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Electronic Supplementary Information 

Computational methods 

Calculations were performed using the plane wave density functional theory (DFT) package, Vienna 
Ab-intio Simulation Package (VASP) version 4.6.2664, 65 with the Perdew, Burke and Ernzerhof (PBE)66 
exchange correlation functional. For the B-site species (Fe, Co, Mn and Ni) the first sub-valence p-
orbitals were treated as valence and for the A-site species (Y and Ba) the first sub-valence s-orbital 
was treated as valence.  The k-point grid that was used for each calculation was determined by the 
first gamma centred k-point grid that fulfilled the condition: 

Å20≥× ii rnk  (S1) 

where nki is the number of k-points on lattice vector i and ri is the length of the corresponding real 
lattice vector, given in Å.  The unit cell size, shape and atomic coordinates were relaxed until forces 
on atoms were less than 0.01 eV/Å. Wavefunctions were converged until the difference in energy 
between consecutive steps was less that 10−5 eV. The plane wave cut-off energy in these calculations 
was set to 450 eV.  

Collinear spin-polarization was applied to the B-sites for YBa2Fe3−xMxO8 as follows without spin-orbit 
coupling: when x = 0 or M = Co a G-type antiferromagnetic structure was used, as reported for 
YBa2Fe3O8; for M = Ni and Mn, both G-type antiferromagnetic and ferromagnetic arrangements 
were tested.  Collinear magnetic structures were also applied to the binary oxide calculations in 
arrangements that have been experimentally reported42-44, 47. 

It has been shown that in order to be able to calculate accurate formation energies for perovskites 
containing d electrons, an onsite Coulomb interaction term, U, must be applied to the d-orbitals of 
the transition metals41.  We have followed the approach of Dudarev et al.67, using an effective Ueff 
where Ueff = U − J. In this work we used values of Ueff of 4.0, 4.0, 6.4 and 3.3 eV for Fe, Mn, Ni and Co 
respectively, values chosen to reproduce experimental energies for the oxidation of binary oxides41.  
The energy of O2 gas was fixed as −8.5 eV per formula unit (FU), a value which includes a correction 
to the DFT calculated binding energy of O2 obtained by fitting to the experimental formation 
energies of binary oxides41. 

The expected extent of ordering at finite temperatures based on 0 K DFT energies, was modelled 
using a statistical mechanics approach detailed in the literature30. This approach estimates the 
occupation of different configurations at finite temperatures using Boltzmann statistics based upon 
the calculated enthalpy differences between configurations at 0 K and their configurational 
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entropies. For temperatures well below the Néel temperature (~700 K), the enthalpy differences 
between configurations calculated with G-type antiferromagnetic ordering are used. At higher 
temperatures, the mean of the enthalpy differences using G-type antiferromagnetic and 
ferromagnetic ordering is used to model paramagnetism. 

Free energies of reaction were calculated according the reaction schemes outlined in Equation 2, 
yielding a free energy of reaction, labelled ∆Fsub. The free energy of O2 in the gas phase is 
approximated to be -8.5 eV/FU - kbTln(pO2), where pO2 indicates the partial pressure of oxygen gas.  

All of the binary oxides and the undoped YBa2Fe3O8 are assumed to be fully ordered and therefore 
have zero configurational entropy. The free energy of the doped compositions was calculated as 
outlined previously30. For each of the doped 3ap compounds, the free energy is calculated according 
to 

ZTkF B ln−=   (S2) 

where the partition function, Z, is defined as  
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N indicates the total number of configurations, m, which include different magnetic orderings where 
calculated.  Em is the 0 K energy and Ωm the degeneracy of configuration m. The degeneracy is given 
by the number of equivalent ways that the configuration can be modelled within the supercell.  
Vibrational contributions to the free energy were neglected, given the similarity between the 
structures on either side of Equation 2, and the considerable extra computational expense required 
to accurately calculate these contributions. Free energies were calculated at the synthesis 
temperature, 1473 K, and at partial pressures corresponding  to air (pO2 = 0.21) and pure O2 (pO2 = 1) 

at atmospheric pressure. 

 

Related Reaction Energies 

We define a substitution energy, ΔEsub, using Equation 2: 

83232832 OFeYBa*OFe
2

OFeYBa xx
E MMx

sub
−

∆ →+−  (2) 

Alternatively a reaction energy of formation for the doped and undoped compounds from binary 
oxides, ΔEBO, can be calculated: 
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We note that the value of ΔEBO differs from that of ΔEsub only by a constant given by the formation 
energy of YBa2Fe3O8 from binary oxides. ΔEBO could therefore be used interchangeably with ΔEsub 
with the sole result of shifting the energies by a constant value of 1.57 eV/Formula Unit.  
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Experimental methods 

Samples were synthesised from binary oxides and carbonates (Y2O3 (99.999%), BaCO3 (99.997%), 
Fe2O3 (99.998%), MnO2 (99.97%), NiO (99.998%) purchased from Alfa Aeasar and subsequently pre-
dried) and weighed out in stoichiometric quantities.  Samples were hand-ground using a pestle and 
mortar with the samples under acetone.  Prior to firing the samples were pelletized using a uniaxial 
press at a pressure of approximately 5 tons, with the diameter of the pellet chosen to allow for the 
pellet to be < 5 mm thick.  Samples were then heated at a temperature of 1200°C in a tube furnace 
under flowing N2 (static air was also trialled for YBa2FeNi2O8±δ and YBaFe2MnO8±δ materials) for 72 
hours in alumina crucibles, with intermediate re-grinding and re-pelletisation at 24 and 48 hours.  At 
the end of each heating cycle the samples were allowed to cool completely to room temperature 
before the gas flow was removed. Initial samples were synthesised with a target mass of 1 g. A larger 
sample was synthesised with a target mass of 7 g for NPD using the same methodology as above 
under flowing N2 gas, as a single 32 mm diameter pellet. 

Iodometric titrations were carried out in order to determine the oxygen content and therefore 
average transition metal charge state.  Samples were titrated against sodium thiosulfate solution 
(0.1 M), standardised against potassium iodate (99.995% purchased from Sigma Aldrich).  Samples of 
Fe2O3 and MnO2 (purity and supplier as used in the synthesis) were also titrated and analysed to 
test the titration conditions for the transition metals in question, resulting in oxygen contents of 
O3.00(3)  and O2.01(2)  respectively. 

For the titrations, an approximate ratio of 1 g of potassium iodide (99.99%, purchased from Alfa 
Aeaser) was added for every 50 mg of sample.  The potassium iodate standard was dissolved in 
water (ca. 20 cm3) and then sulphuric acid added (ca. 5 cm3, 1 M).  Metal oxides were dissolved in 
hydrochloric acid (20 cm3, 3 M), flushed with argon gas for at least 1 minute, sealed with laboratory 
film and stirred just above room temperature until samples were dissolved.  The metal oxide 
samples were then diluted to an acid concentration of 0.5 M and titrated immediately.  Samples 
were titrated until a pale straw colour was obtained, at which point, 2 cm3 of starch indicator 
solution was added, turning the solution dark indigo, and the titration was continued to a clear end 
point. All titrations were repeated a minimum of 3 times and the average result is reported together 
with the standard error calculated from the spread of the results. 

Mössbauer spectra at room temperature and at 77 K were taken in absorption mode with samples 
mounted between the Mössbauer source and the gamma ray detector.  The source motion was 
controlled by a waveform that gave constant acceleration motion. A double ramp waveform was 
used so that the folded spectra have a flat background.  The source was of 57Co in a Rh matrix and 
the 14.4 keV gamma radiation was detected in a proportional counter filled with an argon/methane 
gas mixture to a pressure of about one atmosphere. The detector efficiency is about 67% for 14.4 
keV radiation but is essentially zero for the 122 keV radiation that feeds the 14.4 keV state in 57Fe. 
The spectrometer was calibrated against the known spectrum of α–iron (BCC). Values of isomer shift 
are quoted relative to α-iron at room temperature. The spectra are fitted with a superposition of 
components each of which represents a particular Fe ion in a defined environment. For each such 
component values of the isomer shift, electric quadrupole interaction and magnetic hyperfine field 
were determined. 
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All powder diffraction data were collected at room temperature. PXRD data were collected on the 
initial samples using a Bruker D8 Advance diffractometer using Cu Kα1 (λ = 1.5406 Å) radiation in 
Bragg-Brentano or transmission foil geometry. For the structure refinement PXRD data was collected 
using a Bruker D8 Advance in Debye-Scherrer geometry using a 0.3 mm capillary with Mo Kα1 (λ = 
0.7093 Å)  radiation (d-space range: 0.62 – 16.37 Å), with backgrounds fitted with Chebyshev 
functions and 518 reflections calculated.  Time Of Flight (TOF) - NPD patterns were collected at STFC-
ISIS on the HRPD instrument in a 8 mm vanadium can, with data collected at 168° and 90° detector 
banks (with d-space ranges 0.67 – 2.36 and 0.96 – 3.67 Å respectively) with backgrounds fitted using 
a power series with increasing Q (background type 4 in GSAS) with 669 and 437 reflections 
calculated for the 168° and 90° banks respectively.  For phase identification X’Pert Highscore Plus 
software68 was used to perform peak assignments using the pdf-2 database69.  Phase fractions 
quoted in Figure 6 were calculated using the computer program Topas Academic70, 71.  Rietveld 
refinements were performed using the GSAS72, 73 package, following a refinement method based 
upon a previously reported procedure on refining the nuclear and magnetic structure of 
YBa2Fe3O8

54. 

During the refinement process, both of the magnetic structures reported for orthorhombic 
YBa2Fe3O8

21, 54 were trialled with a fixed, previously refined nuclear structure and thus fixed unit cell 
parameters for the magnetic cells. This results in 5 re-finable parameters for both models; the scale 
parameter for each diffraction pattern (three parameters) and the magnitude of the magnetic 
moment on the square pyramidal and octahedral sites (two parameters). 

When the magnetic structure was refined with the monoclinic cell (P2’/m spacegroup21) the unit cell 
parameters were a = b = 5.490923 Å, c = 23.968430, α = β = 90˚ and γ = 90.042˚.  The symmetry and 
setting of the space group restrain the magnetic moments to lie along the b axis of the magnetic cell, 
in between the a and b axis of the nuclear unit cell, resulting in the magnetic moments aligned 
between the M-O bonds.  The magnetic moments were refined to 3.57(5) μB on the octahedral site 
and 3.07(2) μB on the square pyramidal site, with the fit resulting in a χ2 equal to 4.54. 

When the magnetic structure was refined in the orthorhombic unit cell (Fmm’m’ spacegroup54) the 
unit cell parameters were a = 7.768143 Å, b = 7.762479 Å, c = 23.968430 Å and α = β = γ = 90˚ (a = 
2a, b  = 2b and c = 2c relative to the nuclear cell).  The magnetic moments are constrained by 
symmetry to lie along the a axis of the magnetic cell, which is in inline with the M-O bonds in the 
nuclear unit cell.  The magnetic moments were refined to be 2.81(4) μB and 3.41(2) μB on the 
octahedral and square pyramidal sites respectively, the fit resulted in a χ2 equal to 4.44.  Since the 
Fmm’m’ magnetic cell had a slightly lower χ2 compared to the P2'/m model and it retains the 
orthorhombic unit cell type of the nuclear structure, it was used in the final refinement presented in 
the main text. 

During the refinement, it was also possible to determine which of the a or b axis the magnetic 
moments were aligned along in the Fmm'm' magnetic cell, by repeating the same as refinement 
above, with the a and b axes switched so that the magnetic cell becomes a = 2b, b = 2a and c = 2c 
relative to the nuclear unit cell, which results in a higher  χ2, equal to 4.71 and magnetic moments of 
2.77(4) μB and 3.38(2) μB on the octahedral and square pyramidal sites respectively, with the 
calculated patterns characterised by magnetic only reflections being calculated at incorrect Q values, 
confirming that the magnetic moments align along the a axis of the nuclear structure. 
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