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Ferromagnetism in multiferroic BiFeOj; films: A first-principles-based study

D. Albrecht,! S. Lisenkov,” Wei Ren,! D. Rahmedov,' Igor A. Kornev,? and L. Bellaiche!
'Physics Department, University of Arkansas, Fayetteville, Arkansas 72701, USA
2Department of Physics, University of South Florida, Tampa, Florida 33620, USA

3Laboratoire SPMS, UMR 8580 du CNRS, Ecole Centrale Paris, 92295 Chatenay-Malabry, France

(Received 10 March 2010; published 8 April 2010)

An ab initio scheme is developed, and first-principles calculations are performed, to investigate ferromag-
netism in BiFeO3 (BFO) rthick and ultrathin films. These systems all possess a weak magnetization that results
from a spin canting (that is induced by the tilting of the oxygen octahedra) and that increases from 0 to
=0.027up as the temperature is decreased below the Neel temperature. Such findings contradict a suggestion
that the coupling between magnetic dipoles and mismatch strain leads to the previously reported large values
for the magnetization in BFO films. This spin canting is also found to be essential for the /inear magnetoelec-

tric effect to occur.
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BiFeO; materials are intensively studied because they
possess both a spontaneous polarization and a magnetic
ordering, that are coupled to each other, at room
temperature.'* In BFO bulks, the magnetic ordering con-
sists of a cycloidal spin structure.'> On the other hand, the
magnetic ordering of BFO thin films is a subject of many
debates. More precisely, although it is accepted that the cy-
cloidal spin structure is destroyed in BFO films* in favor of a
spin-canting structure that generates both a magnetization
and a G-type antiferromagnetic vector, the microscopic ori-
gin of such spin canting, as well as, the magnitude of the
resulting magnetization are both controversial. For instance,
Ref. 5 indicates that such spin canting arises from the so-
called Dzyaloshinksy-Moriya interaction®’ between mag-
netic dipoles and electric polarization while Ref. 8 states that
it is caused by a “mysterious” coupling between magnetic
dipoles and the tilting of the oxygen octahedra. Similarly, the
pioneering experimental work of Ref. 9 reports a high value
(around 1up) for the magnetization of BFO films while other
measurements yield a magnetization being two orders of
magnitude smaller.>*!® Some scientists propose that the
large value of the magnetization is of intrinsic nature’® and
is due to the coupling between magnetic dipoles and the
strain arising from a lattice-mismatched substrate while oth-
ers argue that defects are responsible for it.*> Interestingly,
even the temperature behavior of the magnetization is mostly
unknown. In particular, one may wonder if both the ferro-
magnetic (FM) and antiferromagnetic (AFM) vectors appear
at the same temperature, and if they grow in magnitude as
the film is cooled below such temperature, or rather if one
grows at the extent of the other. Finally, reading the vast
literature devoted to BFO systems is quite confusing regard-
ing the requirements for the linear magnetoelectric (ME) ef-
fect to occur. For instance, Ref. 11 indicates that such linear
effect automatically exists once the cycloidal spin structure is
destroyed while Ref. 12 did not find a linear ME coefficient
in the purely AFM state of BFO. In this Rapid Communica-
tion, we use first-principles calculations, as well as, develop
an effective Hamiltonian scheme, to address all these impor-
tant issues.

Let us first determine the real origin of ferromagnetism in
BFO systems. For that, we carry state-of-the-art first-
principles calculations on ten-atom periodic supercells.
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These computations are performed within the local spin-
density approximation (LSDA)+U technique,>?® with the
self-consistent value of U=3.8 eV.2” We also include spin-
orbit corrections and noncollinear magnetism, which are es-
sential to obtain and mimic spin-canting effects.® Various
space groups within these ten-atom supercells are investi-
gated, namely, rhombohedral R3m and tetragonal P4mm

(that only exhibit ferroelectricity); rhombohedral R3¢ and
tetragonal I4/mcm (that only possess oxygen octahedra tilt-
ings); and rhombohedral R3¢ and tetragonal I4cm (that have
both ferroelectricity and oxygen octahedra tiltings). We also
select different directions of the initial G-type antiferromag-
netic vector, such as (001), (110), (112), and (123), in these
direct first-principles calculations. Our findings are similar to
those of Ref. 8, namely, that (i) no magnetization occurs if
there is no tilting of the oxygen octahedra and (ii) allowing
such tilting automatically results in a spin canting, with a
weak FM vector (its magnitude is =0.027u in the R3c
ground state) oriented along the direction generated by the
cross product of the AFM vector and the axis about which
the oxygen octahedra tilt. Having this in mind, we now de-
velop an effective Hamiltonian scheme for BFO thick films
(that we simply assume here to correspond to BFO bulks
with no spin cycloid), for which the total internal energy,
E,,;, is written as a sum of two terms, Epp_app({u;}, {7}, {®;})
and Eyag({m},{u;}.{7}.{@w;}). u; is the local soft mode in
unit cell i (which is directly proportional to the electrical
dipole centered on that cell) and {7} is the strain tensor.”®
The w; vector characterizes the oxygen octahedra tilt, or,
equivalently, the antiferrodistortive (AFD) motions, in unit
cell i. For instance, @;=0.1(x+y+z) corresponds to a rota-
tion of the oxygen octahedra by 0.1\3 radians about [111],
when denoting as X, y, and z the unit vectors along the three
(001) pseudocubic directions. m; is the magnetic dipole
centered on the Fe site i and is assumed to have a fixed
magnitude of 4up, as consistent with first-principles
computations.'* Epg_app is given in Ref. 29 and involves
terms associated with ferroelectricity, strain and AFD mo-
tions, and their mutual couplings. Eyag gathers magnetic
degrees of freedom and their couplings, and is proposed here
to be
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where «, 7y, v, and 6 denote Cartesian components. The sums
over i run over all the Fe sites while the sums over j run over
the first, second and third nearest neighbors of the Fe site
i—with the exceptions of the first term where the sum over j
runs over all the Fe sites and of the last term where the sum
over j only runs over the first nearest neighbors of the Fe site
i. (i) is the Ith component (in Voigt notation) of the strain
tensor at the site i and L? is the square of the magnitude of
the G-type antiferromagnetic vector. As in Ref. 12, the first
and second term of Eq. (1) represents the dipolar interactions
between magnetic moments®® and exchange interactions, re-
spectively, while the next three terms represent couplings of
magnetism with the local soft-modes, AFD degrees of free-
dom and strain, respectively. The novelties of the present
approach with respect to Ref. 12 reside in the introduction of
the sixth term (that provides an accurate mimicking of the
polarization’s behavior in thin films under strain®’) and the
last term of Eq. (1). Note that this last term automatically
guarantees that no magnetization exists if the AFM vector
lies parallel to the axis about which the oxygen octahedra tilt,
as consistent with ab initio calculations performed on
BiCrO;.** The Djj .y Eijaps Fijayws and Gijj,, and
B/, parameters are extracted from LSDA+U calculations
on small supercells.'** K, is determined to be
2X 107 a.u./(ujrad) by imposing that the presently
developed effective Hamiltonian scheme yields a weak
magnetization of =0.027u; in BFO bulks at low tempera-
ture, as predicted by our first-principles computations men-
tioned above.

Regarding BFO ultrathin films, two modifications in their
total internal energy are made with respect to BiFeO; thick
films. First of all, the matrices describing the long-range
dipolar interactions are replaced by those associated
with two-dimensional systems under open-circuit (OC)
electrical boundary conditions.®' Second, as done for
ferroelectric thin films,> we add an extra term given by
INZ(Eg,)- Z'ui—where (E,,) is the depolarizing field
associated with ideal OC conditions and is self-consistently
calculated®' while Z* is the Born effective charge associated
with the local soft mode.?® The \ parameter allows for a
possible screening of (Edep): A=0 corresponds to ideal OC
conditions while an increase in N\ lowers the magnitude of
the depolarizing field and A=1 corresponds to ideal short-
circuit conditions for which this field has vanished. Mechani-
cal boundary conditions associated with epitaxial ultrathin
films can also be mimicked by freezing some components of
the strain tensor.>>3* On the other hand, stress-free films are
simulated by allowing the relaxation of all the components
of the strain tensor. The total energies of BFO films are used
in Monte Carlo (MC) simulations with up to 400 000 MC

i.j.la,y

(1)

sweeps to obtain finite-temperature properties.

Figures 1(a) and 1(b) display the temperature evolution of
the magnitude of the G-type AFM vector, |L|, and of the FM
vector, M|, respectively, in a BFO thick film—as modeled by
a 14X 14X 14 periodic supercell and when using the pro-
posed effective Hamiltonian. Two different kinds of simula-
tions are performed: one for which the K;; parameter of Eq.
(1) is turned on and another for which that coefficient is
turned off. Figure 1(a) indicates that turning off or on such
parameter has merely no effect on the AFM vector and thus
on the Neel temperature T)—which is predicted to be
640+20 K, in excellent agreement with the measured one
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FIG. 1. Magnitude of the AFM vector [Panel (a)] and of the
magnetization [Panel (b)] as a function of temperature in a BFO
thick film. The filled (respectively, open) symbols correspond to
simulations in which the K;; parameter of Eq. (1) has been turned
on (respectively, off). Lines are guides for the eyes.
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TABLE L. (x,y,z)-Cartesian components of different physical vectors in thick and ultrathin films of BFO at 10 K. M and L represent the
FM and G-type AFM vector in uy units, respectively. P is the polarization and is given in C/m?. The direction of e provides the axis about
which the oxygen octahedra tilt while its magnitude yields the angle in radians of such tilts. For instance, such angle is predicted to be 0.237
radians, or, equivalently, 13.6° in BFO thick films, which is in excellent agreement with the value of 13.8° measured in BFO bulks (Ref. 3).
Note that the fact that L is not exactly found to lie in the (111) plane for thick films is related to the small magnetic anisotropy in and around

such plane.

Properties Thick film Stress-free ultrathin film Compressed ultrathin film
M (0.011,0.011,-0.022) (0.013,0.011,-0.020) (0.013,0.011,-0.020)
L (2.723,-2.877,0.045) (2.678,-2.944,0.053) (2.662,-2.959,0.061)
P (0.404,0.404,0.404) (0.373,0.373,0.470) (0.367,0.367,0.479)

w (-0.137,-0.137,-0.137) (-0.127,-0.127,-0.149) (-0.125,-0.125,-0.151)

=625-643 K (Refs. 15 and 16) (both simulation also pro-
vide a Curie temperature of 1080 =20 K, below which the
polarization points along [111] and the oxygen octahedra
tilt about this [111] direction, as consistent with
experiments'>!718) Similarly, no spin cycloid is found when
K;; is switched on or off. On the other hand, Fig. 1(b) reveals
that turning on K;; makes a weak ferromagnetism appearing
in BFO thick films at 7. The AFM and FM vectors both
increase in magnitude as the temperature is further decreased
(when K; is turned on). The predicted magnitude of this FM
vector is around 0.025up at 200 K, which agrees very well
with the experimental value =0.02uy extrapolated down to
zero magnetic field in BFO bulk at this temperature.'®%
Table I further indicates that the FM and AFM vectors both
(nearly) lie in a (111) plane and are (nearly) perpendicular to
each other in BFO thick films, as consistent with Ref. 8.
Let us now investigate the effect of the spin canting on
ME coefficients in BFO thick films. Figure 2 shows the po-
larization, P, as a function of the magnetic field, B, applied

along the in-plane [112] direction at 20 K. We also per-
formed here the two kinds of simulation described above:
one for which no weak ferromagnetism exists (i.e., when
K;;=0) and another one that exhibits a spin canting (i.e., K;;
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FIG. 2. Polarization as a function of a magnetic field applied
along the [112] direction in a BFO thick film at 20 K. The filled
(respectively, open) symbols correspond to simulations in which the
K;; parameter of Eq. (1) has been turned on (respectively, off).

is switched on). P decreases much faster with B when the
BFO thick film possesses a weak ferromagnetism in its
ground state. Such fast decrease is found to originate from
the appearance of the linear ME effect. As a matter of fact,
the data of Fig. 2 can be very well fited by P=P,+ (B>

when no initial weak FM vector exists while
they are very well described by P=Py+aB+ 3B
when K;; is switched on in Eq. (1)—with

Py=0.698 C/m? B=-1.75+0.01%X10"% C/T?>m?, and
a=-8.1£0.3%10"7 C/T m2 In other words, unlike com-
monly believed,!! the nonexistence of a cycloidal spin struc-
ture does not automatically guarantee the occurrence of the
linear ME effect (since none of our simulations yields a spin
cycloid). The additional requirement for such linear effect to
occur is that a spin-canting-induced ferromagnetism should
also exist when no magnetic field is applied. Our simulated 3
quadratic ME coefficient is in remarkable agreement with
the magnitude of 1.9X 1078 C/T? m? measured in Ref. 20
and the predicted magnitude of the « linear ME coefficient is
in-between the experimental value of 4.1 X107 C/T m?
(Ref. 21) and the =13+3x 10”7 C/T m? data from first
principles.”* [Note that @ was numerically found to linearly
increase in magnitude when increasing the K;; parameter
from 0 to 5X107° a.u./(ujrad), implying that materials
having a strong interaction for the last term of Eq. (1) are
particularly attractive for yielding a desired enhancement of
the linear ME coefficient.

We now turn our attention to =5-nm-thick (001) BFO
ultrathin films, as modeled by a 12X 12 X 12 supercell that is
periodic along the x and y axes but finite along z. The A\
screening parameter is chosen to be 0.98 because such value
has been found to provide an excellent agreement with ex-
periments in various ferroelectric nanostructures.>® We con-
sider two different mechanical boundary conditions: the
stress-free case vs an epitaxial growth on a SrTiO; substrate
[resulting in a =1.5% compressive strain in the (x,y) plane].
Table I reveals that going from a thick film to the stress-free
ultrathin film leads to a change in ground state, from a rhom-
bohedral R3¢ phase—in which the direction of polarization
and the axis about which the oxygen octahedra rotate are
both along [111]—to a monoclinic Cc state in which the
polarization lies along a [uuv] direction with v >u while the
tilting of the oxygen octahedra occur about a [u'u’v'] direc-
tion with v’ >u’ [note that monoclinic states have indeed
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been reported in (001) BFO thin films,? which further asserts
the accuracy of our scheme]. Such size-induced change in
ground state has no significant effect on magnetism. In par-
ticular, M has a similar magnitude around 0.026—0.027 up in
both the stress-free thick and ultrathin films at 10 K. Simi-
larly, Table I indicates that (i) both the polarization and the
axis about which the oxygen octahedra tilt move further
away from [111] when going from the stress-free BFO ultra-
thin film to the same film but epitaxially grown on a SrTiO3
substrate but (ii) that such change in mechanical boundary
conditions does not affect the magnetization (that possesses a
magnitude around 0.026u). Such predicted weak value is in
excellent agreement with the one measured (around 0.02up)
in some BFO thin films.*!° In other words, our calculations
fully support the suggestion that the large ferromagnetism
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(=1.0up) reported in the pioneering work of Ref. 9 is not
related to the intrinsic coupling between magnetic dipoles
and the mismatch strain.?’
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