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High-temperature semiconducting cubic phase of BiFej,Mn 303, 5
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BiFe(7;Mn( 303, s with space group R3c is reported to go through two phase transformations, first to the

orthorhombic paraelectric phase (Pbnm) and finally to cubic perovskite structure with space group Pm3m. A
discontinuity in volume and enthalpy shown by thermal analysis revealed that both transitions were first order.
Electrical conductivity measurements demonstrated that the material remains semiconducting also in the high-
temperature cubic state. The conductivity and the temperature of the two phase transitions were shown to be
strongly influenced by the partial pressure of oxygen and a p-type semiconductivity was suggested. Finally,
oxygen hyperstoichiometry (8) of BiFej;Mng 305, s was demonstrated.
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I. INTRODUCTION

Multiferroic materials have recently been the subject of
intense interest due to the technological potential of materi-
als possessing both ferroelectric and magnetic ordering.'?
BiFeO; possesses simultaneous ferroelectric, antiferromag-
netic, and ferroelastic ordering above room temperature’ and
is the most studied multiferroic material. At ambient condi-
tions BiFeO; crystallizes in the polar, rhombohedral space
group R3c and high-quality bulk single crystals with a large
polarization of 60 uC/cm? have been reported.* The ferro-
electric T at 820—830 °C and the antiferromagnetic Ty at
370 °C are well established*® but the nature of the paraelec-
tric phase has been subject of discrepancies in recent litera-
ture. Palai et al.” reported a primitive orthorhombic phase
above T and a cubic phase at 925 °C just below the peri-
tectic decomposition temperature 7}, of about 935 °C. An
endothermic calorimetric peak at 930 °C was also noted by
Haumont et al.® The paraelectric crystal structure was con-
clusively determined as GdFeO; like, belonging to the space
group Pbnm by a high-temperature neutron diffraction study
by Arnold et al® and not the recently proposed P2,/m,

I4/mem, or R3¢.81911 The transition R3c— Pbnm is first
order from group theory,'? consistent with nonzero AV, and
AH,.7!! The vicinity of the phase transition at 925 °C to
the peritectic temperature has hampered structural studies of
the cubic polymorph and several groups observed decompo-
sition of BiFeOj; before reaching this phase.®!' A metallic
cubic polymorph obtained through a second-order transition
at high temperature and high pressure was recently reported
by Redfern et al.'> However, a thorough understanding of the
high-temperature phase is still lacking.

One possibility to study the cubic phase is to suppress the
phase-transition temperatures by chemical substitution with
Mn on the B site, thereby circumventing the difficulties of
studying BiFeOj in close vicinity of the T}, BiFe,;Mng 303
is isostructural with BiFeOj but with a lower T of 660 °C.'4
Here we report the two first-order phase transitions

R3¢ < Pbnm«— Pm3m in BiFe;-Mn, ;03 and show that the

Pbnm and Pm3m polymorphs are both p-type semiconduc-
tors.
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II. EXPERIMENT

BiFe(;,;Mn, ;05 was prepared by solid-state reaction be-
tween dried Bi,O5 (Aldrich >99.9%), Fe,05 (Sigma-Aldrich
99.98%), and Mn,0; [prepared from Riedel-de-Haén
Mn(CH;COO),-4H,0>99.5%]. Pellets of stoichiometric
binary oxide mixtures were covered in sacrificial powder in
order to eliminate possible evaporation of Bi,O; and fired
once for 10 min at 900 °C before quenching in air. Evidence
for evaporation of Bi,O; and deviation from the nominal
composition could not be observed. Considerable deviation
from a Bi:(Fe+Mn) ratio 1:1 is not in concordance with
recent phase diagrams of the system Bi,0;-Fe,O; showing
that there is no intrinsic solid solubility in BiFeO;.”%!5 We
confirmed this also by the preparation of a series of BiFeO3
samples with intentional deviation from a Bi:Fe ratio 1:1.
These samples contained the expected secondary phases due
to nonstoichiometry and no variation in lattice parameters of
BiFeO; with nominal composition could be observed. The
nominal Bi/(Fe+Mn) ratio close to unity was inferred for
the phase pure materials.

The oxygen nonstoichiometry, & in BiFe;,;Mn 305, 5, was
determined by thermogravimetry on fine-crushed powders
annealed for 30 min at 850 °C in 5.0 N, and cooled to am-
bient at 400 °C h™'. This material was assumed to be stoi-
chiometric (8=0), corresponding to only Mn**. Materials re-
heated in air to 850 °C and cooled at 200 °C h™! and
samples quenched in air from 900 °C were found to have
6=0.06£0.005 and 6=0.03 =0.005, respectively.

Differential thermal analysis (DTA) was performed with a
Netzsch STA 449 C Jupiter in synthetic air or 5.0 N, atmo-
sphere with 10 °C min~! heating and cooling rates. Dilatom-
etry was done in synthetic air with a Netzsch DIL 402 C
dilatometer using 10 °C min~! heating and cooling rates.

X-ray diffraction (XRD) patterns were collected for
20°-96° 26 with a 6-260 Bruker AXS focus diffractometer
with Cu Kea radiation and a LynxEye position sensitive de-
tector (PSD), a step size of 0.014° 26, 0.2 mm divergence
slits, and a total data acquisition time of 15 h per pattern.
High-temperature XRD was done in air with a 6-6 Bruker
AXS D8 Advance with Cu K radiation, a mri Physikalische
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Gerdte GmbH high-temperature stage, and a VANTEC-1
PSD. The powder sample was supported by an alumina cru-
cible. Temperature calibration was performed by high-
temperature X-ray diffraction (HTXRD) of MgO using an
S-type thermocouple and the uncertainty in temperature is
estimated to be <15 °C. Patterns were collected from 30 to
920 °C from 20° to 60° 26 with 0.1 mm divergence slits, a
step size of 0.016° 26, and a total acquisition time of 79 min
per pattern. Rietveld refinements were carried out with the
software TOPAS R (Bruker AXS) using the space group R3¢

(161) in the hexagonal setting, Pbnm (62) and Pm3m (221).

Four-point conductivity measurements up to 912 °C were
carried out with heating and cooling rates of 5 °C min~! in
synthetic air, N,, and O, on ceramic bars of >93% of crys-
tallographic density prepared by solid-state reaction. Bars
polished to a cross-sectional area of 0.15 cm? were attached
to platinum wires. Further details on the experimental setup

can be found elsewhere.!®

III. RESULTS

High-temperature x-ray diffraction of BiFej,Mn;303, 5in
air [Figs. 1(a) and 1(b)] identifies the phase-transition se-

quence as R3c <« Pbnm«— Pm3m. The intermediate Pbnm
polymorph is evident from the super-reflections ( *), Fig.
1(a), and the triplet splitting of the pseudocubic (110) reflec-
tion, Fig. 1(b), as in BiFeO.° At 880 and 900 °C the ab-
sence of super-reflections and splitting of the (110),,, reflec-
tion (other than from K «; and K «,) identifies this phase as

the aristotype perovskite structure Pm3m. This is supported
by a significant reduction in the full width at half maximum
of the Bragg reflections from 860 to 880 °C. Attempts to
refine the patterns collected at 880 and 900 °C within the
commonly found space groups R3m, B2mm, P2mm, and
P4mm resulted in cubic lattice parameters. The transition

from Pbnm to Pm3m occurs between 860 and 880 °C. At
920 °C the sample decomposed peritectically to a nonper-
ovskite phase and a liquid phase envisaged by a curved base
line (not shown). Lattice parameters in Fig. 1(c) for the R3¢
and Pbnm polymorphs of BiFe;;Mn( 305, s behave qualita-
tively in line with earlier reports on BiFeO;.” 117 As
shown in the inset of Fig. 1(c), the primitive unit-cell volume
increases by 0.5% from 62.98 A® (860 °C, Pbnm) to

63.30 A3 (880 °C, ngm), indicating a first-order phase
transition with A, V>0.

DTA of BiFe;;Mn 303, s materials with different oxygen
nonstoichiometry (), presented in Fig. 2(a), reveals two dis-
tinct and reversible thermal events labeled 7 and 7, which
corresponds to the transitions R3c«<> Pbnm  and

Pbnm«— Pm3m (see Fig. 1). Two phase transitions below the
peritectic decomposition temperature are qualitatively in
concordance with DTA traces reported for BiFeO;.”8 The

transition Pbnm < Pm3m occurs at 872—896 °C upon heat-
ing and cooling, and is clearly reversible. Thus, the cubic
polymorph exists over a broader temperature interval below
Tper in BiFey;Mng303,5 than in BiFeO;, where 7, is
925-930 °C.7%13 The ferroelectric Curie temperature signi-
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FIG. 1. (a) HTXRD patterns of BiFey;Mn,305,s at selected
temperatures (°C), plotted on a common log scale to envisage the
low-intensity super-reflections arising from oxygen planes denoted
by asterisks ( *). (b) Thermal evolution of the (110) pseudocubic
reflection (linear scale); the arrows highlight the splitting into a
triplet for the orthorhombic phase. (c) Refined lattice parameters of
BiFe, ,Mng ;03,5 for the R3¢, Pbnm, and Pm3m phases. Inset:

primitive unit-cell volume across the Pbnm to Pm3m transition.

fied by endothermic peaks at 653—684 °C is in agreement
with previous reports.'* Ay Hy is in the order of
1-2 kJ mol™!, three to four times that of AlrSHTZ, showing
that the transition at 7, is also of first order. Normalized
thermal expansion of a polycrystalline ceramic bar (>93%
dense) shown in Fig. 2(b) confirms the first-order nature of
the phase transitions at 7 and 7, as the volume is discon-
tinuous across both. At 7 the volume change is large and
negative, A,V <0, as in BiFeOs,”~!! while at T, A,V >0,
in line with the unit-cell volumes found from HTXRD [Fig
1(c)]. At elevated temperatures the effects of creep, sintering,
and chemical expansion'® are superimposed on the crystallo-
graphic thermal expansion, thus an absolute value of A,V
could not be determined from dilatometry. The relative mag-
nitudes of the thermal expansion anomalies at 7 and 7,
correspond to the magnitude of the calorimetric signatures.
The influence of oxygen nonstoichiometry on the ambient
temperature crystal structure is presented in Fig. 3. All three
XRD patterns in Fig. 3(a) could be indexed with the space
group R3c, e.g., the presence of the (113),,, super-reflection
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FIG. 2. (a) Differential thermal analysis of BiFeq;Mng 303, (i)
N, cooled from 850 °C (5=0) measured in N>, (ii) quenched in air
from 900 °C (5=0.03 = 0.005) measured in N, and (iii) air, and (iv)
cooled from 850 °C in air (6=0.06*0.005) and measured in air.
T, and T . denote the Curie temperature upon heating and cool-
ing, respectively. Asterisks ( *) denote minor peaks attributed to the
T, of sillenite. (b) Dilatometric trace for an air-quenched
BiFe(7;Mn 303, s ceramic bar measured in air. Vertical dotted lines
are guides for the eyes.

distinguishing R3¢ from R3m.'%?° Hence BiFe,;Mn( 304,
remains isostructural with pure BiFeO; within the range of
oxygen hyperstoichiometry investigated here. Refined lattice
parameters and polar displacements'® of Bi (s) and Fe/Mn ()
in Figs. 3(b) and 3(c) reveal that the crystal structure be-
comes less distorted (decreasing c/a) from the aristotype

Pm3m with increasing 8. The unit-cell volume (a2c)"?

decreases linearly with &, in analogy with hyperstoichiomet-
ric LaMnOs, 52! and chemical expansion in oxygen
deficient perovskites upon reduction.'® In perovskites,
oxygen excess is compensated by cation vacancies;
Bi,_g3(Feg7Mng 3),_5303. Excess oxygen in
BiFe;7;Mn( 305, s must thus be charge compensated by the
oxidation of Mn3* to Mn**, and the smaller ionic radius?? of
Mn** (0.53 A) than Mn* (0.645 A) explains the decreasing
unit-cell volume. Correlations between phase-transition tem-
peratures from DTA in Fig. 2(a) and crystallographic prop-
erties are shown in Fig. 3(d). The transition temperature of

the transition anm<—>Pm§m, T,, decreases linearly with &.
The ferroelectric T follows the same trend as the relative
cation displacements (s—1), which is equivalent to the polar
displacement Az of Fe/Mn along the polar ¢ axis with Bi
fixed in origo.?® This is in accordance with the relationship
between T and Az in ferroelectrics first pointed out by Abra-
hams et al.** Broader Bragg reflections [Fig. 3(a)] of the
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FIG. 3. (a) Room-temperature XRD patterns of N,-cooled
sample (6=0), air quenched (5=0.03%0.005), and air cooled
(6=0.06£0.005) BiFey;Mn( 303, 5 Asterisks () denote reflec-
tions from traces of mullite and sillenite impurities. (b) Normalized
lattice parameters, unit-cell volume, and unit-cell distortion c/a as a
function of oxygen hyperstoichiometry 8. (c) Critical temperatures
and polar cation displacements as a function of 6. Corresponding
values for BiFeO; from Ref. 3: (a%¢)'?=3.964 A, ¢/a=1.015, and
(s—1)~Az=0.405 A.

air-cooled sample (8=0.06) than for the quenched
(6=0.03) reflect disorder or chemical inhomogenity intro-
duced upon oxidation during cooling. The presence of de-
tectable amounts of the commonly found secondary phases®
sillenite (BiysFeO39) and mullite (Bi,Fe Oy) in the cooled
samples, but not in the quenched, is explained by our previ-
ous analysis of the thermodynamic stability of BiFeO; and
BiFe(;Mn 303, 5%

Electrical conductivity anomalies are evident at both
structural transitions, Fig. 4(a). A hysteresis in the conduc-
tivity is associated with the first transition R3c <« Pbnm,
identified by vertical dashed lines. The higher conductivity
of the paraelectric Pbnm phase than the ferroelectric R3¢
phase can be rationalized from the smaller unit-cell volume,
as previously reported for BiFeOs.!! Anomalies associated

with the transition Pbnm — Pm3m are evident in the inset of
Fig. 4(a). XRD of a crushed part of the polycrystalline
sample bar after the measurement revealed no signs of de-
composition.
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FIG. 4. (a) Conductivity trace for a BiFej;Mn 303, 5 polycrys-
tal measured in air. Inset: conductivity across the Pbnm to Pm3m
transition. T, and T denote the Curie temperature upon heating
and cooling, respectively. (b) Conductivity traces across the Pbnm
to Pm3m transition measured in N, (solid line) and O, (dashed
line). Inset: isothermal conductivity relaxation during in sifu change
in atmosphere from air to N,.

The influence of oxygen nonstoichiometry on the electri-
cal conductivity was investigated on a fresh sample in N,
and O, atmospheres. After heating in air for 30 min at
829 °C, switching to N, atmosphere was followed by a con-
ductivity relaxation stabilizing after ~50 min [inset of Fig.
4(b)]. When the partial pressure of oxygen is reduced, excess
oxygen in BiFej;Mn( 303, s is removed by shifting the point
defect equilibrium,

8120, = 806 + 280 + 83V + 33Vimym, (1)

toward the left (Kroger-Vink notation). Here, Vi; and VE, v,
are vacancies at the Bi and Fe/Mn sublattices, respectively.
Loss of excess oxygen is accompanied by removing positive
holes A°. A lower conductivity in N, thus suggests that
BiFe;,Mn ;05,5 is a p-type semiconductor. Holes can be
regarded as Mn>* oxidized to Mn**; Mn** = Mn**+1", thus
the ratio Mn**: 8 is 2:1 and the fraction of Mn** oxidized to
Mn** is 26/0.3. Since unsubstituted BiFeOs_g is stoichio-
metric within an uncertainty of §<<0.01,%” oxygen nonsto-
ichiometry is predominantly charge compensated by the va-
lence of Mn in BiFej;Mn(305,5 An anomaly associated

with the Pbnm to Pm3m transition can be seen at
886—891 °C [Fig. 4(b)], corresponding to the calorimetric
peak at 896 °C of sample (iv) with §=0 in Fig. 2(a). During
15 min at 913 °C the conductivity decreased possibly due to
further loss of excess oxygen. Cation diffusion is known to
be slow in related perovskites at these temperatures® pre-
venting equilibrium conditions in a ceramic sample bar on
the time scale of the experiment. When heating in O, atmo-
sphere a small decrease in conductivity associated with the

Pbnm to Pm3m transition is observed at 855—859 °C, a
lower temperature than the calorimetric peak at 872 °C for
sample (iv) with 6=0.06 in Fig. 2(a). When kept isother-
mally at 910 °C in O,, the increasing conductivity supports a
p-type semiconducting cubic phase.
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IV. DISCUSSION

A direct transition from Pbnm to Pm3m must be first
order according to group theory,'? in line with the results
from DTA, dilatometry, and HTXRD. In agreement with pre-
vious reports on BiFeOs, the lattice parameters increase
faster with temperature in the Pbnm (a”a"b*) phase than the
R3c (aa"a”) and Pm3m (a°a®a®) polymorphs (Glazer’s
notation?®).”” In the R3c phase the thermal expansion of the
chemical bonds and decreasing octahedral tilts are partly
counteracted by decreasing cation displacements.”!” The
combination of straightening of bond angles and increasing
bond lengths in the Pbnm phase explains the steeper rise in
unit-cell volume with temperature.’® A first-order transition

from Pbnm to Pm3m must hence be accompanied by a posi-
tive A, V. Negative or zero A,V can only be expected if a
high-spin to low-spin transition occurs for the B cation, as
found in high-pressure studies.3! The observed positive A,V
and the high temperature is not consistent with the possibility
of a Mott transition’> to a metallic cubic state and
BiFe; ;Mn 303, 5 is shown to be a p-type semiconductor for

both the Pm3m and the Pbnm polymorphs in air, N, and O,
atmospheres.

The fraction of Mn** in BiFe,;Mn,;05,s scales with
26/0.3 and since Mn**(0.53 A) <Mn3*(0.645 A), the aver-
age Goldschmidt tolerance factor ¢ increases toward unity
with increasing 6. Equivalently, the polyhedral volume ratio
V o/ Vg increases toward 5.0, which is the value in absence of
octahedral tilting.>> Hence, with increasing & the cubic

Pm3m (a®aa®) polymorph is stabilized relative to the ortho-
rhombic Pbnm (a”ab*) phase, as shown here. Extrapolation
of T, as a function of & in Fig. 3(d) suggests that §is close to
the maximum limit of 0.15 in O, atmosphere at
840-910 °C. A correlation between phase-transition tem-
peratures and oxygen hyperstoichiometry is also known from
the related material LaMnOs, 5>* Smaller unit-cell volumes
of BiFe;;Mn303,5 in air [inset of Fig. 1(c)] than BiFeO;
(Ref. 9) in the Pbnm polymorph at equal temperatures fol-
lows naturally from the partial oxidation of Mn associated
with oxygen hyperstoichiometry. Perovskites with GdFeO;
structure usually transform from Pbnm to the centrosymmet-

ric rhombohedral space structure R3¢ upon heating, e.g.,
LaGaO; (Ref. 35) but our data show no indications of an R3¢
precursor phase to the ideal perovskite structure Pm3m.3°

V. CONCLUSION

In summary, BiFe;;Mn(;05,s displays the phase-
transition sequence R3¢« Pbnm < Pm3m. Both transitions

are shown by calorimetry, dilatometry, and HTXRD to be

discontinuous first order. The Pbnm«— Pm3m transition is
accompanied by a discontinuous increase in unit-cell vol-
ume. Conductivity measurements in air, N,, and O, identify

the orthorhombic Pbnm and cubic Pm3m polymorphs as
semiconductors, and the increasing conductivity with in-
creasing partial pressure of O, suggest a p-type conductivity.
The cubic polymorph is stabilized with increasing hypersto-
ichiometry &.
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