aps CHCRUS

physics

This is the accepted manuscript made available via CHORUS. The article has been
published as:

Phase Transitions in Epitaxial (-110) BiFeO_{3} Films from
First Principles
S. Prosandeeyv, Igor A. Kornev, and L. Bellaiche
Phys. Rev. Lett. 107, 117602 — Published 8 September 2011
DOI: 10.1103/PhysRevLett.107.117602


http://dx.doi.org/10.1103/PhysRevLett.107.117602

Phase Transitionsin Epitaxial (-110) BiFeO3 Filmsfrom First Principles

S. Prosandeév*, Igor A. KorneV and L. Bellaiché?
! Physics Department,University of Arkansas, Fayettevlil&@ansas 72701, USA
2 Institute for Nanoscience and Engineering, University ifahsas, Fayetteville, Arkansas 72701, USA
3 Laboratoire Structures, Propgies et Moélisation des Solides, Ecole Centrale Paris,

CNRS-UMR8580, Grande Voie des Vignes, 922%&t€ay-Malabry Cedex, France

Abstract

The effect of misfit strain on properties of epitaxial BiFgl®dms that are grown along the pseudo-cubic
[110] direction, rather than along the “usual” [001] directigs predicted from density functional theory.
These films adopt the monoclini€c space group for compressive misfit strains smaller in magaithan
~1.6% and for any investigated tensile strain. In thisphase, both polarization and the axis about which
antiphase oxygen octahedra tilt rotatighin the epitaxial plane as the strain varies. Surprisingly anitke
in (001) films, for compressive strain larger in magnitudantty1.6%, the polarization vanishes and two
orthorhombic phases d?nma and P2,2,2; symmetry successively emerge via strain-induced tramsiti
The Pnma-to-P21212; transition is a rare example of a so-called pure “gyrotropitase transition, and

the P2,2,2; phase exhibits original interpenetrated arrays of feewtek vortices and antivortices.



Multiferroic BiFeO; (BFO) materials have been experiencing a huge regain inesttén the
last 8 years or so, mostly because they exhibit coupled tange-ordered electric and magnetic
degrees of freedom at room temperature (see, e.g., Ref. IiPparticular, recent striking fea-
tures have been reported in epitaxial Bike@in films Examples include a strain-driven phase
transition towards states with giant axial ratio and largeaf-plane polarization [2-5], dramatic
enhancement of magnetoelectric coefficients near thiseptnassition [6, 7], and the possibility
of generating large piezoelectric responses because abtiyastence of nanodomains made of
different polar phases [8]. Other examples are the strodgaanter-intuitive dependency of crit-
ical transition temperatures with the epitaxial strain f8jd the prediction of array of ferroelectric
vortices [10] that was then experimentally confirmed [11jtetestingly, all these latter break-
throughs were reported f¢001) BiFeO; thin films. On the other hand, very little is known about
BFO films that are grown along directions that are differeairf the “usual” pseudo-cubic [001]
direction [12-14]. Itis therefore legitimate to wonderufther surprises are in store when playing
with the growth direction in BFO, especially when realizthgt such fascinating material exhibits
an impressive variety of different metastable states ibutk form [15].

The aim of this Letter is to investigate the effect of compiesand tensile strains on proper-
ties of epitaxial BFO films that are grown along the pseudoie{i 10] direction, by performing
first-principle calculations at OK. As we will see, surpesee indeed in store in these films. For
instance, the equilibrium ground-state for tensile steaid small compressive strain is found to
be of monoclinicC'c symmetry and possesses two order parameters that botHiéNigthin the
(110) epitaxial plane and rotate within that plane when thaistis varied. These parameters are
the polarization and a vector quantifying both the axis alvchich the oxygen octahedra tilt in
antiphase fashion and the magnitude of such tilting. Funtbee, for compressive strain rang-
ing between~-1.6% and~-7%, theCc state is destabilized via a phase transition in favor of a
non-polarorthorhombic phase aPnma symmetry. Such latter phase is characterized by both
in-phase and out-of-phase oxygen octahedra tiltings araditiifional antiphase Bi displacements
associated with the X-point of the first Brillouin zone [1%]inally, for even larger-in-magnitude
compressive strain, a novel paraelectric phas2f2,2, space group becomes the ground-state
via another strain-induced phase transition. Such phassegees an additional order parameter
with respect taPnma, that is antiphase Bi displacements associated with theoivitpf the first
Brillouin zone. This unusual coexistence of several ordgameters leads to the formation of in-

terpenetrated arrays of ferroelectric vortices and artitas in theP2,2,2, state never seen before



in any ferroelectric bulk. Furthermore, th&ma—to—P2,2,2; phase transition constitutes a rare
example [16] of a so-called gyrotropic phase transitioat(ik characterized by the appearance of
a spontaneous optical activity) [17-20]. In fact, to thetlw#sour knowledge, this study reports
the first pure gyrotropic phase transition ever predicteolhserved in a perovskite material.

Here, we perform density-functional calculations (DFTDHKt[21] using the Viennab-initio
simulation package (VASP) [22] within the local spin depsipproximation plus the Hubbard
parameter U (LSDA+U) with U=3.87 eV [23, 24]. We use the pctgel augmented wave (PAW)
method and a 3x2x3 k-point mesh and an energy cutoff of 500&\employ a 20-atoms cell, in
which a G-type antiferromagnetic order is assumed. In ai@enimic a perfect epitaxy on a (-
110) plane, the lattice vectors of this 20 atom unit cell averg in the Cartesian (x',y’,z’) setting
for which the x’, y’ and z'-axes are along the pseudo-cubi@l]]) [110] and [10] directions,
respectively, by:a; = a(d1, 02, V2 + d3), az = a(2,0,0) andaz = a(0,/2,0), wherea is the
lattice constant of the substrate. Thgandas lattice vectors are thus along the pseudo-cubic
[001] and [110] directions, respectively, and thereforéhdmelong to the10) plane — unlike the
a; vector. The misfit strain (to be denoted by, in the following) is defined asa — ay)/aq,
wherea, corresponds to the pseudo-cubic OK lattice parameter of B&H® (which is equal to
3.9A inour case). For each considered value athed;, d, andds variables and internal atomic
coordinates are relaxed to minimize the total energy, HatlfReynman forces and thg, o, and
o5 components of the stress tensor in the (X',y’,z’) settingté\thatl + % is the axial ratio.

For each in-plane lattice constant,we focus on the phases that have the lowest total energy.
Figure 1 reports the energy of these phases as a functioe afitfit strain, with this latter varying
between -9% and +9%. In addition to the axial ratio, Figurem@ 3 show the evolution of five
physical vectors (in the equilibrium phases) as a functiomigfit strain, in two different frames:
in the (x,y’,z’) Cartesian basis indicated above for whitle z’-axis coincides with the out-of-
plane direction, and in the (x,y,z) Cartesian basis for Wlilee x, y and z-axes are along the
pseudo-cubic [100], [010] and [001] directions, respetiv Three of these vectors are: (1) the
polarization,P, that is evaluated from the product of the atomic displacegmeith the Born
effective charges; (2) ther vector whose direction is the axis about which the antiploaggen
octahedra associated with the R-point of the 5-atom firdtdBiin zone tilt while its magnitude is
the angle of such tilting [24]; and (3) the; vector that characterizes the direction and strength
of the in-phase oxygen octahedra tilting associated wighMkpoint of the 5-atom first Brillouin

zone (here, this M-point correspondsittu(1, 1, 0) in the (x,y,z) frame). The remaining two other
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vectors,gx andgys, are defined such as theirCartesian components are given by:
1 Bi _ikx.R;
9Xa = v Z Zéki,aa(srj,ézel x
j
1 Bi _ikm-R;
IM,0 = \% Z Zgi,aaérj,gcez M J’ (1)
j

whereR; locates the center of th&" 5-atom cell, andrfg is thea-component of the displacement
of the Bi atom in the;j*"* 5-atom cell (with respect to a centrosymmetric configurdtidcx is
the X point of the first Brillouin zone of the 5-atom cell that capends tor/a (0,0, 1) in the
(x,y,z) frame, whileky, is the M point of the first Brillouin zone associated with 5-atom selhd
corresponding ta/a(1, 1, 0) in the (x,y,z) frame. FinallyZ ;. is the effective charge tensor of Bi
atoms and/ is the supercell volume. The sums run over all the 5-atons gddkelonging to the
supercellgx andgy thus quantify specific antiphase displacements of the Bnato

Figure 1 reveals the existencetbfeedifferent equilibrium phases within the misfit strain re-
gion considered here. Their space group is determined fneRINDSYM” [25] and “BPLOT”
[26] programs. The first phase has a monoclifiicsymmetry and is the lowest-in-energy state for
Nmis FANQing betweer:-1.6% and +9%. This phase can be “simply” considered asgrisbm the
epitaxially-induced deformation of the R3c ground stat®BO bulk. Note thatc phases have
been previously found in (001) BFO films [4-7]. Interestindtigures 2 indicate that the present
Cc state is characterized, at zero misfit strain, by a polaomdying along then-planepseudo-
cubic [111] direction and by antiphase oxygen octahedrsofaated with the R-point of the first
Brillouin zone) tilting about the same axis. As the straiogressively increases towards +9%, the
polarization increases in magnitude and rotates towarelgslkeudo-cubic [334] direction, while
always staying within the epitaxial (-110) plane. Duringstévolution, the overall oxygen octahe-
dra tilts become weaker while their axis also rotate withi& epitaxial plane (towards the [223]
pseudo-cubic direction) [27]. Figure 2(a) also shows thataxial ratio progressively decreases
from 1.02 to 0.86 ag,,;s varies between--1.5% and +9%. Interestingly, a recent experimental
study [14] investigated (110) BFO thin films that were growma (110) SrTiQ substrate but
that were partially relaxed, which led to an average misfi#ist~ -0.5%. Such films were found
to exhibit a monoclinic phase and a value-ofl.02 for the axial ratio we defined above, which
qualitatively and quantitatively agree well with our pretibns.

One major finding of this study is that tli&: state becomes metastable for compressive strain
lower than~-1.6%, in favor of a new phase having the orthorhonibigna space group. Interest-

ingly, this Pnma phase has no polarization at all (see Figs. 2b and 2d). As#t,riése presently
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discovered’ c-to-Pnma transition under compressive strain in (-110) BFO films isradelectric-
to-paraelectric transition — which may lead to large pi¢zcteic and dielectric coefficients. This
contrasts with the so-calle®-to-1" transition occurring in (001) BFO films under compressive
strain and that concerns twmlar states [3, 8]. In fact, thé’nma phase is characterized by (i)
oxygen octahedra tilting iantiphasemanner about the pseudo-cubic, out-of-plari] direction
(see Figs. 2(c) and 2(e)); (ii) oxygen octahedra tilingphaseabout the pseudo-cubic, in-plane
[001] direction (see Figs. 3(a) and 3(d)); and (iii) antiphaout-of-plane Bi displacements that
correspond to gx-vector oriented along the [D] direction (see Figs. 3(b) and 3(e)). Interest-
ingly, Pnma exists in BFO bulk [28] at high temperature, but is a metdstatate in (rather than
the ground-state of) BFO bulk at low temperature [15] — usl@se applies high enough pressure
[29]. Note that the presently discoveréthma state has its energy minimum being higher than
the minimum of theC'c state by only~ 20 meV per 5 atom, which is of the same order than
the predicted difference in minimum between th&: and Pnma phases in bulk BFO at T=0K
[15]. Interestingly, common substrates (such as S§TYyScQ;, (LaAlO3)Oy 3-(SKLAITaOg)o.7
and GdScg) fall in within the -2.5%-0% misfit strain region [9], whiclheuld make the observa-
tion of the predicted®nma andC'c phases feasible.

Figures 2(c ) and 2(e) also indicate that increasing thegtheof the compressive strain within
Pnma does not affect the magnitude of the tilting of the oxygerabetira associated with the
R-point. On the other hand, such increase enhances theasefhting of the oxygen octahedra
(see Figs. 3(a) and 3(d)) and the antiphase Bi-displacenassbciated with the X-point (see Figs.
3(b) and 3(e)), in addition to enlarge the axial ratio (c.R2(a)).

Another striking feature of Fig. 1 is the destabilizationtloé Pnma state in favor of another
phase that is still orthorhombic and still paraelectria, dompressive strain larger in magnitude
than~7%. However, this new phase has a different space group,Inésred P2,2,2; symmetry.

It mostly differs from thePnma phase by a giant axial ratio (of the order of 1.3) and by the
activation of Bi antiphase displacements along the in-@lgseudo-cubic [001] direction and
that are associated with the M-poifsee Figs. 3(c) and 3(f) for the correspondigg order
parameter). Figures 2 and 3 also indicate that the phass&tieanbetweenPnma and P2,2,2,
results in an enhancement (but does not modify the directbr, wy andgx [30]. Figures
1-3 thus reveal that applying compressive strain in (-110QBilms is dramatically different than
applying compressive strain in (001) BFO films, in the semse the former enhances oxygen

octahedra tiltings and antiferroelectric displacements@poses the formation of a polarization,



while the latter leads to giant-polarization phases witlalsior vanishing antiferrodistortive and
antiferroelectric motions [3—7]. Moreover and as shownim B, the coexistence of thegg and
gm parameters in th&2,2,2, state leads to the formation of interpenetrated arraysrofdéectic
vortices and antivortices. Interestingly, Fig. 4 furthkows that all the ferroelectric vortices have
exactly the same chirality, which is consistent with the taat P2,2,2; phases are allowed to have
non-zero optical activity tensors [20] and non-zero gypit tensors [18]. In fact, th&nma—
to—P2,2,2; phase transitions fall in the category of the so-called ggpic phase transitions, that
are characterized by the appearance of a spontaneous! @utieéty [16—20]. It is important to
realize that gyrotropic phase transitions are rare in eagspecially when being of pure type (for
which no polarization or no new components of the straindeesnerge, as it is in the present
case) [18]. In fact, we are not aware of any gyrotropic phessesttion that has ever been reported
in any perovskite system. Note, however, thabaxistencef a Pnma state with aP2,2,2 phase
has been experimentally detected in($S€a,)TiO3 ceramics for some composition range [33]. It
is interesting to realize thdt2,2,2 is another orthorhombic and gyrotropic phase and that resha
the same point group thar2,2,2,, that is222. Moreover, while aPnma—to—P2,2,2; gyrotropic
phase transition has been previously observed jh{{NH3),ZnCl, [16] and that the coexistence
of nearby ferroelectric vortices and antivortices has beeently artificially created in BiFeQ
films [34], no (spontaneous) interpenetratechys of these two kinds of topological defects have
ever been predicted or seendny material to the best of our knowledge [35]. Note also that we
are not aware of any previous prediction or observation tdlalsP2,2,2; phase in BFO systems,
and that YAIQ (YAO) has a lattice constant that is around 7% smaller thah dh BiFeQ. In
other words, growing BFO on a (110) YAO substrate should teatie detection of the presently
predictedP2,2,2; state [37]. ThisP2,2,2; phase is also likely to form for smaller-in-magnitude
strain atfinite temperature

In summary, we have studied, from first-principles, praperof (-110) BFO films under epi-
taxial strain. Several striking features were found, idatg (1) a polar, monoclini€’c state in
which the polarization and the axis about which antiphasger octehadra tilt are both in-plane
and rotate within the epitaxial plane as the strain vari@sfr-1.6% to +9%; (2) a phase transition
from C'c to a non-polar orthorhombinma state for a misfit strain around-1.6%; and (3) a pure
gyrotropic phase transition from thidnma to a P2,2,2; phase possessing interpenetrated arrays
of ferroelectric vortices and antivortices, for an epitdsitrain~-7%. The possibility of observing

the first gyrotropic phase transition in perovskites is amtioned. We thus hope that our study



is of large benefits to the active and fascinating researtdsfed multiferroics, nanoscience and
phase transitions.
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FIGURE CAPTIONS

Figure 1: (Color online) Total energy versus misfit strain fiee equilibrium phases in an
epitaxial (-110) BFO film, as computed from LSDA+U calcubsis in a 20-atom cell. The inset
displays the same information but for a narrower range ofingrain ranging from~-4% to

~+20%.

Figure 2: (Color online) Predicted physical properties mfepitaxial (-110) BFO film versus
the misfit strain in the equilibrium phases. Panels (a) shbwsaxial ratio. Panels (b) and (c)
display the Cartesian components of the polarization.aga@ntiferrodistortive vector associated
with the R-point in the (x,y,z) frame, respectively. Par{dlsand (e) show similar data than Panels
(b) and (c) but in the (x’,y’,z") frame for which the z’-axis along the out-of-plane direction. The

top right of Figure 2 schematizes the two frames.

Figure 3: (Color online) Other predicted physical propestof an epitaxial (-110) BFO film
versus the misfit strain in the equilibrium phases. Pangls(ifq and (c) display the Cartesian
components of the order parametekg, gx andgy: (see text) in the (x,y,z) frame, respectively.
Panels (d)-(f) show similar data than Panels (a)-(c) buten(x’,y’,z’) frame for which the z’-axis

is along the out-of-plane direction.

Figure 4: (Color online) Atomic features of the predicte 2,2, state. Panel (a) displays the
crystallographic structure. Panels (b), (c) and (d) schizethe Bi displacements associated with
the projection ofgng, gx and of the sum of these two latter order parameters, respgtin a
pseudo-cubic (010) plane. The green (respectively, blueya/circles are used to emphasize a

ferroelectric vortex (respectively, antivortex).
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