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Room temperature magnetoelectric BiFeO3-BaTiO; superlattices with strong out-of-plane
magnetic anisotropy have been prepared by pulsed laser deposition. We show that the out-of-
plane magnetization component increases with the increasing number of double layers.
Moreover, the magnetoelectric voltage coefficient can be tuned by varying the number of
interfaces, reaching a maximum value of 29 V/cm Oe for the 20 xBiFeO3-BaTiO; superlattice.
This enhancement is accompanied by a high degree of perpendicular magnetic anisotropy,
making the latter an ideal candidate for the next generation of data storage devices. Published
by AIP Publishing. [http://dx.doi.org/10.1063/1.4977434]

With the ever-expanding demand for smaller, faster, and
energetically more efficient data storage devices, multiferroic
materials, exhibiting ferroelectricity and ferromagnetism
simultaneously, are of great interest. Ferroelectric and ferro-
magnetic materials have been used for a long time in ferro-
electric (FeERAM) and magnetic (MRAM) memory devices,
respectively. In FeRAMs, the polarization is switched by an
electric field, whereas in MRAMSs, the magnetization is
reversed by a magnetic field. However in small size devices,
magnetic fields are difficult to apply locally in order to
write a single bit, without influencing the neighboring ones.
Introducing multiferroics in the field of spintronics makes an
electric field control of the magnetic spin state possible
through magnetoelectric (ME) coupling.' Intrinsic multifer-
roic materials are rare and almost all of them are antiferro-
magnetic and need low temperatures to operate.” The only
single-phase multiferroic material exhibiting explicit magne-
toelectric coupling at room temperature is BiFeOs.*
However, BiFeOj; is a weak ferromagnet in a thin film form
and its ME coupling is too weak to be used in an actual
device.” Recently, strong strain-mediated ME interaction was
observed in multiferroic composites and layered heterostruc-
tures.>® These systems operate by coupling the magnetic and
electric properties of two materials (ferroelectric and (anti-)
ferromagnetic, respectively) via interfacial strain. When an
electric field is applied across the sample, it induces strain in
the ferroelectric component due to the inverse piezoelectric
effect. This strain is mechanically transferred to the magnetic
component, inducing a magnetization change through the
piezomagnetic effect.'®!!

Thin multilayered films with strong out-of-plane (OOP)
magnetic anisotropy, i.e., magnetization aligned perpendicular

YV, Lazenka and J. K. Jochum contributed equally to this work.
PElectronic addresses: Vera.Lazenka@ kuleuven.be and johanna.jochum@
kuleuven.be

0003-6951/2017/110(9)/092902/5/$30.00

110, 092902-1

to the film surface, are the best candidates for next-generation
non-volatile memory. In such systems, there is a large energy
barrier for magnetization switching, implying higher stability
of the magnetization states, and lower critical current for spin-
transfer torque memory devices.'>** The electric-field-induced
magnetization reversal in a multiferroic BiFeO3-CoFe,O, com-
posite thin film with perpendicular magnetic anisotropy (PMA)
has already been demonstrated by Zavaliche ef al.'?

In the present work, we demonstrate the formation of
perpendicular magnetic anisotropy (PMA) at the interfaces
in a multiferroic magnetoelectric BiFeO3-BaTiO5 superlat-
tice. The high magnetoelectric voltage coefficient values
reached in the BiFeO3-BaTiOj; films make this multilayered
system an ideal candidate for memory devices with the pos-
sibility of tuning the magnetic and magnetoelectric states by
varying the number of interfaces.

The BiFeO3-BaTiO; superlattices with nominal single
layer thicknesses of 15 nm and 10 nm, respectively, and with
varying number of double layers (2, 5, 10, and 20) were
grown by pulsed laser deposition (PLD) from single phase
BiFeO; and BaTiO; targets onto SrTiO5(001) substrates at
680°C. The BiFeO; layers were grown from a 66.7% °'Fe-
enriched target, which was pressed and sintered from Bi,0O;
and Fe,O3; powders in stoichiometric ratio. Approximately
1.4 g °'Fe,05 powder was synthesized from 1 g >’Fe powder
using a simple chemical route.

X-ray diffraction (XRD) 260-w scans and reciprocal
space maps were measured using a PANalytical X pert PRO
MRD with CuK,, radiation using a parabolic mirror and a
PIXcel*P array detector. From the XRD superlattice peaks,
the double layer thickness for all 4 samples was found to be
in the range of 21-23nm, see Table I and supplementary
material.

The magnetic order and the electronic >’Fe configura-
tion of the multilayers have been determined via conversion
electron Mossbauer spectroscopy (CEMS). The Mossbauer

Published by AIP Publishing.


http://dx.doi.org/10.1063/1.4977434
http://dx.doi.org/10.1063/1.4977434
http://dx.doi.org/10.1063/1.4977434
http://dx.doi.org/10.1063/1.4977434
http://dx.doi.org/10.1063/1.4977434
ftp://ftp.aip.org/epaps/appl_phys_lett/E-APPLAB-110-030709
ftp://ftp.aip.org/epaps/appl_phys_lett/E-APPLAB-110-030709
mailto:Vera.Lazenka@.kuleuven.be
mailto:johanna.jochum@kuleuven.be
mailto:johanna.jochum@kuleuven.be
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4977434&domain=pdf&date_stamp=2017-02-27

092902-2 Lazenka et al.

Appl. Phys. Lett. 110, 092902 (2017)

TABLE 1. Sample parameters deduced from the XRD and Mossbauer measurements: the layer thickness, the isomer shift at the P(Byy) peak (dppear), the quad-
rupole shift at the P(Byy) peak (égpear), the hyperfine magnetic field value at the P(Byy) peak (Bugpeax), the peak intensity ratio Iy):I5(s):134), and the average
angle (f3) between the net magnetic moment of the *’Fe atoms and the incoming y-ray.

Sample Double layer thickness (nm) OBpeak (MmM/s) EBpeak (MM/S) Bugpears T Peak intensity ratio B(°)
20xBiFeO;-BaTiO; 23.2+0.3 0.38 (1) 0.021 (6) 49.7 (2) 3:0.52 (3):1 28.7
10xBiFeO5-BaTiO; 22.1+0.6 0.37 (1) 0.07 (2) 49.7 (4) 3:0.93 (3):1 37.9
5xBiFeO3-BaTiO; 22.8+0.6 0.37 (1) 0.09 (2) 49.8 (5) 3:1.30 (4):1 44.5
2xBiFeO3-BaTiO; 21.1+0.8 0.38 (1) 0.09 (5) 49 (2) 3:2.12 (6):1 56.4

spectra were recorded at zero magnetic field and room tem-
perature and fitted using the Vinda software.'® It is well
known that bulk BiFeOj; is a G-type antiferromagnet pos-
sessing a cycloidal spin structure with a period of 62 nm."”
The magnetic moment gradually rotates in the plane deter-
mined by the propagation direction of the cycloid [1-10] and
the polarization direction [111], which is the principal axis
of the electric field gradient (EFG) tensor (Fig. 1). Any rota-
tion of the magnetic moments by an angle 0 relative to the
EFG main axis results in a shift of the hyperfine energy lev-
els, which also leads to an angular variation of the quadru-
pole splitting.'"®'® Hence in BiFeOs;, there exists a
continuous distribution of spins oriented differently with
respect to the principal axis of the EFG tensor. The
Mossbauer spectra were fitted using the “hyperfine field dis-
tribution” model within the Vinda software. This model
takes into account possible coupling between the isomer (J)
and quadrupole shift (¢) and the hyperfine field (Byp):
0= 50 + 5IBHf and e= &+ SIBHf’ where (51 :dé/dBHf and
&; = del/dB y are fitting variables.

Figure 2(a) shows the experimental CEMS data and fits
(solid red lines) for the BiFeO3-BaTiO; multilayers with
varying number of interfaces. The results of the hyperfine
field distributions deduced from the fit are presented in Fig.
2(b). These field distributions are characterized by only one
maximum, which is the signature of the suppressed spiral
cycloid in the 15nm thin BiFeO5 layers.20 Furthermore, it
can be seen that the hyperfine field distributions are asym-
metric, which is most likely due to the interfacial iron which
is at a position of reduced symmetry.

Table I lists the hyperfine nuclear parameters obtained
from the fitting of the spectra: the hyperfine magnetic field
value (a measure of the local magnetization) at the peak of
the distribution (Bygpear); the isomer shift (6), which is
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FIG. 1. Schematic view of the Mossbauer measurement geometry and the
cycloid plane.

determined by the Fe valence state; and the quadrupole shift
(¢), which reveals the symmetry of the charge distribution
around the >’Fe nucleus. All spectra exhibit an asymmetric
magnetic sextet with isomer shift values of 0.34-0.38 mm/s,
characteristic of magnetically ordered Fe®™ ions in octahe-
dral coordination. The clear asymmetry in the peak intensity
in BiFeO5; was observed and explained earlier by Lebeugle
et al. It is inherent to the intrinsic anisotropy of the magnetic
hyperfine interaction at a site with trigonal symmetry.'®

From Table I, it is clear that the number of interfaces in
the BiFeO5-BaTiOj; superlattice does not affect the values of
the hyperfine field, quadrupole, and isomer shifts. Therefore,
there is no substantial difference in the electronic configura-
tions of the °’Fe atoms in all superlattices. The only parame-
ter that gradually changes with the number of interfaces is
the peak intensity ratio, which depends on the orientation
of the net magnetic moment with respect to the direction of
the incident y-ray beam. The intensity ratio /;(s):12(5):13(4)
between lines 1(6), 2(5), and 3(4) can be calculated using
3(1 + cos®p):4sin®f:(1 +cos’f), where f is the angle
between the net magnetic moment of the °’Fe atoms and the
incoming y-ray (see Fig. 1). In the case of out-of-plane mag-
netic anisotropy, i.e., f=0, the peak intensity ratio
1;46):15¢5):134)=3:0:1. Random and in-plane (IP) orientations
of the magnetic moments result in 3:2:/ and 3:4:/ ratios,
respectively. As seen from Table I, the gradually increasing
number of interfaces leads to PMA. When the number of
BiFeO;-BaTiO; double layers reaches 20, the preferential
orientation of the net magnetic moment is becoming close to
perpendicular to the film surface.

When varying the BiFeO5 sublayer thickness rather than
the double layer repetition, we found that the angle between
the net magnetic moment of the °’Fe atoms and the normal
to the surface decreases from 47° to 33° when decreasing the
layer thickness from 50 to 10nm (results not shown here).
This is additional evidence of the PMA in BiFeOs/BaTiO;
superlattices.

In order to further confirm the PMA development, a
magnetization study of the superlattices in both in-plane (IP)
and out-of-plane (OOP) geometries has been performed
using SQUID magnetometry (Superconducting QUantum
Interference Device, LOT-QuantumDesign MPMS-XL and
MPMS3). The magnetization was measured up to fields of
7T and a linear background has been subtracted. Since the
samples were not saturated in the in-plane orientation, the
data were normalized to the highest magnetization value of
the corresponding loop, to allow a comparison of the in- and
out-of-plane data. While the lack of saturation in the
in-plane direction does not allow a quantitative analysis of
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the magnetization data, a qualitative analysis is still possible.
The measured M—H loops (Figs. 3 and S3-S6, supplemen-
tary material) confirm the ferromagnet-like behavior of the
films, which also supports the suppression of the spiral
cycloid in the superlattices, leading to the creation of a net
magnetic moment after cycloid symmetry breakdown.?'
Figure 3 shows the perpendicular easy axis for the samples
with 20 and 10 double layers, an effect that becomes less
pronounced as the number of double layers is decreased.
Moreover, the inset in Fig. 3 illustrates that the out-of-plane
saturation field increases as the number of double layer repe-
titions decreases. These observations further confirm the
emergence of perpendicular magnetic anisotropy in samples
with an increasing number of interfaces.

44 45 46 47 48 49 50 51

By (M

The interface magnetic anisotropy in metallic multi-
layers has been the subject of extensive research since a long
time.'***"> For example, Carcia®* studied Pd/Co and Pt/Co
superlattices with an unusual perpendicular anisotropy attrib-
uted to an interfacial contribution. Sato> succeeded in grow-
ing Tb/Fe superlattices with interface-concentrated PMA,
whose origin was attributed to the Tb-Fe pairs aligned per-
pendicular to the films. Recently, interface PMA has been
reported in metal/oxide systems like CoFeB-MgO'* and
Fe/MgO**?* The enhancement of the out-of-plane magnetic
moment component in Fe/MgO was explained by the aniso-
tropic orbital magnetic moments induced by the spin-orbit
interaction at the interface.?* Based on ab initio calculations,
Yang er al.*® ascribed the large PMA at Fe/MgO interfaces

1 __20xBiFeO3—BaTiO3 41 OxBiFeO:,’—BaTiO3 ]
—— P ——IP
o ——00P ——0OP
T
[¥]
IS
]
=
o FIG. 3. Normalized out-of-plane (OOP)
o 1t + 1 and in-plane (IP) magnetization curves
% } } } } t + } } at 300K of the indicated superlattices,
S 115xBiFe04-BaTiO4 1 2xBiFe04-BaTiO4 . showing the emergence of a perpendicu-
2 lar easy axis in multilayers with a larger
N number of double layers. The inset
g P P shows the OOP saturation field as a
5 ——00P / ——00P function of the number of double layers.
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to a combination of several factors: the degeneracy lift of
out-of-plane d2, d., and dy.) 3d orbitals, hybridizations
between dz2 and d,; and d,. 3d orbitals induced by spin-orbit
interaction, and hybridizations between Fe-3d.” and 0-2p.
orbitals at the interface. Moreover, it was also shown that in
the case of a non-perfect interface (over- or underoxidized),
the PMA amplitude is decreasing.”® This is due to the disap-
pearance of the d.> hybridized states around the Fermi level
in the presence or absence of an additional oxygen atom at
the interface.

In the case of BiFeO;-BaTiO; superlattices, we have
shown that the first single layers near the substrate are strained
and distorted due to the lattice mismatch.?” These interfaces
contain a number of imperfections including oxygen defects,
which according to Yang er al.,>® weaken the out-of-plane
magnetic anisotropy. When more layers are added, the subse-
quent interfaces show perfect atomic arrangement with sharp
atomic interfaces.”” Therefore, we can infer that these high-
quality interfaces contribute to the formation of the out-of-
plane magnetic anisotropy.

To study the PMA effect on the magnetoelectric behav-
ior of the superlattices, the ME voltage coefficient was mea-
sured as a function of external magnetic field at 300 K using
the inductive AC method. More details on the method can be
found in Refs. 6 and 28. The overall behavior of the ME
coefficient curves for the BiFeO;-BaTiOj; superlattices is in
agreement with our previous work.'"?* The ME coefficient
increases with increasing magnetic field and saturates around
3T for the sample containing 20 double layers and around
1 T for the other samples (Fig. 4). The value of the ME coef-
ficient increases with the increasing number of double layers,

28.8F FUAECECEE @@ @ h
g4l HaoHoe 20XBiFeO;-BaTiO; |

28.0
27.6

Thin film N
. ?

Bottom electrode
(substrate)
| "

212 :
21.0 -’ 10xBiFeO4-BaTiO; -
20.81° .

20.6 1
18.2F n

180F 5xBiFeO4-BaTiO;

17.8F :

16.4} ]
f 2XBiFeO,-BaTiO,

16.2 :

ME coefficient (V/cmOe)

-0 ) P P TP TP I PR T
o 1 2 3 4 5 6 7

DC bias magnetic field (T)
FIG. 4. Magnetoelectric coefficient as a function of DC bias magnetic field

at 300K for the BiFeO3-BaTiO; superlattices with different numbers of dou-
ble layers as indicated.
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following the same trend as that of the out-of-plane magneti-
zation component. This tendency is expected because of the
experimental geometry: during ME measurements, the sam-
ples are positioned with their surface perpendicular to the
AC and DC magnetic fields (see the inset in Fig. 4).

In conclusion, BiFeO5(15 nm)-BaTiO5(10nm) superlat-
tice structures with varying number of double layers (2, 5, 10,
and 20) have been fabricated in order to study the effect of
interfaces on the magnetic and magnetoelectric performance.
We have demonstrated that perpendicular magnetic anisot-
ropy is induced by the interfaces and have achieved a nearly
perpendicularly magnetized 20 x BiFeO3-BaTiO; superlattice.
Furthermore, the magnetization and magnetoelectric coeffi-
cient values can be tuned by varying the number of double
layers. Considering the strong out-of-plane magnetic anisot-
ropy together with its ME coupling demonstrated in this
work, the BiFeO;-BaTiO; superlattices can be a promising
building block for future non-volatile memory devices.

See supplementary material for X-ray diffraction 2q-w
scans, reciprocal space maps, and an enlarged view of the
hysteresis loops.
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