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The fabrication of well-ordered nanocomposites consisting of poly(vinylidene 

fluoride) (PVDF), poly(methacrylic acid) (PMAA) and nickel has been described in 

the previous chapter. Here, the ferromagnetic properties of those composites 

and ferroelectric behavior of their block copolymer precursor materials are 

reported. The ferroelectric β-phase of PVDF is observed in all samples, and the 

local hysteresis loops, measured with piezoresponse force microscopy, 

confirmed the polarization switching in the block copolymer films. In addition, 

PVDF/PMAA/Ni nanocomposites demonstrated room temperature 

ferromagnetism.  
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6.1 Introduction 

Multiferroic (MF) materials possess at least two ferroic orders, i.e. ferroelectricity, 

ferromagnetism and ferroelasticity, and are considered as promising candidates 

for application in multifunctional devices.[1-2] Magnetoelectric (ME) coupling may 

arise in materials in which ferroelectric (FE) and ferromagnetic (FM) properties 

coexist. The ME effect is described as the appearance of an electric polarization 

upon applying a magnetic field, or the appearance of a magnetization upon 

applying an electric field.[2-4] Note that not all multiferroic materials are 

magnetoelectric and vice versa (Figure 6.1). However, it is believed that 

multiferroics are among the materials with the highest ME response. 

 

 
Figure 6.1 Relationship between ferroelectric materials (green) and ferromagnetic 
materials (black). The intersection (red) between both represents materials that possess 
both ferroic orders: multiferroics. Magnetoelectric coupling (blue) may arise in any of the 
materials that are both magnetically and electrically polarizable. (Reprinted by permission 
from Macmillan Publishers Ltd: NATURE [1], copyright 2006.) 

 

Multiferroics can be divided into two groups: single-phase and composite 

materials. In contrast to single-phase materials, MF composites that combine 

distinct ferroelectric and ferromagnetic phases can produce a large ME effect at 

room temperature.[1-3] Such materials may find potential applications in sensor and 

information storage industry, since the coupling can permit data to be written 

electrically and read magnetically in the case of composites. The ME coupling is 

achieved via elastic interaction between a magnetostrictive and piezoelectric 

phase. This strain-mediated ME effect is strongly dependent on the composite 
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microstructure and interaction across the composite interface. Besides 

conventional ceramic composites, polymer-based ME composites, combining 

ferroelectric PVDF with a magnetostrictive phase, have been fabricated in recent 

years and demonstrated significant ME coefficients.[2,5-8] 

In piezoelectric materials, an electrical polarization is produced in response to 

applied mechanical stress (direct piezoelectric effect), or vice versa, a mechanical 

displacement is observed when applying an electric field (converse piezoelectric 

effect).[9-10] A special class of piezoelectrics possess a spontaneous polarization (P) 

that can be reversed upon application of an electric field (E): ferroelectric 

materials.[3,11] Their ability to exist in different polarized states (“1” and “0”) and to 

switch the polarization in an electric field allows the application of ferroelectrics in 

memory devices and field effect transistors.[9]  

The development of ferroelectric-based electronic devices requires detailed 

knowledge of local electromechanical activity on the nanometer scale. High 

resolution measurements on ferroelectrics became available with the 

development of a new technique from the field of scanning probe microscopy, i.e. 

piezoresponse force microscopy (PFM).[9,12-13] The principle of PFM was first 

introduced by Dransfeld and co-workers.[14-15]  

In PFM, an alternating current (AC) voltage is applied to a conductive tip in contact 

with the sample surface, thereby detecting the sample deformation due to the 

converse piezoelectric effect (Figure 6.2).[9,12,16] The PFM tip acts as a mobile top 

electrode, and the AC voltage generates a local sample oscillation. The out-of-

plane component of the resulting vibration is represented as Δz(t) = d33VAC 

sin(ωt+ϕ). The phase of this electromechanical vibration, referred to as the 

piezoresponse (PR) phase (ϕ), yields information on the polarization direction 

below the tip. For example, the polarization can be in the same or opposite 

direction of the applied electric field, resulting in in-phase (ϕ = 0°) or out-of-phase 

(ϕ = 180°) sample vibration with respect to the applied AC voltage (VAC), 

respectively. On the other hand, the PR amplitude (A = d33VAC) is related to 

magnitude of the piezoresponse and can be used to derive the piezoelectric 

coefficient d33. In contrast to the PR phase, the amplitude of the piezoresponse 

signal is independent on the polarization direction. In order to extract the PR signal 

from the topography signal, a lock-in amplifier is used.  
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Figure 6.2 Schematic representation of PFM technique: AC voltage is applied between tip 
(green) and bottom electrode (gray). The piezoresponse can be in-phase (ϕ = 0°) or out-of-
phase (ϕ = 180°) relative to the applied voltage, depending on the polarization direction. 
The amplitude (A) of the piezoresponse is independent on the polarization direction. 

 

When exciting the piezoelectric vibration of the sample, two major approaches are 

distinguished.[12-13] In the local excitation mode, the AC voltage is directly applied 

between the conductive tip and bottom electrode. Another approach includes the 

deposition of a top electrode onto the sample and applying the voltage through 

the tip which is in contact with the larger top electrode: global excitation mode. In 

the latter approach, the electric fields generated are more homogeneous 

(facilitating quantitative interpretation of PFM measurements), although the 

lateral resolution will be reduced.  

The most obvious application of PFM is to image ferroelectric domain structures 

based on variations of amplitude and phase of the piezoresponse. However, since 

the polarization in ferroelectrics can be switched by application of an electric field, 

PFM can also be employed to manipulate ferroelectric domains. When applying a 

direct current (DC) voltage higher than the coercive voltage, the polarization in 

that specific region will be switched. This operation is called writing and is used to 
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pattern domain structures. Subsequently, the reading process involves mapping of 

the manipulated area using an AC voltage. In addition, PFM can be used as a 

spectroscopic tool when switching measurements are performed at a fixed tip 

position under a sweeping DC voltage. This approach produces local hysteresis 

loops for both PR phase and amplitude, revealing the switching behavior in 

ferroelectric materials.[9,12-13]  

PFM has been performed on poly(vinylidene fluoride) (PVDF) and its copolymers to 

study their piezo- and ferroelectric character. The β-crystalline phase of PVDF is 

ferroelectric, originating from the uniformly oriented monomer dipole in the all-

trans chain conformation (Figure 1.2).[17] Copolymerization of VDF with 

trifluoroethylene (TrFE) induces the formation of the β-polymorph, i.e. 

incorporation of TrFE units aligns the direction of the dipoles along the polymeric 

chains.[18] Consequently, many reports have discussed the ferroelectric behavior of 

P(VDF-r-TrFE) random copolymers using PFM, including the mapping of domains, 

polarization domain switching and local hysteresis experiments.[19-24]  

Only a few investigations concentrated on the domain imaging of PVDF 

homopolymer films.[25-28] However, whether the domain contrast measured on 

PVDF bulk films is due to the intrinsic piezoelectric properties and is not originating 

from cross-talk with topography, as stated by Nunes et al.,[25] is questionable given 

the reported images. Typical techniques applied to induce the β-phase formation 

in PVDF prior to PFM measurements are electrospinning, lithographic patterning, 

mechanical stretching and electrical poling.  

Analogue to ferroelectric materials, ferromagnets show a spontaneous 

(permanent) magnetization (M) even in the absence of an external magnetic field 

(H).[3,11] As-prepared ferromagnetic samples usually lack bulk magnetization due to 

random orientation of magnetic domains. However, domain orientation takes 

place upon application of an external field, and a residual (remanent) 

magnetization (Mr) remains after reducing the applied field to zero. Similar to 

ferroelectrics, ferromagnets behave hysteretically, hence reversal of the magnetic 

field induces opposite magnetization which allows application in data storage.[3]  

In this chapter, we investigate the ferromagnetic properties of PVDF/PMAA/Ni 

nanocomposites using a super conducting quantum interference device (SQUID) 

and the ferroelectric behavior of the block copolymer precursors with PFM. First, a 

structural characterization is performed on the fabricated films.  
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6.2 Experimental 

6.2.1 Materials 

PtBMA-b-PVDF-b-PtBMA triblock copolymers were prepared through atom 

transfer radical polymerization of tBMA from a chlorine-terminated PVDF 

macroinitiator. PtBMA-b-PVDF-b-PtBMA block copolymer films were cast from 

DMF, PMAA-b-PVDF-b-PMAA block copolymer templates were obtained through 

acidic hydrolysis of PtBMA-b-PVDF-b-PtBMA and PVDF/PMAA/Ni nanocomposites 

were fabricated via electroless nickel plating of PMAA-b-PVDF-b-PMAA. All 

procedures are described in Chapter 5. 

6.2.2 Characterization 

Scanning electron microscopy (SEM) was carried out on a Philips XL-30 

environmental scanning electron microscope at 5 kV. The fabricated films were 

fixed on conductive carbon tape, attached to the SEM sample holder. Pieces were 

placed horizontally and vertically, in order to enable top view and cross section 

images, respectively. Prior to imaging, the specimens were coated with 10 nm 

Pt/Pd (80:20).  

 

 
Figure 6.3 Schematic representation of PFM set-up. (a) Local excitation mode: voltage 
directly applied between the Co/Cr tip (green) and Ag bottom electrode (gray). (b) Global 
excitation mode: additional Au top electrode (blue) is sandwiched between tip and 
polymer film. The electric field (red arrows) generated in global excitation mode is more 
homogeneous. 
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Bright-field transmission electron microscopy (TEM) was carried out on a Philips 

CM12 transmission electron microscope operating at an accelerating voltage of 

120 kV. TEM samples were prepared as follows: ultrathin sections (ca. 80 nm) of 

the sample embedded in epoxy resin (Epofix, Electron Microscopy Sciences) were 

microtomed using a Leica Ultracut UCT-ultramicrotome equipped with a 35° 

Diatome diamond knife at room temperature, and subsequently placed on copper 

grids.  

Wide-angle X-ray scattering (WAXS) was performed at the Dutch-Belgium 

Beamline (DUBBLE) station BM26B of the European Synchrotron Radiation Facility 

(ESRF) in Grenoble, France.[29-30] The X-ray wavelength was 1.03 Å. The scattering 

vector q is defined as q = 4π/λsinθ with 2θ being the scattering angle. The patterns 

were collected at room temperature. 

Piezoresponse force microscopy (PFM) was carried out under ambient conditions 

on a Dimension V (Veeco/Bruker) atomic force microscope, equipped with a 

conductive Co/Cr-coated silicon tip (spring constant 5 Nm-1). Samples were 

attached to a metallic sample holder using silver paste. Local hysteresis loops were 

measured as a function of a DC bias (-10 to 10 V) superimposed on an AC 

modulation voltage (8 V, 25 kHz), either on an Au top electrode (70 nm thick layer 

patterned using a Balzers deposition system) or directly on the polymer sample 

using the conductive tip as top electrode (Figure 6.3). Three positions were 

selected per sample and the curves obtained were averaged. 

Magnetic characterization was performed using a Quantum Design super 

conducting quantum interference device (SQUID) magnetic property measurement 

system (MPMS) at 25 K and 300 K with a magnetic field up to 2000 Oe. 

 

Table 6.1 Characteristics of polymer films and polymer/nickel nanocomposite. 

Sample Fabrication 

procedure 

Δt
a
 

(µm) 

Uc
b

 

(V) 

Mr
c
 

(emu·g
-1

) 

Hc
c
 

(Oe) 

PtBMA-b-PVDF-b-PtBMA Solvent-casting 42 3.5   

PMAA-b-PVDF-b-PMAA Acidic hydrolysis 38 3.2   

PVDF/PMAA/Ni Nickel plating 43  4.5 56 
a Determined from cross-sectional SEM. b Derived from PFM hysteresis loops measured 

on Au top electrode. c Derived from M-H loops measured at 300 K. 
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6.3 Results and discussion 

6.3.1 Film structure 

The fabrication procedure towards PtBMA-b-PVDF-b-PtBMA block copolymer 

films, their corresponding hydrolyzed templates and PVDF/PMAA/Ni 

nanocomposites is described in Chapter 5 and summarized in Table 6.1. In addition 

to the morphological analysis presented in the previous chapter, the film structure 

is systematically characterized below.   

  

   

  

  
Figure 6.4 SEM images: (a) top view and (b) cross section of PtBMA-b-PVDF-b-PtBMA film, 
(c) top view and (d) cross section of PMAA-b-PVDF-b-PMAA template, and (e) top view and 
(f) cross section of PVDF/PMAA/Ni nanocomposite. 
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Figure 6.5 Bright-field TEM images of (a) PtBMA-b-PVDF-b-PtBMA film, (b) PMAA-b-PVDF-
b-PMAA template and (c) PVDF/PMAA/Ni nanocomposite. 

 
Figure 6.6 WAXS patterns of (a) PtBMA-b-PVDF-b-PtBMA film, (b) PMAA-b-PVDF-b-PMAA 
template and (c) PVDF/PMAA/Ni nanocomposite, recorded at room temperature. 

 

The microstructure of the fabricated films is analyzed using SEM (Figure 6.4). The 

spherulitic superstructure is observed in all samples, indicating that the 

semicrystalline block copolymer morphology (Figure 5.5) is preserved throughout 

the fabrication process. The sample thickness (Δt) is estimated from the cross-

sectional images and displayed in Table 6.1. 

Figure 6.5 displays the TEM micrographs of the samples. The lamellar 

nanostructure of the block copolymer film (Figure 6.5a) collapses after the acidic 

hydrolysis treatment, as discussed in Chapter 5. Nevertheless, a layered structure 

can still be detected in TEM (Figure 6.5b). The final PVDF/PMAA/Nickel nanohybrid 

again reveals the original lamellar morphology (Figure 6.5c). WAXS patterns 
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depicted in Figure 6.6 indicate the presence of the favored β-phase of PVDF in all 

samples. The presence of this ferroelectric polymorph, which is formed due to the 

confinement caused by the block copolymer self-assembly (Chapter 5), excludes 

the need for post-annealing treatments like stretching or poling.[25,28] 

6.3.2 Film properties 

6.3.2.1 Ferroelectric behavior 

The electromechanical activity of the fabricated films has been studied with PFM. 

Local switching measurements were performed on both the PtBMA-b-PVDF-b-

PtBMA film and PMAA-b-PVDF-b-PMAA template. Per sample, three positions 

were selected and the local hysteresis loops obtained were averaged. PFM analysis 

of the PVDF/PMAA/Ni nanocomposite was inaccessible, since the material is 

covered with a conductive layer of nickel resulting from the electroless Ni plating 

procedure.  

The PR amplitude and phase hysteresis loops for PtBMA-b-PVDF-b-PtBMA (Figure 

6.7a,b) indicate ferroelectric behavior in the PVDF-based block copolymer film. The 

difference in polarization phase is close to 180° as depicted in Figure 6.7b. This 

local polarization reversal is also observed in the PMAA-b-PVDF-b-PMAA template 

(Figure 6.7c,d). Both samples were measured by placing the PFM tip on top of an 

Au electrode patterned on the polymer surface (global excitation mode), to ensure 

a homogeneous electric field under the tip. The slightly asymmetric shape (i.e. 

voltage offset of 0.5 V) in the hysteresis loops may arise from the non-uniform 

properties of the top and bottom electrodes or the existence of a pinned layer 

near the film-electrode interface.[21] The higher signal-to-noise ratio observed for 

the hydrolyzed template with respect to its precursor indicates a stronger 

piezoresponse, which can be related to the increase in crystallinity after the 

hydrolysis of amorphous tBMA domains. 

Analysis of the hysteresis loops allows the extraction of local switching 

parameters. For instance, the coercive voltage (Uc) is similar for both films, in the 

range of 3.0-3.5 V (Figure 6.7). Taking into account the thickness of the block 

copolymer films (Table 6.1), the calculated coercive field (Ec) is ca. 80 kV/m, which 

is three orders of magnitude lower compared to the reported values for PVDF 

homopolymer films.[31-33]  
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Figure 6.7 Local PFM hysteresis loops: (a) PR amplitude and (b) PR phase curves for PtBMA-
b-PVDF-b-PtBMA film, and (c) PR amplitude and (d) PR phase curves for PMAA-b-PVDF-b-
PMAA template, measured in global excitation mode on Au top electrode. Three positions 
were selected per sample and the loops obtained were averaged. 

 

Additionally, the relation of coercive voltage with film thickness has been 

investigated. Figure 6.8 depicts the cross-sectional SEM images of three PtBMA-b-

PVDF-b-PtBMA films having a thickness of ca. 42, 15 and 9 µm, respectively. The 

inset reveals the corresponding PR phase curves. The coercive voltage clearly 

decreases with sample thickness, leading to a constant value for the coercive field 

(Ec = 83-93 kV/m). 

The local switching in the PMAA-b-PVDF-b-PMAA template has also been 

investigated directly on the polymer surface, thus using the PFM tip as top 

electrode (local excitation mode). The PR amplitude and phase curves are depicted 

in Figure 6.9. The amplitude hysteresis loop depicted in Figure 6.9a increases 

almost linearly with the applied DC voltage and saturation is not observed, 

indicating that the response is dominated by electrostatic interactions between 

the cantilever and the bottom electrode.[22,34] This effect can be strongly reduced 

by the introduction of a large top electrode between the tip-cantilever and sample 

surface,[34] as shown in Figure 6.7c.  
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Figure 6.8 Cross-sectional SEM images of PtBMA-b-PVDF-b-PtBMA films with thickness of 
(a) 42 µm, (b) 15 µm and (c) 9 µm. The inset shows the corresponding PR phase hysteresis 
loops with a coercive voltage (and coercive field) of (a) 3.5 V (83 kV/m), (b) 1.4 V (93 kV/m) 
and (c) 0.8 V (89 kV/m). 
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Depending on the location of the switching measurement, the PR amplitude 

curves presented either hysteresis behavior (Figure 6.9a) or a linear response 

(Figure 6.9c). Besides electrostatic contributions, the PFM signal can be strongly 

influenced by the semicrystalline morphology (i.e. the presence of crystalline and 

amorphous domains),[20] as indicated by the local variation of the switching 

measurements. Both PR phase curves demonstrated polarization reversal (Figure 

6.9b,d).  

Contrary to the measurement performed in global excitation mode, the loops in 

Figure 6.9a,b demonstrate a symmetric shape in the absence of an Au top 

electrode. Furthermore, the coercive voltage has been reduced to ca. 1 V. Due to 

the inhomogeneous field that is caused by the tip electrode, the coercive voltage 

obtained is less reliable in comparison to the values detected with the global 

excitation approach. 

 

 
Figure 6.9 Local PFM switching measurements: (a,c) PR amplitude and (b,d) PR phase 
curves for PMAA-b-PVDF-b-PMAA template measured in local excitation mode using PFM 
tip as top electrode. Three positions were selected per sample and the curves obtained 
were averaged. 
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Structural analysis already indicated that the hydrophobic PVDF phase is not 

affected by the water-based nickel plating procedure. More specific, the 

ferroelectric β-polymorph is preserved during the process (Figure 6.6b,c). 

Therefore the PVDF phase in the PVDF/PMAA/Ni composite is expected to 

demonstrate similar properties as reported above. However, PFM measurements 

on these nanocomposites were not possible because of the conductive nickel 

phase covering the sample. 

6.3.2.2 Ferromagnetic behavior 

The magnetic characteristics of the PVDF/PMAA/Ni nanocomposites have been 

investigated. Figure 6.10 displays the temperature dependence of the 

magnetization in the composites in a magnetic field of 100 Oe. The Curie 

temperature of nickel is reported to be 627 K[35] which is not inconsistent with this 

data.  

The magnetization-field hysteresis loops at 25K and 300K are presented in Figure 

6.11a. The coercive field (Hc) at room temperature equals 56 Oe, while a remanent 

magnetization (Mr) of 4.5 emu·g-1 is observed (Table 6.1). Both coercivity and 

remanence increase to 178 Oe and 8.4 emu·g-1 respectively when the temperature 

is decreased to 25 K. The M-H curve in Figure 6.11b shows the magnetization 

saturation within the sample at higher fields. The obtained hysteresis loops clearly 

demonstrate the ferromagnetic behavior of the PVDF/PMAA/Ni nanocomposite. 

 
Figure 6.10 Magnetization versus temperature plot for PVDF/PMAA/Ni nanocomposite 
measured in a magnetic field of 100 Oe. 
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Figure 6.11 (a) Magnetization versus applied magnetic field plot for PVDF/PMAA/Ni 
nanocomposite measured at 300 K (dotted) and 25 K (solid) in a maximum magnetic field 
of 1000 Oe. (b) Magnetization versus applied magnetic field plot for PVDF/PMAA/Ni 
nanocomposite measured at 25 K in a maximum magnetic field of 2000 Oe, showing the 
magnetization saturation.  
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6.4 Conclusion 

The structure and properties of PVDF-based block copolymer films and 

nanocomposites have been studied. Structural analysis of the films indicated that 

the semicrystalline morphology is preserved during the complete fabrication 

process. Furthermore, the formation of the polar β-phase during solvent-casting 

excluded the need for post-annealing treatments. 

The ferroelectric properties of the block copolymer precursor films were 

investigated by local switching measurements on a piezoresponse force 

microscope. Local hysteresis loops obtained for PtBMA-b-PVDF-b-PtBMA 

confirmed the polarization switching in the block copolymer sample. Similar 

behavior was observed after the hydrolysis of PtBMA, in the PMAA-b-PVDF-b-

PMAA template. The contribution of electrostatic tip-electrode interactions and 

the local variation of switching measurements were both reduced when measuring 

in global excitation mode on an Au top electrode. The coercive field was observed 

to remain constant for block copolymer film thicknesses between 9-24 µm and 

significantly smaller than values reported in the literature for PVDF homopolymer 

films. Ferromagnetic behavior of the PVDF/PMAA/Ni nanocomposite was 

demonstrated both at 25 K and room temperature. Both coercivity and remanence 

increased with decreasing temperature as expected. 
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