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Phase transition and thermodynamic properties of BiFeOs;
from first-principles calculations”
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The first-principles projector-augmented wave method employing the quasi-harmonic Debye model, is applied to
investigate the thermodynamic properties and the phase transition between the trigonal R3¢ structure and the orthorhombic
Pnma structure. It is found that at ambient temperature, the phase transition from the trigonal R3¢ phase to the orthorhombic
Pnma phase is a first-order antiferromagnetic-nonmagnetic and insulator—metal transition, and occurs at 10.56 GPa, which
is in good agreement with experimental data. With increasing temperature, the transition pressure decreases almost linearly.
Moreover, the thermodynamic properties including Griineisen parameter, heat capacity, entropy, and the dependences of
thermal expansion coefficient on temperature and pressure are also obtained.
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1. Introduction

Bismuth ferrite (BiFeOs3) has attracted increasingly atten-
tion in recent years due to both ferroelectric and magnetic or-

e,!I™# and the potential technological

ders at room temperatur
applications in novel magnetoelectric devices and theoretical
and experimental research, especially in thin-film cases.”! As
aroom-temperature multiferroic material, BiFeOs is a trigonal
ferroelectric perovskite with space group R3c, possesses high
spontaneous electric polarization below the ferroelectric Curie
temperature of 1100 K, and shows a G-type antiferromagnetic
order below the Néel temperature of 643 K.[® Although there
are abundant studies on bulk BiFeOs, it still has some contro-
versy about its phase transition. A great deal of experimental
effort has been devoted to settle this issue. Gavriliuk et al.l”}
investigated the pressure-induced spin crossover in BiFeO;
and the insulator—metal transition at the same pressures by us-
ing synchrotron X-ray diffraction, nuclear forward scattering,
X-ray emission, the optical absorption, and dc resistivity mea-
surements. They claimed that the reversible insulator—metal
Mott transition was observed at pressures higher than 55 GPa.
According to compression experiments'®! performed using di-
amond anvil cells, structural transformations of BiFeO3 were
found in the range of 40-55 GPa. The studies on the mag-
netic behavior of BiF603,[9] using the methods of nuclear for-
ward scattering (NFS) of synchrotron radiation, suggested that
the field H™ abruptly dropped to zero in the pressure interval
47 < P < 61.4 GPa, testifying a transition from antiferromag-

[10,11] have

netic to a nonmagnetic state. Recent experiments
proposed that the magnetic and electric phase transitions occur

above 45 GPa in BiFeQOj3, but phase transitions below 45 GPa
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are not observed. In the theoretical research of the phase
transition of BiFeOs, Gonzélez—Vazquez and iiguez'?) per-
formed a first-principles study and predicted that the phase
transition in BiFeO3 occurs at pressure of about 40 GPa. How-
ever, we also notice that some researchers drew different con-

clusions. For instance, Haumont et al.[!3!

reported that with in-
creasing pressure, the cation displacements of BiFeOj3 are re-
duced and finally suppressed at around 10 GPa, leading to the
non-polar Pnma structure by using diffraction and far-infrared
spectroscopy from synchrotron sources. Moreover, Ravin-
dran et all'¥ have predicted a single pressure-induced struc-
tural transition from the initial trigonal R3¢ structure to an or-
thorhombic Pnma (GdFeOs-type) structure at around 13 GPa
based on the ab initio calculations. Despite the experimental
and theoretical effort, a consensus about the pressure-induced
phase transition for BiFeOs has not yet been reached. Thus,
the aim of our study is to verify the occurrence of the pressure-
induced phase transition from the initial trigonal structure
with space group R3c to an orthorhombic structure with space
group Pnma below 20 GPa, and to evaluate the thermody-
namic properties of both phases. The quasi-harmonic Debye
model, which well predicts various properties,!'>2%! such as
thermodynamic properties and the phase transition, has been
selected for the purpose. To our best knowledge, it is the first
time that the transition pressure from trigonal R3c-BiFeO3 to
orthorhombic Pnma-BiFeOs3 in the temperature range of 0—
1200 K has been obtained theoretically.

The paper is organized as follows. Theoretical methods
are shown in Section 2. In Section 3, the calculation results
are given and discussed. Finally, the conclusions of this work
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are presented.

2. Theoretical methods

The first-principles calculations are performed based on
the Vienna ab initio simulation package (VASP).”!l The
electron—ion interactions are treated within the projector-
augmented wave.[*?! The exchange correlation potential is de-
scribed by the generalized gradient approximation (GGA) of
PBE.'*! For the Brillouin zone sampling, 4 x4 x4 and 4 x4 x2
Monkhorst-Pack meshes!?*! are used for the trigonal R3c-
BiFeO3 and the orthorhombic Prnma-BiFeOs, respectively.
According to the test results, the electronic wavefunctions are
expanded in a plane-wave basis set with an energy cutoff of
293.2 eV. The allowed error in total energy is smaller than
10~* eV per atom between two electronic self-consistent steps.
The change in the total free energy is smaller than —1073 eV
per atom between two ionic steps. Thermodynamic calcula-
tions are performed by Gibbs2.[%>]

Within the framework of the quasi-harmonic Debye
model, the non-equilibrium Gibbs free energy G(V,P,T) is
usually given by!*]

G(V,PT)=E(V)+PV+FEin(@V),T), (D)

where E (V) represents the static energy without zero-point vi-
brational energy from the first-principles total energy calcula-
tions fitted by an equation of state at O K and volume V, PV
corresponds to the constant hydrostatic pressure condition, P
is the pressure, V is the volume, and ® (V) is the Debye tem-
perature. Vibrational free energy can be calculated by the em-
pirical Debye model as follows:>3!

Fan(®.7) = kT | § 2 - 3n(1 e ) - (/7).

where n is the number of atoms per formula cell, K is the
Boltzmann’s constant, 7 is the temperature in Kelvin, and
D(O/T) is the Debye integral. Debye temperature can be writ-

ten asl®!

_h a2 013 By
@—K[67tV n]'°f(o) " 3)

d’E(V
B = Bgtatic (V) ~ Bstatic(vopt) =V ( dV(2 ) ) , 4)

where M is the molecular mass per unit cell; B is the adi-
abatic bulk modulus,[*®! which is approximated by the static
compressibility; ¢ is Poisson’s ratio. The form of f(o) is

given as follows:7!

21406\ [11+0\1 3
ro={32(3i%) +Gre) |}

The non-equilibrium Gibbs function G*(V;P,T) can be mini-
25]

mized with respect to volume V!

dG*(V;P,T) B
(=), ©

The heat capacity Cy, the thermal expansion coefficient &, and

the Griineisen constant y are expressed as!>’!
30/T
a=yCv/(BrV), ®)
dln6(V)
-7/ 9
dInV ~’ ©)

where Br is the isothermal thermal bulk modulus. The cal-
culated static energies by using first-principles method with
respect to the volume are fitted to the third-order Birch—

Murnaghan equation of state/?®!

B
o Uo/v)? —11B)

+[(Vo/V)P2 =126 —4(Vo/V)?]}. (10)

E(V) = Ey+

The relationship!>®! between the pressure P and the volume V
can be obtained by
_ 3By

PV) = Z20(V0/V) = (Vo VP

X {1+i(36—4)[(V0/V)2/3—1]}- (1)

Through the quasi-harmonic Debye model, the thermody-
namic parameters of BiFeOs at any pressures and tempera-
tures from the calculated E(V) dataat T =0 K and P = 0 GPa
can be obtained.

3. Results and discussion
3.1. Equation of state

The equation of state for crystalline materials is of impor-
tance in many applications. It can provide a convenient mea-
sure of the expansion coefficient and the compressibility coef-
ficient. A series of ab initio simulations for the R3c-BiFeO;
and the Pnma-BiFeOs3; have been performed to obtain E-V
data, which is shown in Fig. 1. It can be seen that the R3c-
BiFeOs3 is more stable than the Pnma-BiFeOs3 at zero temper-
ature and zero pressure.
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Fig. 1. Fitted total energy per formula unit as a function of volume
for the R3c¢-BiFeO3 and the Pnma-BiFeO3 from the third-order Birch—
Murnaghan equation of state.
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The calculated lattice parameter ag, bulk modulus By, and
its first derivate B, for both phases by using the third-order
Birch—-Murnaghan equation of state are listed in Table 1 to

compare with experimental and other calculated data. It is

found that our calculated results are in agreement with the ex-

perimental datal”-'331-32] and other theoretical results.!14>7-3%]

Table 1. Lattice constants, bulk modulus, and its pressure derivation of the R3¢c-BiFeO3 and the Pnma-BiFeO3 at 0 GPa and 0 K.

R3c-BiFeO3 Pnma-BiFeO3
This work Theor. Exp. This work Theor. Exp.
alA 5.613 5.459%) 5.634") alA 5.502 5.585¢) 5.495°)
5.5000) 5.6308)
al(®) 59.687 60.360%) 59.348" blA 7.782 7.660°) 7.650°)
60.180%) 59.343¢)
V/A3 124.1 116.0%) 124.39 c/A 5.129 5.350) 5.327¢)
115.0? 124.6%)
By 137.7 130.9%) 75.54+15.5" By 149.3 138.8%) -
130.09 116.0°)
B} 375 - 3.70°) B, 4.20 - -

ARef. [27], [28], PRef. [29], [30], 9 Ref. [14], DRef. [12], ¥ Ref. [13], DRef. [31], ¥Ref. [32], VRef. [7].

When the temperature is zero, the Gibbs free energy
equals the enthalpy (H = U 4 PV). It is easy to obtain the en-
thalpy of the R3c-BiFeO3 and the Pnma-BiFeO3 by Egs. (11)
and (12). The calculated H—P data are shown in Fig. 2. It
is found that the transition pressure from the R3c-BiFeOs to
the Pnma-BiFeOs is 12.05 GPa, which is in agreement with
the predicted value of 13 GPal'*! from recent ab initio calcula-
tions. At 0 K, the R3¢-BiFeO3 is more stable than the Pnma-
BiFeOj3 below 12.05 GPa, but the Pnma-BiFeOs3 is more stable
than the R3c¢-BiFeO3 above 12.05 GPa.
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Fig. 2. Enthalpy with pressure for BiFeOs3.

3.2. Magnetic ground state

In order to determine the stable magnetic ground state of
the R3c-BiFeO3 and the Pnma-BiFeOs, we take the follow-
ing steps. Firstly, according to anti-parallel and parallel spins
for Fe atoms, respectively, the appropriate cell parameters of
both phases have been obtained after optimizing the lattice
constants and internal atom coordinates based on the princi-
ple of energy minimization. Secondly, the total energy calcu-
lations for both phases were performed in antiferromagnetic
(AFM) and ferromagnetic (FM) states with the first-principles

approach, respectively. The calculated results for both phases
in AFM and FM states are listed in Table 2. As seen in Ta-
ble 2, the R3¢c-BiFeO3 shows an AFM ground state because of
the energy difference AE (—0.615 eV) between the AFM and
FM states. The energy difference AE for the Pnma-BiFeOs3
between AFM and FM states is nearly equal to 0 eV, which
indicates that the phase is nonmagnetic.

Table 2. Ground states of the R3c-BiFeO3; and the Pnma-BiFeO3; are
shown, where FM, NM, and AFM represent ferromagnetic, nonmag-
netic, and antiferromagnetic states, respectively. The energy difference
(AE) between the AFM and FM states and the binding energy (Ey) per
atom are presented.

Phase Ground state E,/meV AE/eV Eapm/eV  Epv/eV
R3c-BiFeO3 AFM 237966 -0.615 -67.095 -66.480
Pnma-BiFeO3 NM 229.566 0.008 -132.510 -132.512

Because the binding energy generally describes the rela-
tive phase stability, it is necessary to calculate the binding en-
ergy of the R3c-BiFeO3 and the Pnma-BiFeOs. The binding
energy per atom for both phases is given by

E, = (ZniE(Fe) +Y nEBi)+Y n.E(O)

E(perfect)> [(ni+nj+ny), (12)
where E(perfect) is the total energy of the R3c-BiFeO3; or
Pnma-BiFeOs3, n;, nj, and n; are the number of Fe, Bi, and
O atoms in the crystal structure, and E (Fe), E (Bi), and E (O)
are the average energy of an atom in the bulk or molecule, re-
spectively. It can be seen from Table 2 that the binding energy
of R3c¢-BiFeOs is larger than that of Pnma-BiFeOs, which in-
dicates the R3c-BiFeOj3 is more stable than the Pnma-BiFeO3
at zero temperature and zero pressure, which is consistent with
the previous analysis of the equation of state.
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3.3. Electronic structure

In the following, the electronic structures of BiFeOj3 at its
equilibrium structure are calculated. The predicted total and
partial density of states for R3c-BiFeOs3 are shown in Fig. 3.
The Fermi level is set to zero. From Fig. 3, it can be seen that
both the major spin total density of states (TDOS) are equal to
the minor spin one, which is due to the AFM nature of R3c-
BiFeOs. Both Bi and O partial density of states (PDOS) are
also equal in the spin-up and spin-down states. The Fe PDOS
is quite different for the two spin states (spin up and spin down,
Fel and Fe2), which means that the R3¢c-BiFeOs is antiferro-
magnetic. The valence band (VB) in the range from —19.7
to —17.3 eV is mainly occupied by O 2s states. The Bi 6s
states are located at around —10 eV. The valence band in the
range from —6.7 to 0 eV consists of O 2p states mixed with
Fe 3d and Bi 6p states. Above the Fermi level, the conduc-
tion band (CB) is dominated by Fe 3d states in the range of
0.5-3.6 eV and Bi 6p states in the region of 3.6-5.5 eV. These
states are strongly mixed with O 2p states. In addition, the cal-
culated magnetic moment at the Fe site is 3.69 pg, which is in
good agreement with the value of 3.75 pp!®3! measured from
low-temperature neutron-diffraction measurements. Since the
Fe electrons mix with the neighboring O ions, the calculated
magnetic moment at the Fe sites are not integer values, and
the O ions have a slight magnetic moment of 0.07 pug. The
R3c-BiFeOs shows a gap of about 0.8 eV, which indicates that
the BiFeO3 phase with space group R3c is a semiconductor
and considered to be determined by the charge-transfer tran-
sitions from the occupied O 2p to unoccupied Fe 3d states, as
suggested by experiments* and ab initio calculations.>>!

Fig. 3. Calculated total and partial density of states for BiFeO3 in AFM
R3c phase.

The calculated total and partial density of states for the
Pnma-BiFeOs3 structure are also shown in Fig. 4. It is found
that in the valence band, the TDOS in the range from —20 to
—18 eV are mainly occupied by O 2s states. The Bi 6s states
are located at around -11 eV below the Fermi level. In the
range from —7.3 to —1 eV, the O 2p states mingle obviously
with Fe 3d and Bi 6p states. Above the Fermi level, the con-
duction band (CB) is dominated by Fe 3d states in the range

of 0—4 eV, and Bi 6p states in the region from 2 to 4 eV. These
states strongly mix with O 2p states. It is noted that the states
in the range from —1.1 to 0.5 eV mainly originate from Fe 3d
states, which means that the Pnma-BiFeQO3 is metallic.
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Fig. 4. Calculated total and partial density of states for BiFeO3 in NM
Pnma phase.

3.4. Phase transition

To clearly clarify the phase transition at any pressure and
any temperature, more investigations are preformed by using a
quasi-harmonic Debye model. According to thermodynamics
knowledge, at the transition point, the Gibbs free energies of
two phases are equal. Therefore, the phase transition pressure
and temperature from the R3c-BiFeOs to the Pnma-BiFeO3
can be evaluated from the usual condition of equal Gibbs free
energies, i.e., the pressures at which the Gibbs free energies of
both phases are the same.*®/

Fig. 5. Gibbs free energy as a function of pressure for BiFeOs3.

The Gibbs free energies are calculated at different tem-
peratures and pressures. The difference in Gibbs free en-
ergy between the R3c-BiFeOs and the Pnma-BiFeO3; AG =
Gppma — Gr3c 1s shown in Fig. 5 for different temperatures and
pressures. From Fig. 5, it is found that when P = 12.05 GPa at
0 K, AG = 0. This means that at zero temperature the transi-
tion pressure is 12.05 GPa, which is in agreement with the the-
oretical result!'¥ and the above analysis of binding energy and
enthalpy of both phases, and the R3c-BiFeOs is more stable
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than the Pnma-BiFeO3 when the pressure is below 12.05 GPa.
At 298.15 K, the pressure is 10.56 GPa, and AG = 0. This
indicates that at room temperature, the phase transition from
the R3c-BiFeO3 to the Pnma-BiFeOs occurs at 10.56 GPa,
which is in good agreement with the experimental value of
10 GPal'3! by using diffraction and far-infrared spectroscopy
from synchrotron sources, and the R3¢c-BiFeO3 is more stable
than the Pnma-BiFeO3 when the pressure is below 10.56 GPa.
The phase transition will not occur, even at 1200 K when the
pressure is below 2.39 GPa. When the temperature is fixed,
AG increases with decreasing pressure. This means that the
R3c-BiFeOs becomes increasingly stable compared with the
Pnma-BiFeOs3. At zero pressure, AG is positive in the range of
0-1200 K, which implies that the R3¢c-BiFeO3 phase is more
stable than the Pnma-BiFeO3 phase. It can be observed that
the transition pressure decreases with increasing temperature
above room temperature. By fitting these data to third-order
polynomials in temperature, the following relationship can be
obtained

Pr = 12.0511 —0.00285T — 8.9025 x 107672
+3.89175 x 107°73. (13)

Therefore, the phase transition from the R3c-BiFeOj3
to the Pnma-BiFeOs; is a first-order antiferromagnetic—
nonmagnetic and insulator—metal transition due to the disap-
pearance of antiferromagnetic state, the appearance of non-
magnetic state, the change in the electronic structures, and the
huge structural difference between the R3c-BiFeO3 and the
Pnma-BiFeOs5.

3.5. Thermodynamic properties

Thermodynamic properties play an important role in un-
derstanding the thermal response of materials. Since BiFeO;
is a potential material for magnetoelectric devices, it is nec-
essary to investigate the thermodynamic properties at differ-
ent temperatures and pressures. Thus, we can determine the
environment which BiFeO3; can work in. Through the quasi-
harmonic Debye model, the Griineisen parameter 7, the heat
capacities Cy and Cp, vibrational entropy Syip, and thermal ex-
pansion coefficient o of BiFeOj3 at different temperatures and
different pressures have been calculated.

Griineisen constant 7y describes the alteration in vibration
frequency of a crystal lattice, and it has been widely used to
characterize and extrapolate the thermodynamic behavior of
a material at high pressures and temperatures. The Griineisen
parameter Y at different temperatures (0—1200 K) and different
pressures (0—20 GPa) is obtained, which are listed in Table 3.
It is noted that the Griineisen constant y of both phases de-
creases with the increase in pressure at a given temperature,
and increases with the increase in temperature at a given pres-

sure.

Table 3. Griineisen constant y of the R3¢-BiFeO3 and the Pnma-BiFeO3
at different temperatures and pressures.

Phase P/GPa 300K 600K 900K 1200K

R3c-BiFeO3 0 1.740 1.766 1.793 1.820
5 1.675 1.698 1.722 1.747

10 1.623 1.640 1.661 1.684

20 1.543 1.553 1.564 1.578

Pnma-BiFeO3 0 1.970 2.004 2.046 2.096
5 1.900 1.925 1.955 1.990

10 1.847 1.866 1.888 1.914

20 1.769 1.782 1.796 1.811

The heat capacity predicted for the R3c-BiFeO3 and the
Pnma-BiFeOj3 at constant pressure and constant volume by the
quasi-harmonic Debye model are shown in Figs. 6 and 7, re-
spectively. From Fig. 6, it is can be seen that the heat capacity
Cp of the R3c-BiFeO3 and the Pnma-BiFeOj3 at zero pressure
increases sharply below 300 K, and then the increasing trend
becomes slower at high temperature. The predicted heat ca-
pacity Cp for the R3c-BiFeOs3 at 0 GPa is in agreement with
the experimental results’>’ %! and the theoretical data.!*!! It is
noted that the heat capacity of R3¢c-BiFeOs is lower than that
of Pnma-BiFeO3 in the whole temperature range of interest.
From Fig. 7, the increasing trend of Cy at low temperature is
similar to Cp, but Cy in both phases approaches the Dulong—
Petit limit of 3nNakg, which is common to all solids at high

temperatures.

i @ i/A/ /:j
120 /@;ﬁ%ﬂ%ﬁ@/ |
|
i r 2 W Lu et al. 1
1 Q0+ s Phapale et al. ]
o v Amirov et al.
E [ o Chen et al.
= 40 ¥ > Wang et al. -
S —=— R3c-BiFeOy

[ —4— Pnma-BiFeO3;

0 0 200 400 600 800 1000
T/K
Fig. 6. Heat capacity Cp as a function of temperature for the

R3c¢-BiFeO3; and the Pnma-BiFeOs; at zero pressure. Experimen-
tal resultsl®7*%! and other theoretical datal*!! for the R3¢-BiFeOs are
shown for comparison.

Dulong—Petit limit
120 F — A

- /}/

v H 7 —a— R3¢-BiFeO;
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I, 80f g
[e]

.E L ]
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0 1 1 - 1 1
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Fig. 7. Heat capacity Cy as a function of temperature for the R3c-
BiFeO3 and the Pnma-BiFeOs at zero pressure.
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Fig. 8. Entropy for BiFeO3 as a function of temperature at zero pres-
sure.

Based on the quasi-harmonic Debye model, vibrational
entropy Syipb as a function of temperature is calculated and

8 T T T T T
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- 0 GPa
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P/GPa

shown in Fig. 8. It can be observed that the entropy increases
monotonically with temperature. The vibrational entropy of
R3c-BiFeOs is lower than that of Pnma-BiFeOs at high tem-
peratures due to different bond strengths.

BiFeOs is a potential semiconductor and photocatalytic
material, and hence it is necessary to investigate the thermal
expansion coefficient of its thin film. It is noted that there are
certain difficulties associated with the measurement of ther-
mal expansion coefficient at high temperatures, which lead to
considerable uncertainties in the experimental values,*?! so
the theoretical investigate is performed by using the quasi-
harmonic Debye model. The calculated pressure and temper-
ature dependences of the thermal expansion coefficient & of
R3c-BiFeOs and Pnma-BiFeOs3 are plotted in Fig. 9.

8 T T T T T
Pnma-BiFeO3 b
n —— 0 GPa (b)
E < 6} -+ 10 GPa 1
8 1 —— 20 GPa
_—a—
= = 4+ /a""‘/‘/‘ B
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= 2
S g ol i
=5
13}
0 1 1 1
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- (@)
ECT 1
£
ST AT s
g % Pnma-BiFeO3 \‘\.\“\‘
3 5 ol =-300K J
- e -a- 700 K
© —- 1200 K
00 4 8 12 16 20

P/GPa

Fig. 9. Variations of thermal expansion coefficient with temperature and pressure for (a, ¢) R3¢-BiFeO3 and (b, d) Pnma-BiFeOs3.

From Figs. 9(a) and 9(b), it can be seen that as tem-
perature increases, the thermal expansion coefficient of both
phases increases rapidly below 300 K, and gradually turns into
a linear increase at high temperatures. As shown in Figs. 9(c)
and 9(d), the thermal expansion coefficient of both phases de-
creases rapidly with increasing pressure, and almost exponen-
tially except that of R3¢c-BiFeO3 at 300 K because of the occur-
rence of phase transition at around 10.56 GPa. It is found that
the Pnma-BiFeO3 is more sensitive to temperature compared
with the R3c-BiFeOs. At the same temperature and pressure,
the R3c-BiFeOj3 has a lower thermal expansion, which is more
favorable for thin film of BiFeOs.

4. Conclusions

The transition phase of BiFeOs; from the trigonal R3c
structure to the orthorhombic Pnma structure has been in-

vestigated by using the first-principles projector-augmented
wave method, together with quasi-harmonic Debye model.
It is found that the phase transition from the trigonal R3c
phase to the orthorhombic Pnma phase is a first-order
antiferromagnetic-nonmagnetic and insulator—metal transi-
tion according to the usual condition of equal Gibbs free en-
ergies, and occurs at 10.56 GPa, which is in good agreement
with the experimental data. The transition pressure decreases
almost linearly with temperature. Through the quasi-harmonic
Debye model, the heat capacity Cy and Cp, vibrational en-
tropy Syib, thermal expansion o, and the Griineisen parameter
Y of both phases at different temperatures and pressures are
obtained, and compared with available experimental data.
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