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We demonstrate a significant control of the polarization response under an applied magnetic field for
a magnetoelectric (ME) heterostructure. This structure was comprised of a 2 um thick ferroelectric
BaTiO; (BTO) film deposited on flexible ferromagnetic metallic glass foil (25 wm thick). Au was
used as a buffer layer to control BTO growth orientation, and to protect the metallic glass from
oxidation. x-ray diffraction and scanning electron microscopy demonstrated the successful growth
of well-crystallized BTO films with a high degree of (111) orientation on the amorphous metallic
glass foils. Well-defined polarization (P-E) and magnetization (M-H) hysteresis loops confirmed the
coexistence of ferroelectric and ferromagnetic properties. A ME voltage coefficient of about
~60 mV/cm Oe was measured. © 2011 American Institute of Physics. [doi:10.1063/1.3544352]

I. INTRODUCTION

The magnetoelectric (ME) effect in both single phase
and composite materials has been a topic of much research in
the past decade, both from scientific and application
perspectives.k6 Studies have revealed the simultaneous pres-
ence of polarized electronic and magnetic systems, where
there is a coupling between systems. Accordingly, an elec-
tronic polarization (P) can be induced under the application
of a magnetic field (H), and vice versa, a magnetization po-
larization (M) can be realized under the application of an
electric field (E). Unfortunately, in single phase ME materi-
als the electronic configurations that favor magnetization are
antagonistic to those that favor electronic polarization.7
Cr,03, BiFeO;, and rear earth oxides are the most popular
single phase ME materials but all of them suffer from very
low Curie temperature and at least one phase would be anti-
ferroic at room temperature thus the ME coupling effect is
very weak. After decades of research, single phase materials
have yet to be found that have simultaneous high P and M,
and thus high ME coupling effect at room temperature. En-
gineered composite ME materials have become the only
means, to date, by which to achieve a sizable and useful ME
effect.

Composite ME ceramic materials with two phase pow-
ders mixed together are first studied but the low resistivity of
ferromagnetic phase make it very difficult to fully polarize
the ferroelectric phase and ME effect is not very high. Castel
et al.*’ have successfully made BaTiO; (BTO)/Ni nanocom-
posites and measured dependence of permittivity of BTO
phase with applied H due to the ME coupling effect hap-
pened in the interface of magnetostrictive Ni and piezoelec-
tric BTO. Laminate composites of magnetostrictive and pi-
ezoelectric layers have been shown to have much higher ME
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coefficients than those of single-phase materials or particu-
late composites. Magnetostrictive layer will change its shape
and dimension under applied magnetic field, and the strain
would then be transferred to piezoelectric layer through elas-
tic interaction. And if you measure the dielectric polarization
change in the piezoelectric layer you can get a changing
output voltage response with the applied magnetic field, that
is ME coupling effect. The highest ME coefficient to date has
been  reported in  Metglas/Pb(Zr,Ti)O;  laminate
structures:'™!" which have ME voltage coefficients as high as
aye=20 V/cm Oe. Based on these ME structures, Dong et
al."’ have developed highly sensitive, passive magnetic-field
sensors that operate at low frequencies with noise floors on
the order of 107!" T/\Hz at f=1 Hz Ref. 12 when using a
simple operational amplifier detection method. However, the
disadvantage of bulk laminated composites is obvious: First,
the size is large, making integration with Si or other sub-
strates difficult; second, the best magnetostrictive materials
are metallic alloys, making the use of ceramic cofiring and
packaging improbable; third, the dissimilar nature of these
layers requires epoxy for bonding component layers, provid-
ing a less than ideal interface to facilitate the transmittal of
strain between magnetostrictive and piezoelectric layers.
Furthermore, epoxy has problems such as aging, especially
when working under resonant conditions. The presence of
epoxy can also decrease the ME coefficient due to interfacial
relaxation."®

Recently, Zhao et al.”® created PZT/Galfenol hetero-
structures on Si cantilevers. After etching away the Si sub-
strate, they demonstrated that mechanical clamping effects
from the substrate on the PZT/Galfenol heterostructure were
greatly mitigated, notably improving a) relative to that of
the unetched Si structures. Brintlinger et al. 1 mechanically
released BTO/Galfenol layers from SrTiO; (STO) substrates
by a focused ion beam method, and observed magnetic do-
main wall movement in the FeGa layer due to the strain

© 2011 American Institute of Physics
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FIG. 1. (Color online) Crystallization and microstructural results for BTO
on Au/Metglas (a) XRD line scan; (b) SEM image taken from a top view;
and (c) cross section view.

transferred from the BTO layer under the application of an
electric field. The ME effect for these heteroepitaxial ME
composites is a magnetoelastoelectric effect, just as is the
case for laminated ME composites. For these examples,
structures must be grown on a substrate suitable to be me-
chanically released. However, microelectromechanical sys-
tems technologies, typically used for this purpose, suffer
from low fabrication rates and are often incompatible with Si
processing technology.

Here, we report the direct deposition of BTO films on
ferromagnetic metallic glass (MG) foils by the pulsed laser
deposition (PLD) technique. Commercial, 25 um thick, MG
foils were obtained from Vacuumschmelze (Germany). These
MG foils had piezomagnetic coefficients of dj3,
=4 ppm/Oe, which were three to four times higher than that
for Terfenol-D and Galfenol.'>'®

Il. EXPERIMENT DETAILS

PLD was used to deposit BTO layers on the MG foils.
First, Au was sputtered as a buffer layer on the MG in order
to achieve highly ordered BTO layers. Sputtering was per-
formed for a duration of 10 min. Once the Au formed a
continuous layer on the amorphous MG substrates, a second-
ary grain growth, driven by the anisotropic surface free
energy,'’ resulted in a (111) texture. PLD of BTO was ac-
complished using a KrF excimer laser, A\=248 nm. To obtain
a high atomic mobility,18 as required for crystallization of
oriented BTO, a laser energy density of 20 J/cm? was uti-
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lized. This allowed for the ejection of high energy particles
from the BTO target, thus enabling the use of a lower depo-
sition temperature and minimizing the oxidation of the MG
foil substrates. The size of the laser spot was ~2 mm?, and
the distance between substrate and target was 8 cm. Deposi-
tion was carried out in a 90 mTorr oxygen atmosphere with a
base vacuum of 10~® Torr. During the first 10 min of BTO
layer deposition, a laser frequency of 10 Hz was used and a
temperature of 300 °C to prevent melting of the Au layer
and subsequent MG oxidation. Next, the substrate tempera-
ture was increased to 600 °C and the deposition cycle was
continued for a duration of ~90 min. The surface and cross
sectional morphologies of the BTO films were then studied
using a LEO (Zeiss) 1550 Schottky field-emission scanning
electron microscopy (SEM). The crystal structures of BTO
and the MG substrate were characterized using a Philips
X’pert high resolution x-ray diffractometer. The magnetic
properties of the MG layers were measured with a Lakeshore
7300 Series vibrating sample magnetometer (VSM) System
at room temperature.

lll. RESULTS AND DISCUSSION
A. Crystallization and growth orientation

X-ray diffraction (XRD) results before and after ablation
of the BTO target are compared in Fig. 1(a). Before ablation,
the (111) peak of the textured Au layer dominates the spec-
trum with smaller diffraction features identified to arise from
the partially crystallized MG substrate. After ablation, a peak
appears that is much more intense than other diffraction fea-
tures: The d-spacing (d=0.23 nm) of this peak is consistent
with the (111) diffraction peak (d=0.231 nm) of the BTO
structure. This supports the growth of highly oriented BTO
films on MG substrates. One may assume a local cube-on-
cube epitaxial relationship between the Au buffer layer and
the BTO film, such that: (111)BTOIl(111)Au]
(amorphous)MG. Good in-plane alignment and crystal qual-
ity of the BTO film is confirmed by the measurement of a
full width at half maximum (FWHM), value of 0.14° for the
(111) BTO diffraction peak. Other low intensity peaks, along
different zone axes, correspond to other reflections from
BTO and are also indicated in Fig. 1(a).

Figure 1(b) shows an SEM image of a top view of our
BTO/Au/MG heterostructure. One sees BTO formed as a
uniform layer with a grain size of about 40 nm. From the
cross sectional image presented as Fig. 1(c), one sees that Au
formed as a dense and uniform interface between MG and
BTO with a thickness of about 60 nm. This thickness was
sufficient to prevent oxidation of the MG upon subsequent
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FIG. 2. (Color online) Ferroelectric properties of BTO
on Au/Metglas: (a) polarization hysteresis loop; (b) pi-
ezoelectric hysteresis loop.

(b)

—‘{O —5 0 1‘0 -15 -10 -5 0o

5 15
Electric Field (MV/m)

5

10 15

Electric Field (MV/m)



034102-3 Wang et al.

J. Appl. Phys. 109, 034102 (2011)

15 ————0.5
1ol (a) ©)
./u' = 0.4 ~
0.5} " S 10} Q . . .
/ % 10.3 @ FIG. 3. (Color online) (a) Magnetic properties of Met-
w . . .
= 00 2 lo2 ¥ glas with BTO grown on top: (a) normalized magneti-
= 5 5t 3 zation vs applied dc magnetic bias field; and (b) mag-
-0.5¢ / % 100 E netostrictive and piezomagnetic properties as a function
10l ———— e § ol {0.0® of dc magnetic bias.
2000 1000 0 _ 1000 2000 ) 100 200 300 0
H, (Oe) Magnetic Field (Oe)

deposition of BTO while maintaining (111) orientation of the
BTO. The BTO/Au/MG structure was golden in color; how-
ever, BTO/MG appeared as black indicating the possible oxi-
dation of MG. The BTO layer thickness reaches ~2 um
after 2 h of deposition, with a high-density columnar micro-
structure of grain size 40 nm visible in cross section.

B. Ferroelectric and ferromagnetic properties

The ferroelectric properties BTO/Au/MG samples were
characterized by a polarization hysteresis measurement using
a triangular signal of frequency 100 kHz. Figure 2 shows a
well-defined ferroelectric hysteresis loop, with a saturation
polarization, P,=25 uC/cm?, and a remnant polarization,
P,~7.5 uC/cm?. Both of these values are notably larger
than those of BTO deposited on Pt buffered Si."%° The elec-
tric coercive field was 12.5 kV/cm, which was correspond-
ingly much smaller than that of BTO thin films on STO or
Si.2! After the polarization measurements, the BTO films
were polarized in the out-of-plane direction and the piezo-
electric properties were measured. Figure 2(b) shows ds3 , as
a function of electric field. A well-defined butterfly-like loop
can be seen with a saturation value for the out-of-plane pi-
ezoelectric coefficient value of ds3,~30 pm/V: which
again was much larger than that of the oriented BTO films on
Au/Si*? One of the contributing factors for the enhanced
d33, value is that the BTO layers of the present study are
constrained only by a thin (25 wm) foil, where as BTO films
on Si substrates are constrained by thick (500 wm) Si sub-
strate and thus the constrain effect is much larger.

The ferromagnetic properties of the MG layer were mea-
sured at room temperature using a VSM. Figure 3(a) shows a
typical M-H loop for the BTO/Au/MG after the high tem-
perature deposition process. The saturation field was
~400 Oe, and the coercive field was ~60 Oe. Figure 3(b)
shows the magnetostriction () of MG measured by a strain
gauge method. At about 80 Oe dc magnetic field, the mag-
netostriction reached a value of about 14 ppm. The maxi-
mum value of ds;,, was ~0.5 ppm/Oe at a dc magnetic
field of 200 Oe. This value is comparable with that of
Terfenol-D, which has the highest magneostriction but is still
only 1/8 of that of MG in the as-received condition. These
results strongly suggest that the MG amorphous foil has un-
dergone partial, if not total, crystallization during the high
temperature film processing.

C. ME coupling coefficient measurement

Finally, the ME voltage coefficient was measured, using
the structure and measurement method as shown in Fig. 4(a).
The Au buffer layer served as the bottom electrode for the
BTO film. A patterned Au top electrode was then sputtered
onto the surface of the BTO film. Electrical contacts from the
sample were made by gold wire bonding. Details of the mea-
surement method were reported previously,23 which involved
the use of a lock-in amplifier. A magnet was used as the dc
magnetic signal source. A 20 Hz ac magnetic signal was then
applied along the long axis of the heterostructure. This re-
sulted in an induced strain, via magnetostriction, along the
MG foil. The induced strain from the MG was transmitted to
the BTO layer, resulting in a voltage that was detected by a
lock-in amplifier. Figure 4(b) shows the ME voltage coeffi-
cient as a function of dc H bias. A maximum value of ayg
~55 mV/cm Oe was found corresponding to a dc bias field
of 20 Oe. This value is notably larger than heteroepitaxial
and self-assembled ME composites on various substrates.”
The reason for this higher value compared with that of oxide
ferrites is because of the higher value ds; ,, of the magneto-
strictive alloy foil. Another reason is that the substrate itself
is magnetostrictive, thus the structure does not have a large
constraint stress, as is unavoidable in ME heteroepitaxial lay-
ers or (2-2) structure thin films grown on nonmagnetostric-
tive substrates.

IV. CONCLUSIONS

In summary, we have successfully epitaxial grown (111)
oriented BTO thin films on magnetostrictive MG foils. A
buffer of Au was first sputtered on the MG to protect it from
oxidation. Substantial ferroelectric and ferromagnetic prop-
erties were obtained from the BTO layers and MG foils. An
ME voltage coefficient of ayp=55 mV/cm Oe was
achieved due to strain coupling between the piezoelectric
BTO layer and the magnetostrictive MG foil. Our direct
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FIG. 4. (Color online) (a) Schematic of the BTO/Au/Metglas multilayer
structure and measurement setup; and (b) ME voltage coefficient as a func-
tion of dc magnetic field.
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deposition of highly oriented BTO layers on MG foils with
comparable thicknesses eliminates substrate clamping of the
ME heterostructure, enhancing the piezoelectric and piezo-
magnetic coefficients of the respective layers toward values
closer to those of their bulk forms, and thus enabling im-
proved magnetoelectricity.
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