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Nature of the ferroelectric phase transition in multiferroic BiFeO; from first principles
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A first-principles-based scheme is used to investigate the nature of the ferroelectric phase transition in the
multiferroic BiFeOs. This transition possesses several order parameters (that are components of the polariza-
tion and of the tilting of oxygen octahedra) with none of them being primary and is solely driven by the
collaborative coupling between the polarization and the other order parameters. This phase transition is there-
fore neither proper nor improper but rather can be regarded as a special trigger-type transition. Our atomistic
simulations also reveal the precise origins and mechanisms of this trigger-type phase transition.
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Multiferroics form a class of materials that can simulta-
neously exhibit polarization and magnetic ordering.! They
are of high current interest mostly because of the cross cou-
pling between these ferroelectric (FE) and magnetic order
parameters (OPs)—see, e.g., Refs. 2 and 3 and references
therein. BiFeO; (BFO) is often referred to as “the holy grail
of the multiferroics™ because it possesses both ferroelectric-
ity and magnetic ordering at room temperature—as a conse-
quence of a paraelectric-to-FE transition occurring around
(the Curie temperature) T-=1083-1103 K (Refs. 5 and 6)
and of a cycloidal spin structure superimposed on a G-type
antiferromagnetism’ below Ty=625-643 K.>8 Puzzling fea-
tures have been reported in BFO around its Curie tempera-
ture, including the complete suppression of the Raman
spectra’ and a striking deviation of the dielectric response
from a Curie-Weiss behavior'? above T¢,!! as well as the FE
transition being of first order with no group-subgroup rela-
tion between the paraelectric and polar phases.!! Such
anomalous effects seem to imply that BFO is not a “proper”
FE and have led its FE phase transition to be denoted as
being of the “improper” type.!!"!? It is important to recall that
the primary OP (an OP is called primary if it energetically
drives the phase transition'?) of a proper FE is the spontane-
ous polarization itself, while the polarization is only a sec-
ondary OP in improper FEs.'"* In other words, the primary
OP of improper FEs is another physical quantity [such as the
magnetic moments in perovskite rare-earth manganites'>-!7
and some tilting of the AlO, oxygen octahedra in BaAl,O4
(Ref. 18)], with the coupling between this other quantity and
the polarization being responsible for the appearance of the
polarization below T¢. It is obviously of high importance to
know the nature of the FE transition in BFO and the mecha-
nisms governing it.

The aim of this Rapid Communication is to revisit the
nature of the FE phase transition of BFO via the use of a
first-principles-based scheme. We found that such transition
is indeed not proper, but—surprisingly—it is not improper
either. More precisely, it does not possess any primary OP
belonging to a single irreducible representation and is rather
solely driven by the collaborative coupling between the po-
larization and the oxygen octahedra tilting.! It is a special
trigger-type transition.?? Our simulations also reveal the pre-
cise origins and mechanisms of this trigger-type transition.

The total internal energy, E,,;, of BFO is provided by the
effective Hamiltonian approach of Ref. 11. It possesses four
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PACS number(s): 77.80.Bh, 64.60.—i, 75.40.Mg, 77.22.Ch

degrees of freedom: (i) the strain tensor, {7} (Ref. 21); (ii)
the magnetic dipole moment, m;, centered on the Fe site i
(Ref. 11); (iii) the local FE soft modes in unit cells i, {u;}
(which are directly proportional to the electrical dipole cen-
tered on those sites?!); and (iv) the {w;} vectors that charac-
terize the direction and magnitude of the antiferrodistortive
(AFD) motions in unit cell i (Ref. 22); E,. consists of 13
different parts:'-21-?2 an elastic energy (quadratic in 7); the
exchange interactions associated with magnetic moments
(quadratic in m;); a self-energy for FE degrees of freedom
(quartic in wu;); a long-range electric dipole-dipole interaction
(quadratic in w;); a short-range interaction between local soft
modes (quadratic in u;); the self-energy associated with AFD
motions (quartic in ;); the short-range interaction energy
between AFD degrees of freedom (quadratic in ;); an inter-
action between strain and magnetism (linear in 7 and qua-
dratic in m;); an interaction energy between strain and local
modes (linear in 7 and quadratic in w,); an interaction be-
tween strain and AFD degrees of freedom (linear in % and
quadratic in ;); an interaction term between magnetism and
ferroelectricity (quadratic in both m; and u;); an interaction
between magnetism and AFD motions (quadratic in both m;
and ,); and the Epg spp interaction energy between local
soft modes and AFD motions, which takes the following ex-
pression (according to symmetry considerations with respect
to a cubic state):

2 2 2 2 2 2
EFE-AFD({ui}’{wi}) = 2 {Dxxxx[ui,xwi,x + ui,ywi,y + ui,zwi,z
i

2 2 2 2 2 2
+ Dxxyy[ui,x(wi,y + wi,z) + ui,y(wi,z + wi,x
2 2 2
+u; (0 + wi,y)] + Dyl 1y y0; 0;

+ Uil 0 ,0; , + U i ; 0; ]}, (1)

where the sum over i runs over all unit cells and where the x,
v, and z subscripts refer to Cartesian coordinates along the
[100], [010], and [001] pseudocubic directions, respectively.
D, yxx> Dyyy» and D, are parameters of this expansion. The
first-principles-based parameters of E,, are those of Ref. 11
and yield an excellent agreement with measurements for the
Néel and Curie temperatures (around 635 and 1075 K, re-
spectively), as well as for the magnetoelectric coefficients.!!
Technically, E,., is used in Monte Carlo (MC) simulations to
compute finite-temperature properties of BFO. We use 14
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X 14X 14 supercells (13720 atoms) and 400 000 MC
sweeps to get converged results. Relevant outputs are the u
supercell average of the local mode vectors {u;} and the wg
vector defined as wR=1%,2,-(0,-(—1)”4")*".\’(”* n:)_where the
sum runs over the unit cells and where n,(i), n,(i), and n,(i)
are integers locating the cell i. A nonvanishing u indicates
ferroelectricity, while a nonzero wg characterizes AFD mo-
tions associated with the R point of the cubic first Brillouin
zone, respectively. We also compute the following quantities:

_Wz? 2
Xaa™= VEOkBT[<Ma> - <Ma> ]7
2
Xz)g = VkBT[<w12€,a> - <wR,a>2]’ (2)

where “()” denotes statistical averages and where u, and
wp o are the a component of u and wg, respectively. N is the
number of sites in the supercell, while V is its volume. Z* is
the Born effective charge associated with the local mode, kg
is the Boltzmann constant, and €, is the permittivity of
vacuum. x,, are the diagonal elements of the dielectric sus-
ceptibility ~tensor,”?* while x“® is the staggered
susceptibility® associated with wg_,.

Figure 1(a) shows the predicted x-, y-, and z-Cartesian
coordinates ({u;), (u,), and (u3)) of (u) in BFO, while Fig.
1(b) displays {w) (with {w)g, {w,)g, and {w;)g denoting the
x-, y-, and z-Cartesian coordinates of (w)g), and Fig. 1(c)
reports the susceptibilities. Figures 1(a) and 1(b) indicate
that, as consistent with experiments (see Ref. 9 and refer-
ences therein), our numerical scheme predicts a R3¢ ground
state that exhibits a polarization pointing along the [111]
direction (since {u;)={u,)=(u3)# 0 at the lowest tempera-
tures) and a tilting of the oxygen octahedra about the [111]
axis (since (w;)r=(w,)r={ws)p#0 at the lowest tempera-
tures). Figure 1 also indicates a first-order FE-to-paraelectric
transition from a rhombohedral R3¢ phase to a tetragonal
I4/mcem state that solely exhibits AFD motions about the
[001] axis, about T-=1075 K as indicated by the nonzero
value of (w;)z above =1075 K in Fig. 1(b) and the vanish-
ing of (u) via the jump seen in Fig. 1(a) around 1075 K.
Figure 1(a) thus reveals that (u,), (u,), (u3), {(w)g, and (W)
are the OPs of this FE transition. The 14/mcm phase exists
up to a temperature, Thpp == 1440 K, before transforming to

the cubic Pm3m state. Figure 1(c) further shows that the
Xao'S dramatically deviate from a Curie-Weiss law!'® just
above To and up to Tapp (that is within the tetragonal
I4/mcm phase): they slightly decrease (rather than rapidly
increase) as the temperature is lowered from 1440 to 1075 K.
Hence, there is no softening of the phonon mode associated
with the polarization when approaching T from above, un-
like in proper FEs. Such dielectric anomaly has been re-
ported for improper FEs (Ref. 14) for which the primary OP
is not the polarization. One natural suspect for the primary
OP is the tilting of the oxygen octahedra. However, the inset
of Fig. 1(c) tells us that the yoX coefficients all decrease as
the temperature is decreased from 7zrp down to 7. There-
fore, the phonon mode associated with the AFD motions
does not soften when approaching the R3c—to—I4/mcm tran-
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FIG. 1. Supercell average (u) of the local mode vectors [panel
(a)], AFD-related (w)g quantity [panel (b)], and x,, dielectric sus-
ceptibilities [panel (c)] as a function of temperature in BFO and as
predicted by the scheme of Ref. 11. x;; is identical to x,, and is
thus not shown for clarity. The inset displays x5% and x5% (with this
latter quantity being equal to x{f) around T¢ in arbitrary units.

sition from above, which implies that the tilting of the oxy-
gen octahedra is not the primary OP of the FE transition
either. The other possible candidates for this primary OP are
the (antiferro)magnetic vector or strain since our numerical
scheme only contains these two latter degrees of freedom, in
addition to the FE and AFD motions. However, the features
of Fig. 1 all qualitatively remain when turning off the mag-
netic dipoles and the strain variables in our simulations. As a
result, we can undoubtedly conclude that the FE transition of
BFO does not have any primary OP or, equivalently, that
BFO is neither a proper nor an improper FE! (Note also that
the “normal” evolution of the polarization below 7 depicted
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FIG. 2. Supercell average (u) of the local mode vectors [panel
(a)] and yx,, dielectric susceptibilities [panel (b)] as a function of
temperature in BFO and as predicted by the scheme of Ref. 11 in
which the AFD and magnetic degrees of freedom are turned off.

in Fig. 1(a) is not what is expected for a usual improper
FE.'4)

To determine the nature of this transition, we performed
two additional kinds of simulations. In the first type whose
results are shown in Fig. 2, the AFD motions, as well as the
magnetic dipole moments, are forced to vanish, implying
that we only investigate here the sole effect of FE and its
coupling with strain on properties. On the contrary, the FE
degrees of freedom, and still the magnetic dipole moments,
are kept to zero in the second kind of simulations. This sec-
ond type, whose results are depicted in Fig. 3, thus corre-
sponds to the case for which only AFD motions and strains
can appear in BFO. One can see that neglecting the AFD
degrees of freedom leads to a ground state that is FE tetrag-
onal (P4mm) with a polarization pointing along the (001)

direction and to only one transition from P4mm—to—Pm3m
when increasing the temperature from 0 K. This latter FE
transition occurs at a very high temperature (i.e., =2100 K),
is of first order [see the jump in (us) in Fig. 2(a)], and is
proper since the dielectric susceptibility now adopts a Curie-
Weiss behavior above T, [see Fig. 2(b)]. Moreover, when
neglecting the FE variables, the ground state has the 14/mcm
space group [see Fig. 3(a)] and only one transition from

14/ mem—to—Pm3m occurs at a very high temperature
(around 2100 K). As shown by Fig. 3(b), the staggered sus-
ceptibilities also behave in a normal, Curie-Weiss fashion
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FIG. 3. Supercell average of the AFD-related (w)z quantity
[panel (a)] and AFD staggered susceptibilities [panel (b)] as a func-
tion of temperature in BFO and as predicted by the scheme of Ref.
11 in which the FE and magnetic degrees of freedom are turned off.

above that transition. Comparing Figs. 2 and 3 with Fig. 1
and knowing the sign and magnitude of the coefficients of
Eq. (1) determined from first principles [that is, D,,,, and
D,,,, being strongly positive while D,,,, being even larger
but negative] shed some light on the properties of BFO dis-
played in Figs. 1. For instance, at high temperature, the FE
and AFD motions fight against each other since they do not
want to coexist in a tetragonal phase (in which u and wg
would both lie along the same (001) direction) because of the
positive, large D,,,,; this despite the fact that they separately
desire to generate a tetragonal state below 2100 K [see Figs.
2(a) and 3(a)].?® Such fight leads to the vanishing of the
polarization above T-=1075 K and to the sole appearance
of the oxygen octahedra tilting (within the I4/mcm phase)
between T and Thpp=1440 K. For lower temperature, BFO
exhibits the R3¢ phase as a consequence that both FE and
AFD motions possess strong instabilities (see Figs. 2 and 3)
and that FE and AFD degrees of freedom can coexist in a
rhombohedral state because of the negative, large D,y,,.
Moreover, we conducted further simulations, around 7, in
which an electric field is applied to directly influence the
polarization and determine its effect on the AFD degrees of
freedom, as well as other computations in which the conju-
gate, staggered field”® of wg is applied to directly influence
the AFD motions and follow its effect on the polarization.
We found that any specific value of {u;)={u,)={us) is asso-
ciated with a specific value of {w,)g={w,)r={w3)g and vice
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versa—which undoubtedly indicates that there is no hierar-
chy between the FE and AFD motions.

BFO thus exhibits a striking type of transition that (1)
possesses several OPs (i.e., (u,), (uy), (u3), (w)g, and {w,)p)
with none of them being primary or more important than the
other*” and (2) is solely driven by the collaborative coupling
between these OPs in the low-temperature “channel” (i.e.,
within a rhombohedral phase). Moreover, the mutual exclu-
sion of FE and AFD degrees of freedom in the high-
temperature channel (that is within the tetragonal symmetry)
provides a successful explanation of why the FE transition of
BFO is of first order with no group-subgroup relation be-
tween the paraelectric and polar phases and why the Raman
spectra completely disappears above T—as experimentally
found in Refs. 9 and 11. In fact, such kind of transition
exhibits all the macroscopic characteristics of the so-called
“trigger-type” phase transition introduced by Holakovsky 36
years ago?’ and which is extremely rare in nature.?®? For
instance, trigger-type phase transitions have been predicted
to possess dielectric constants that follow Curie-Weiss law
below T (Ref. 20) [unlike in improper FEs (Ref. 14)] while
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dramatically deviating from such law above T (Ref. 20) [as
in improper FEs (Ref. 14)], as consistent with Fig. 1(c). Note
that, on a phenomenological point of view, trigger-type tran-
sitions are characterized by a coupling between the square of
the different OPs (including polarization) in the free-energy
expansion,”’ while such coupling is linear in polarization
and quadratic in the other OP(s) in improper FEs.'* Note also
that the original article devoted to trigger-type transitions*
assumes that one OP is primary while the other parameter is
only secondary. On the other hand, our investigated phase
transition in BFO does not have any OP being primary or
more important than the other.”” We can therefore state that
we discovered a special, overlooked trigger-type transition.
We are thus confident that our work increases the knowledge
of the broad, fascinating topic of phase transition, in addition
to being of relevance to the fascinating field of multiferroics.
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