurtzite phase.
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Supplementary Figure 2: Mixing free-energy of (GaP)x (ZnS)1−x solid solutions as a
function of temperature and composition, estimated without considering T → ∞
corrections in the configurational free energy. (a) Zinc-blende and (b) wurtzite structures.
Solid lines represent isovalue ∆F contours expressed in units of eV per formula unit. The
conclusions presented in the main text, which are obtained after applying a correction term
to the configurational free energies, are qualitatively equivalent to the ones deduced from
this figure. Typical ∆F errors are estimated to be of the order of 10 meV per formula unit.
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Supplementary Figure 3: Free–energy difference between polymorphs in
(GaP)x (ZnS)1−x solid solutions at T = 1000 K. Zinc-blende and wurtzite phases are
represented as “zb” and “w”, respectively. Configurational and vibrational contributions
to the total free–energy difference are indicated.
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Supplementary Figure 4: Normalized Egap histogram calculated in the ensemble of
configurations generated for the wurtzite phase. (a) x = 75, (b) 50, and
(c) 25% compositions. The inequivalent configurations that are most likely to occur at
room temperature are sketched in each case along with the corresponding energy band gaps
indicated with a black arrow; in the x = 75 and 25% cases the sketched configurations
occur with 100% probability at T = 300 K, whereas in the x = 50% case the two
configurations occur with ∼ 50% probability. Ga and Zn atoms are represented with green
and black spheres and P and S atoms with purple and yellow spheres, respectively. Energy
band gaps are estimated with the exchange-correlation HSE06 hybrid functional6 .
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Supplementary Figure 5: Partial density of electronic states in zinc-blende
(GaP)x (ZnS)1−x solid solutions calculated at x = 25 and 75%. For clarity purposes,
electronic Ga d orbitals are not represented in the figure as they are not relevant. Results
are obtained with the exchange-correlation HSE06 hybrid functional6 .
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Supplementary Figure 6: Occurrence probabilities of the inequivalent configurations
generated for zinc-blende (GaP)x (ZnS)1−x solid solutions at room temperature and
T = 1000 K. Compositions x = 25, 50, and 75% have been considered. At T = 300 K, we
find that only the lowest-energy inequivalent configuration, which is degenerate, has an
ocurrence probability different from zero. As temperature is raised, the occurrence
probability of other similar inequivalent configurations start to increase.
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Supplementary Figure 7: Energy band gap of (GaP)x (ZnS)1−x solid solutions in the
wurtzite phase expressed as a function of temperature and composition. The inset shows
the electronic band structure calculated in the 75% composition case, which renders a
direct energy band gap at Γ (as it occurs also in the zinc-blende phase). Energy band gaps
are estimated with the exchange-correlation HSE06 hybrid functional6 .
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