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Computational prediction and experimental
confirmation of B-site doping in YBa2Fe3O8†

Christopher Collins,a Matthew S. Dyer,a Antoine Demont,a Philip A. Chater,a

Michael F. Thomas,b George R. Darling,a John B. Claridgea

and Matthew J. Rosseinsky*a

In this work we use calculations to obtain reaction enthalpies for the formation of YBa2Fe3�xMxO8 (where

M ¼ Co, Ni and Mn and x ¼ 1, 2 and 3) from binary oxides and oxygen gas using Density Functional Theory

(DFT). Based upon these calculations we are able to make predictions on favourable levels of doping and B-

site ordering for YBa2Fe3�xMxO8, followed by experimental investigation in the same study. The

composition where we predict doping to be favourable was experimentally investigated and a triple

perovskite is found to be the major phase, confirming the prediction. Optimisation of the synthesis

produced a phase-pure triple perovskite, Y1.175Ba1.825Fe2MnO8�d, formed in a narrow compositional

window. The crystal structure of this phase was analysed using Powder X-ray Diffraction (PXRD),

iodometric titrations, Mössbauer spectroscopy and Neutron Powder Diffraction (NPD). This is the first

reported example of ordered or disordered Fe and Mn coexistence in this structure type. We compare

the observed structure against the initial DFT predictions and find them to be in good agreement and

conclude that the computational methods presented within this work can be used as a predictive guide

to the synthesis of oxide materials.
Introduction

The properties of transition metal oxides are controllable by
substitution at the metal sites. When several candidate sites are
available, qualitative crystal chemical considerations may not
always be capable of predicting the outcome of a substitution
reaction. Here we explore the use of ab initio calculations to
dene the outcome of site substitution in an ordered triple
perovskite.

Complex metal oxides are important scientically because of
their structural diversity and the wide range of novel
phenomena they sustain, including charge ordering, colossal
magnetoresistance and multiferroic behaviour. They have
applications in many industrial and technological areas
including catalysis,1 solid oxide fuel cell (SOFC)2 electrolytes
and electrodes, transparent conductors,3 superconductors,4

ferro- and piezoelectrics,5 dielectric materials,6 thermoelec-
trics,7 positive temperature co-efficient of resistivity materials
(PTCR)8 and ferrite permanent magnets.9 Substitution into a
parent structure permits property tuning in all of these appli-
cation classes – examples are the evolution of the d.c.
rpool, Crown Street, Liverpool, L69 7ZD,

ool, Liverpool, L69 7ZE, UK

tion (ESI) available. See DOI:

hemistry 2014
conductivity and area specic resistance (ASR) in the
Ba1�xSrxFe1�yCoyO3�d

10–13 family of SOFC cathode materials,
and band gap and resistivity tuning in the doped ZnO14–16 family
of transparent conducting oxides.

The structure of the superconductor YBa2Cu3O7 (ref. 17) is
based upon the ABO3 perovskite structure that is extended to
form a three-fold super structure in the c-axis direction, here-
aer referred to as a 3ap structure. YBa2Fe3O8 (ref. 18) (Fig. 1a)
was the rst 3ap analogue of the superconductor YBa2Cu3O7 in
Fig. 1 (a) Reported structure for YBa2Fe3O8, including the atomic labels
used in this study. With tetragonal symmetry O1 and O2 are equivalent.
(b) (a + b, a� b, 2c) super-cell used in DFT calculations. Atoms coloured
as follows: Y (yellow), Ba (green), Fe (brown) and O (red).
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which Cu was fully replaced by another transition metal, and
hence has been the object of considerable study.18–23 It is a good
candidate for predictive substitution as it is related to a number
of other functional oxide materials in terms of system size,17,24

structural motif17,25 and some of the elements included in the
system have been previously reported in other functional
systems.10,17,25 Long range ordering in the c direction is driven by
ordering of oxygen vacancies (one ninth per triple perovskite
(A3B3O9) Formula Unit (FU)). These ordered vacancies create
distinct A- and B-site environments within the structure. There
are three A-sites, one hosting Y3+ ions co-ordinated to eight O2�

ions and two Ba sites co-ordinated to twelve O2� ions. The
B-sites are ve co-ordinate square based pyramids and six co-
ordinate octahedral sites, both distorted away from ideal poly-
hedral geometry: the octahedral site has four short and two long
bonds, and the square pyramidal site has one short and four
long bonds. YBa2Fe3O8 orders antiferromagnetically at �700 K
(ref. 20–22) with a G-type magnetic structure.23

In this work we explore the use of Density Functional Theory
(DFT) to guide the synthesis of B-site doped YBa2Fe3O8.18 While
previous reports exist for substitution of Co into the YBa2Fe3O8

compound,19 substitution with Ni or Mn is currently unre-
ported. This allows for both the validation of the computational
method for the system by calculating Co substitution and for
the prediction of unreported substitutions. Irrespective of the
A-site composition, no compounds containing Fe and Mn have
been previously reported in this structure.

Given the multiplicity of possible sites for doping, it is not
trivial to identify where a substitution will take place. Prediction
of whether a dopant will favour one of the available B-site
geometries by looking at known structures is not reliable as
precedents exist for doping at each of the sites found in the 3ap
structure.26–28 It is also possible that B-site doping may occur in
a disordered fashion over both B-sites. Given the widespread
applicability of doped metal oxides it is highly desirable to use
calculations to aid in predicting how to substitute the
compound in order to reduce the number of syntheses that are
required to nd new compounds.

The calculation of stable levels of doping in YBa2Fe3O8 is a
complex computational problem because of the number of
metal species present and two different chemical environments
for Fe3+. The prediction of ionic substitution based on a data-
base of structures has been reported previously.29 It has also
been shown that all unique congurations of a structure can be
generated using symmetry, and the most stable conguration
determined by calculating relative energies between congura-
tions.30 This method has been applied in calculating the solid
solutions of some binary and ternary oxides31–33 and carbonate
systems34,35 and for a number of other system types.36–38 Convex
hull calculations have also been previously used in the predic-
tion and synthesis of compounds with some success,39 however
the construction of convex hulls for systems containing four or
more elements is impractical.

The complex structures of many functional transition metal
oxides require large numbers of potential disordered congura-
tions to be investigated in an exhaustive study. For example the
largest super-cell used here for the composition YBa2Fe2MnO8
1494 | Chem. Sci., 2014, 5, 1493–1505
has 16 Fe atoms and 8 Mn atoms distributed over 24 B-sites.
Ignoring symmetry, there are 24!/16!8! ¼ 735 471 ways of
arranging these atoms, which reduces to 24 371 congurations
not related by symmetry. Since such an exhaustive approach is
clearly unfeasible in this case, we propose a more practical,
simplied model. Previously it has been shown that DFT calcu-
lations can be congured to closely reproduce experimental
reaction enthalpies for previously known perovskite materials,
such as the LaMO3 system, where M indicates a transition metal
species40,41 for calculations performed at 0 K. This work utilises
the capability of DFT to calculate formation energies from binary
oxides as a predictive tool, and is demonstrated in a system
containing four different cation species and covering three
different dopants with a range of doping levels.

We begin by calculating an energy of M substitution for
doped YBa2Fe3�xMxO8 in a selected number of B-site congu-
rations, representative of the possible orderings. We then
experimentally test the following hypothesis: when this substi-
tution energy is negative, doping will be experimentally
favourable and conversely when the substitution energy is
positive, doping would be unfavourable. We demonstrate the
methodology for YBa2Fe3�xMxO8 when M ¼ Co which has
previously been synthesised19 and then make predictions for
doping when M ¼ Mn and Ni.
Reaction energies

We start our calculation of reaction enthalpies by dening
the dopant species M* by the binary oxide of M and a
required amount of O2 gas required to balance any change in
the charge state of M in the doped compound to the 3+
oxidation state:

M* ¼
�x
2
Mn2

3þO3

�
;
�x
3
Co3

2:67þO4 þ x

12
O2

�
;
�
xNi2þOþ x

4
O2

�
(1)

For reference calculations of the energies of binary oxides,
the initial atomic coordinates and unit cells were used as
reported in the literature.42–47 Where multiple possible binary
oxides are reported for the transition metals (M ¼ Co and Mn)
the oxide which gave an overall charge state as close to 3+ as
possible was selected in order to minimise the amount of O2

required to balance the equation. When M ¼ Mn, no change in
formal oxidation state is required, for M ¼ Co and Ni, we
assume that all of the M atoms increase their average oxidation
state to be formally 3+ as this is reported experimentally for Co
in this system.19

A substitution energy, DEsub, can then be dened for the
formation of the doped material from the undoped parent,
binary oxides and gas phase oxygen where required (Eqn (2)).

YBa2Fe3O8 � x

2
Fe2O3 þM* �����!DEsub

YBa2Fe3�xMxO8 (2)

The most favoured conguration at each doping level is
dened as the composition that yields the lowest substitution
energy, DEsub. A negative value of DEsub is used across doping
species and doping levels to predict that doping is likely to be
This journal is © The Royal Society of Chemistry 2014
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possible. The energy DEsub is closely related to other potentially
relevant reaction energies, as discussed in the ESI.†

Since we are calculating energies at each end of the solid
solution and values in between, we can also calculate energies
relative to an ideal solid solution. Particularly stable composi-
tionsmight be expected to have energies that lie below the energy
of the ideal solid solution. Alternatively increases in energy
indicate that the solid solution is unfavourable as has been
suggested for solid solutions between binary materials,48 which
could suggest that phase separation is likely. For our systems, a
solid-solution energy, DESS, is calculated according to Eqn (3):

ð1� xÞYBa2Fe3O8 þ xYBa2M3O8 �����!DESS
YBa2Fe3�xMxO8 (3)

In the system examined in this work the YBa2M3O8 end
members of the solid solutions are not reported in ordered 3ap
structures (although YBa2Co3O8+d is reported as a disordered
cubic perovskite49), and so the solid-solution energy is not a true
prediction of phase stability (competing phase separation into
the two ordered end members cannot occur experimentally).
Instead we use DEsub (Eqn (2)) for our predictions of the
outcomes of substitution reactions (Fig. 3a). However, for clarity
in identifying the differences between congurations at each
value of x we have used DESS (Eqn (3) and Fig. 3b–d).

Doping models

The initial atomic coordinates and unit cell for the calcula-
tions were taken from the reported crystal structure of
Fig. 2 Structures used for DFT calculationswith the three different site pr
1 and 2. Atoms coloured as follows: Y (yellow), Ba (green), Fe (brown), d

This journal is © The Royal Society of Chemistry 2014
YBa2Fe3O8 in an (a + b, a � b, 2c) super-cell of the nuclear cell
(Fig. 1b).18 This super-cell allows calculations for G-type anti-
ferromagnetic and ferromagnetic ordering, and contains four
octahedral and eight square pyramidal B-sites, over which the
various transition metal cations were distributed at each level
of doping.

The different B-site congurations considered for different
doping levels are shown in Fig. 2. For full substitution (x ¼ 3)
only one B-site conguration is possible. For x¼ 1 and 2, three
different B-site congurations were considered in order to be
able to approximate the site preferences of the dopant species.
In the rst conguration, which we named “Octahedral”,
octahedral sites are preferred for the dopant species. At the
doping level of x ¼ 1 the octahedral sites are lled, and hence
for x ¼ 2 the remaining dopants were distributed evenly
amongst the square pyramidal sites in order to maximise the
separation between the dopant atoms (Fig. 2). In the second
conguration, which we name “Square Pyramidal” the dopant
species were distributed amongst alternating square pyra-
midal site at x ¼ 1 and the square pyramidal sites were fully
occupied when x ¼ 2. For the nal “Mixed” conguration the
calculations were performed on a larger (2(a + b), a � b, 2c)
super-cell to allow for each of the two octahedral and the four
square pyramidal layers to contain the same number of
dopant atoms. For both x ¼ 1 and x ¼ 2 an equal number of
dopant species were placed on each type of B-site, with the
atoms distributed in order to maximise their separation
(Fig. 2).
eferences (octahedral, square pyramidal andmixed) at doping levels x¼
opant (blue) and oxygen (red).

Chem. Sci., 2014, 5, 1493–1505 | 1495
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Computational results

Balanced equations for the calculation of substitution energies
were created taking into account the possibility of an overall
change in oxygen content, depending on the dopant metal
(DEsub, Eqn (2)). Calculated values of DEsub are used to predict
whether a calculated composition would be stable (negative
DEsub) and therefore likely to form experimentally.

Results for the calculated substitution energies suggest that
favourable doping can be achieved when M ¼ Co and Mn and
no favoured doping conguration was found when M ¼ Ni.
Substitution energies for the lowest energy conguration for
Fig. 3 (a) Calculated reaction energies, DEsub, for the most stable configu
Eqn (2), for M ¼ Mn (black), Co (red) and Ni (blue). The most stable con
pyramidal). (b and c) Solid-solution energies, DESS, for all configurations
(black), square pyramidal (red) and mixed (blue) configurations are plo
ferromagnetic order where calculated. DESS ¼ 0 in (c and d) to guide the
partial oxygen pressures corresponding to air and pure O2 at atmospher

1496 | Chem. Sci., 2014, 5, 1493–1505
each doping level and dopant are shown in Fig. 3a. WhenM¼ Co
the x¼ 1 substitution level is favoured with DEsub ¼ �0.03 eV/FU
when the dopant atoms are distributed over octahedral and
square-pyramidal sites in the Mixed conguration, i.e. with no B-
site preference (Fig. 3b). At higher doping levels of x ¼ 2 and 3,
doping is calculated to be unfavourable, with positive values of
DEsub. The calculation of favourable doping for M¼ Co and x¼ 1
without any B-site preference which becomes unfavourable at a
point between x ¼ 1 and 2 is in good agreement with reported
experimental results.19 Co doping within the YBa2Fe3O8 phase
has been reported for the nominal values of x ¼ 0.6, 0.9, 1.2 and
1.5, and substitution beyond x ¼ 1.5 has not been reported
ration at each doping level for YBa2Fe3�xMxO8 calculated according to
figuration is indicated by the letters (octahedral), (mixed) and (square
and dopant species calculated according to Eqn (3). The octahedral

tted with solid lines for antiferromagnetic order and dashed lines for
eye. (e and f) Reaction free energies, DFsub, calculated at 1473 K with
ic pressure. Colours as in panel (a).

This journal is © The Royal Society of Chemistry 2014
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experimentally. In addition, experiments show no signicant
cation site preference for the doped compounds.19 The consis-
tency between the computational results and the experimentally
reported phases suggest that our approach can reliably calculate
the favourability of transition metal substitution within
YBa2Fe3O8.

For M ¼ Mn calculations suggest that substitution is fav-
oured at x ¼ 1, with the Mn atoms in the octahedral congu-
ration with G-type antiferromagnetic ordering on the B-site
(Fig. 3c). DEsub for the substituted material was calculated to
be �0.09 eV/FU. The higher x ¼ 2 substitution level is consid-
erably unfavourable energetically; the most stable conguration
has the Mn atoms in the octahedral conguration with G-type
antiferromagnetic ordering but the substitution energy, DEsub,
is +0.33 eV/FU.

For M ¼ Ni, no substitution level is found to have a negative
value of DEsub. An interesting result to note however, is that at x¼
2 the Ni atoms were favoured in the square pyramidal sites and
with ferromagnetic ordering (Fig. 3d). Although the x ¼ 2
conguration was found to have a positiveDEsub value of +0.26 eV/
FU, if this level of doping could be synthesised in the 3ap struc-
ture, our calculations predict that the material would unusually
favour ferromagnetic over G-type antiferromagnetic ordering.

In summary, the DFT calculations predict that only x¼ 1 Mn
substitution is favourable from the six Ni and Mn substitution
levels examined.

As expected, of the calculated structures we observe that for
each doping level, the most stable conguration also has the
smallest unit cell volume (Fig. 4a–c). The single exception was
when x ¼ 1 and M ¼ Ni, where the conguration with the
smallest unit cell volume is 0.014 eV/FU less stable compared to
the structure with the lowest energy.
Fig. 4 (a–c) DFT unit cell volumes as a function of dopant content for M
(blue) configurations are plotted with solid lines for antiferromagnetic or
lengths for the axial (black) and equatorial (red) M–O bonds of the octah
YBa2Fe3�xMnxO8.

This journal is © The Royal Society of Chemistry 2014
In the structure of the M ¼ Mn, x ¼ 1 octahedral congu-
ration, which is predicted to be stable, the geometries (Fig. 4d)
of the fully Mn occupied octahedral sites display a sharp
increase in the distortion of the octahedral coordination envi-
ronment when compared to the undoped material. The axial
bond length increases by 0.11 Å with a concurrent shortening of
the equatorial bond by 0.02 Å in line with the Jahn–Teller
distortion expected for Mn3+ (Fig. 4d). When the doping level is
increased (x ¼ 2 and 3) the length of the equatorial bond
changes little. However, the extra Mn atomsmust be placed into
square pyramidal sites, shortening one axial bond of the octa-
hedron and creating an irregular octahedral site, with two long
bonds (2.00 and 2.28 Å) and four short bonds with a mean
length of 1.97 Å. Similarly at the doping level x ¼ 2, where extra
Mn atoms occupy half the square pyramidal sites, the square
pyramid coordination environment distorts relative to the
undoped material, resulting in four different square pyramids
each with differing bond lengths. We suggest that the inclusion
of Mn when x is greater than 1, forcing Mn into the square
pyramidal sites and causing considerable distortion of all B-
sites, is a factor which leads to the increased levels of doping
becoming unfavourable.

The results presented above are based solely upon DFT
ground state energies, however to predict the relative stability of
phases under experimental conditions, it may be necessary to
include the effects of nite temperature by calculating free
energies of reaction. Free energies for the reaction shown in
Eqn (2), DFsub, have been calculated including contributions
from the entropy of mixing and the free energy of gas phase O2

(see ESI† for details).
Values of DFsub calculated at the synthesis temperature of

1473 K, and with partial oxygen pressures corresponding to air
n, Co and Ni. The octahedral (black), square pyramidal (red) and mixed
der and dashed lines for ferromagnetic order. (d) DFT calculated bond
edral site as a function of Mn doping in the octahedral configuration of

Chem. Sci., 2014, 5, 1493–1505 | 1497
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Fig. 5 PXRD patterns from stoichiometric samples of YBa2Fe3�xMxO8�d

for (a) M ¼ Ni and x ¼ 2 (YBa2FeNi2O8�d), (b) M ¼ Mn and x ¼ 2
(YBa2FeMn2O8�d) and (c) M ¼ Mn and x ¼ 1 (YBa2Fe2MnO8�d) (d)
YBa2Fe2MnO8�d with an optimised Y : Ba ratio (Y1.175Ba1.825Fe2MnO8�d)
when synthesised under a N2 atmosphere. The XRD patterns show that
no 3ap perovskite is formed in YBa2FeNi2O8�d, with a mixture of oxide
phase identified (a ¼ Y2O3, b ¼ NiO, g ¼ BaY2NiO5 (ref. 63) and d ¼
YBa3Fe2O7.5 (ref. 50)). YBa2FeMn2O8�d contains a mix of hexagonal (‡)
two cubic perovskite phases (*) with one of the perovskite phases similar
to the 3ap phase observed in pattern (d). YBa2Fe2MnO8�d contains a 3ap
perovskite (†) as the major phase with a minor hexagonal perovskite (‡)
impurity identified as a BaMnO3 type hexagonal perovskite.
Y1.175Ba1.825Fe2MnO8�d contains single phase 3ap perovskite (†).
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and pure O2 at atmospheric pressure are shown in Fig. 3e and f.
Qualitatively, the results follow closely those calculated at 0 K.
All Ni doped compositions remain unstable at atmospheric
partial oxygen pressure, although the data suggest that YBa2-
Fe2NiO8 may be stable under an atmosphere of pure O2, which
is more oxidising than any conditions used experimentally in
this study. Of the Mn doped compositions, YBa2Fe2MnO8

retains a negative reaction energy and is predicted to be stable.
The largest differences are seen in the Co doped compositions.
Under air (pO2

¼ 0.21) all Co doped compositions become
unstable relative to YBa2Fe3O8, Co3O4 and O2; only under the
more oxidising pure O2 atmosphere (pO2

¼ 1) is YBa2Fe2CoO8

predicted to be stable. This is entirely in line with experiment,
as synthesis of Co doped YBa2Fe3O8 is carried out under owing
O2.19 In the present study, the conclusions drawn from pure DFT
data, calculated at 0 K, would have been the same as those
drawn from the free energy data. This may, however, not always
be the case, and as our thermodynamic analysis required very
little extra computational cost, we suggest that it should be
carried out in any future studies which use a similar
methodology.

Experimental results

To test both positive and negative predictions of doping levels,
samples were synthesised at the composition YBa2Fe2MnO8�d

(M ¼ Mn, x ¼ 1), which is predicted to be stable, and the
compositions representing YBa2FeNi2O8�d (M ¼ Ni, x ¼ 2) and
YBa2FeMn2O8�d (M ¼ Mn, x ¼ 2), predicted to be unstable.
Synthesis was attempted in air and under a reducing atmo-
sphere of owing N2.

In the sample with the composition YBa2FeNi2O8�d red
under owing N2 (Fig. 5a), it is observed that the sample
contains a mixture of known binary and ternary oxide phases,
with no formation of phases with the 3ap structure. In the
sample of composition YBa2FeMn2O8�d (Fig. 5b), the major
phase was indexed to be a hexagonal perovskite similar to the
reported 4H BaMnO3�d,33 along with two tetragonal or pseu-
dotetragonal perovskite phases. One has lattice parameters of
ap ¼ 3.9270(2) Å and cp ¼ 3.8380(4) Å, consistent with the
double perovskite YBaMn2O5.28 The other has perovksite lattice
parameters of ap¼ 3.9004(9) Å and cp¼ 3.926(1) Å which are not
consistent with any known phase containing these elements. No
long range order peaks arising from a 3ap phase were observed.
The phases observed in YBa2FeNi2O8�d and YBa2FeMn2O8�d are
in agreement with the predictions from DFT, in that a single 3ap
perovskite was not formed as the major phase in either sample.

In the YBa2FeNi2O8�d and YBa2Fe2MnO8�d samples that
were red under static air, no phases with the 3ap structure were
observed to form. With YBa2FeNi2O8�d the same impurity
phases were observed as for owing N2, although with different
relative intensities in the diffraction pattern, with intensities
for the reported YBa3Fe2O7.5 phase decreasing.50 For the
YBa2Fe2MnO8�d sample red in static air, the two main phases
were observed by XRD corresponding to YFeO3 orthorhombic
perovskite51 and BaMnO3 hexagonal perovskite (similar to that
observed in the YBa2FeMn2O8�d sample described above).
1498 | Chem. Sci., 2014, 5, 1493–1505
Diffraction data for YBa2Fe2MnO8�d red under owing N2

(Fig. 5c) shows that the major phase is 3ap perovskite, alongside
a hexagonal impurity identied as similar to 10H
BaMn0.4Fe0.6O3�d.52 The composition for YBa2Fe2MnO8�d was
optimised to isolate the 3ap component by altering the Y : Ba
ratio. This was achieved by searching a one dimensional phase
diagram covering YyBa3�yFe2MnO8 using 17 values ranging
between 0.8 and 1.275 with varying intervals. The same
synthetic procedure was maintained during this search under
owing N2 gas, with a reduced target mass of 0.3 g. A phase pure
material with the 3ap structure was only obtained at the
composition Y1.175Ba1.825Fe2MnO8�d (Fig. 5d). Relatively minor
decreases or increases of 0.025 in Y content resulted in impu-
rities of 10H hexagonal perovskite or YFeO3, respectively (Fig. 6a
and c).
This journal is © The Royal Society of Chemistry 2014
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Fig. 6 (a) Refined phase fractions in YyBa3�yFe2MnO8�d samples as a
function of the Y content, 3ap indicates the phase fraction of the
desired phase, YFeO3 indicates the phase fraction of a perovskite
similar to the reported YFeO3 material51 and hexagonal perovskite
similar to the reported 10H BaMn0.4Fe0.6O3�d material.52 (b) Refined
unit cell volumes for YyBa3�yFe2MnO8 samples as a function of the Y
content. (c) Cu Ka1 XRD patterns of YyBa3�yFe2MnO8�d samples as a
function of the Y content. The blue box labelled with † indicates the
region where hexagonal perovskite reflections are observed and the
red box marked with ‡ indicates the region where the main reflection
for YFeO3 perovskite is observed. The stoichiometric YBa2Fe2MnO8�d

and phase-pure Y1.175Ba1.825Fe2MnO8�d compositions have been
plotted using red and blue lines respectively.

Fig. 7 (a) Rietveld plot for Mo Ka1 PXRD data for phase pure
Y1.175Ba1.825Fe2MnO8.04(5), with highQ range in-set. (b) Rietveld plot for
HRPD 168� bank containing both nuclear and magnetic phases for
phase pure Y1.175Ba1.825Fe2MnO8.04(5), with low Q range inset from
HRPD 90� bank, black and red tick marks indicate the nuclear and
magnetic hkl positions respectively. (c) Room temperature Mössbauer
spectrum for phase pure Y1.175Ba1.825Fe2MnO8�d, showing a fit to two
Fe3+ environments for the refined as octahedral and square pyramidal
geometries, and a singlet at Fe signal at z 0 mm s�1, attributed to
disordered Fe4+ in the system with an integrated area of 1.7(1) % of the
total spectrum.
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The oxygen content at the optimised composition,
Y1.175Ba1.825Fe2MnO8�d, was analysed by iodometric titration.
The determined oxygen content was O8.04(5), giving an average
transition metal charge state of 2.97(3)+, assuming charge
states of 3+ and 2+ on Y and Ba respectively. Mössbauer spec-
troscopy (Fig. 7c) of this sample shows the material to be
magnetically ordered at room temperature. The spectrum
showed the presence of two Fe3+ sites, which were rened as
consistent with octahedral and square pyramidal geometries. In
This journal is © The Royal Society of Chemistry 2014
addition a small paramagnetic Fe4+ signal was observed, and
modelled as disordered over both sites. The distribution of Fe
atoms within the structure was rened as 80(1) % in square
pyramidal geometry and 20(1) % in octahedral geometry. Using
the assumption that the only other species on the same sites is
Mn, and that there is a xed ratio between square pyramidal
and octahedral sites of 2 : 1, the distribution of Mn atoms is
40(1) % square pyramidal and 60(1)% octahedral.

Renement of the 3ap unit cell as a function of the Y content
over the YyBa3�yFe3O8 range, shows that there is a small varia-
tion in the unit cell volume (Fig. 6b). The variation in the cell
Chem. Sci., 2014, 5, 1493–1505 | 1499
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Fig. 8 (a) The refined nuclear structure of Y1.175Ba1.825Fe2MnO8.04(5) and (b) the refinedmagnetic structure. For clarity the atoms from the nuclear
unit cell are overlaid in blue. (c) The observed Y1.175Ba1.825Fe2MnO8.04(5) structure (blue) overlaid with the DFT predicted cell (yellow). Note that
the unit cell sizes have been normalised to the observed cell for clarity in observing the similarity between the observed and predicted atomic
coordinates.

Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
Ja

nu
ar

y 
20

14
. D

ow
nl

oa
de

d 
on

 5
/1

8/
20

26
 6

:4
3:

46
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
volume implies that the structure should be accessible over a
range of compositions; however, in our studies we only access
the structure phase pure at one specic composition. This
suggests that variation of the Fe : Mn ratio is also required at
each Y : Ba ratio in order to synthesise the phase pure structure
over a range of compositions, this was not attempted within this
work as the Fe : Mn ratio was the focus of the DFT investigation,
and the appropriate Y : Ba ratio was determined for the Fe : Mn
ratio studied.

The results of DFT calculations were used as the basis for the
structural renement of Y1.175Ba1.825Fe2MnO8.04(5). The
symmetry of the calculated YBa2Fe2MnO8 structure with octa-
hedrally coordinated Mn atoms was determined using the
FINDSYM code53 (version 3.2.3, with the tolerance set to 0.1 Å).
The highest symmetry space group was determined to be
tetragonal P4/mmm (Fig. 8a) in a unit cell where a¼ b¼ 3.91603
and c ¼ 12.19815 Å. In order to be consistent with reported
structures for the undoped material the origin of the unit cell
was set to be at the octahedral B-site. The observed B-site
occupancies from Mössbauer spectroscopy were used as the
starting model for B-site ordering within the structure.

For the Rietveld renement of Y1.175Ba1.825Fe2MnO8.04(5), the
structure was entered into GSAS64,65 as separate nuclear (PXRD
and NPD) and magnetic (NPD only) phases. Following earlier
renements of the magnetic structure of YBa2Fe3O8,54 the
magnetic cell was rened as a (2a, 2b, 2c) super-cell of the
orthorhombic nuclear cell, in the orthorhombic Fmm0m0

magnetic space group congured in a G-type antiferromagnetic
structure (see ESI† for further details). Constraints were setup
between the two phases in order to keep the B-site atoms
consistent (positions, occupancies and thermal parameters
were constrained) and the unit cells and phase fractions of the
two phases were xed, so that the ratio of the lattice parameters
and total number of B-site atoms was maintained between the
nuclear and magnetic phases.

As the starting model for the structure renement of
Y1.175Ba1.825Fe2MnO8.04(5) was the atomic structure from the
1500 | Chem. Sci., 2014, 5, 1493–1505
DFTmodel as described above, the composition was initially set
close to the nominal value at Y1.16Ba1.84Fe2MnO8, with the
additional Y inserted onto the Ba A-site. As the Rietveld
renement progressed, the composition was allowed to rene
with the only restraint being that full occupancy was enforced at
each metal site. During the Rietveld renement the space group
was changed to Pmmm to allow an orthorhombic distortion in
the lattice parameters to improve the t of broader reections
with hkl values where h s k. The rened orthorhombic distor-
tion is small with a strain (a � b)/(a + b) of 0.04%, and is
presumably related to spin–orbit coupling which is not
included in the current DFT calculations. The nal Rietveld
plots can be found in Fig. 7a and b, the resulting structure is
shown in Fig. 8b and the results of the renements are given in
Tables 1 and 2, the reduced c2 was 4.46 for 72 variables.

Renement of the oxygen content was trialled during the
structure analysis. No vacancies were observed on the ve oxygen
positions and no extra oxygen within the structure could be found.
This was trialled by placing an extra oxygen site in plane with the Y
site (A1 in Table 1), previously reported as the O4 site in the
undoped material.18 As no additional oxygen or any oxygen
vacancies were found, the oxygen content was xed to the nominal
value of O8 in the nal renement, which is in good agreement
with the oxygen content observed from iodometry (O8.04(5)).

During Rietveld renement, the A-site ratios in
Y1.175Ba1.825Fe2MnO8.04(5) changed from the starting values with
small changes to the B-site ratio, to give a rened composition of
Y1.14(1)Ba1.86(1)Fe1.961(4)Mn1.039(4)O8, a result close to the nominal
composition of Y1.175Ba1.825Fe2MnO8.04(5). The composition of
Y1.175Ba1.825Fe2MnO8.04(5) contains an excess of Y that occupies
the A2 site together with Ba (Table 1). When trialled in the
renement there was no observed disorder on the A1 site which
remained fully occupied by Y. The atomic coordinates of the
rened structure show little deviation from those of the DFT
structure (Fig. 8c and Table 1), with the exception of a
small orthorhombic distortion and the z positions of O1 and O2
(Table 1). O1 and O2 are no longer related by symmetry due to the
This journal is © The Royal Society of Chemistry 2014
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Table 1 Refined crystallographic data and DFT structure parameters for Y1.175Ba1.825Fe2MnO8.04(5) refined in Pmmm space group. Note that all
sites were constrained to be fully occupied. Refined parameters shown in bolda

Parameter Rietveld DFT

a (Å) 3.88407(5) 3.91603
b (Å) 3.88125(5) 3.91603
c (Å) 11.98425(9) 12.19815

Rietveld (Pmmm) DFT (P4/mmm)

Site Position Composition Uiso (Å
2) Multiplicity Position Composition Multiplicity

A1 0.5, 0.5, 0.5 Y 0.0127(2) 1 0.5, 0.5, 0.5 Y 1
A2 0.5, 0.5, 0.83558(7) Ba0.929(5)Y0.071(5) 0.0127(2) 2 0.5, 0.5, 0.833890 Ba 2
B1 0, 0, 0.66045(6) Fe0.762(1)Mn0.238(1) 0.013(1) 2 0, 0, 0.656840 Fe 2
B2 0, 0, 0 Fe0.437(2)Mn0.563(2) 0.0091(2) 1 0, 0, 0 Mn 1
O1 0.5, 0, 0.3757(1) O 0.0133(5) 2 0, 0.5, 0.385130 O 4
O2 0, 0.5, 0.3880(1) O 0.0175(6) 2 Equivalent to O1
O3 0, 0, 0.81499(8) O U11 0.035(2)

U22 0.024(1) U33 0.0224(6)
2 0, 0, 0.809780 O 2

O4 0.5, 0, 0 O 0.0067(6) 1 0.5, 0, 0 O 2
O5 0, 0.5, 0 O 0.0135(7) 1 Equivalent to O4

a Total rened composition: Y1.14(1)Ba1.86(1)Fe1.961(4)Mn1.039(1)O8, formula weight ¼ 651.37 g mol�1, formula units per cell ¼ 1.

Table 2 Refined crystallographic data for the magnetic structure of
Y1.175Ba1.825Fe2MnO8.04(5) and relationships to structure parameters in
Table 1. Note all parameters apart from the magnetic moments are
linked with equivalent parameters in the nuclear structure. The refined
magnetic cell contains 8 formula units

Parameter Rietveld
Relationship
to nuclear

a (Å) 7.76814(9) �2 anuclear
b (Å) 7.76248(9) �2 bnuclear
c (Å) 23.9684(2) �2 cnuclear

Site Parameter Rietveld
Equivalent nuclear
site (Table 1)

1a Position 0, 0, 0 B2
Composition Fe0.437(2)Mn0.563(2)

Uiso (Å
2) 0.0091(2)

mB �2.81(4)
Multiplicity 4

1b Position 0, 0, 0.5 B2
Composition Fe0.437(2)Mn0.563(2)

Uiso (Å
2) 0.0091(2)

mB +2.81(4)
Multiplicity 4

2a Position 0, 0, 0.33025(3) B1 z ¼ znuclear/2
Composition Fe0.762(1)Mn0.238(1)

Uiso (Å
2) 0.013(1)

mB �3.41(3)
Multiplicity 8

2b Position 0, 0, 0.16975(3) B1 z¼½� znuclear/2
Composition Fe0.762(1)Mn0.238(1)

Uiso (Å
2) 0.013(1)

mB +3.41(3)
Multiplicity 8

This journal is © The Royal Society of Chemistry 2014
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orthorhombic distortion away from the calculated tetragonal P4/
mmm structure, and have different heights in the cell such that
the basal planes of the square pyramids are slightly buckled.

Ordering between the two B-site geometries in the rened
structure was observed to change little from the starting values of
Fe0.8Mn0.2 (B1) and Fe0.4Mn0.6 (B2) for the square pyramidal and
octahedral sites respectively, which were set to the rened
Mössbauer occupancies. The rened site occupancies were
Fe0.762(1)Mn0.238(1) for the square pyramidal site and
Fe0.437(2)Mn0.563(2) for the octahedral site, a 4% difference from
values rened using room temperature Mössbauer spectroscopy
(Fig. 7c). Note that due to the large contrast in neutron scattering
between Fe and Mn (coherent scattering lengths of 9.45 fm and
�3.73 fm, respectively55), the renement of the occupation of this
site is reliable. Themagneticmoments for the B-sites were rened
to be 3.41(3) and 2.81(4) mB for the square pyramidal and octa-
hedral sites respectively, consistent with the square pyramidal
site hosting more Fe relative to the octahedral site.
Discussion

The initial DFT screening of potential doping onto the Fe site of
YBa2Fe3O8 was successful in predicting a favourable doping
species (Mn) and content (YBa2Fe2MnO8), which was previously
unreported in the 3ap structure. We note, however, that consid-
erable experimental work was still required to obtain a pure doped
compound and characterize it, with slight differences in stoichi-
ometry and structure compared to that predicted computationally.

To reduce computational expense, DFT calculations were
limited to stoichiometric compositions in which the average
oxidation state on the B-site was restricted to 3+, or equivalently,
the oxygen content was xed to 8. Experimentally however, the
sample composition and atmosphere used during synthesis
Chem. Sci., 2014, 5, 1493–1505 | 1501
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were tuned to control the average transitionmetal charge state to
near 3+ and to stabilise the 3ap phase relative to other competing
phases containing Mn in a 4+ state. Successful experimental
synthesis of pure 3ap Y1.175Ba1.825Fe2MnO8.04(5) required alter-
ation of the A-site charge away from stoichiometry and control of
oxygen partial pressure during synthesis using N2 gas, as
synthesis in air and synthesis with lower average A-site charge
state both resulted in the formation of Mn4+ containing species
in preference to 3ap. In this case performing a calculation at the
exact composition was not necessary to predict the initial doping
success, however experimental renement of the composition
was still required to isolate the compound. Comparing the
structure of the DFT predicted compound, YBa2Fe2MnO8, with
the Rietveld rened structure of Y1.175Ba1.825Fe2MnO8.04(5), we
nd that the calculated unit cell volume is within 3.5% of
experiment, with a similar agreement between the reported and
calculated cell volumes for the undoped material.

One could envision calculating reaction energies for a
number of non-stoichiometric compositions. However, for each
composition larger super-cells and more congurations would
be required in order to determine the most stable cation
arrangement. Additional complexity is introduced by the
necessity of modelling the inevitably disordered A-sites, as well
as potentially disordered B-sites. Hence we suggest that a
computational investigation of small changes in stoichiometry
is unfeasible at present.

To quantify the level of ordering between Fe and Mn on the
B-sites, we dene the parameter F ¼ (3f � 1)/2, where f is the
fraction of Mn on the octahedral sites. DFT calculations pre-
dicted a complete segregation of Mn to the octahedral sites in
YBa2Fe2MnO8 (F ¼ 1), in a completely disordered system 1/3 of
the octahedral sites would be occupied by Mn (F ¼ 0), and
experimentally the fraction of octahedral sites occupied by Mn
was rened to 0.563(2) (F ¼ 0.34). To model the expected extent
of ordering at nite temperatures based on 0 K DFT energies, a
statistical mechanics approach described in the ESI,†30 was
applied to the six congurations used for the DFT calculations
at the composition YBa2Fe2MnO8. When the occupations of the
B-sites are estimated at the synthesis temperature of 1475 K,
there is a preference for Mn in the octahedral site, though
substantial mixing of Fe and Mn is predicted, with F ¼ 0.57. At
300 K, however, the structure is predicted to be very close to fully
ordered with F ¼ 0.996. Under cooling during synthesis, cation
motion will be frozen out at high temperatures, trapping the
structure in a state with some site disorder due to congura-
tional entropy. This explains the deviation of the rened value
of F ¼ 0.34 away from fully ordered F ¼ 1, but shows that the
Table 3 Observed and calculated bond lengths for YBa2Fe3O8 (x ¼ 0) a

Bond YBa2Fe3O8 observed
18 (Å) Y1.175Ba1.825Fe2MnO

Moct – Oequatorial 1.9590 1.94204(3) – O4, 1.9
1.94133(3) average

Moct – Oaxial 2.1807(17) 2.2173(10) – O3
Msq.py – Oequatorial 2.0198(4) 1.9894(4) – O1, 2.02

2.0077(5) average
Msq.py – Oaxial 1.8405(24) 1.8513(12) – O3

1502 | Chem. Sci., 2014, 5, 1493–1505
0 K DFT calculations had calculated the correct site preference
for Mn within the structure.

A small, but signicant difference between the calculated
and experimental structure is the slight orthorhombic distor-
tion of the rened nuclear structure. The tetragonal parent
material, YBa2Fe3O8, is reported to become orthorhombic upon
introduction of oxygen vacancies to form YBa2Fe3O8�d (d $

0.14).21 It is possible that the orthorhombic distortion observed
in Y1.175Ba1.825Fe2MnO8.04(5) is similarly due to oxygen vacan-
cies, however we note that this is not supported by the results of
iodometric titration or attempts to rene oxygen contents away
from stoichiometry. An alternative explanation is that spin–
orbit coupling of the antiferromagnetically ordered electronic
spins, which necessarily have orthorhombic symmetry, has
caused an orthorhombic distortion of the nuclear structure as
reported for the mixed valence compound YBaFe2O5.56 In both
cases, the orthorhombic distortion is accompanied by buckling
of the basal planes of the square pyramidal sites, as observed
here for Y1.175Ba1.825Fe2MnO8.04(5). Neither effect would be
captured in the stoichiometric DFT calculations performed with
collinear spin and neglecting spin–orbit interactions. The
present experimental data are unable to distinguish between
the two potential causes of this orthorhombic distortion.

The rened structure of Y1.175Ba1.825Fe2MnO8.04(5) shows that
the unit cell distorts upon doping compared to YBa2Fe3O8 (ref.
18) by a 0.9% shortening of the a and b axes and a concurrent
1.4% lengthening of the c axis. This results in a 2.3% increase in
the average c/a ratio upon doping, and a 0.5% reduction in cell
volume. These changes in cell shape can be related to changes
in the M–O bonding environments upon doping, seen in the
comparison of the M–O bonds of Y1.175Ba1.825Fe2MnO8.04(5) and
YBa2Fe3O8 (Table 3). As observed in the DFT calculations,
experimentally the MOct – OAxial bond on the octahedral site is
seen to lengthen on doping by 4.2% (0.094(3) Å), consistent with
the expected Jahn–Teller distortion when accommodating Mn3+

in an octahedral site. The elongation of the unit cell upon
doping is largely due to this Jahn–Teller distortion.

We used the methodology reported by Baur57 implemented
in VESTA58 to further quantify the distortions of the polyhedra
in the 3ap structure by calculation of a distortion parameter
according to the following equation:

D ¼ 1

n

Xn
i¼1

 ��Li � Lavg

��
Lavg

!
(4)

where D is the distortion parameter, n is the number of bonds in
the polyhedron, Li is the length of bond i, and Lavg is the average
bond length in the polyhedron. An undistorted polyhedron
nd Y1.175Ba1.825Fe2MnO8.04(5) (x ¼ 1)

8.04(5) observed (Å) YBa2Fe3O8 DFT (Å) YBa2Fe2MnO8 DFT (Å)

4062(3) – O5, 1.9767 1.9580

2.2074 2.3203
59(5) – O2, 2.0407 2.0240

1.8597 1.8649

This journal is © The Royal Society of Chemistry 2014
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Table 4 Distortion parameters calculated in VESTA according to Eqn (4).57 Note that the values quoted for the distortion parameters for the
YBa2Fe2MnO8 the values given in italics indicate average values for Fe and Mn atoms as both Fe and Mn atoms are found in the same co-
ordination environment in the configuration, configurations highlighted in bold for DFT configurations indicate the lowest energy configuration

Geometry
YBa2Fe3O8 observed
(literature)18

Y1.175Ba1.825Fe2MnO8.04(5)

observed (this work) YBa2Fe3O8 DFT YBa2Fe2MnO8 DFT

Square pyramid 0.0226 0.0254 0.0289 0.026 (Octahedral conguration)
0.020 (Square Pyramidal conguration)
0.027 (Mixed conguration)

Octahedral 0.0385 0.0603 0.0491 0.078 (Octahedral conguration)
0.060 (Square Pyramidal conguration)
0.074 (Mixed conguration)
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would yield a value of zero and an example of heavily distorted
octahedra is found in the Bi4Ti3O12 structure which gives values
of 0.078 and 0.119.59 Values for the experimental structures of
Y1.175Ba1.825Fe2MnO8.04(5) and YBa2Fe3O8 are shown in Table 4.
The octahedral site is observed to distort signicantly upon
doping, with the distortion parameter changing from 0.039 to
0.060 (an increase of 56.6%), driven by the aforementioned
elongation of the axial bond. The square pyramidal site sees a
much smaller shi in its distortion parameter, changing from
0.023 to 0.025 (an increase of 12.4%), although a split in
equatorial bond lengths from a single bond length of 2.0198(4)
Å in YBa2Fe3O8 (ref. 18) to 1.9894(4) Å and 2.0259(5) Å in
Y1.175Ba1.825Fe2MnO8.04(5) is observed (Table 3), giving rise to a
buckling in the basal planes of the square pyramidal sites. It is
interesting to note that the undoped compound, YBa2Fe3O8,
contains octahedral sites which are already distorted, with two
long bonds and four short bonds, even though no Jahn–Teller
distortion would be expected for high spin d5 Fe3+. It is possible
that this distortion already evident within the 3ap structure
leads to the octahedral site being particularly favourable for
hosting Jahn–Teller active Mn3+ ions, and similar sites in other
Fe3+ oxides could be targeted for doping with Mn3+.

Although this is the rst reported mixed Fe/Mn compound
with the 3ap structure, other perovskite based Fe/Mn oxides
have been reported, and show similar site preferences. For
example, the brownmillerite Ca2Fe2O5 has similarly distorted
octahedral sites, with D ¼ 0.045.24 Introduction of Mn into the
compound to form Ca2Fe1.039(8)Mn0.962(8)O5 (ref. 27) leads to an
increase in the distortion of the octahedral sites (D ¼ 0.066),
with Mn preferred in these sites. There are, however, many
other examples of Mn3+ doping into perovskite based struc-
tures, in which the Mn3+ is coordinated in octahedral geom-
etry,27,60 square pyramidal geometry28 or with B-site disorder.61,62

By the use of DFT we have been able to clearly predict the correct
B-site ordering within a 3ap structure, even though precedents
exist for all possible alternatives in known structures.
Conclusions

In summary, we have shown that it is possible to use DFT
calculations to obtain reaction enthalpies to form complex
oxides from binary oxides; we have then been able to use this
method to predict a stable doping level in the YBa2Fe3O8
This journal is © The Royal Society of Chemistry 2014
structure, with the Mn doping level of x ¼ 1 and Mn atoms
preferentially doping onto the already distorted octahedral site
and increasing the level of distortion. We also have rationalised
why doping becomes unfavourable when x ¼ 2 and M ¼ Mn;
increasing the doping level above 1 forces a larger proportion of
Mn atoms into the square pyramidal sites which in turn results
in a less distorted octahedral geometry. These calculations have
been able to successfully predict the approximate composition,
B-site ordering (and distortion of B-sites, Fig. 8c) and accurate
atomic coordinates of the doped structure of an oxide where the
ordering is between two similar transition metals. The pre-
dicted material was then synthesised with only small deviations
in the structure and composition.

We have shown that using this methodology, we were able to
predict compositions for which the formation of the 3ap struc-
ture is favourable or unfavourable, and that these results match
subsequent experimental observations. We therefore conclude
that the methodology presented here can be used as a powerful
tool to guide the synthesis of new materials by chemical
substitution and can be used for large and or complex oxides
where the systems are too large or complex for existing
methods.
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