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The temperature-dependent phase transitions of Bi0.95þdFe0.9Zr0.1O3 have been studied using high-

temperature x-ray powder diffraction together with differential scanning calorimetry measurements.

The results show that Bi0.95þdFe0.9Zr0.1O3 undergoes two phase transitions at 815 �C and 905 �C
before decomposition at 920 �C. It appears that Zr-doping seems to stabilize the high temperature

phases in such compound. Both the sharp contraction in the unit-cell volume and enthalpy thermal

hysteresis demonstrate that the ferroelectric phase transition (a/!b) at 815 �C is of first order

nature. In contrast, the highest b/!c phase transition at 905 �C appears to be a second-order-like

one. The analysis of the diffraction pattern in addition to Rietveld refinement strongly suggests a cubic

symmetry for c-phase. VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4729484]

I. INTRODUCTION

Multiferroic materials, which show simultaneous ferro-

electric and magnetic ordering, have been attracting tremen-

dous interest due to the promising multifunctional device

applications and interest in the fundamental physics as

well.1–3 Among them, BiFeO3 (BFO), that is considered as

the prototypical multiferroic oxide with the perovskite struc-

ture (ABO3), is intensively studied due to its relatively high

Neel temperature (TN� 370 �C) and Curie temperature

(TC� 820 �C).4,5 At ambient conditions, the BFO phase is

described by the rhombohedral R3c space group, which

allows antiphase octahedral tilting and ionic displacements

from the centrosymmetric positions about and along, respec-

tively, a same h111i cubic-like direction,6 In addition to the

G-type antiferromagnetic spin ordering,7 a cycloid-type spa-

tial spin modulation8 occurs below the Néel temperature. It

is believed that such spiral modulation prevents the observa-

tion of an intrinsic and weak ferromagnetic moment driven

by Dzyaloshinsky-Moriya (DM) interactions, which, in turn,

results in a poor linear magnetoelectric effect. Room temper-

ature structure and properties of BFO ceramics and thin films

have been extensively investigated,4–13 while studies of the

ferroic phase transitions remain scarce.

The critical temperatures of the two ferroic phase transi-

tions in BFO,14 from antiferromagnetism to paramagnetism

and from a ferroelectric phase to b paraelectric phase, are

known to occur at TN� 370 �C and TC� 820 �C, respec-

tively. However, while the crystalline structure of the a
phase is clearly identified, that of the paraelectric b phase is

still unclear because of the volatility of Bi at high tempera-

ture and the techniques used as for instance neutron diffrac-

tion is more sensitive to oxygen atom positions compared to

x-ray diffraction (XRD). Several different symmetries and

space groups as cubic Pm�3m, rhombohedral R3m or R�3c,

orthorhombic Pbnm or P2mm, tetragonal I4=mcm, and

monoclinic P21=m phase have been proposed.14–20 Further-

more, at higher temperature, Palai et al.17 have reported, on

the basis of Raman scattering studies, the existence of a

cubic c phase at 925 �C, just below the peritectic decomposi-

tion temperature Tper of about 935 �C. These authors have

suggested a second-order-like transition, accompanied by a

metal-insulator transition also observed at high pressure.21,22

However, the vicinity of the phase transition at 925 �C to the

peritectic temperature has hampered structural studies of the

cubic polymorph and other research groups observed decom-

position of BFO before reaching this phase. The decomposi-

tion of BFO above Tc is one of the main reasons explaining

the different structures determined for b phase and the diffi-

culty or impossibility to observe the c phase. The high tem-

perature instability due to bismuth volatility gives rise to

parasitic second phases like Bi25FeO39 and Bi2Fe4O9 even

just above 820 �C. Note that the strong volume change17,20 at

TC might also participate to the destabilization of the struc-

ture as this first-order-like phase transition requires phases

coexistence with both compressive/tensile stresses and ther-

mal energy exchanges.

Several attempts23–25 have been made to stabilize the crys-

tal structure of BFO at high temperature by doping BFO.

Recently, we reported on the synthesis and properties of Zr

doped BFO.26 Strikingly, in contrast to other doped BFO com-

pounds, both the crystalline structure and Curie temperature TC

are not changed which makes Zr-doped BFO system of interest

to reveal the intrinsic phase transitions of BFO. In this paper,

we report on the temperature-dependent phase transitions of

Bi0.95þdFe0.9Zr0.1O3 (BFZ95) powder. In addition to the Curie

and Néel phase transitions, the b- to c-phase transition is also

observed revealing a cubic-like symmetry for c-phase.
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II. EXPERIMENTAL TECHNIQUES AND SAMPLE
PREPARATION

BiXFe0.9Zr0.1O3 (x¼ 0.95, 0.975, 1) ceramics were pre-

pared by an improved solid-state reaction26 using high-purity

bismuth oxide Bi2O3, iron oxide Fe2O3, and zirconium 2,

4-pentanedionate Zr(O2C5H7)4 powders. XRD patterns from

2h¼ 5� to 120� with a step of 0.04� were collected with a

Philips X-celerator Bragg-Brentano diffractometer equipped

with a copper source (k¼ 1.54056 Å). The patterns were

recorded from 25 �C to 1000 �C under air atmosphere by

using a furnace with accuracy better than 2 �C. Rietveld

refinements were performed using XND analysis program.27

Differential scanning calorimetry (DSC) (Setaram Labsys

DSC) was used to follow the phase transformations involved

up to 1000 �C with a heating/cooling rate of 2.5 �C/min.

Indeed, any appearance of endothermic/exothermic peaks is

related to either structural or phase change. Note that to

check the reversibility of the processes several heating/

cooling cycles were performed.

III. RESULTS

Attempts to synthesis BiFe0.9Zr0.1O3 (BFZ100) ceramic

reveal that it is impossible to obtain the pure phase even if

the sintering temperature is increased upon 880 �C using a

rapid liquid sintering technology.28 Indeed, doping with non-

isovalent ions can result in the appearance of impurities and

thus addition of Zr4þ ions into BFO host crystal requires

charge compensation, which can be achieved by one, or

more, of the following mechanisms: (1) filling of the intrin-

sic oxygen vacancies; (2) change of cation valence, i.e., for-

mation of Fe2þ; (3) creation of cation vacancies.29

In our case, we rather favored cation vacancies of Bi3þ

by reducing the content of Bi, and finally, we prepared

BiXFe0.9Zr0.1O3 (x¼ 1, 0.975, 0.95) ceramics. Figure 1

shows the room temperature XRD patterns of the sintered

BiXFe0.9Zr0.1O3 (x¼ 1, 0.975, 0.95) ceramics. As seen in

Fig. 1, some impurities appear in the samples BiFe0.9Zr0.1O3

(BFZ100) and Bi0.975þdFe0.9Zr0.1O3 (BFZ97.5, “d” represents

the cation vacancies). However, the amount of impurities

apparently decreases with the content of Bi. When x¼ 0.95,

i.e., Bi0.95þdFe0.9Zr0.1O3 (BFZ95), the pure phase is achieved.

According to JCPDS card No. 86-1518, the XRD analysis

shows that the BFZ95 ceramic is a single-phase perovskite

compound with the same structure as that of the parent BFO.

It is worth mentioning that the major phase in BFZ100 and

BFZ97.5 ceramics has the same structure as that of BFZ95,

which implies that the substitution of Zr4þ does not affect

the structure of BFO. In addition, these XRD results confirm

that doping BFO by Zr4þ ions creates cation vacancies in

the BiXFe0.9Zr0.1O3 ceramics as expected for charge

compensation.

For each Bi content, we performed a Rietveld refine-

ment by using XND software. The table inset of Fig. 1 shows

the variation of the perovskite unit cell parameters versus the

content of Bi in BiXFe0.9Zr0.1O3 (x¼ 1, 0.975, 0.95)

ceramics. With decreasing Bi content, both a and c parame-

ters decrease, leading to the diminution of the unit cell vol-

ume. These results confirm the existence of cation vacancies

and highlights that the concentration of cation vacancies

(Bi3þ) in the BiXFe0.9Zr0.1O3 (BFZX) ceramics increases by

reducing the content of Bi. In spite of the decrease of both a
and c parameters, the c/a ratio remains almost unaffected

which may explain that BiXFe0.9Zr0.1O3 compounds keep the

same crystalline structure as that of the parent BFO.

FIG. 1. X-ray diffraction patterns of BiXFe0.9Zr0.1O3

(x¼ 1, 0.975, 0.95) ceramics (table inset sums up

cell parameters).
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We now turn our attention to the high temperature phase

evolutions of pure phase BFZ95 ceramic.

Figure 2 shows the DSC data of BFZ95 ceramic recorded

during the heating process. In addition, in order to better

understand the transformations stressed by the DSC measure-

ments, we recorded high temperature x-ray diffraction

(HTXRD) patterns of BFZ95 ceramic from room temperature

till 1000 �C under air atmosphere as illustrated in Fig. 3. We

can see four obvious endothermic peaks in the DSC curves,

which can be identified at 400 �C, 815 �C, 920 �C, and 960 �C.

The four peaks are in agreement with our previous report20 on

the phase transitions of pure BFO. The two endothermic peaks

at 400 �C and 815 �C in the DSC curves correspond to the

magnetic (TN) and ferroelectric (TC) phase transition tempera-

tures, respectively. TC is very close to that of pure BFO, attest-

ing that doping by Zr does not disturb this transition.

However, TN is a little bit higher than that of pure BFO show-

ing that Fe replacement by non-magnetic ions as Zr effects the

magnetic ordering as it was discussed previously.26

On heating above TC, an irreversible decomposition

occurs at 920 �C and is characterized by the loss of the BFZ95

diffraction peaks against the appearance of Bi2Fe4�yZryO9

compounds accompanied with few amount of Zr0.932O3 and

Fe2O3 phases (pattern D of Fig. 3). This transformation is

FIG. 2. DSC signal versus temperature

in the Bi0.95þdFe0.9Zr0.1O3 ceramic (up

inset of (b): zoom around the first

decomposition temperature; down inset

of (b): zoom around the ferroelectric

transition at 820 �C versus increasing

and decreasing temperatures).

FIG. 3. X-ray diffraction patterns of BFZ95 ceramic

recorded under different temperatures (asterisk:

weak diffraction peaks observed in the diffraction

pattern recorded at 830 �C).
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clearly seen in the DSC curve (Fig. 2(b)). The compounds

Bi2Fe4�yZryO9 with its parent phase Bi2Fe4O9 are the main

parasitic phases, which appear during the sintering process at

rather high temperature. It is worth noting that such parasitic

phases can also appear already at 880 �C, i.e., below the

decomposition temperature of 920 �C, after long-time anneal-

ing treatment, showing that the kinetic is a key parameter that

should be taken into account in such measurements. At 960 �C,

another strong endothermic peak occurs and corresponds to a

peritectic plateau. Above 960 �C, the diffraction pattern (pat-

tern E in Fig. 3(a)) displays the complete transformation of

Bi2Fe4�yZryO9 into liquid coexisting with Zr0.932O3, Fe2O3

phases.

Nonetheless, a careful inspection of the DSC curve

shows two weak but significant peaks at 905 �C and

935 �C, respectively, on both sides of the first decomposi-

tion temperature at 920 �C (upper inset of Fig. 2(b)). To

clarify the existence of these subtle changes at high tem-

perature, we performed another DSC measurement by re-

cording the heating/cooling processes between 700 �C and

the first decomposition temperature (inset at the bottom of

Fig. 2(b)). The first endothermic peak occurring at 815 �C
corresponds to the expected Curie temperature (TC). A re-

versible exothermic peak with almost same intensity/area

than the endothermic one appears at 790 �C during the

cooling process, which implies that this ferroelectric

phase transition is of first-order. An additional obvious

endothermic peak appears on heating close to 905 �C with

a corresponding reversible exothermic peak having almost

the same intensity as the endothermic one appears at

902 �C during the cooling process. This result indicates

that there is another phase transition above TC which is of

second-order or at least weakly of first-order. The diffrac-

tion pattern C in Fig. 3 recorded at 910 �C attests on the

existence of a new phase which compared to b-phase (pat-

tern B in Fig. 3) has no superstructure peaks (asterisks in

Fig. 3) and no splitting of the main Bragg peaks. At a

first-glance, this new phase has a cubic symmetry and cor-

responds to the c-phase. Figure 4 shows a focus on the

(110) pseudo-cubic Bragg peak as a function of tempera-

ture. The a- to b- and c-phase transitions are clearly seen

by the successive change of splitting until the Bragg peak

becomes single with a narrower width in the c-phase. For

the other weak endothermic peak occurring at 935 �C, we

argue that it may correspond to the decomposition of re-

sidual perovskite-like phase.

Below the Curie temperature TC, the structure is well

described by R3c space group. Concerning the phase above

TC, we have performed a Rietveld analysis for each diffrac-

tion pattern recorded below 900 �C, by using the XND soft-

ware. Each diffraction pattern is refined using pseudo-Voigt

peak-shape function including asymmetric broadening, lin-

ear interpolation for the background, and isotropic thermal

factors (as seen in Table I). Because some weak peaks are

evidenced in the diffraction pattern recorded at 830 �C (see

asterisks in pattern B of Fig. 3), it is impossible to well

describe the whole diffraction pattern just using the classi-

cal perovskite symmetries (including cubic Pm�3m, tetragonal

P4mm, orthorhombic Bmm2, rhombohedral R3m, and mono-

clinic Cm or Pm phases). As reported in our previous paper,20

we have carefully indexed all the observed superstructure

reflections. Using the double perovskite unit cell, we found

that these weak peaks correspond to [oee] reflections (where o
and e are odd and even Miller indexes, respectively), involv-

ing the presence of clockwise and counter clockwise oxygen

octahedra rotation. As the above Tc phase is expected to be

paraelectric, centrosymmetric space groups in agreement with

such tilt systems (Cmcm, Pbnm, P21/m, and P42/nmc) were

tested by Rietveld refinements. Consequently, the best agree-

ment matching between the observed and calculated profiles

is obtained with the monoclinic P21=m space group (Space

Group SG no. 11 of the International Tables of Crystallogra-

phy30) with constrained oxygen atom positions (the lattice

parameters recorded at 830 �C are aM¼ 5.6341(1) Å,

bM¼ 7.9988(3) Å, cM¼ 5.6642(1) Å, c¼ 90.010(3)0, as seen

in Table I). Moreover, this space group is centrosymmetric,

which implies that the phase is not ferroelectric. This result

shows that the crystal structure of BFZ95 ceramic between TC

and 905 �C has a similar symmetry as that of the pure BFO

reported in our previous paper.20 It is worth recalling that here

the experiments are done using an x-ray source which implies

a stronger interaction with heavy atoms as Bi, Fe, and Zr

while the light oxygen atom positions should be better

described using interaction with neutron radiation. As a result,

the refined structure is not complete and needs further experi-

ment to fully describe the real structure. Nonetheless, using

this set of experiment, we can show that the b-phase of BFZ95

is well described by the space group used for b-phase of pure

BFO.

For the new c-phase existing between 905 �C and

920 �C, we also performed a Rietveld analysis for the dif-

fraction pattern recorded at 910 �C by using the XND soft-

ware. The result shows that the structure is well described by

a cubic Pm�3m space group (Space Group SG no. 221 of the

International Tables of Crystallography30) which gives a

lattice parameter of aC¼ 4.0041(3) Å at 910 �C, as seen in

Table I.

The pseudo-cubic lattice parameters of BFZ95 ceramic,

i.e., ah and ch in hexagonal cell for a-phase (ah¼ aH/
ffiffiffi

2
p

,

FIG. 4. HTXRD patterns of BFZ95 ceramic at selected temperatures,

focusing on the resolution of the pseudocubic (110)c reflection through the

a/!b/!c phase transitions.
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ch¼ cH/
ffiffiffiffiffi

12
p

), am, bm, and cm in the monoclinic cell (am¼ aM/
ffiffiffi

2
p

, bm¼ bM/2, cm¼ cM/
ffiffiffi

2
p

) for b-phase and ac in the cubic

state for c-phase, as a function of temperature from 25 �C to

1000 �C, are shown in Fig. 5. An obvious anomaly22 is

observed in the lattice parameters of ah and ch at �400 �C,

which corresponds to the Neel temperature and supports the

result of DSC. At TC, the cell parameters ah and ch display a

sudden and abrupt change, which also induces an important

discontinuity in the unit cell volume (inset of Fig. 5). Earlier

reports17,20 have shown that the phase transition at TC in pure

BFO is accompanied by a strong decrease in the volume with

a variation DV=V � �1:4%. Such strong volume change con-

firms the first-order nature of the ferroelectric phase transition.

Here, in case of BFZ95, the volume at TC is DV=V � �0:6%

which is still strong enough to support the first-order nature of

the ferroelectric phase transition. Note that such weaker

change compared to that of pure BFO can explain the occur-

rence of the cubic-like phase in BFZ95. Besides, the new

phase transition from b- to c-phase corresponds to a weak

change of the unit cell volume as it goes from 64.13 Å3 at

890 �C to 64.20 Å3 at 910 �C (inset of Fig. 5) and, hence, sug-

gests a second-order-like phase transition in agreement with

the DSC results.

TABLE I. Results of Rietveld x-ray diffraction refinements on BFZ95 at 25 �C, 830 �C, and 910 �C.

BFZ95�25 �C-R3c BFZ95�830 �C-P21=m BFZ95�910 �C-Pm�3m

Lattice parameters

a(Å) 5.5852(6) 5.6341(1)

b(Å) 5.5852(6) 7.9988(3) 4.0041(3)

c(Å) 13.8834(7) 5.6642(1)

c (0): 90.010(3)

Position of Bi

x 0 0 1/2 0

y 0 0 0 0

z 0 0 1/2 0

Beq(Bi)(Å
2) 2.22 5.86 5.86 7.56

Position of Fe(Zr)

x 0 0.5010 (28) 0.0029 (71) 1/2

y 0 1/4 1/4 1/2

z 0.2231 (60) 0.0169 (35) 0.5148 (89) 1/2

Beq(Fe)(Å
2) 2.75 2.35 2.35 6.05

Position of O

x 0.4392(46) 0.5 0 1/2

y 0 0 0 1/2

z 0.9545(90) 0 0.5 0

Beq(O)(Å
2) 2.58 3.58 3.58 2.81

Position of O

x 1/4 1/4 0.7789(88) 0.7789(88)

y / 1/4 1/4 1/4 1/4 /

z 0.1797(01) 3/4 3/4 0.1797(01)

Beq(O)(Å
2) 3.65 3.65 3.65 3.65

Rwp 0.126 0.181 0.198

Rexp 0.085 0.157 0.168

Rp 0.100 0.131 0.149

Gof 1.28 1.15 1.17

RBragg 0.053 0.065 0.047

FIG. 5. Temperature-dependence evolution of the R3c, the P21=m, and

Pm�3m cell parameters of BFZ95 ceramic described in a pseudocubic cell

(ah ¼ aH /
ffiffiffi

2
p

, ch ¼ cH /
ffiffiffiffiffi

12
p

) and am¼ aM/
ffiffiffi

2
p

, bm¼ bM/2, cm¼ cM/
ffiffiffi

2
p

).
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IV. DISCUSSIONS

DSC and HTXRD results clearly demonstrate that

BFZ95 undergoes two phase transitions, i.e., a/!b at

815 �C and b/!c at 905 �C. The first structural phase tran-

sition a/!b is confirmed to be of first-order nature, as

supported by both temperature hysteresis between exother-

mic and endothermic peaks in DSC curves and a strong

decrease in the unit cell volume (DV=V � �0:6%) observed

by HTXRD. The crystalline structure to describe the inter-

mediate b phase corresponds to a monoclinic P21/m space

group, which is different from the orthorhombic Pbnm
reported by Arnold et al.18 using neutron diffraction techni-

ques. Such discrepancy can be attributed to the fact that ox-

ygen atom positions are better described using neutron

diffraction or by the fact that either the Bragg peak inten-

sities are affected by the Bi volatility or some Bragg peaks

corresponding to parasitic phases have been considered

during the refinement. Note that, in our case, we did not

find any decomposition or impure phases in our sample

between 820 and 905 �C that may affect the refinement. We

believe that Zr-doping stabilizes the perovskite structure of

BFO as it allows observing the c-phase. Besides, the mono-

clinic phase was also observed between 3.5 and 10 GPa in

the recent high pressure experiments of BFO.31,32 More-

over, contrary to the a/!b transition, the second phase

transition, i.e., b/!c, at 905 �C appears to be a second-

order-like one as suggested by the DSC data as well as the

continuous volume change. We did not find any sharp

change in the volume through b/!c phase transition in

contrast to the result observed in BiFe0.7Mn0.3O3þd.
25 The

highest temperature phase (c phase) is well described by a

cubic Pm�3m structure, which is evidently supported by the

disappearance of super-reflections in the b phase and the

symmetric singlet peaks in the diffraction pattern (pattern C

in Figs. 3 and 4).

V. CONCLUSIONS

In summary, pure polycrystalline Bi0.95þdFe0.9Zr0.1O3

ceramic has been successfully stabilized by an improved

solid-state reaction, through charge compensation ensured

by cation vacancies (Bi3þ). The pure perovskite ABO3 phase

is obtained thanks to the creation of vacancies on the A site,

although the chemical doping was performed on the B site. It

highlights that (1) A and B sites of BFO are strongly corre-

lated (2) as a matter of fact, the sub-system FeO is very sta-

ble: neither reduction nor oxidation of Fe (III) seems to be

possible. As a result, the antiferromagnetic coupling is only

weakly affected by such substitution.

Bi0.95þdFe0.9Zr0.1O3 shows the phase transitions sequence:

a/!b/!c. While the symmetry of the intermediate b
phase can be described by a monoclinic structure P21/m. Fur-

ther work are needed to determine the real structure. In con-

trast, the concomitant disappearance of the superstructure

peaks and the peak splitting is as strong indication for a cubic-

like symmetry for the c-phase appearing at �905 �C. In addi-

tion, we show that the a/!b phase transition is clearly of

first order, whereas the b/!c is more continuous attesting a

transition of second-order nature.
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