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Magnetic phase transition in two-phase multiferroics predicted from first principles
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On the basis of first-principles electronic-structure calculations we predict that epitaxial multiferroic films—
fabricated as ultrathin Fe films deposited on TiO,-terminated (001) surfaces of ATiO; perovskites (A
=Pb,Ba)—exhibit an unexpected change in their magnetic structure with increasing Fe-film thickness. The
magnetic order changes from ferromagnetic, with a magnetization of about 3 ug/atom for the 1 ML system, to
ferrimagnetic with almost vanishing magnetization upon deposition of a second Fe layer. Ferromagnetic order
is restored for thicker Fe films but with significantly reduced magnetization as compared to Fe bulk. The effect
is understood in terms of hybridization of electronic states and geometric structure. The magnetoelectric
coupling affects the size of the magnetic moments moderately; a spin-reorientation transition is not found.
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Epitaxial growth techniques open paths to assemble two-
phase multiferroic films from ferroelectrics and ferromagnets
(FMs). Inaccessible by conventional synthesis, they exhibit
specific properties which are superior to those of customary
materials.! Especially switching and spin filtering make them
excellent candidates for next-generation magnetoelectronic
devices, such as magnetic-field sensors and memories. Cur-
rent efforts focus on the realization of prototypical devices
which consist of a few-nanometer thick ferroelectric sand-
wiched between a ferromagnet and a metallic contact.>3

The key feature of multiferroic devices is the magneto-
electric coupling. In a simple picture, the coupling between
the electric polarization P (a result of atomic displacements)
in the ferroelectric component and the magnetization M in
the FM component is mediated by the hybridization of spin-
polarized electronic states at the common interface. If the
coupling is sufficiently strong, M can be modified by an
external electric field. Analogously, P can be changed by an
external magnetic field. This mechanism allows to store in-
formation in nanometer-sized memories*> with four logic
states, (=P, = M). The quest for fundamentally different
multiferroics requires evidently thorough understanding of
the mechanisms which mediate the magnetoelectric cou-
pling.

Prototypical two-phase multiferroic systems are hetero-
junctions of Fe and polar ATiO; perovskites, e.g., BaTiO3
(BTO) and PbTiO; (PTO). The stable TiO,-terminated (001)
surface of the latter forms an electric dipole.® With the sur-
face oxygen atoms displaced outward with respect to the Ti
atoms for both P orientations, the intrinsic ferroelectricity is
notably suppressed at the surface.” Hence, a critical thickness
(typically 1 nm) is required to maintain ferroelectricity at
room temperature.® Please note that little is known about the
magnetic properties of Fe/ATiO; heterojunctions, in particu-
lar about the Fe-thickness dependence.’!'”

Considering ultrathin Fe films on an ATiO; perovskite we
are confronted with a delicate interplay between geometry,
electronic properties, and magnetic structure. Since Fe has a
tendency toward antiferromagnetism if the volume is
reduced,!' we expect a complex magnetic structure in
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Fe/ATiO; in dependence on the Fe-film thickness. Questions
to be answered concern the magnetic order, the size of the
magnetization, and the magnetic anisotropy. Further, one can
ask for differences if a ferroelectric substrate (BTO, PTO) is
replaced by a paraelectric, e.g., S'TiO; (STO). To predict the
properties of these multiferroics reliably, sophisticated first-
principles methods of computational materials science are
inevitable.

In this Brief Report we report on a first-principles inves-
tigation of the magnetic order and the magnetoelectric effect
in (Fe,),/ATiO5(001) multiferroics with Fe-film thickness
L=1,...,4 monolayers (ML) on top of the TiO,-terminated
(001) surfaces of BTO, PTO, and STO. This choice of per-
ovskite substrates allowed to model a variety of nanostruc-
tures, ranging from paraelectric to highly polar interfaces,
with different in-plane misfits. The (001) surface was chosen
TiO-terminated, according to its superior stability.® As strik-
ing result we find an unexpected change in the magnetic
order from ferromagnetic (L=1) to ferrimagnetic order upon
adding a second Fe layer (L=2). A sizable change in the
magnetic structure appears due to reversal of P, making
these multiferroics very appealing for device applications.

The delicate interplay of geometric, electronic, and mag-
netic structures necessitates a multicode approach, which al-
ready proved successful.'> The geometric relaxations were
obtained by VASP,!? well known for its precise determination
of energetics and forces. The atomic positions serve as input
for multiple-scattering calculations of the electronic and
magnetic  structure  [scalar-relativistic ~ Korringa-Kohn-
Rostoker (KKR)].!* The magnetocrystalline anisotropy was
computed with a relativistic layer-KKR code." In all steps,
we applied the local spin-density approximation (LSDA) to
density-functional theory. Various quantities were carefully
cross-checked among the three computer codes to obtain
consistent results. Reliability is achieved by numerous con-
vergence tests.

The AO and TiO, planes in ATiO; perovskites (A
=Ba,Pb,Sr) alternate in the [001] direction. In BTO and
PTO, the atoms in each layer are mutually displaced along
[001] (z axis); hence P is along that axis. For O atoms dis-
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FIG. 1. (Color) Geometry of (Fe,);/BaTiO3(001) for [left; (a)]
L=1 and [right; (b) and (c)] L=2,3. Selected interatomic distances
are given in angstroms for the P|(P;) configuration without
(within) brackets. Spheres represent Fe (black), Ba (red), Ti (green),
and O (blue) sites. For L=1 (a), layers S+1,...,S—4 are shown,
while for L=2 (b) and L=3 (¢) S+2,...,S and S+3,....,S are
displayed, respectively.

placed along [001] with respect to the cations (Ba, Pb, and

Ti), P points toward [001], denoted P | here. For P;, one has
P pointing along [001] and opposite relaxations (for details,
see Ref. 6). The intralayer buckling is defined for each layer
I by 8=20=Zcation- O is positive (negative) for P, (P;). For
paraelectric STO, the displacements ¢, are zero.

The outermost TiO, layer in Fe/ATiO; is denoted S. Lay-
ers toward the perovskite bulk are labeled S—1, S-2, etc.,
whereas Fe layers are indicated as S+1, S+2,..., S+L. As
expected for (Fe,);/ATiO;, Fe forms a distorted body-
centered tetragonal lattice, with the sites in layer S+1 on top
of the O sites in layer S (Fig. 1). In the following we focus
on Fe on BTO.

The atomic positions deduced by VASP serve as input for
the first-principles KKR calculations of the electronic and
magnetic properties. Considering L=1, the Fe magnetic mo-
ments (=3up) are significantly enhanced with respect to the
Fe bulk value of 2.26 45 (Table I). The hybridization between
the Fe 3d, Ti 3d, and O 2p states at the interface [layers S
and S+ 1; cf. the associated spin-resolved density of states in

TABLE I. Local magnetic moments of (Fe,);/BaTiO5(001), L
=1,2,3, for P; and P| obtained by KKR (in up).

Fe S+3 1.80 1.94
Fe S+2;Ti -249 =240 1.91 1.93
Fe S+2;Ba 228 218 1.04 095
Fe S+1 302 3.05 022 0.26 1.05 094
(0] S 0.10 010 O 0 0.01  0.01
Ti S -0.10 -0.04 -0.03 -0.02 -0.12 -0.05
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FIG. 2. (Color) Electronic structure at the surface of
(Fe,);/BaTiO3(001). [(a)—(c)]: spin-resolved density of states
(DOS) of Fe in layer S+1 (a) as well as of Ti (b) and O (c) in layer
S for P; (lines) and P| (gray). (d) Total and partial DOS of bulk
BaTiO;, with the bottom of the conduction band taken as energy
reference. [(e)—(g)] Spin-resolved difference of the DOS for P; and
P, of Fe, Ti, and O [as in (a)—(c)] close to the Fermi energy Ep
(majority: red dotted; minority: blue solid).

Figs. 2(a)-2(c)] induces magnetic moments in the interfacial
O and Ti atoms. In particular the Ti moments, aligned anti-
parallel to those of Fe and O, originate from the hybridiza-
tion of Ti 3d with minority-spin Fe 3d states.>!? Reversal of
P affects the magnetic moments mildly (less than 0.06up).

Adding a second Fe layer changes the magnetic order
considerably (Table I, L=2): the magnetic moments in the Fe
layer S+ 1 are almost quenched while the sizable moments in
the surface layer S+2 are ordered antiparallel. Please note
that the two Fe sites in S+2 are inequivalent [Fig. 1(b)];
Fe(S+2;Ti) [Fe(S+2;Ba)] is on top of Ti (Ba) sites in layer
S. The different magnetic moments reflect the environment
of these atoms, in particular the atomic volumes and the
hybridization. Polarization reversal affects mainly the posi-
tions of Ti atoms and consequently those of the Fe atoms
atop. For example, the z position of Fe(S+2;Ti) is changed
by 0.053 A, while that of Fe(S+2;Ba) is with about
0.005 A less influenced [Fig. 1(b)]. The surface-layer buck-
ling is 0.02 A (0.04 A) for P|(P,).

Deposition of a third Fe layer restores the ferromagnetic
order (Table I, L=3). The distance between Fe layers at the
surface is about 1.1 A, ie. less than in bcc Fe(001)
(1.43 A). Reversal of the polarization attracts the upper two
Fe layers with respect to Ti(S) about 0.03 A, which is larger
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than for L=2. Again, the position of the atom Fe(S+2;Ti) is
subject to polarization switching: its z position is changed by
3% or 0.1 A. Layers S+3 and S+2 contribute most to the
total magnetization with a remarkable “magnetic imbalance”
of the two inequivalent Fe sites in layer S+2. Layer S+1
contributes about 1uz. The largest change upon polarization
switching shows up in the surface layer S+3 (0.14up).

As is obvious from the preceding, the positions and the
magnetic moments of the Fe atoms in the entire Fe films are
determined in a complex manner by the Fe/BTO interface.
We obtain two counteracting trends. First, the reduced coor-
dination number at the Fe surface layer causes an increase in
the magnetic moments. Second, the reduced atomic volume
due to epitaxial strain of the BTO substrate and a drastic
tetragonal distortion in comparison with Fe bulk, following
Pauling’s rule,'® quench the magnetic moments.

For layer S+ 1, the Fe-O distances which range from 1.78
to 1.85 A for L=1-3 are substantially smaller than the in-
teratomic distance in bulk bcc Fe. Hence, the diminished
volume of interfacial Fe can lead to reduced local magnetic
moments.'! The magnetic moments for L=1 are still consid-
erable due to the reduced dimensionality at the surface. For
L=2, the volume of interfacial Fe is reduced even further and
leads to the very small magnetic moments. The small size of
Fe atoms in layer S+2 explains as well the antiferromagnetic
(AFM) ordering of their local magnetic moments.'" Adding
the third Fe layer increases both the coordination numbers
and the atomic volumes and consequently restores ferromag-
netic order.

While the magnetic moments do not change sign upon
P reversal (only their sizes are moderately affected; Table I),
we consider a spin-reorientation transition as another—
possible—kind of magnetoelectric switching. Using
relativistic layer KKR, the magnetic anisotropy for
(Fe,);/BTO(001) is computed within the framework of the
magnetic force theorem.!” For both P orientations, perpen-
dicular anisotropy is favored to in-plane anisotropy, namely,
by 0.72 meV (P|) and 0.54 meV (P;) per Fe atom. Note that
these uniaxial anisotropies are almost twice as large as that
of a chemically disordered FePt alloy.'®!”

The magnetoelectric coupling in (Fe,),;/BTO(001) is fur-
ther illustrated by the density of states at the interface [Figs.
2(e)-2(g)]. A prominent effect is evident in the minority-spin
channel of the Fe- and Ti-electronic states while there is no
significant effect in the majority channel. Thus, reversal of P
leads to a substantial transfer of minority-spin charge at the
interface.?’ Because the Fe-Ti distance for P| is smaller than
for Py, the overlap between the Fe and Ti d orbitals is larger,
leading to an increased charge density in the surface layer
S+1 (Fig. 3). The excessive electrons result in a slightly
larger magnetic moment of Fe for P, (Table I).

To address the effects of polarizability and lattice misfit
on the magnetic structure of the Fe films, additional calcula-
tions were performed for Fe-covered PTO and STO. For all
perovskite substrates and Fe-film thicknesses, total energies
of three magnetic configurations were computed: besides FM
and paramagnetic (PM) Fe films, AFM films were consid-
ered. In the latter case, the magnetic moments of the two Fe
sites in each layer are oppositely oriented. The peculiarity of
the case of L=2 becomes apparent by the fact that the con-

PHYSICAL REVIEW B 78, 212406 (2008)

04 00 04 08 12 16
a a

X W
0 oL i@y
2 [100] VQ [100]

X

60 25 00 25 50 75

FIG. 3. (Color) Charge redistribution of minority-spin electrons
at the surface of (Fe,);/BTO(001) upon reversal of the electric
polarization P with respect to the surface normal. The difference of
the charge densities for P and P is depicted in a perpendicular
(left) and an in-plane cut through the Fe atoms (size a?; color scales
in arbitrary units). The Fe atoms are represented by spheres.

strained self-consistent calculations did not converge for the
complete AFM configuration; forcing the top layer S+2 to
be antiferromagnetic, the layer S+ 1 shows ferromagnetic or-
der.

In almost all cases, the hierarchy Epy<Epy<Eapm 1S
observed. An exception is again L=2 for which a ferrimag-
netic order with small (absolute) magnetic moments is fa-
vored (Fig. 4; cf. Table I for Fe/BTO). Even in the case of
paraelectric STO, both the magnetization and the total-
energy hierarchy are similar to those of the polar substrates.
Thus, the magnetic order of the two-phase multiferroics can
be tuned by the Fe-film thickness independently of the per-
ovskite substrate. Strain and electric polarizabilities are of
minor importance. For each of the systems with L=1, the
magnetoelectric coefficient « is estimated. « is defined as
upAM/(VE,) in terms of the magnetization change AM per
volume V and strength of the coercive electric field E.. of the
substrate. For the surface bilayer of Fe/BTO, wzAM/V
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FIG. 4. (Color) Magnetism of (Fe,);/ATiO3(001) for PbTiOs,
BaTiO;, and SrTiO; versus Fe-film thickness L. Top: total-energy
difference AE=E zp\— Epy of the antiferromagnetic and ferromag-
netic configurations (see text) normalized with respect to the num-
ber N, of Fe atoms in the film unit cell. Bottom: magnetization per
Fe atom for the lowest-energy configuration. Dotted lines indicate
the magnetic moment of Fe bulk.
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~1.6X10> G and, assuming E,=10 kV/cm, a=~0.016
G cm/V, which is comparable with o measured in epitaxial
BiFeO;/CoFe,0, nanostructures.’! For Fe/PTO with E,
=33 kV/cm, upAM/V=24X10° G yields a=0.073
G cm/V, which is significantly larger than that of Fe/BTO.

In conclusion, the magnetic structure of two-phase multi-
ferroics, realized as ultrathin Fe films on ATiO; perovskites
(A=Ba,Pb,Sr), is found to exhibit a rich and peculiar struc-
ture, as is predicted from first-principles computational ma-
terials science. A ferromagnetic-to-ferrimagnetic transition
which is accompanied by a strong reduction in the Fe mag-
netic moments could be used in device applications to tailor
the properties of the magnetic subsystem. This effect mainly
originated from the magnetovolume instability of Fe. In our
opinion, a similar effect may occur as well in other materials,
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which exhibit the magnetovolume instability such as
manganese®?> and gadolinium.?? Significant magnetoelectric
coupling via the Fe/ATiO; interface is predicted; a spin-
reorientation transition under switching is not found. In view
of device applications it appears highly desirable to investi-
gate theoretically and experimentally the thickness-
dependent magnetic properties of Fe films sandwiched be-
tween ferroelectric perovskites.
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