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Magnetoelectric effects in ferromagnetic cobalt/ferroelectric copolymer

multilayer films
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(Received 4 June 2010; accepted 21 August 2010; published online 14 September 2010)

Interactions between a ferromagnet, cobalt, and a ferroelectric copolymer, poly(vinylidene fluoride
with trifluoroethylene) in thin film heterostructures result in a 5% change in the ferroelectric
polarization on application of a perpendicular 6 kG magnetic field corresponding to a
magnetoelectric coupling coefficient of @=5.45 V/cm Oe. The effect disappears on magnetic
saturation, ruling out conventional strain coupling. A simple model posits that the ferroelectric film
develops in-plane strain gradients, a consequence of the coupling to strain gradients present at the
domain walls in the multidomain Co layer, resulting in the measured polarization change via the
flexoelectric effect. © 2010 American Institute of Physics. [doi:10.1063/1.3488814]

The magnetoelectric (ME) effect and its converse refer
to the control of electric polarization and magnetization by
magnetic or electric fields, respectively. The wide range of
potential applications1 ranging from memory devices to mag-
netic field sensors are driving the exploration of multiferroic
materials with larger ME coefficients than have previously
been seen.

Heterostructured materials with separate magnetic (or
magnetostrictive) and ferroelectric components relax the
competing demands and constraints on a single material.*~
Efforts have focused on magnetic materials with the largest
possible magnetostriction in order to maximize the
piezoelectric/magnetostrictive coupling. Magnetic flux con-
centration has resulted in ME coefficients as high as 21.46
V/em Oe.’ Thermally mediated effects® in a relaxor ferro-
electric polymer result in ME coefficients of 0.9 V/cm Oe.

This manuscript reports results that suggest a different
mechanism for ME coupling in a ferromagnetic/ferroelectric
heterostructure, viz. the strain gradient created near magnetic
domain boundaries in a multidomain magnetic film and its
effect on the ferroelectric polarization through the flexoelec-
tric effect. An organic ferroelectric, the copolymers of 70%
vinylidiene fluoride (VDF) with 30% trifluroethylene (TrFE)
i.e., [P(VDF-TrFE 70:30] is overlaid with a transition-metal
ferromagnet, Cobalt (Co) in a heterostructure with thick-
nesses that are controllable at the atomic level with films in
intimate contact.

The sample [Fig. 1(a)] consists of [glass/Al (32.4 nm)/
P(VDF-TrFE) (45 nm)/Al (2.9 nm)/Co (10 nm)/Al (25.6
nm)]. The metallic layers were made from either evaporated
Al or sputtered Co deposited through shadow masks 1 mm
wide and 15 mm long, with the upper and lower electrodes
(see inset b of Fig. 1), perpendicular to each other defining
four spots with an overlapping electrode area of 1 mm?. Both
Al electrodes were deposited at a rate of 1.2 A/s. The top Al
electrode served to prevent the diffusion of Co atoms into the
soft polymer film. The upper Co layer was sputtered at low
power, at a deposition rate of 0.056 A/s, with frequent
pauses, to prevent shorting through the soft polymer layer.
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The [P(VDF-TrFE 70:30] layer was deposited by the
Langmuir-Blodgett (LB) method, which results in films with
superior crystallinity, excellent ferroelectric groperties,9 and
a saturation polarization of up to 0.1 C/ m2."" Prior to depo-
sition of the top electrode, the ferroelectric polymer film is
annealed at 130 °C for an hour in air, to increase its crystal-
linity. Copper wires were attached to both electrodes with
silver paint, allowing for pyroelectric measurements and en-
abling polarization switching. X-ray diffraction measure-
ments indicate that the polymer grows in the (111) direction
resultin% in a polarization vector at 30° to the surface
normal."’ The in-ﬁ)lane structure consists of small crystallites,
3050 nm in size'” with the polarization vectors for the vari-
ous crystallites forming a cone at 30° around the normal,
resulting in a net macroscopic polarization along the normal.

Ferroelectric  polarization is measured using the
Chynoweth modulation method," for pyroelectric current,
which is proportional to the normal component of the film
polarization, irrespective of polarization state. Moreover it is
perturbative and does not alter the polarization state.'* In this
method, the sample temperature was modulated by a 3 mW
helium-neon laser operating at a wavelength of 633 nm and
an optical chopper at 2 kHz. The resulting pyroelectric cur-

(la) T T T
1.0 - Al (25.6 nm) b
Co (10 nm)
Al (2.9 nm)
~ P(VDF- TrFE) 70:30 (25ML)
Ew 0.5F Al (32.4 nm) b
% Glass
g 00
b (b)
N
kot
£ -0.5 B
K] - -
E 1mm
-1.0 B
1 " 1 " " 1 " 1
-10000 -5000 (1} 5000 10000

Magnetic field (Gauss)

FIG. 1. (Color online) The out-of-plane hard axis magnetic hysteresis loop
of the 10 nm Co electrode measured by PMOKE. Upper inset: Schematic of
the heterostructure. Lower inset: top view of the sample showing the elec-
trode geometry.
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FIG. 2. (Color online) Pyroelectric current (proportional to ferroelectric
polarization) as a function of increasing (solid circle) and decreasing (open
circle) applied magnetic field perpendicular to the sample plane. The curves
labeled (a) and (b) correspond to the two different ferroelectric polarization
directions of the sample. Arrows indicate the relative orientation of the
polarization (P) and applied magnetic field (B). The solid line is a fit to one
set of data (see text). Inset: measurements of the pyroelectric current vs
applied voltage showing the ferroelectric polarization hysteresis loop.

rent was measured by a lock-in amplifier locked to the chop-
per frequency with a time constant of 1 s.

Magnetization measurements were carried out using the
polar magneto-optical Kerr effect (PMOKE) which measures
the out-of-plane magnetization. To demagnetize the sample,
it was mounted on a rapidly rotating drill in a slowly de-
creasing magnetic field. Out-of-plane PMOKE measure-
ments (Fig. 1) reveal a typical narrow s-shaped hard axis
magnetization hysteresis loop, as expected for a 10 nm Co
thin film with an in-plane easy axis. The variously oriented
in-plane magnetic domains rotate into the magnetic field di-
rection, forming a cone of half-angle (7/2-¢) with the
sample normal. The slope of the loop gives the angle for the
magnetization as a function of applied field, sin(¢)=(1.86
X 10‘4) H, with H in units of Gauss. Pyroelectric current
measurements resulted in the ferroelectric polarization hys-
teresis loop13 shown in the inset of Fig. 2.

After electrical saturation (but prior to magnetic satura-
tion), the pyroelectric response was measured as a function
of both increasing and decreasing perpendicular magnetic
field sweeps, (Fig. 2) showing an unexpectedly large (over
5%) change in the pyroelectric response on application of a 6
kG magnetic field. The sign of the change in polarization
depended on the relative orientation between the polarization
and magnetic field. Parallel orientation resulted in a decrease
in the absolute value of the polarization with increasing mag-
netic field, whereas an anti-parallel alignment resulted in an
increase. This effect was fully reversible, repeatable and pos-
sessed odd symmetry with respect to direction of the out-of-
plane magnetic field. We emphasize that this was not an ir-
reversible magnetic poling effect.”® Rather, it was a fully
reversible and continuous change in the polarization as can
be seen in the increasing and decreasing field sweeps.

The measured changes in polarization AP with applied
magnetic field H were fitted to a nonlinear ME coupling of
the form AP=a(H-H,)+B(H-H,)?. Assuming a saturation
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FIG. 3. (Color online) Ferroelectric polarization as a function of applied
magnetic field perpendicular to the sample plane, after out-of-plane mag-
netic saturation (red circles) and after demagnetization (blue triangles). (Up-
per inset) Schematic diagram of the strain gradient in the ferroelectric layer
due to magnetostriction in the upper ferromagnetic electrode. (Lower inset)
Calculation [from Eq. (1)] of the changes in polarization with applied field
across a single domain wall for various values of &, the angle between
magnetization directions for two adjacent domains.

polarization of P(VDE-TrFE) of 0.1 C/m?, we obtain a lin-
ear ME coefficient of a«=4.78 X108 C/m? Oe (equivalent
to @=5.45 V/cm QOe) and a third-order coefficient of B
=7.82X 107" C/m? Oe’. The linear ME coefficient is com-
parable to those measured previously in composite materials
such as nanopillars3 of BaTiO;—CoFe,0, or laminates® of
PZT/terfenol-D, an unexpected result given the much smaller
magnetostriction of Co.

The data shown in Fig. 2 are for a virgin magnetic
sample, with multiple in-plane magnetic domains. After
magnetic saturation, either in-plane of or out-of-plane, the
polarization shows negligible changes with applied magnetic
field, as shown in Fig. 3 for out-of-plane saturation (red
circles). The necessity of multiple magnetic domains in the
cobalt film is further underscored by the blue triangles sym-
bols in Fig. 3, which show the P versus H curve after de-
magnetization of the Co film, which restores the effect, albeit
at a lower level, approximately 2.5% instead of 5% as in Fig.
2. Demagnetization results in smaller domains and hence a
higher density of domain walls, as confirmed by magnetic
force microscopy imaging on an identically grown Co
sample. Demagnetization reduced the average domain size to
200 nm, approximately 1/3 the size of the domains measured
after magnetic saturation. Clearly, the presence of multiple
domains plays an essential role in this effect. Any discussion
of the origin of this large ME effect must account for the
dependence on the presence of multiple magnetic domains
and the odd symmetry with respect to the directions of the
applied magnetic field and the sample polarization. Purely
magnetostrictive effects fail on both counts, as well as se-
verely underestimating the magnitude of the change. Since
the ferroelectric layer is essentially unclamped in the out-of-
plane direction, any changes in the polarization will arise
only from changes in the in-plane stress with magnetic field.
Using the known values of the elastic and piezoelectric co-
efficients for P(VDF-TrFE),'® and the magnetostriction of
Co, purely magnetostrictive strain leads to an estimated rela-
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tive change in the ferroelectric polarization AP/P of order
107%, two orders of magnitude smaller than the 5% measured
change. Although the magnetostrictive coefficients in thin
films may be three to five times larger than the bulk
value,'"'® this still fails to account for the large changes in
polarization.

An alternative explanation arises from the asymmetric
geometry of our sample. Magnetostrictive effects occur only
in the Co electrode, inducing a strain gradient in the thick-
ness of the film, de/dz. The flexoelectric effect,l9’20 defined
as the polarization change induced by a strain gradient is
given by (neglecting the tensor character of the flexoelectric
effect'”) AP=-f (de/dz), where f is the flexoelectric coeffi-
cient, and de/ dz is the strain gradient in the ferroelectric film
(see the upper inset of Fig. 3). Since the strain gradient de/dz
would be largest for a uniformly magnetized cobalt film, and
smallest for a demagnetized film, this is also inconsistent
with of the results shown in Fig. 3.

However, the presence of multiple in-plane magnetic do-
mains means numerous in plane strain gradients exist in the
magnetic film and consequently in the ferroelectric film.
These could contribute to the changes in polarization via the
flexoelectric effect. The strain gradient across the domain
wall between two in-plane magnetic domains oriented at an
angle & with respect to each other is given by de/dx
=[(3\,/2W)(cos? 6—1)], where W is the domain wall width.
The changes in the magnitude of the polarization resulting
from these in-plane strain gradients are governed by the
components of the flexoelectric coefficient tensor f,-jk,.ﬂ’zz
For a single crystallite of the ferroelectric polymer, the x;
axis is parallel to the polarization tilted at 30° away from the
film normal. It can easily be shown that the only relevant
strain gradient is de3/ dx3. As the out-of-plane magnetic field
is increased, the magnetization within each domain rotates
toward the magnetic field direction, making an angle with
the sample plane given by ¢(H) (obtained from the magnetic
hysteresis loop). This changes the angle between the two
adjacent domains and hence changes the strain gradient
across the domain wall which is now given by

(983 3)\3
dx; AW

cos[120° — ¢(H)][cos®> 6—1]. (1)

The configuration of domains, including their density and the
in-plane angle & between adjacent domains results in a net
strain gradient, and together with the magnitude of the flexo-
electric coefficient (unknown for P[VDF-TrFE]) will deter-
mine the magnitude of the change in the polarization. Since
the configuration of domains is highly sensitive to roughness,
structure, and magnetization history the change in the mag-
nitude of the effect after demagnetization is not surprising. A
plot of Eq. (1) as a function of applied field and for various
values of &, the angle between two adjacent domains, is
shown in the lower inset of Fig. 3. In a perfectly demagne-
tized isotropic sample, all values of & are equally probable;
in reality there will be a preference for certain angles, de-
pending on the microstructure of the Co layer. A more so-
phisticated calculation would take into account a distribution
function for the angle o, the density of domains and the net
strain gradient that exists across the macroscopic area of the
sample.

Appl. Phys. Lett. 97, 112904 (2010)

In conclusion, we have demonstrated a large converse
ME effect in a heterostructure composed of a ferromagnetic
cobalt film and a ferroelectric polymer film. Application of a
magnetic field to the heterostructure results in changes in the
electric polarization of up to 5%. The result is highly depen-
dent on the presence of multiple magnetic domains in the
cobalt film. We propose a model in which the interaction
arises from strain gradients at the magnetic domain walls
coupling to flexoelectric response in the polymer layer.
These results provide a qualitative look into the phenom-
enon; quantitative study will require independent measure-
ment probing key features of the underlying mechanisms in-
cluding the flexoelectric response of the ferroelectric
polymer, the effect of the magnetic state in the ferroelectric
hysteresis loops, the domain-wall strain of the ferromagnetic
film, and the evolution of the magnetic domains with mag-
netic field. The sensitivity of this effect to the exact domain
configuration of the ferromagnet may provide a path for tun-
ing both the magnitude and symmetry of the effect.

This research is supported by the National Science Foun-
dation through the Materials Research Science and Engineer-
ing Center program under Grant No. DMR-0820521.
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