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We have demonstrated that at room temperature the electric polarization of a ferroelectric polymer,
polyvinylidene fluoride (PVDF), in an artificial multiferroic structure can be controlled by applying
an external magnetic field. We found that as the applied magnetic field is changed, the switching of
electric polarization for the PVDF depends on the external magnetic field. We also noticed that
both the electric coercivity and polarization of the PVDF polymer display hysteretic features as the
applied magnetic field is changed. We found that the thickness of the PVDF layer has an effect on
the magnetoelectric coupling strength in our samples. The coupling sensitivity increases as the
PVDF layer thickness increases. It is possible to control the ferroelectric properties of a PVDF film
by tuning the external magnetic field. © 2013 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4794873]

INTRODUCTION

Room temperature manipulation of magnetic states
by electrical means'? and, conversely, magnetically manipu-
lated electronics®* are among the most promising
approaches towards developing novel information and tech-
nology devices. Materials with ferroelectric and ferromag-
netic properties or magneto-electric (ME) coupling effects”’
are the potential candidates for this purpose.® Preparation
and characterization of multiferroic materials would repre-
sent a milestone for multifunctionalized materials.”® Both
single phase and composite multiferroic studies have been
reported.'®'3 Typically, the ME coupling constant at room
temperature for single phase materials is usually quite small.
The multiferroic composite heterostructures show relatively
large room-temperature extrinsic ME effect. The reported
values for the magneto-electric coupling sensitivity for
composite ME materials range from 1V/(cm x Oe)'® to to
6 V/cm Oe,17 and up to 21 V/(cm x Oe).18 Compared with
bulk ME composites, multiferroic ME films can be combined
at the atomic level. Recently, pioneering work on multifer-
roic ME films has been reported by few groups.'®* A more
impressive coupling sensitivity of up to 310 V/(cm Oe) was
reported for a polyvinylidene-fluoride (PVDF)-metglas lami-
nate composite.”” The origin of the ME coupling in polymer-
based nanoscale heterostructures is not clearly established.

In this experiment, we have synthesized multiferroic
heterostructures consisting of ferromagnetic iron layers and
ferroelectric PVDF polymer layer. We have observed giant
magnetoelectric coupling in our samples, i.e., by applying an
external magnetic field, we are able to tune the electric polar-
ization of the ferroelectric PVDF layer. Moreover, as the
applied magnetic field is varied, the properties of PVDF
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layer show hysteretic features. We have also noticed that
changing the thickness of the PVDF layer will affect the
magnetoelectric coupling strength between the ferroelectric
and ferromagnetic layers. The magnetoelectric coupling
sensitivity was also estimated which is in the range of
3700 V/cm Oe for our sample.

EXPERIMENTAL TECHNIQUE

Heterostructured multilayer samples, schematic shown
in Fig. 1, are fabricated using physical vapor deposition for
magnetic layers and the Langmuir—Schaefer film fabrication
method for PVDF layers as described in the previous experi-
ments.?® The thickness of each sample is precisely controlled
and calibrated. A Radiant Technology Precision ferroelectric
measurement system was used to measure the polarization
versus electric field hysteresis loops of all the samples. Each
sample was placed between the pole pieces of an electromag-
net with the external magnetic field applied parallel to the
sample surface.

RESULTS AND DISCUSSIONS

Fig. 2 shows the polarization versus electric field (P-E)
hysteresis loops measured under different magnetic fields
for a multilayer sample with the structure of Fe(80nm)/
PVDF(70 nm)/Fe(26 nm). The magnetic field was varied in
such a way that it changes from —880 Oe to 880 Oe and then
from 880 Oe to —880 Oe again. Each P-E loop was recorded
under an applied magnetic field. It can be clearly seen that
as the magnetic field applied, there is a change on the elec-
tric properties of the PVDF polymer. The area under P-E
loops shows a strong dependence on the external magnetic
field. The energy product (area under each P-E loop) shows
a minimum at —880 Oe and then it increases as we increase
the external magnetic field. When the magnetic field is
applied at —880 Oe, as shown in Fig. 1, the polarization can

© 2013 American Institute of Physics
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FIG. 1. The schematic graph of the Fe (80 nm)/PVDF (52 nm)/Fe (26 nm)
heterostructure.

be saturated at 6.9 MV/m, while the polarization is switched
under coercivity of —5.7 MV/m. As the applied magnetic
goes to zero, the electric polarization of the PVDF polymer
layer saturates at electric field of 8.4 MV/m, and the coer-
civity is at —5.9 MV/m field. So, the PVDF polymer
becomes hard to be saturated and flipped as the magnetic
field changed from —880 Oe to 880 Oe. The P-E loop taken
at 880 Oe magnetic field shows that the polarization can be
saturated at an electric field of 10.7 MV/m and it can be
flipped at —9.5 MV/m. When the magnetic field goes back
to zero from maximum field, the electric polarization satu-
rates at electric field of 8.9 MV/m and the coercivity is at
—8.1 MV/m electric field. The P-E loop taken at this zero
magnetic field (labeled as 0 Oe down in Fig. 2) is different
from the results taken at the other zero magnetic field which
changes from —880 Oe (labeled as 0 Oe up). So, the history
of the sample plays a role and hysteresis shows up as indi-
cated in Fig. 2.

In order to characterize the magneto-electric coupling of
the sample, we choose an electric bias field of 7.0 MV/m,
and plot the polarization versus magnetic field, the result is
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FIG. 2. P-E hysteresis loops of the Fe (80 nm)/PVDF (70nm)/Fe (26 nm)
heterostructure under different applied magnetic fields. The lower inset
shows the polarization of the polymer as a function of the applied magnetic
field at an electric bias field of 7.0 MV/m.
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shown as the inset of Fig. 2. We also plot the electric coer-
civity and electric saturation field of the PVDF polymer layer
under different magnetic fields as shown in Fig. 3. From
those data, it can be clearly seen that both the electric polar-
ization and the electric coercivity show hysteretic feature
upon external magnetic field. This observed magneto-
electric coupling effect originates from the interface between
ferroelectric and ferromagnetic. The hysteresis dependence
of PVDF upon magnetic field plotted in Fig. 3 is due to the
hysteresis of Fe magnetic layers upon magnetic field. Having
seen that the magnetoelectric coupling is present in our sam-
ple, we also studied a series of samples with different PVDF
polymer thicknesses while the ferromagnetic iron layers
were kept at a constant thickness. In order to compare the
magneto-electric coupling strength in each of the sample, the
opening width of the hysteresis curve of Ec-H and E,,-H
graphs is analyzed. This opening width indicates the effect
of the magnetic field on the ferroelectric property. The wider
the opening of the hysteresis curves plotted in Fig. 3, the
stronger the magneto-electric coupling strength. We noticed
that as the PVDF thickness increases, the width of the
Ec-H hysteresis loops also increases.”’ This indicates that
the magneto-electric coupling strength is getting larger as
the PVDF thickness increases. This cannot be explained by
the simple strain effect. First, according to strain effect, the
magnetostriction stress is kept the same for all our samples
by keeping the iron layers unchanged. When this same stress
(or pressure) is applied to a thicker PVDF layer, the effect is
expected to be smaller which is contradictory to our
observed data. Second, magnetostriction does not depend on
the polarity of the external magnetic field; however, our data
show dependence on the polarity of the magnetic field. We
believe it is due to the significant magnetic field in the poly-
mer layer vicinity generated by Fe ferromagnets and this
generated magnetic field is hysteretic and it is much larger
than the external applied magnetic field due to the ferromag-
netism of Fe. The magnetic field generated by magnetized
Fe layer can exert a force on rotating dipoles of PVDF and
affect the rotation of those electrical dipoles. The direction
of this force does depend on the polarity of the magnetic
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FIG. 3. Electric coercivity and electric saturate polarization as a function of
the applied magnetic field, showing that the coercivity and saturation field of
the PVDF layer depend on the magnetic field.
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field. As a result of that, this additional force can affect and
tune the polarization properties of the PVDF layer. The lin-
ear magneto-electric coupling constant is often defined as:
op = AE/AH. We have estimated the magneto-electric
coupling strength by extracting the change in the electric
field of the polymer layer with applied magnetic field from
the polarization versus magnetic field plot in the region of
low applied fields, as inset of Fig. 1. The values of magneto-
electric coupling coefficient for our sample are around
3700 V/(cm Oe). This value is much higher than that of the
previously reported. We have now shown that a large electri-
cal response for only a small applied magnetic field change
is ideal for magnetic sensors.

CONCLUSIONS

We have been able to create ferromagnetic/ferroelectric
heterostructures by sandwiching a layer of PVDF polymer
between layers of iron thin films. Our measurements have
shown that this heterostructure exhibits the magneto-electric
effect. The electric properties of the PVDF polymer can be
tuned when a magnetic field is applied to the sample and this
tuning effect shows clear hysteresis upon magnetic field. It is
also seen that the thickness of the PVDF layer affects the
magneto-electric coupling strength.

'D. Chiba, M. Yamanouchi, F. Matsukura, and H. Ohno, Science 301, 943
(2003).

2y, Yamada, K. Ueno, T. Fukumura, H. T Yuan, H. Shimotani, Y. Iwasa,
L. Gu, S. Tsukimoto, Y. Ikuhara, and M. Kawasaki, Science 332,
1065-1067 (2011).

3H. Ohno, D. Chiba, F. Matsukura, T. Omiya, E. Abe, T. Dietl,Y. Ohno,
and K. Ohtani, Nature 408, 944 (2000).

4X. He, Y. Wang, N. Wu, A. N. Caruso, E. Vescovo, K. D. Belashchenko,
P. A. Dowben, and C. Binek, Nature Mater. 9, 579 (2010).

SW. Eerenstein, N. D. Mathur, and J. F. Scott, Nature 442, 759 (2006).

°5. 7. Betouras, G. Giovannetti, and J. van den Brink, Phys. Rev. Lett. 98,
257602 (2007).

J. Appl. Phys. 113, 17C715 (2013)

]. Wang, J. B. Neaton, H. Zheng, V. Nagarajan, S. B. Ogale, B. Liu,
D. Viehland, V. Vaithyanathan, D. G. Schlom, U. V. Waghmare, N. A.
Spaldin, K. M. Rabe, M. Wuttig, and R. Ramesh, Science 299, 1719
(2003).

8T. Lottermoser, T. Lonkai, U. Amann, D. Hohlwein, J. r. Ihringer, and M.
Fiebig, Nature 430, 541 (2004).

°J. Hemberger, P. Lunkenheimer, R. Fichtl, H.-A. Krug von Nidda,
V. Tsurkan, and A. Loidl, Nature 434, 364 (2005).

105, Picozzi, K. Yamauchi, B. Sanyal, I. A. Sergienko, and E. Dagotto,
Phys. Rev. Lett. 99, 227201 (2007).

X.'S. Xu, M. Angst, T. V. Brinzari, R. P. Hermann, J. L. Musfeldt, A. D.
Christianson, D. Mandrus, B. C. Sales, S. McGill, J.-W. Kim, and Z.
Islam, Phys. Rev. Lett. 101, 227602 (2008).

I2N. Ikeda, H. Ohsumi, K. Ohwada, K. Ishii, T. Inami, K. Kakurai, Y.
Murakami, K. Yoshii, S. Mori, Y. Horibe, and H. Kito, Nature 436,
1136-1138 (2005).

B3M. Angst, R. P. Hermann, A. D. Christianson, M. D. Lumsden, C. Lee,
M.-H. Whangbo, J.-W. Kim, P. J. Ryan, S. E. Nagler, W. Tian, R. Jin, B.
C. Sales, and D. Mandrus, Phys. Rev. Lett. 101, 227601 (2008).

4y -H Lin, N. Cai, J. Zhai, G. Liu, and C.-W Nan, Phys. Rev. B 72, 012405
(2005).

5T, Kimura, T. Goto, H. Shintani, K. Ishizaka, T. Arima, and Y. Tokura,
Nature 426, 55, (2003).

165, G. Lu, Z. Fang, E. Furman, Y. Wang, Q. M. Zhang, Y. Mudryk, K. A.
Gschneidner, V. K. Pecharsky, and C. W. Nan, Appl. Phys. Lett. 96,
102902 (2010).

'7J. Ma, Z. Shi, and C. W. Nan, Adv. Mater. 19, 2571 (2007).

187, Fang, S. G. Lu, F. Li, S. Datta, Q. M. Zhang, and M. El Tahchi, Appl.
Phys. Lett. 95, 112903 (2009).

197, Ma, J. Hu, Z. Li, and C. W. Nan, Adv. Mater. 23, 1062 (2011).

20y, Zheng, J. Wang, S. E. Lofland, Z. Ma, L. Mohaddes-Ardabili, T. Zhao,
L. Salamanca-Riba, S. R. Shinde, S. B. Ogale, F. Bai, D. Viehland, Y. Jia,
D. G. Schlom, M. Wuttig, A. Roytburd, and R. Ramesh, Science 303, 661
(2004).

21C-W. Nan, G. Liu, Y. Lin, and H. Chen, Phys. Rev. Lett. 94, 197203
(2005).

2N, Hur, S. Park, P. A. Sharma, S. Guha, and S.-W. Cheong, Phys. Rev.
Lett. 93, 107207 (2004).

2G. Srinivasan, Annu. Rev. Mater. Res. 40, 153 (2010).

244, Mardana, M. Bai, A. Baruth, S. Ducharme, and S. Adenwalla, Appl.
Phys. Lett. 97, 112904 (2010).

2], Zhai, S. Dong, Z. Xing, J. Li, and D. Viehland, Appl. Phys. Lett. 89,
083507 (2006).

26J. Carvell and R. Cheng, Mater. Lett. 64, 1992 (2010).

27y, Carvell, R. Cheng, P. A. Dowben, and Q. Yang, “Polymer interface
induced spin and dipole ordering,” Phys. Rev. Lett. (submitted).

Downloaded 07 Aug 2013 to 134.68.135.145. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://jap.aip.org/about/rights_and_permissions


http://dx.doi.org/10.1126/science.1086608
http://dx.doi.org/10.1126/science.1202152
http://dx.doi.org/10.1038/35050040
http://dx.doi.org/10.1038/nmat2785
http://dx.doi.org/10.1038/nature05023
http://dx.doi.org/10.1103/PhysRevLett.98.257602
http://dx.doi.org/10.1126/science.1080615
http://dx.doi.org/10.1038/nature02728
http://dx.doi.org/10.1038/nature03348
http://dx.doi.org/10.1103/PhysRevLett.99.227201
http://dx.doi.org/10.1103/PhysRevLett.101.227602
http://dx.doi.org/10.1038/nature04039
http://dx.doi.org/10.1103/PhysRevLett.101.227601
http://dx.doi.org/10.1103/PhysRevB.72.012405
http://dx.doi.org/10.1038/nature02018
http://dx.doi.org/10.1063/1.3358133
http://dx.doi.org/10.1002/adma.200700330
http://dx.doi.org/10.1063/1.3231614
http://dx.doi.org/10.1063/1.3231614
http://dx.doi.org/10.1002/adma.201003636
http://dx.doi.org/10.1126/science.1094207
http://dx.doi.org/10.1103/PhysRevLett.94.197203
http://dx.doi.org/10.1103/PhysRevLett.93.107207
http://dx.doi.org/10.1103/PhysRevLett.93.107207
http://dx.doi.org/10.1146/annurev-matsci-070909-104459
http://dx.doi.org/10.1063/1.3488814
http://dx.doi.org/10.1063/1.3488814
http://dx.doi.org/10.1063/1.2337996
http://dx.doi.org/10.1016/j.matlet.2010.06.030

