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Abstract

High entropy ceramics provide enhanced flexibility for tailoring a wide range of physi-
cal properties, emerging from the diverse chemical and configurational degrees of freedom.
Expanding upon the endeavors of recently synthesized high entropy ceramics in rock salt, flu-
orite, spinel and perovskite structures, we explore the relative feasibility of formation of high
entropy pyrochlore oxides, A2B207, with multi-cation occupancy of the B —site, estimated
from first principles based thermodynamic descriptors. Subsequently, we used Monte Carlo
simulations to estimate the phase composition, oxygen vacancy concentration and local ionic
segregation as a function of temperature and oxygen partial pressure. In synergy with the theo-
retical calculations, we have investigated the synthesis of several multicomponent oxides with
a pyrochlore composition, related to our computational investigations, resulting in four phase
pure and one 97.4% pure high entropy pyrochlore oxides. Ultimately, our approach allows
us to evaluate potential impurity phases, ionic disorder and oxygen vacancy concentration in
response to the experimental variables, thereby making realistic predictions that can direct and

accelerate experimental synthesis of novel multicomponent ceramics.

1 Introduction

Since the discovery of an entropy stabilized oxide in 2015, there has been a surge in the synthesis
of new high entropy compounds (~ 25 compounds and counting) in ~ 10 structure types.> Yet
there are more than 9000 structure types (see the Inorganic Crystal Structure Database (ICSD)
Ref.?), that could still be potentially synthesized in the high entropy form. In this work, we have
explored one such technologically important structure type — pyrochlore oxide, A;B,05.
Pyrochlore oxides can be generally formed with a large cation on the A—site (e.g., rare earth,
alkali or an alkaline earth metal) and a smaller transition metal or post transition metal cation on
the B—site. The flexibility in oxidation states and accommodating electronic interactions of the
A— and B—site elements leads to rich functionality in the pyrochlore structure.* For example,

pyrochlores and related structures have outstanding catalytic>® and magnetic’® properties as well



as exhibiting strong radiation and thermal resistance.®!” These responses could be further tuned
by modifying the structure to include multiple elemental species on the cation sublattices. For
example, significant enhancement in multicomponent systems compared to the end members is
demonstrated for oxygen conduction in disordered pyrochlores,!! piezoelectric properties in per-
ovskites,'? and thermal resistance in high entropy ceramics. !*!* Furthermore, recent investigations
of entropy stabilized oxide (ESO) in the rock salt structure revealed superionic conductivity, ' re-
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tention and cycling stability of lithium which are all beneficial for performance of Li-ion batter-

ies. Besides energy storage and electrochemical energy conversion, ESO has also been reported to

1819 and unusual elastic anisotropy.2® Other

exhibit long-range antiferromagnetic (AFM) ordering
high-entropy perovskite oxides and chalcogenides show potential photo catalytic hydrogen evolu-
tion activity?! and semiconducting functionalities,?? respectively.

Thus far, the synthesis of a limited number of high entropy pyrochlores have been reported, as

1323 and transition metals on the B —site.?*

obtained by heavy doping of lanthanides on the A—site
Specifically, our previous work on high entropy pyrochlores* has shown that Nd»(TaScSnH{Zr),0;
and Nd,(TiNbSnHfZr),0; pyrochlore compositions are highly disordered and phase pure. The
grand challenge is however, a detailed predictive survey, to identifying new candidates for high
entropy pyrochlores obtained by combining multiple chemical species on the target cation sites. In
this work, we achieve this by computational exploration of the formation ability of high entropy
pyrochlores with 100 at.% La or 100 at.% Nd on the A—site and a combination of transition metal
cations on the B —site. Specifically, we utilize the enthalpy and entropy descriptors — that we pre-
viously demonstrated? to accurately quantify the relative feasibility of formation of high entropy
single phase multi-component rock salt, BO oxides — to identify five component combinations
of B —site cations that are candidates for experimental synthesis. We further extend this approach
to include oxygen vacancy concentration in the high entropy pyrochlore phase, as a function of
temperature and oxygen partial pressure, thereby giving insights for the experimental synthesis
necessary for realizing single phase multicomponent compounds. Employing this predictive mul-

tiscale screening approach would have multifold advantages over conventional exploration via



chemical synthesis. First, we can quickly filter the combinations that are unlikely to form in a pure
high entropy phase not only through chemical intuition, but also by a rigorous thermodynamic as-
sessment, derived from first principles calculations. Second, we can predict the secondary phases
and oxygen vacancy concentrations in the high entropy phase as a function of temperature and
oxygen partial pressure. Such predictions would serve as critical feedback to a synthetic chemist
for setting the experimental synthesis conditions.

Figure 1 presents the computational exploration methodology we have employed in this work.
At the first step, the cations are screened from all electropositive elements based on the preliminary
criterion (i) similar ionic radii for all species (i1) average nominal charge of the cation combination
should be consistent with the expected charge of the cation site. Values of the Shannon ionic radii?¢
and common oxidation states of the cations are useful for screening the cations at this step. In the
case of pyrochlores with La®* or Nd®* on the A—site, we consider the following 7 cations whose
combinations satisfy the chemical intuition, B = {Hf, Nb, Sc, Sn, Ta, Ti, Zr}, where 3+/5+ cations
may be introduced together for charge balance, or where either 3+ or 5+ cations are introduced then
oxygen deficiency/excess may be required. At the second step, the five component combinations
are screened by estimating the enthalpy and entropy descriptors. Detailed description on estima-
tion of these descriptors and their relationship to the configurational landscape are presented in our
previous work.? The enthalpy and entropy descriptors are obtained from density functional theory
(DFT) computed formation and mixing enthalpies — relative to the binary oxides, A,O3 and BO,
— of the end member (one B —site cation) and two B —site cation compounds, respectively. At
the third step, the selected five component compounds are evaluated for secondary phases and lo-
cal ordering of cations through Metropolis Monte Carlo (MMC) simulations employing a nearest
neighbor model (NNM). At this step, we can make accurate predictions of not only the phase frac-
tion and local ordering, but also the oxygen vacancy concentration as a function of temperature and
oxygen partial pressure. Based on the predictions at this step, promising candidates are chemically
synthesized. The experimental validation of this theoretical predictions could serve as a critical

feedback to improve the model. For example, unexpected secondary impurity phases can be added
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Figure 1: Predictive multiscale screening of high entropy compounds in a generic phase start-
ing from readily available theoretical and experimental databases to screen potential elemental
components. The multicomponent combinations are ranked by comparing ab initio computed en-
thalpy and entropy descriptors. Candidates for further experimental synthesis are predicted from
Metropolis Monte Carlo simulations by comparing the temperature and oxygen partial pressure
dependent phase fraction and disorder in finite length supercells.



to the model thereby improving the accuracy of thermodynamics for the chemical composition,

leading to more realistic predictions.

2 Computational Methods

2.1 Details of first-principles calculations

All DFT calculations were carried out using the plane-wave-based Vienna ab initio simulation

package VASP version 5.4.4, software package "

within the generalized gradient approximation
(GGA) using the Perdew, Burke, and Ernzerhof for solids (PBEsol) exchange-correlation func-
tional.?’ The energy cutoff for the plane-wave basis set was 800 eV, and projected augmented
wave (PAW) potentials**3! were used. VASP PAW potential files used in this study and their va-
lence electronic configuration are tabulated in the Supporting Information Table SII. A6 X 6 x 6
k—point mesh was utilized for sampling the Brillouin zone for a 22 atom unit cell and scaled in-
versely with the number of atoms present in the unit cell. The bulk geometry was optimized with
a force convergence criterion of 1 meV/A and the individual components of the stress tensor were
converged to < 0:1 kB.

Spin-unpolarized calculations were employed for estimating the mixing enthalpies. Accord-
ing to experimental observations, pyrochlores with A = Nd are antiferromagnetic (AFM) on the
A-site with all-in-all-out (AIAO) AFM ordering. However, it was recently reported that for the
case of structural thermodynamics, non-magnetic calculations would yield enthalpy values with

reasonable accuracy.? Hence, even in the case of Nd** containing compounds, we employed only

non-magnetic calculations.

2.2 Metropolis Monte Carlo Simulations

We employed Metropolis Monte Carlo simulations to study the mixing behavior between different

chemical species within the five component oxide (FCO) at relevant temperatures ranging from



T =300 to 2400 K with a temperature step of T = 100 K. Atomic configurations — generated
through randomly swapping unlike atoms between different lattice sites in a 3x3x 15 periodic
supercell (containing 2160 B —site cations) — are sampled according to the Metropolis criterion.
A trial configuration is accepted according to the Boltzmann probability, pg
C ).
H

ps = Minimum exp — 11 (1)

kgT

where, H = H® . Htotl g the change in total mixing enthalpy between n and n— 1 steps,
caused by swapping unlike chemical species. Kg is the Boltzmann constant and T is the absolute
temperature. The trial configuration is always accepted if H < 0. However, if H > 0 the trial
configuration is accepted by chance according to the Boltzmann probability, pg.

In addition to the sampling of atomic configurations, we also sample the phase composition
through phase updates similar to the technique discussed in Ref.?> A ‘global’ phase P from one of
the following phases — ground, pyrochlore, fergusonite, LaTaO, (NdTaO,4), PRLO, perovskite —
is assigned to the atomic configurations. The ground state phase represents a mixture of multiple
phases, where the fraction of each phase is obtained by counting the fraction of lattice sites of
each phase. A phase update is done after each atomic swap according to the metropolis criterion.
For example, a phase update from P = Ground to P = Pyrochlore is preferred according to the

Boltzmann probability, pg, where,

H= HY®[FCO;Ground] — HY @ [FCO;Pyrochlore] ()

is the energy difference between the configuration in pure pyrochlore phase and the ground state
phase with mixed phase composition. The expectation values of phase fraction ( (P)) and local
short-range order ( g go), are determined at constant temperature.

The phase composition of each microstate is achieved by assigning a local ground-state phase,



G;, to each lattice site i as
Hi[FCO; Gi] = Minimum( H;[FCO;P;]) 3)

It is crucial to note that the ground-state phase, G, of a microstate is a combination of all local
phases. For example, at lattice site i, a chemical species B; is assigned a local phase Gj — which
is determined based on the minimum of the mixing enthalpies of all considered phases. The phase
fraction, (P), of a phase P is evaluated by dividing the number of occurrences of local phase P;

by the total number of lattice sites.
P)=% (Gi;P) “)

where (Gi; P) is a Dirac delta function, which returns 1 if the local ground-state phase at lattice
site1, G; = P..
The value of the short range order parameter g0 of a microstate is estimated by averaging the
number of atoms of species B’ surrounding all atoms of species B. By the commutative relation,
g’ = gg's there are only 15 unique short-range order parameters in a five-component high-

entropy compound.

3 Experimental Methods

Rare-earth oxides (La,O3, Nd>,O3) and B —site metal oxides (ZrO,, HfO,, SnO,, TiO,, Ta,0s,
Nb,0Os, Sc,03) were ground together in stoichiometric quantities. La,O3, Nd>O3 and Sc,O3 were
heated before weighing to 1000 C to decompose impurities (e.g., carbonate, hydroxide). Typically
1-2 g of starting material were ground in a mortar and pestle, then milled in a SPEX mill for 2 to
3 hours with YSZ balls. The collected powder was pressed into pellets and heated to 1500 C in
air for 10 hours. The difference between quenching the samples in ice water versus slow cooling

(5 C/min to room temperature) was investigated, and did not appear to influence the sample pu-



rity according to laboratory X-ray diffraction results. X-ray diffraction data were collected on a

Panalytical Empyrian X-ray diffractometer using Cu K radiation.

4 Results and Discussion

4.1 Structure and enthalpies of mixing
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Figure 2: The sum of Shannon ionic radii of B —site cation and oxygen anion, Rg + R, plotted
against the respective DFT computed B —O bond length for relevant cations.

To assess the validity of the formation ability of the multicomponent high entropy compounds,
we first consider the cation radii of all cations, whose combinations could potentially occupy the
pyrochlore B —site, in combination with a 3+ cation, La or Nd on the A—site. Figure 2 presents
the B—O bond length in the pyrochlore structure versus the sum of B —site and oxygen ionic radii
(Rg + Ro) for the following cations — Ce**, Ge**, Hf**, Nb**, Nb>*, Sc3*, Sn**, Ta®*, Ti®™,
Ti**, and Zr**. As expected, B—O bond lengths of these cations have strong linear correlation
with their respective Shannon ionic radii. For our study the A— and B —sites in A;B,07 carry 3+
and 4+ nominal charges, respectively. We also consider Sc, Nb and Ta cations for B —site substi-

tution, that have 3+, 5+ and 5+ nominal charges, respectively. In order to have an average charge



of 4+ on the B —site in a five component pyrochlore, a combination of one 5+ and one 3+ cation
is required. For example, an equimolar combination of {Hf**, Sn**, Zr**, Sc3*, Ta>* }, would be
charge balanced in a pyrochlore structure. Based on the B —site ionic radii and the charge balance,
we reduce the possible B —site list to the following seven cations — Hf, Nb, Sc, Sn, Ta, Ti, and Zr.
We have largely excluded cations with semi-filled d—states. A total of 21 five cation compositions
can be generated using the seven potential cations (7!=5!2! = 21). Table 1 presents the 21 cation
combinations each for La and Nd on the A—site along with their short form index. For the purpose
of this study, we consider 100 at.% La or 100 at.% Nd on the A—site. For both La or Nd on the
A—site, Hf**, Sn** and Zr** form pyrochlore ground state ternary structures. The remaining,
Nb°*, Ta®*, Ti**, and Sc3* form in the fergusonite, LaTaO, (NdTaO,), perovskite-related lay-
ered orthorhombic (PRLO), and classical perovskite structures, respectively. >3 Experimentally
observed ground state structures for every compound are tabulated in the Supporting Information

Table SI.

Figure 3: Eight formula unit representation of (a) A;B,07 pyrochlore and (b) A;B,0g fluorite
structures. A smaller, two formula unit representations are shown for (¢) pyrochlore and (d) fluorite
structures. A-site and B-site cations are shown in green and blue spheres within the like colored
translucent polyhedra, respectively. Oxygen ions are present at the corners of each polyhedron.

An important aspect of predicting phase impurities is accounting for all the possible crystal
structures that may compete with the pyrochlore structure. From the experimental literature and
ICSD, we find that the one component A,;B,07 and two component combinations A, (B BO)207 are

likely to form in one of the six structure types — pyrochlore, fluorite, PRLO, LaTaO4 (NdTaO,),
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perovskite and fergusonite. Hence, in addition to the pyrochlore structure, we also include the
aforementioned phases.

Figure 3 (a,c) depicts the A,B,07 pyrochlore, and (b,d) A,B,0Og fluorite structures. Figures
3(a,b) and (c,d) contain 16 and 4 B —sites, respectively. For both structures, the A— and B —site
cations are ordered along the {110}, (face diagonal) directions. While the space group and posi-
tions of the A— and B —site cations are same for both structures, they differ in their oxygen en-
vironment, evident from the shapes of the polyhedra. For the fluorite structure, both cations have
cubic coordinated oxygen environment. Whereas for the pyrochlore structure, the A— and B —site
cations have hexagonal bipyramidal like and octahedral oxygen environments, respectively. The
Wyckoff positions for both structures are given in the Supporting Information Table SIII. Figures
3(c) and (d), shows a simpler representation with first nearest neighbor B — B’ interactions for py-
rochlore and fluorite structures, respectively. Each B —site cation in both structures, is surrounded
by six other B—site cations. For comparison, each cation in a rock salt structure is surrounded
by 12 other cations. Structural models of the remaining structures are included in the Supporting
Information Fig. S1.

Furthermore, for modeling purpose, we assume that the pyrochlore structure can undergo a
phase transition to other structures by internal restructuring of the oxygen sublattice. Our model
assumes free availability of oxygen ions — based on the oxygen partial pressure — wherever
necessary when the composition is changed from A,B,05 to, for example, a A,B,0g perovskite
or A;B,0g fluorite, etc. Specifically, the A,B,0g in fluorite or NdTaO, structure types can be
obtained by oxidizing the A;B,0; pyrochlore structure with 1 oxygen ion per B—site. This as-
sumption is justified because the pyrochlore to fluorite and PRLO structures is experimentally
observed. 4647

In our previous study, exploring the formation ability of five component divalent cations in the
rock salt structure, we developed and discussed a set of thermodynamic descriptors based on the
mixing enthalpies of two component oxides.? This approach allowed us to quickly screen the five

component oxides directly from DFT calculations — without the high computational costs and
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Figure 4: Heat maps for mixing enthalpy in eV/B—site of Lay(BB"),0,, two component ternary
oxides in phase P, Hpnix[A2(B BO)ZOn; P], calculated from first principles using Eq. 5. Presented
for (a) pyrochlore, (b) PRLO, (¢) LaTaOy,, (d) fluorite, (e) fergusonite and (f) perovskite phases.
The annotation ‘G’ in each panel represents the ground state for the two cation combination. The
color legend are shown separately for (a—c) and (d—f).
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configurational sampling, associated with large finite sized super cells. In the case of pyrochlores,
the challenge associated with modeling large supercells is further exacerbated due to the larger
number of atoms per unit cell, 11, compared to only 2 in the case of the binary oxides. Even
though there are more atoms in the formula unit, they don’t increase the total configurational
entropy. In fact the configurational entropy decreases due to the fact that disorder exists only for
the six nearest neighbor B —site cations compared to the twelve nearest neighboring cations in the
rock salt structure.

The mixing enthalpy, Hmix A2(B BO)ZOn; P of atwo component oxide (TCO) A,(B Bo)zOn,
in a generic phase, P, is estimated from DFT calculations as shown in Eq. (5).

C

2
Hmix A2(BB);0n;P == Eper Ax(BB),0,;P — 5 Eoer A,O,; G

N~

D
1 1
— a Eprr B4Oy;G — r Eprr BiOZ;G —No- o 5)
2
Ng—n_2X_Y_2
P q r

Eprr AyOx; G , Eprr B4Oy; G and Epgr BOrOZ; G are the DFT total energies of the A,Ox,
B4Oy and BOrOZ oxides in their respective ground states, respectively. Eper A2(B Bo)zOn; P is
the DFT total energy of the A,(B BO)ZOn, TCO in phase P. n; X;y; z; p; q are integers representing
the stoichiometric compositions of the oxide compounds. Np and ¢ are the number of excess
oxygens and oxygen chemical potential, respectively. Accounting for the experimental conditions

of temperature and oxygen partial pressure:

— 1 0
0=5 o + o
(6)
o= €0,(p% T) +kgT In p;f

%2 is the oxygen chemical potential at ambient pressure p° and room temperature T = Tgr.

€0,(p% T) includes the contributions from rotations and vibrations of the oxygen molecule, as

well as the ideal gas entropy at 1 atmosphere, tabulated in Refs. [48, 49]. These are listed
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in thermodynamic JANAF tables and allow for the determination of the change in the oxygen
chemical potential due to change in T.* po,=p° is the oxygen partial pressure and Kg is the
Boltzmann constant. The variation of o as a function of po, and T is presented in the Sup-
porting Information Fig. S3. In the spirit of the nearest neighbor model,>>**3! the value of
Hmix A2(B Bo)zOn; P , is used to describe the interaction energy between B — B' cations in
phase P, H B 8’ = Hnix A2(B Bo)zOn; P in the FCO, as described in our previous work. 25
Figure 4 presents the mixing enthalpy heat maps for La,(B BO)ZOn calculated using Eq. (5) for
the (a) pyrochlore, (b) PRLO, (c) LaTaOy, (d) fluorite, (e) fergusonite and (f) perovskite structures.
The values in Figure 4 are plotted for o = 0. Similar heat maps for Nd,(B B"),0,, are also
given in the Supporting Information Fig. S2. There are 21 two component combinations and 7 one
component pyrochlore compounds, obtained from 7 B —site cations. Out of these 28 compounds
for both A = La and Nd, we find that 10 compounds are stable as pyrochlore, 6 as PRLO, 8
as LaTaO,4 (NdTaO,), 3 as fergusonite, and 1 as the perovskite structures. We also note that the
ionic radii effects of the slightly smaller Nd** cation, compared with La®* cation, is apparent in
the formation enthalpy values of Nd,B,07, which are on average ~15% smaller than formation
enthalpy values of La,B,07. The values of the mixing enthalpies of these one and two component
combinations in their ground states, are much smaller than the mixing enthalpies of the AO type
binary oxides as shown in Figure 2 of Ref. [25], indicating that — in this case — the structures with
two cation sublattices are thermodynamically more stable than the structures with only one cation
sublattice. This is due to the large contribution of the lattice enthalpy generated from the ordering
of the A— and B —site cations in the ternary oxide super lattice. We utilize the values of these
mixing enthalpies as parameters in the nearest neighbor model to estimate the thermodynamic
descriptors by systematically exploring local configurations as discussed in our previous work on

high entropy oxides in rock salt structure.?
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Table 1: The compositions and short form indices of five component combinations considered in

this work.

Index

Composition

Index

Composition

La-1
La-2
La-3
La-4
La-5
La-6
La-7
La-8
La-9
La-10
La-11
La-12
La-13
La-14
La-15
La-16
La-17
La-18
La-19
La-20
La-21

La,(HfNbScSnTa), 07
La,(HfNbScSnTi),07
La,(HfNbScSnZr),07
La,(HfNbScTaTi),07
Lay,(HfNbScTaZr),07
Lay,(HfNbScTiZr),07
La,(HfNbSnTaTi),07
La,(HfNbSnTaZr),0;
La,(HfNbSnTiZr),0-
La,(HfNbTaTiZr),0-
La,(HfScSnTaTi),O7
La,(HfScSnTaZr),07
La,(HfScSnTiZr),07
La,(HfScTaTiZr),04
La,(HfSnTaTiZr),0-
La,(NbScSnTaTi),07
Lay(NbScSnTaZr),07
Lay(NbScSnTiZr),07
Lay(NbScTaTiZr),0+
Lay,(NbSnTaTiZr),0-
Lay(ScSnTaTiZr),07

Nd-1
Nd-2
Nd-3
Nd-4
Nd-5
Nd-6
Nd-7
Nd-8
Nd-9
Nd-10
Nd-11
Nd-12
Nd-13
Nd-14
Nd-15
Nd-16
Nd-17
Nd-18
Nd-19
Nd-20
Nd-21

Nd,(HfNbScSnTa), 0~
Nd,(HfNbScSnTi),07
Nd,(HfNbScSnZr), 07
Nd,(HfNbScTaTi),07
Nd,(HfNbScTaZr),07
Nd,(HfNbScTiZr), 07
Nd,(HfNbSnTaTi), 07
Nd,(HfNbSnTaZr), 07
Nd,(HfNbSnTiZr),0-
Nd,(HfNbTaTiZr), 07
Nd,(HfScSnTaTi), 07
Nd,(HfScSnTaZr),0-
Nd,(HfScSnTiZr),0;
Nd,(HfScTaTiZr),0;
Nd,(HfSnTaTiZr),0-
Nd,(NbScSnTaTi), 07
Nd,(NbScSnTaZr),07
Nd(NbScSnTiZr),0;
Ndy(NbScTaTiZr),07
Nd,(NbSnTaTiZr),0;
Nd,(ScSnTaTiZr), 07
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Figure 5: A comparison of the enthalpy and entropy descriptors, m and , for all 21 five component
(a) Lay;B,07 and (b) Nd,B,07 pyrochlores. Enthalpy and entropy descriptor differences between
pyrochlore and PRLO structures, m and , for (¢) La;B,07 and (d) Nd,B,07 compositions.
Each data point is annotated with its index.
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4.2 Enthalpy and entropy descriptors from mixing enthalpies

In our previous work on predicting high entropy oxides in the rock salt structure,? we have demon-
strated that the enthalpy and entropy descriptors, m and , respectively, influence the formation
ability of a multi-component, single phase structure !. The expressions for calculating the values

of mand are given in Eq. 7.

m = < Hlocal> (7a)
q
= { Hiea) = { Hioca) (7b)
1 O
< |_llocal> N H; FCO;P; (7c)
local i=1
) 1 Niwcal 2
( Hioca) = Hi FCO;P; (7d)
local i=1
1 X o
Hi FCO, Pi = E Hmix B'— BJ, Pi (76)
j=1

where, ( Hiocar) and ( HZ.,) are the mean values of the local mixing enthalpies and squared
local mixing enthalpies, respectively. Hmix B' —BJ; P; is the average mixing enthalpy of site-i
with cation B, surrounded by cations, BJ. Essentially, the descriptors for the enthalpy and entropy,
are obtained from exploring the local mixing enthalpies, ( Hjocal), of all local configurations
within the FCO. There are six first nearest neighbor B —site cations, surrounding each B —site
cation in the pyrochlore structure. A local atomic configuration at a lattice site, i, constitutes
chemical species occupied by the lattice site, B', along with the six nearest neighboring B —site
cation species, BJ, J = {1;2;3;4;5;6}. Blue atoms and their bonding environment in Fig. 3(c)
represents the local configuration of a B —site.

In our previous work, we discuss the significance of exploring the energy landscape of the

local configurations. When the distribution of local configurations is relatively narrow, indicating

a small value for . Consequently, the entropy contribution (—T S) to the free energy of the high

I'We have used different set of symbols in Pitike. et. al. Chem. Mater. 32, 7507 (2020), for enthalpy (M = 15ca1)
and entropy (= 1oca1) descriptors
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entropy structure (which is inversely proportional to the entropy descriptor, ) would be large and
negative. Furthermore, when the mean of distribution of local configurations is small - indicating
a small value for enthalpy descriptor, the mixing enthalpy of the FCO will be small and vice versa.
Hence, an FCO with relatively low values for and m, should have a relatively high propensity
for the formation of phase pure high entropy structure.

Figure 5 (a, b) plots the enthalpy vs entropy descriptors for all FCOs considered in this work
with (a) La and (b) Nd on the A—site. Each data point represents a FCO and the closer it is to (0,0)
the higher is its propensity to form a high entropy phase. The index of each FCO combination is
annotated in the data point symbol. We find that the FCOs automatically fall into three clusters.

The cluster at top right corner of Figures 5 (a) and (b), with high-m and high- have low
propensity to form in a high entropy pyrochlore phase. Each composition in this cluster contain
both Nb°* and Ta®* — is comprised of five component combinations with indices 1, 4, 5, 7, 8, 10,
16,17, 19, and 20. Such compositions with two parts 5+ cations, Nb and Ta, and one [or zero] parts
Sc3* cation, would have a charge balanced chemical composition of Ay(Nb** Ta%*Sc3*BB'),07.
[or A,(Nb°*Ta>*B B’ BOU)207;4], inconsistent with the chemical composition of a pyrochlore struc-
ture type. Where, B, B’ and B” exclusively represent cations with 4+ oxidation state, such as Hf,
Sn, Ti and Zr. For this cluster, both chemical intuition and our thermodynamic descriptors agree
that the cation combinations without charge balance should have a low propensity to form in a high
entropy pyrochlore phase.

The second cluster at the center of Figures 5 (a, b), with medium-m and medium- , is com-
prised of FCO combinations that have only one 5+ cation, Nb or Ta. The cluster contains 10
FCO combinations with indices 2, 3, 6, 9, 11, 12, 14, 15, 18, and 21. The charge balance for 8
of these combinations is obtained due to the presence of Sc®* cation. While the charge balance
in other 2 FCO combinations that do not contain Sc®* (indices 9 and 15), may be achieved due
to the presence of Ti, that could take on a 3+ oxidation state, this is not expected to occur in
our high temperature reactions in air. We note that Ti in the 3+ oxidation state can be obtained

under sufficiently strong reducing conditions; for example, Ti in the 3+ oxidation state in TiO3
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oxide can be prepared by reducing TiO, with titanium metal at 1300 K.3? Furthermore, in order
to evaluate the possibility of Nb and Ti to change their nominal charge states Nb*> —Nb** and
Ti** —Ti*3, we have compared the electronic charges associated with Nb and Ti in A,(NbSc), 05
vs A2(NDTi),07 and A, Ti,07 vs Ax(NbTi),07. Nb in Ay(NbTi),07 loses only 0.03 e charge,
compared to A;(NbSc),07, indicating that the charge state of Nb is +5 irrespective of the neigh-
boring cation. Whereas Ti in A,(NbTi),07 gains ~0.53 e charge when compared with A, Ti,0O5.
Such significant gain of electronic charge by Ti when mixed with Nb indicates that, Ti cation has
a greater propensity to being reduced from Ti** — Ti*3. However, in the case of Sn, we find only
a small gain ( 0.01 e ) of electronic charge of Sn in the case of Ay(NbSn),07, indicating that the
charge state of Sn is +4 irrespective of its neighbors. Our DFT calculations are in accordance with
the ionic radii picture, where the ionic radii of Sn?* is ~70% bigger than that of ionic radii of
Sn**.26 In line with this, we find that Sn cations in all structures remains robustly Sn**. All the
five component combinations in the second cluster are charge balanced and could have medium
propensity to form in the high entropy pyrochlore form. Therefore, we note that Ti** could form,
though a mixture of Ti** and Ti®* could be likely.

The third cluster contains only one FCO, index 13, with B = (Hf,Sc,Sn,Ti,Zr). According to
the charge balance of La-13 or Nd-13, A3* (Hf;4Sco2Sn 4 TisaZry4)Ogs, is 0.2 deficit in oxygen
atoms per formula unit for a pyrochlore structure. Such non-stoichiometry can be accommodated
during synthesis through tuning the oxygen partial pressure within the reaction. In the next sec-
tion, we will discuss the thermodynamics of including oxygen vacancies in our simulations of
multicomponent pyrochlore oxides and the influence of oxygen partial pressure on the phase sta-
bility of FCOs. For further investigation, we have selected 11 FCO combinations from second and
third clusters.

Furthermore, according to the mixing enthalpies of two component oxides [see Figure 4 (a) and
(b)], we find that the PRLO structure competes with the pyrochlore structure. Other structures —
fergusonite, LaTaO4/NdTaO,, perovskite and fluorite phases do not compete with the pyrochlore

phase. Here, we compare the phase stability of the pyrochlore phase with the PRLO phase. Figures
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5 (c, d) plots the enthalpy and entropy descriptor differences, M = Mgyrochiore — MpRLO VS

= pyrochlore — PRLO, respectively, for FCOs in the pyrochlore and PRLO structures. In
other words, for combinations which are close tothe m = 0 line and m > 0, the PRLO
phase competes with the pyrochlore phase. m represents the stability of the pyrochlore phase in
competition with the PRLO phase. Using this convention, a negative value represents a favorable
condition for formation of pyrochlore phase. The enthalpy vs entropy descriptors for all FCOs in
PRLO phase with La and Nd on the A—site are presented in Figure S14 (a,b), respectively. Hence
these combinations may have low propensity to form in phase pure high entropy pyrochlore. We
find that the values of the enthalpy and entropy descriptors of PRLO structures with indices La-2
(Nd-2), La-6 (Nd-6), La-9, La-11 (Nd-11), La-14 (Nd-14), La-15, La-18 (Nd-18), and La-21 (Nd-
21), are comparable with the pyrochlore structure. As such these compounds could be competing
for two high entropy phases and we expect them to form multiphase complex microstructures.
After comparing the FCOs utilizing the enthalpy and entropy descriptors for the pyrochlore and
competing PRLO structures, we down selected the following FCO combinations with indices La-
3 (Nd-3), La-9 (Nd-9), La-12 (Nd-12), La-13 (Nd-13) and La-15 (Nd-15) for further evaluation.
In the next section we describe our thermodynamic predictions for the high entropy phase as a

function of experimental conditions, such as temperature, T and oxygen partial pressure po,=p°.

4.3 Estimating experimental variables through Metropolis Monte Carlo

simulations

We have ranked the relative tendency of formation of a high entropy pyrochlore phase from the
enthalpy and entropy descriptors. This is the first step in choosing the five component combi-
nations most probable to form high entropy compounds — i.e., low mixing enthalpies and low
configurational entropies. The first-level enthalpy and entropy descriptors do not consider the
thermodynamics of oxygen vacancies, and impurity phases. The Monte Carlo simulations pro-
vide a more comprehensive picture, which is comparable with the experimental observations, than

the first-level enthalpy and entropy descriptors. In this section, we evaluate the variation of the
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phase composition and cation segregation, as a function of experimentally controllable variables,
T and po,=p° for the previously screened five component combinations. Evaluating T and po,=p°
dependence is a crucial step for determining the fraction of secondary phases, oxygen vacancy
concentration and cation disorder that might emerge in the high entropy pyrochlore phase. We
utilized the Metropolis Monte Carlo framework developed in our previous work? and extend the
approach to include the thermodynamic contributions from oxygen partial pressure.

In addition to sampling configurations, we also sample phase composition by updating the
global phase after each trial configuration obtained by atomic swapping. A detailed description
of the Monte Carlo method, and scheme to sample atomic configurations and phase composition

is given in Section 2.2. Briefly, the total energy of the system depends not only on the mixing

enthalpies but also on the oxygen chemical potential, o as shown in the following equation,
Hiotas FCO; P = Hi FCO;Pi +No- o (®)

where, No is the deficit oxygen present in the composition and H;[FCO; P;] is the local mixing
enthalpy of B —site cation at site i (see Eq. 7e). o, further depends on T and po,=p° as given in
Eq. 6. The significance of the influence of oxygen chemical potential is emphasized below. For
example, the presence of Sc3* cations on a B** site could potentially induce oxygen vacancies
adjacent to Sc®* in the pyrochlore structure. The vacancy formation enthalpy was estimated in
the pyrochlore structure for all two component combinations. Concurring with chemical intuition
and charge balance, we find that the oxygen vacancy formation enthalpies are negative for two
component combinations containing Sc. The oxygen vacancy formation enthalpies, HS.[B— BO]

are computed according to the following equation:

2

1
HO [B — B'] = Eper[A2(BB"),07] — Eprr[A2(BB"),06] — 5 0 9)

In the Monte Carlo simulations, change in oxidation states of the cations due to the inclusion

of oxygen vacancies is treated implicitly. For example, when the phase is updated to a “pyrochlore
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with vacancy’, the total energy of the simulation domain is calculated from the mixing enthalpy
of a ‘pyrochlore with vacancy’, whose oxidation state is self-consistently optimized in our DFT
calculations. Here, we find that Sc gains ~0.1 e charge, when it is a neighbor of an oxygen
vacancy, compared with its vacancy-free pristine structure.

In order to estimate the oxygen vacancy concentration of a five component pyrochlore, we con-
sider the oxygen vacancy structures as a new phase ‘pyrochlore with vacancies’. A phase update is
also performed in addition to the B —site cation swap. Below, we discuss the trends in expectation
values of the phase fraction and short range order parameter as a function of T and po,=p°, for
the La-3 composition. The results for other structures are presented in the Supporting Information
Fig. S4-S8 and the summary is tabulated in Table 2. Figure 6 presents the expectation value of the
phase fraction, ( (P)) as a function of T and po,=p° for La-3 in the (a) pyrochlore, (b) oxygen
vacancies in the pyrochlore, (c) PRLO and (d) fergusonite structures. Other secondary phases such
as fluorite and perovskite, have negligible phase fractions for this compound. At T >1800 K and
ambient oxygen partial pressure, the value of ( (pyrochlore)) > 96%. For practical purposes,
we consider that the transition to phase pure pyrochlore occurs at { (pyrochlore)) > 96%. Such
an assumption is justified as discussed in our previous observations of the entropy stabilized rock
salt oxide, where the secondary phases were not visible in the predicted X-ray powder diffraction
patterns for small (< 4%) phase fraction of the secondary phases. '"*

Besides the transition to a pure pyrochlore phase at T >1800 K, we also find that the oxy-
gen vacancy concentration is ~1.2% in the pyrochlore phase at ambient pressure. The vacancies
are correlated with Sc®* cation locations with no neighboring Nb°* or Ta®*. Furthermore, the
96.0 contour-line connecting T = 1500 K at low pressure and T = 2100 K at high pressure in
Figure 6(a) indicates that the transition temperature Ty decreases with po,=p°. However, the 1.2
contour-line at the top right corner in Figure 6(b) indicates that the oxygen vacancy concentration
in the pyrochlore increases by decreasing po,=p°. Similar phase diagrams for the other five com-
ponent combinations, that are screened at the second step are given in the Supporting Information

Fig S4-S8.
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Figure 6: Heat map of phase fraction, ( (P)) for La-3 is plotted as a function of log(po,=p°) and
T. (a) pyrochlore, (b) percentage vacancies in pyrochlore structure, (¢) PRLO and (d) LaTaO,
phases. The contour lines along with their annotated values are also given for each panel.
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Figure 7: Heat map of short range order parameter for selected two component combination for
La-3 is plotted in separate panel as a function of log(po,=p°) and T. The contour lines along with
their annotated values are also given for each panel.
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Figure 7 depicts the expectation value of the short range order parameter (SOP), ( ggt) as a
function of T and p02=p0 for (a) Hf-Nb, (b) Sc-Sc, (¢) Nb-Nb and (d) Nb-Sc in La-3. Plots for
SOPs of all combinations of cations are given in the Supporting Information Fig. S9-S13. In our
framework we do not consider the activation barrier for cation diffusion. Nevertheless, we find
that the cation mixing happens at low temperatures T < 500 K. While, in reality the mixing of
the cations typically occur at T > 1000 K for the ternary structures (for instance see Ref.3), we
anticipate that the qualitative trends in the SOP should be unchanged. In general, we find that 4+
cations, Hf, Sn and Zr, mix easily at low temperatures in the pyrochlore phase. Whereas Nb>*
segregates to a fergusonite phase, as shown in Figure 6(d). In addition, Nb partially mixes with Sc
in the pyrochlore phase, and in the competing PRLO phase as shown in Figure 4(b).

Table 2 summarizes the phase transitions temperatures (denoted by a pyrochlore phase frac-
tion of > 96%) and other critical properties for the considered structural phases. Overall, we find
that Ty for A = Nd are smaller than their A = La counterparts. These computational predic-
tions were experimentally validated by attempting to synthesize the following compositions: La-3
= Lap,(HfNbScSnZr),07, La-12 = Lay(HfScSnTaZr),07, La-9 = La,(HfNbSnTiZr),0;, La-13 =
Lay(HfScSnTiZr),07, Lay(CeHfSnTiZr),07, and the Nd analogues of these compositions. Before
proceeding into the experimental discussion, we briefly discuss our predicted values of oxygen
vacancy concentration at phase transition temperature. The value of the oxygen vacancy concen-
tration for La-9, La-15, Nd-9 and Nd-15, (Oysc) = 0. For all other compositions, the value of the
oxygen vacancy concentration is practically negligible, (Oyac) < 0:5%. Our predictions are con-
sistent with the neutron scattering analysis,?* which did not indicate any oxygen non-stoichiometry
for Nd-9 and Nd-12.

Figure 8 presents the powder X-ray diffraction pattern for five component B —site cation com-
binations mentioned in each panel with either (a) La and (b) Nd on the A—site. The refinements
of the X-ray diffraction data and the weight % estimates of the secondary phases are given in the
Supporting Information Table SIV and Fig. S15-S19. In the case of A = La, we find that 2 —

out of the 3 theoretically screened compositions, La-3, La-12 and La-13 — La-3 and La-12 form
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Figure 8: Experimental powder X-ray diffraction pattern for (a) La based five component sample
and (b) Nd based FCO. Note that only the known impurity peaks are labelled. The low angle peaks
at 2 = 14:3 and 28:1 are present in all of the pyrochlore samples, but in some cases are very
small due to the relative scattering powers of the sites. Refinements are given in the Supporting
Information Table SIV and Fig. S15-S19.
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