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Abstract

On the basis of ab initio calculations we study the interfacial magnetoelectric effect in a
prototypical biferroic Fe;/X0,/BaO/BaTiO3(001) (X = Ti, V, Co), with an Fe thickness

L < 2 monolayers. We anticipate that the use of the n-type perovskite termination instead of
nominally neutral TiO, may enhance magnetoelectricity in the system when its magnetization
is robustly changed by substrate-polarization reversal.

(Some figures may appear in colour only in the online journal)

1. Introduction

Currently, many research laboratories across the world are
focusing on controlling the magnetic state of materials
by the use of an electric field. Multiferroic (MF) oxides,
i.e. materials where ferroelectricity and ferromagnetism
coexist [1], in principle, allow a switchable magnetization [2].
Since the electric field, E, applied to a MF displaces its
magnetic ions this affects the magnetic exchange coupling
and changes the magnetization: uoAM; ~ a;E;, where
a;; is the magnetoelectric (ME) tensor and (i,j) = x,y, z.
This phenomenon may allow us to store information in
nanometer-sized logic memories [3, 4]. For bulk MFs,
the obtained ME coupling is usually weak [5, 6]. There
are a few exceptions [7], such as TbMnOs, but their
ferroelectricity is caused by a particular type of magnetic
order, which exists only at low temperatures and which is
mostly antiferromagnetic.

Another rapidly developing mainstream idea in the
field of MFs is based on the use of interfacial ME
coupling which can occur between a ferroelectric and a
strong ferromagnet. For the ferromagnetic component of
a composite MF, significant changes in the interfacial
magnetization and spin polarization are anticipated in
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response to a ferroelectric polarization reversal [8—11].
The interface ME effect is formally defined [8] at the
coercive field E.: woAM ~ aE.. Thus, the parameter o
determines the change of the ferromagnet’s magnetization
under polarization reversal in the ferroelectric component.
Recently, controlled spin polarization through an interfacial
ME has been demonstrated by ferroelectric tunnel junctions
with ferromagnetic leads [12]. In this context, the interface
between Fe and BaTiO3; (BTO) represents an archetypal
system in which the commonly used ferroelectric is combined
with a ferromagnetic electrode in an almost perfect lattice
match (misfit 1.4%). So far our knowledge of composite MFs
is limited to the ab initio based predictions, while quantitative
information on growth of the thickness-dependent geometric
structures and interfaces is not available.

For a single Fe monolayer (ML) on BTO, theory
predicts [9, 13] that interfacial ME coupling alters the magne-
tocrystalline anisotropy energy by ~50%. The magnetization
of Fe/BTO can be tuned to almost zero upon deposition
of a second Fe ML. Ferromagnetic order is restored for Fe
films thicker than L = 3 MLs where the shape anisotropy
energy favors the in-plane easy axis [13]. Until recently,
calculations for composite MFs were focused on chemically
perfect interfaces with no impurities. However, the occurrence
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Figure 1. Top layers of the (Fe;);/X0,/BaTiO3(001) unit cell are
shown for L = 1 and L = 2 in panels (a) and (b), respectively. In
panel (b), the interfacial Fe atoms above O are marked as ‘Fep’
while the Fe atoms of the second adlayer, which sit above the
perovskite cations, are marked with the labels ‘Fep,” and ‘Fex’.
Graphics produced with VESTA [24].

of extra oxygen or oxygen vacancies near the biferroic
interface may play an important role [15, 16]. The presence
of perovskite-cation 3d substitutions at the interface can
result in a dramatic change of magnetization under the
electric polarization reversal. Recently, the effect of a CrO,-
terminated BTO on magnetoelectricity of Fe/CrO,/BTO has
been computed [17]. In this work, we complete a systematic
study of interfacial ME coupling between a thin Fe film and
commonly used BTO, with the electron doped termination
X0, (X =V, Co) instead of nominally neutral TiO,. The most
promising cases of enhanced magnetoelectricity are discussed
as well as the magnetization changes induced by polarization
reversal.

2. Method

To model the Fe/BTO biferroic system within a slab geometry
we used a five-unit-cell thick (~2 nm) BTO supercell covered
by an Fe ML or Fe bilayer (L = 1,2). A 2 nm vacuum
layer separates the slabs along [001]. The equilibrium lattice
parameters of tetragonal BTO a = 3.943 A and c/a = 1.013
were used [14]. For Fe/BTO, the TiO;-terminated interface is
energetically preferred [9]. The opposite surface of the slab is
terminated by a BaO layer. Before relaxation, the intralayer
perovskite displacements § = (zo — Zcation) of 0.082 A and
0.086 A were fixed in the TiO, and BaO layers, respectively.
The state P, means that § > 0 and, vice versa, negative §
refers to the state Py, with the electric polarization pointing
parallel to the surface normal. In this work, we substituted an
interfacial Ti by V or Co and added one or two MLs of iron
on the XO;-terminated BTO(001). For each substitution and
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Figure 2. Interlayer displacements § = (2o — Zcation) (in A)
calculated for the two top perovskite unit cells of
Fe;/X0,/BaTiO3(001) (L =1,2; X =Ti, V,Coand P = P, Py).
The interfacial XO, layer and layers beneath are denoted by I,
I-1,1—2,etc.

Fe layer thickness, the Fe positions and atomic positions of
the two BTO unit cells near the interface were relaxed. The
Fe adatoms of the first ML relax atop oxygen [9], while the
Fe atoms of the second ML find their relaxed positions above
the Ba and X sites. The side views of the Fe;/XO,/BTO(001)
supercell for L = 1 and 2 are shown in figure 1.

We used the Vienna ab initio simulation package
(VASP) [18, 19] within the local spin-density approximation.
The electron—ion interactions were described by projector-
augmented wave pseudopotentials [20], and the electronic
wavefunctions were represented by plane waves with a
cutoff energy of 650 eV. For ionic relaxation an 8 x 8 X
4 k-point Monkhorst-Pack [21] mesh was used. The ionic
relaxation was performed until the forces were less than

1 x 1073 eV A™". To calculate the electronic density of
states (DOS) we used a 30 x 30 x 15 k-point mesh. For
each completely relaxed atomic configuration we performed
spin-polarized calculations starting from a ferromagnetic
(FM) or, alternatively, from an antiferromagnetic (AFM)
configuration in the Fe layers. The induced magnetization of
the XO, interface was also investigated.

3. Results and discussion
3.1. The structural relaxation

Figure 2 shows the perovskite’s § after relaxation of
Fer/X0,/BTO(001) for the interfacial layer I and layers
beneath. The § asymmetry seen in figure 2 between P and
P, as well as the magnitude of § both mimic the effect of
the depolarizing field and its screening. Since the state P is
energetically preferable compared to P4, the depolarization
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Figure 3. Interlayer distances between Fe-(I 4+ 1) and X — I (in A)

after relaxation are shown in panel (a) for each X; L = 1, 2 and both
P states. In the case of L = 2, the separations between (I + 2) and I

are plotted in panel (b) for each X, each P and for the two Fe(I 4 2)
sites above Ba and X.

effect should be stronger for P4. This is shown in figure 2.
For nominally neutral X = Ti its §s gradually decrease toward
the interface in the case of Py while for P, the § value is
stable between the layers I — 1 and I — 3 and, therefore,
the reduction of § becomes crucial at the interface only. For
X =V the I — § magnitude increases compared to that of
X = Cr but, interestingly, it changes the sign twice: (i) when
L=2and P = P4 and (ii) when L = 1 and P = P, . It seems,
however, that the largest changes of I — § occur for X = Co,
i.e. in the case of which there are five extra electrons at the
interface. Here, for both P states, all I — § > 0 showing a
pronounced increase in magnitude. The latter can indicate
structural instability of the system with the CoO, perovskite
termination.

In figure 3, we plot the relaxed interlayer separations
between interfacial Fe and X atoms. The Fe atoms relaxing
atop O form a strong and relatively short chemical bond at
the interface. When a single Fe adlayer is relaxed on the
TiO,-terminated BTO the Fe atoms find their positions [9] at
a distance of 1.78 A as shown in panel (a) of figure 3. For X =
Ti, diy1 1 increases by ~5% when the second Fe ML is added
while the polarization reversal shows no effect on dy4 1. For
any perovskite interface with excessive electrons, its dryj 1
shown in figure 3(a) is significantly reduced compared to the
Fe/TiOy/BTO system. In particular, for L =1 and X =V,

12 - - : ' :
: X=Ti

DOS (states/eV 1)

Figure 4. DOS of BaTiO3 compared to that of hypothetical BaXO3
X =V, Co).

we find that diy1 =~ 1.7 A. When the second Fe layer is
added above VO,, despite the ~5% increase of diyj 1, this
separation between (I 4+ 1) and I remains shorter than that of
X = Ti. Similarly, the contraction of djy; 1 was obtained for
X = Co and L = 2 as well. The Fe-(I + 2) atoms are placed
above the perovskite cations X or Ba. It should be noted that
the corresponding Fex and Fep, sites are environmentally
inequivalent. In figure 3(b) we plot the relaxed interlayer
separation dr;21 between the layers I 4+ 2 and I. In the
case of Fep,, the n-type interface makes dry» 1 shorter than
the reference X = Ti system but, most importantly, di43
becomes notably changed upon the reversal of P. Thus, the
structural geometries of composite biferroics with L = 2
suggest a promising scenario of tunable magnetization by
electric polarization reversal. Figure 3 also tells us about the
interlayer distance of the Fe bilayer for L = 2. The average
value lies in the range 1.07-1.08 A.

3.2. The electronic and magnetic properties

The site-projected DOS of paraelectric cubic BaTiO3 are
shown in figure 4 together with the DOS of hypothetical
cubic BaX03 (X = V, Co). All perovskite systems were
calculated using the same lattice parameter a = 3.943 A. For
BTO we obtained a band gap of ~2 eV, which is typically
underestimated within the standards of the local density
approximation. The conduction band of BTO is formed
mainly by the Ti 3d states whereas the upper valence band
is largely composed of O 2p states. In BaXO3 (X =V, Co),
the DOS is typically metallic while the 3d states of X species
dominate near the Fermi level, Eg. For X = V thereisa~1eV
pseudogap seen at —1.5 eV below Efg, which finally closes in
BaCoOs. Thus, one can expect relatively strong metallization
at the Fe/XO; interface compared to Fe/TiOs.
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Table 1. Local magnetic moments (in ug) calculated for the two Fe adlayers labeled by I 4 1 and I + 2 and interfacial X (X = Ti, V, Co)
and O of Fe;/X0,/BaTiO3(001) (L = 1, 2). In the topmost Fe layer, I + 2, there are two inequivalent sites denoted as Fep, and Fex. The
total magnetization My, (in wp) includes additional contributions from the interstitials. The energy difference AE = Eppv — Epy (in
eV/cell) between the AFM and FM configurations calculated for each system at P = (P4, P) is shown as well as the interfacial ME

coupling @ (in 1 x 10719 G em? V).

Site Layer | X=Ti X=V X =Co
L=1 L=2 L=1 L=2 L=1 L=2
Fega aX+2 Py — +2.41 — +2.31 — +2.18
| J— +2.36 — +2.37 — +2.18
Fex a+2 P — —2.46 — —2.66 — —2.36
J J— —2.36 — ~2.59 — —2.26
Feo I+1) Py +283  —003 4247 4019 4253 —025
P, +281 0.00 +2.74 —0.01 +2.41 +0.08
X @ Py =030 000  —029  —028  +0.60  +1.10
P, —022 +0.01 —0.98 —0.13 +0.63 —0.06
o @ Py +0.69 —-0.12 +0.04 0.00 +0.12 —0.03
P, +0.75 —-0.12 +0.10 —0.01 +0.14 —0.01
Mo (uB) — Py 4587 4002 4504  —031 +6.02  +0.59
P, 4584 —0.02 +4.94 —-0.42 +5.92 —0.31
AE (eV) — Py +0.69 —-0.12 +0.55 —0.12 +0.30 —0.13
P, +0.75 —0.12 +0.59 —0.13 +0.30 -0.13
¢ (107°Gem?2 vy  — — 2.1 3.1 7.6 7.7 7.3 68
To address the effect of dual polarizability on the ' ; Tz ' ; Tz
metallization and induced magnetization of the BTO
termination, we plot the DOS differences between the Py S L 11
and P poled states of Fe;/X0,/BaTiO3(001) for L = 1 and el :
2 in figure 5. The spin-polarized X-DOS curves near the 8 :
Fermi level, namely between —0.2 eV < Er < 0.2 eV, are I 0 B = \\
shown there. For the TiO interface, a prominent effect seen E N : / AV
in figure 5 in the minority-spin Ti-DOS at E = EF illustrates > _\‘\\ /
the charge transfer occurring at the biferroic interface dueto (O -1f \\ : / 1t .
the P reversal. Because the Fe-Ti separation is shorter for P a \\ /
than for Pj, the overlap between the Fe and Ti d orbitals X=V/ \{,'
is larger, leading to the excessive electrons which result in n ; . . ; .
slightly larger magnetic moments. : A
All magnetic moment values of the system are collected ~ 0\
in table 1 together with the energy difference AE = Eapm — Q i \\'
Epv between the AFM and FM configurations for each 8 : /I \
P. We consider, firstly, the case L = 1. Here, the FM o) :,’
order is energetically favorable against the AFM solution A ‘\ 4
for all X species. In Fer—{/TiO2/BTO the FM order is o \‘ !
preferable by 0.7 eV/cell (0.75 eV/cell) for Py (P;) with 8 . : \\ I
the Fe and O magnetic moments being aligned parallel A : \ ,’
whereas the Ti magnetic moment, which originates from ‘\II — majority
hybridization of the Ti 3d and Fe 3d minority states, is X=Co i ) , | == minority
antiparallelly aligned. For X = Ti, the polarization reversal 0.1 00 01 0.1 00 0.1
from P, to Py yields a magnetization change of |AM| = E — FEr (eV) E — Er (eV)

0.028 pup/cell which formally results in the ME coupling of
2.1 x 10719 G cm? V~!. All « values have been calculated
using an assumed coercive field of E. = 10 kV cm™!. When
Ti is substituted by V at the interface, the lowest-energy
magnetic configuration for L = 1 remains ferromagnetic.
However, the larger negative magnetic moment induced on
V for P yields the larger value of «. In the case of Cr, the
mcy magnetic moments are much larger than mTi, while the
calculated magnetic moment of interfacial oxygen is about

Figure 5. Spin-polarized X-projected DOS differences calculated
between the P4 and P states of Fe;/X0,/BaTiO3(001) for L =1, 2.

0.1 up. This value as well as mc; are in good agreement with
the experimental data for bulk CrO,. Due to the large and
negative Cr magnetic moment, the total magnetization of the
system Fe;—1/CrO,/BTO is reduced by &2 g in comparison
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Figure 6. ME properties of Fe;/X0,/BaTiO3(001) (L = 1, 2). The top panel shows the energy difference AE = Expm — Erm for each X
and for both P4 and P . The middle panel shows the total magnetization, normalized by the number of Fe atoms per unit cell. The dashed
line indicates the magnetic moment of bulk Fe as a reference. The ME figure of merit « is plotted in the bottom panel.

to that of Fer—1/TiO,/BTO. Although mc; is moderately
changed by the P reversal, the corresponding | AM| results in
a =7.2x 10719 G ecm? V! which is three times larger than
the ME effect of Fe;—;/TiO,/BTO. For Fe; —1/Co0,/BTO, we
find that its ¢ is compatible to that of X = Cr.

For the Fe bilayer on BTO, there are two environmentally
inequivalent I 4 2 sites situated atop Ba and Ti, respectively,
which are labeled by Fep, and Fex in figure 1. The
different magnetic moments of the Fe-(I + 2) atoms shown
in table 1 reflect their atomic volumes and hybridization of
the electronic states. For X = Ti, the value of mp. in the layer
I + 1 is almost quenched while the two sizable moments in
the surface layer I + 2 are aligned antiparallel. This results
in M — 0 for Fe;—»/TiO»/BTO(001). For X = V and Co the
calculated magnetic moments and their variation with Fe film
thickness and reversal of P tend to be similar to that of X = Ti.

We plot the energy difference AE = Eapm — Erm
normalized per Fe atom and calculated for L = 1 and 2 in
figure 6. For comparison, we included the results from [17]
for X = Cr, where the Fe bilayer represents a specific case
of a magnetically soft system. This is shown in the top panel
of figure 6. Here, the magnetic order can be switched by the
P reversal from ferromagnetic to antiferromagnetic while the
total magnetization of the system is also changed by ~2 up
per Fe as shown in the middle panel of figure 6; therefore,
the ME coupling coefficient is largely enhanced. It should
be noted that this potentially attractive magnetic switch upon
the reversal of P requires an electric field which exceeds the
coercive field value of BTO.

A similar behavior was recently found for Fe islands on a
Cu(111) surface, where the magnetic ordering can be switched
from FM to AFM by application of an electric field [23].

4. Conclusions

In summary, we have presented an ab initio study of the effect
of interfacial 3d substitutions on the strength of ME coupling
seen in composite biferroics Fe;/X0,/BaTiO3(001), with Fe
of thickness L < 2 MLs. We demonstrated that the use of the
n-type terminated perovskite interface instead of nominally
neutral TiO, may significantly enhance magnetoelectricity in
the system. Nevertheless, the observed effect is smaller than
in the case of X = Cr, published in [17].
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