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Abstract: The magnetoelectric effect (ME) is an important strain mediated phenomenon in a ferro- 12 

magnetic-piezoelectric composite for a variety of sensors and signal processing devices. A bias mag- 13 

netic field, in general, is essential to realize a strong ME coupling in most composites.  Magnetic 14 

phases with (i) high magnetostriction for strong piezomagnetic coupling and (ii) large anisotropy 15 

field that acts as a built-in bias field are preferred so that miniature, ME composite-based devices 16 

can operate without the need for an external magnetic field. We are able to realize such a magnetic 17 

phase with a composite of (i) barium hexaferrite (BaM) with high magnetocrystalline anisotropy 18 

field and (ii) nickel ferrite (NFO) with high magnetostriction. The BNx composites, with (100-x) 19 

wt.% of BaM and x wt.% NFO, for x = 0-100, were prepared. X-ray diffraction analysis shows that 20 

the composites did not contain any impurity phases. Scanning electron microscopy images revealed 21 

that with an increase in NFO content, hexagonal BaM grains become prominent, leading to a large 22 

anisotropy field. The room temperature saturation magnetization showed a general increase with 23 

increasing BaM content in the composites.  NFO rich composites with x ≥60 were found to have a 24 

large magnetostriction value of around -23 ppm, comparable to pure NFO. The anisotropy field HA 25 

of the composites, determined from magnetization and ferromagnetic resonance (FMR) measure- 26 

ments, increased with increasing NFO content and reached a maximum of 7.77 kOe for x= 75.  The 27 

BNx composite was cut into rectangular platelets and bonded with PZT to form the bilayers. ME 28 

voltage coefficient (MEVC) measurements at low frequencies and at mechanical resonance showed 29 

strong coupling at zero bias for samples with x ≥33.  This large in-plane HA acted as a built-in field 30 

for strong ME effects under zero external bias in the bilayers. The highest zero-bias MEVC of ~22 31 

mV/cm Oe was obtained for BN75-PZT bilayers wherein BN75 also has the highest HA.  Bilayer of 32 

BN95-PZT showed a maximum MEVC ~992 mV/cm Oe at electromechanical resonance at 59 kHz.  33 

The use of hexaferrite-spinel ferrite composite to achieve strong zero-bias ME coupling in bilayers 34 

with PZT is significant for applications related to energy harvesting, sensors, and high frequency 35 

devices. 36 

Keywords: Magnetoelectric; Spinel Ferrite; Hexagonal ferrite; Ferroelectric; Composite. 37 

 38 

1. Introduction 39 

Multiferroic materials exhibit more than one ferroic order, such as ferromagnetism, 40 

ferroelectricity, and ferroelasticity [1]. They have recently attracted significant attention 41 

due to their potential for applications in spintronics, magneto-electrics, nonvolatile mem- 42 

ories, sensors, and electrically tunable magnetic microwave devices [2,3]. A ferromag- 43 

netic-ferroelectric composite is a multiferroic that shows a variation of its ferroelectric or- 44 

der parameters when subjected to an external magnetic field, direct magnetoelectric (ME) 45 
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effect, or changes in magnetic parameters in an applied electric field, converse ME effect. 46 

[4].  In ME materials, the induced electric polarization P is related to the applied external 47 

magnetic field H by P = α H, where α is a second order ME-susceptibility tensor. Another 48 

parameter of importance is the ME voltage coefficient (MEVC) αE = δE/δH, where δE is the 49 

induced electric field due to applied magnetic field δH, and is related to α by α = ε0εrαE, 50 

where εr is the relative permittivity of the material.  According to models for the ME ef- 51 

fects in single-phase materials, the upper bound α is limited to the relation α ≤ (με)1/2, 52 

where μ and ε are the permeability and permittivity of the material, respectively [5].  One 53 

of the known single-phase multiferroic with a large α at room temperature is BiFeO3 [6]. 54 

In composite ME materials, α can be enhanced by exploiting the strain mediated interac- 55 

tions between the two phases [4].  56 

To obtain the maximum ME voltage coefficient (αE) in a ferromagnetic-ferroelectric 57 

composite an optimized magnitude of the DC magnetic bias field H is needed.  A maxi- 58 

mum in the αE occurs when the piezomagnetic coefficient q = dλ/dH (where λ is the mag- 59 

netostriction) of ferro/ferrimagnetic component of the composite is also maximum. Hence 60 

a bias magnetic field, in general, is essential to achieve a strong ME response. The need 61 

for a bias field, however, could be eliminated with a self-bias in the ferromagnetic.  There 62 

are several avenues to accomplish the self-bias condition such as a large magneto-crystal- 63 

line anisotropy field or the use of a functionally graded ferromagnet [7-9].  Other avenues 64 

include the use of compositionally graded ferromagnetic phase [10]. There are several ex- 65 

perimental findings [11-13] and theoretical models [11-13] on graded ME composites. In 66 

laminated composites changing the mechanical resonance modes through electrical con- 67 

nectivity evoke the zero bias coupling when the bending strain activates a built-in bias [9]. 68 

Thin films that rely on magnetic field dependence of resonant frequency and angular de- 69 

pendence of exchange bias field [14, 15] can also show zero-bias ME effect. It is also shown 70 

that a homogeneous magnetostrictive phase can also produce zero bias ME effect [16]. 71 

Cofired layered composites consisting of textured Pb(Mg1/3Nb2/3)O3-PbTiO3 (PMN-PT) 72 

and Cu and Zn doped NiFe2O4 show a giant zero-bias ME coefficient ~1000 mV/cm Oe [17] 73 

wherein built in stress induces zero-bias effect.  Very recently Huang et. al. [18] have 74 

shown very large self-bias ME effect with LiNbO3 single crystal and Ni trilayers with re- 75 

sidual stress engineering by using Ni as electrode and piezomagnetic layer simultane- 76 

ously using RF sputtering.  Wu et. al. [19] have shown that large sensitivity in PMN-PT- 77 

Metglass ME sensors by utilizing shear stress induced self-bias effect.  Annapureddy et. 78 

al. [20] have obtained large self-bias effect (~4200 mV/cmOe) by utilizing the graded mag- 79 

netization. To date all the reported self-bias effect are sample specific.  The role of the 80 

sample configuration and/or preparation is crucial to obtain the self-bias.  81 

This work focuses on a novel, never-before used approach for a self-biased ME com- 82 

posite with the use of a ferromagnetic layer consisting of both M-type barium ferrite hex- 83 

agonal ferrite, BaO 6Fe2O3 (BaM), with uniaxial anisotropy on the order of ~ 17.4 kOe, and 84 

nickel ferrite NiFe2O4 with high magnetostriction and piezomagnetic coefficient q [21].  85 

Composites of BaM-NFO with (100-x) wt.% of BaM and x wt.% of NFO, (BNx), were pre- 86 

pared by sintering powders of both ferrites.  X-ray diffraction revealed the presence of 87 

both BaM and NFO and the absence of impurity phases.  Scanning electron microscopy 88 

images showed crystallites of both ferrites.  Magnetization measurements at room tem- 89 

perature for static fields up to 2 T showed an increase in 4M with increasing BaM content 90 

in the composite.  Magnetostriction  measurements for BNx indicated an increase with 91 

increasing x and for x > 65 reached values comparable that of pure NFO.  High frequency 92 

measurements were carried out to determine the anisotropy field HA from dependence of 93 

the ferromagnetic resonance (FMR) frequency fr on static magnetic field H.  The in-plane 94 

HA values in BNx were found to be well above the value of 500 Oe for pure NFO. These 95 

composites show a large piezomagnetic coefficient and large magnetocrystalline anisot- 96 

ropy simultaneously which is somewhat unique to this spinel ferrite-hexaferrite compo- 97 

site. Platelets of sintered BNx were bonded to PZT to form bilayers for ME voltage 98 
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coefficient (MEVC) measurements that showed a significant zero-field ME effects.  De- 99 

tails on results of the studies are provided in the following sections.  100 

2. Experiment 101 

2.1. Materials 102 

The ferrite composites were prepared by the traditional ceramic synthesis techniques.  103 

Micrometer sized polycrystalline powders of NFO and BaM were first synthesized sepa- 104 

rately. High purity NiO, BaCO3, and Fe2O3 were mixed and ballmilled for 8 h. The powders 105 

were dried and pre-sintered at 900 ºC for 6 h. The pre-sintered powders were ballmilled 106 

again and then sintered at 1200 ºC for 6 h. Composites of (100-x) wt.% BaM- x wt% NFO 107 

(BNx) (x=5, 9, 13, 33, 38, 41, 44, 47, 60, 75, 85 and 95) were prepared by mixing the ferrite 108 

powders.  A binder, 2% PVA, was added to the powder and pressed into disks (diame- 109 

ter~18 mm and thickness ~2 mm) by applying uniaxial pressure of 250 MPa. The disks of 110 

BNx were finally sintered at 1250 ºC for 6 h. 111 

2.2. Characterizations 112 

The crystal structure of the composites was characterized by a powder X-ray diffrac- 113 

tometer (Miniflex, Rigaku) at room temperature. Morphological features of the samples 114 

were studied with an SEM (JSM-6510/GS, JEOL). Magnetostriction of the composite on 115 

rectangular platelets were measured using a strain gage and a strain indicator/recorder 116 

(P3, Micro-Measurements).  The magnetic field was applied parallel to the sample plane 117 

and along the length (direction-1) of the gage and magnetostriction measured in this con- 118 

figuration is labeled λ11. Magnetization at room temperature as a function of H was meas- 119 

ured with an Evercool Physical Property Measurement System (PPMS, Quantum Design 120 

Inc.).  Ferromagnetic resonance (FMR) measurements were done on thin rectangular 121 

platelets of the composites with the sample placed on a coplanar waveguide and with the 122 

magnetic field H parallel to the sample plane and along its length.  A vector network 123 

analyzer (Agilent) was used to record profiles of the scattering matrix S21 vs frequency f 124 

for a series of H. Measurements of ME coupling strengths were done on bilayer of BNx 125 

and vendor supplied PZT that was bonded with a thin layer of epoxy.  Composite plate- 126 

lets of dimensions 10 mm x 5 mm and 1 to 1.5 mm in thickness and 0.3 mm thick PZT 127 

plates of similar lateral dimensions as the composite were used.  The ME voltage coeffi- 128 

cient (MEVC) measurements were done by subjecting the bilayer to an ac magnetic field 129 

Hac and a bias field H.  Both H- and f-dependence of the MEVC were measured for both 130 

the magnetic fields parallel each other and either parallel or perpendicular to the sample 131 

plane.  132 

3. Results  133 

3.1.  Structural Characterization 134 

Representative powder X-ray diffraction (XRD) patterns for the BNx samples are 135 

shown in Fig. 1. XRD patterns of other BNx compositions are shown in the Fig. S1 in the 136 

Supplement. The XRD patterns show diffraction peaks from NFO and BaM. With increas- 137 

ing x-values, the NFO lines become stronger and BaM lines get weaker as expected.  This 138 

is due to the reduced weight fraction of the BaM phase as we increase x. X-ray intensity 139 

corresponding to a particular phase is proportional to the weight fraction of the phase.  140 

We have deliberately varied the weight fraction of the NFO/BaM phases and when the 141 

NFO weight fraction is increased the line intensity corresponding to NFO becomes 142 

stronger, likewise BaM intensity gets weaker.  A small amount of an impurity phase, 143 

identified as antiferromagnetic Ba5Fe2O8, is present only in BN41, BN44 and BN75 [22]. 144 

Usually, Ba5Fe2O8 type impurities (5BaO+Fe2O3) occur during the sintering of BaO and 145 

Fe2O3 based ferrites, especially in BaFe12O19 [22]. However, since Ba5Fe2O8 is antiferromag- 146 

netic, the overall ME character of the BNx-PZT bilayers is expected to be unaffected. 147 
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Figure 1. Representative X-ray diffraction data for BNx composites. All the composites bear the sig- 149 
natures of NFO and BaM. The stick patterns for NFO and BaM are shown in the bottom pane to 150 
visualize the one-to-one correspondence of the Braggs positions of each phase to the respective NFO 151 
and BaM lines. BN75 contains a small amount of an impurity phase, Ba5Fe2O8, and is denoted by a 152 
star. 153 

Representative SEM images for BNx (x=5, 33, 60 and 95) are shown in Fig. 2. The 154 

gradual increase in the grain size in the BN composites with increasing x (also in Supple- 155 

mentary Fig. S2) may indicate that NFO aids in the growth of hexagonal BaM grains for 156 

x≥9. Large grains are absent in BN5, but a closer examination of the surface morphology 157 

shows hexagonal-like features with grain size less than 2 μm. With increasing NFO con- 158 

tent grains larger than 5 μm are present. For x > 41, the number of large grains reduces 159 

again. For the highest content of NFO (BN95) we observe a similar grain distribution as 160 

pure NFO (Supplementary Fig. S2). BN5 also shows a similar grain distribution as pure 161 

BaM.  When the weight fraction of the BaM phase is high (x~5) the composite is more 162 

likely to behave as pure BaM. Hence the corresponding morphological features of com- 163 

posites with high BaM content should also look like pure BaM.  Similarly, when the 164 

weight fraction (x>41) of NFO is increased the composites tends to show a reduction in  165 

BaM grains.  Barium ferrite itself tends to form hexagonal grains [23] and with a tweak 166 

in the synthesis process the particle shape can be made nearly spherical [24]. In our case 167 

the processing has a large impact on the grain growth on these composites. The stabiliza- 168 

tion of the typical hexagonal BaM grains amongst NFO particles is worth noting.   169 

The XRD results in Fig.1 and the SEM images of Fig.2 are just indicators of the 170 

absence of any significant amount of impurity phases of crystal structurs apart from spinel 171 

and hexagonal phases.  An indepth investigation and analysis of the crystal and magnetic 172 

structures are in order.  For example, possible migration of Ni-ion from the spinel phase 173 

to the hexagonal phase has to be addressed since the M-type hexagonal phase also has the 174 

spinel blocks as well.  Such an investigation, however, is not the primary focus of this 175 

particular study. 176 
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 177 

Figure 2. SEM images for BN5, BN33, BN60 and BN95 composites. There are no notable features in 178 
the image for BN5. Well defined hexagonal grains corresponding to the BaM phase is seen in BN33 179 
and BN60. BN95 does not show any hexagonal grain. 180 

3.2 Magnetic characterization 181 

We have carried out room-temperature measurements of the magnetization, 4πM, of the com- 182 
posites as a function of applied magnetic field H. Representative 4πM vs H data are shown in Fig. 183 
3 and Fig. S3.  The M vs H loops show hysteresis and remanence as expected and the saturation 184 
values of M increases with increasing BaM contents in the composites.  The H-values for saturation 185 
of the magnetization is less than 3 kOe for composites for NFO rich composites and it increases with 186 
increasing the amount of BaM.  The magnetization 4πM at H=20 kOe increases from 2.90 kG for 187 
BN95 to 4 kG for BN33.  The highest value of remanent 4πM of 1.04 kG was measured for BN75.  188 

 189 

Figure 3. Room-temperature magnetization 4πM vs. magnetic field H data for (a) BN95 and (b) 190 
BN33 samples.  The insets for low H-values clearly show the expected hysteresis and remanence  191 
in the M vs H data. 192 

Since the magnetostriction  is one of the key parameters that determine the strength 193 

ME interaction, we measured its value for the BNx composites.  The measurements were 194 

done with a strain gage and a strain indicator and for H applied parallel to the sample 195 

plane and to the length of the strain gage.  Data on the magnetostriction λ11 vs H are 196 

shown in Fig.4.  The samples exhibit negative values for λ11 as expected since both NFO 197 

an BaM have negative λ11 values [25,26].  None of the λ11 values for the composites in Fig.3 198 

show saturation for the maximum H-values of ~ 3 kOe.  With increase in the NFO content 199 

λ11 values at 3 kOe increases and tends to show similar behavior as pure NFO (shown in 200 
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the inset of Fig. 4). The highest value of λ11 ~ -23 ppm was measured for BN60 and we got 201 

similar values for x≥60. Our measurements on pure BaM showed λ11=-1 ppm at 2.7 kOe.  202 

Hence it is clear that NFO phase is the major contributor towards the net magnetostriction 203 

of BNx composites.  204 

 205 

Figure 4. Magnetostriction, λ11 vs H data measured parallel to the in-plane H for BNx composites.  206 
The magnetic field was applied parallel to the length of the sample and the strain gage.  λ11 for pure 207 
NFO is shown in the inset. 208 

3.3 Ferromagnetic resonance 209 

 210 

A key objective of this work is to achieve large enough magneto-crystalline anisot- 211 

ropy field HA in BNx in order to realize a strong zero-bias ME effects in a composite with 212 

PZT.  The magnetization data in Fig.3 and Fig.S3 do indicate a large remnant magnetiza- 213 

tion, as high as 1 kG, that is a clear evidence for a large HA.  We utilized ferromagnetic 214 

resonance (FMR) studies in combination with the magnetization data to determine HA.  215 

Ferrite platelets, rectangular in shape, were placed in an S-shaped coplanar waveguide 216 

and excited with microwave power from a VNA.  Profiles of the scattering matrix S21 as 217 

a function of frequency f were recorded. Figure 5 shows such profiles for a series of in- 218 

plane H along the sample length. For x values < 10, a single resonance mode was seen in 219 

the 50 GHz range (See Supplementary Fig. S4). With increasing NFO content two reso- 220 

nance modes were seen as in Fig. 5, one in the frequency range 3-20 GHz and another in 221 

the range 40-60 GHz.  The S21 vs f profiles in Fig.5 (and Fig.S4) show clear asymmetry in 222 

the shape of the resonance absorption signals that can be attributed to the variations in the  223 

magnitudes of coupling between resonator and the transmission line at frequencies below 224 

and above the resonance.  Such an asymmetry is not generally observed in cavity-type 225 

FMR measurements at a fixed frequency.  Also, this effect is negligible for resonance 226 

modes with relatively narrow linewidth. However, for the case of transmission line broad- 227 

band measurement systems and resonances with frequency-width on the order of a few 228 

GHz the asymmetry may manifest. Another possible factor is the frequency-dependent 229 

background absorption of the coplanar line which superimposes on absorption by the res- 230 

onator and leads to significant distortion of the resultant profile. Such asymmetry is most 231 

likely occur at U-band frequencies, where any imperfections of stripline, connectors, or 232 

shielding may unpredictably affect the shape of stripline transmission characteristics.  233 

The resonance frequency was estimated from frequency of maximum absorption in the 234 

profiles in Fig.5.  As discussed, next, the resonance mode at the low frequency region in 235 

Fig. 5 is due to FMR in NFO whereas the higher frequency resonance is a magneto-dielec- 236 

tric mode in the composite [27]. 237 
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 238 

Figure 5. Profiles of S21 vs f showing resonances in BN33, BN47, and BN60 composites for in-plane 239 
static magnetic fields.  The absorption in the profiles in Fig.5(a), (c) and (e) for 5-20 GHz is due to 240 
ferromagnetic resonance in NFO contents of BNx.  Profiles in Fig.5 (b), (d) and (f) show absorption 241 
due to a magneto-dielectric mode in the composites. 242 

The H-dependence of the low- and high frequency mode frequencies fr are shown in 243 

Fig. 6 (and in Supplementary Fig. S5).  Data on fr vs H for the low-frequency mode are 244 

shown in Fig.6(a) for BN33 and BN60. With fr increasing from 8.6 GHz at H= 1 kOe to 15.9 245 

GHz for H=3.5 kOe for BN60 which amounts to an increase in fr at the rate 2.8 GHz/kOe.  246 

A similar rapid increase in fr with H is seen in Fig.6(a) for BN33.  From the rate of change 247 

in fr with H one may associate this mode with FMR in NFO.  Data in Figure 6(b) on fr vs 248 

H for the high frequency mode are for BN33 and BN60.  This mode in Fig.5 and Fig.S5 249 

shows a variation in fr with H that could be approximated to a linear increase ~1.3 250 

GHz/kOe. This slow variation in fr with H is indicative of a magneto-dielectric mode in 251 

the composite platelet.  This mode is not of importance for the current study and is not 252 

considered for further analysis [27]. 253 
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 254 

Figure 6. Ferromagnetic resonance frequency fr as a function of H for (a) FMR observed in the low 255 
frequency region in Fig.5 and (b) magneto-dielectric mode frequency vs H for BNx composites. 256 

The built-in bias due to magnetic anisotropy field HA in the composites is a key pa- 257 

rameter to account for the zero-bias ME coupling in bilayers of the ferrite composites with 258 

PZT as discussed later.  There are several avenues for the determination of HA, such as 259 

direct measurements and from M vs H data, we utilized FMR results in combination with 260 

magnetization values to estimate HA.  Data on fr vs H in Fig. 7 (and Fig. S5) were fitted to 261 

appropriate expression for fr to determine the effective magnetization 4Meff= 4M + HA, 262 

where 4M is the magnetization and HA is the magnetocrystalline anisotropy field.  It is 263 

essential to note that 4M is not the saturation magnetization since the M vs H in Fig.3 264 

(and Fig.S3) clearly indicate that there is no saturation of M with H for several of the com- 265 

posites used in this study.  We instead used the average value of 4M for H-values for 266 

FMR profiles in Fig.5.   267 

 268 

Figure 7. Fitting of the FMR data on fr vs H to Eq. (1). 269 

The resonance frequency fr for FMR mode is given by the Kittel equation, 270 

𝑓𝑟 = 𝛾 ((𝐻 + (𝑁𝑧 − 𝑁𝑥)4𝜋𝑀𝑒𝑓𝑓)(𝐻 + (𝑁𝑦 −𝑁𝑥)4𝜋𝑀𝑒𝑓𝑓))
1
2⁄

               (1) 271 

where, γ is the gyromagnetic ratio, H is the in-plane external magnetic field along 272 

the x-direction, Nx, Ny and Nz are the demagnetization factors along the length, width and 273 

thickness of the platelet, respectively, and are given Table 1 for each of the composites in 274 

which FMR mode was observed.  The data as in Fig.7 (and Supplementary Fig. S5) were 275 

fitted to Eq. (1) to determine 4Meff.  The Kittel equation in the presented form is, strictly 276 

speaking, applicable to the ferromagnetic samples of ellipsoidal shape, magnetized to sat- 277 

uration and with uniform static and dynamic magnetization.  On the contrary, the 278 
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samples presented in this investigation did not have ellipsoidal but a parallelepiped 279 

shape. That means, that even after an external magnetic field H>Nx4πM was applied and 280 

domain structure was suppressed, the sample was still not in the uniformly magnetized 281 

state. There were regions of ferrite present (mostly around edges and corners [30]) where 282 

the magnetization deviates from the direction of bias magnetic field. Thus, an even larger 283 

H should be applied before the magnetic state of the sample becomes uniform and Kittel 284 

equation becomes applicable. Due to these reasons, we took only the high-frequency (and 285 

high-field) portion of the dependencies shown in Fig. 7 for the fitting with Kittel equation 286 

since to obtain most reliable fitting parameters.   287 

Table 1. Demagnetization factors for BN composites. 288 

Sample 
Demagnetization Facotrs 

Nx Ny Nz 

BN33 0.11164 0.31851 0.56984 

BN38 0.11238 0.32595 0.56167 

BN41 0.10642 0.2778 0.61578 

BN44 0.10168 0.30318 0.59514 

BN47 0.11442 0.2892 0.59638 

BN60 0.16197 031884 0.51919 

BN75 0.19305 0.40187 0.40508 

BN85 0.12413 0.22542 0.65045 

BN95 0.10323 0.20369 0.69308 

NFO 0.11812 0.40771 0.47417 

Table 2. Fitting parameters for FMR and magnetic parameters for BNx composites. Gilbert damping 289 
constants are also given. 290 
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BN33 3.17 3.53 2.63 0.90 0.255 0.91 3.071 0.02450 

BN38 3.26 3.46 2.68 0.78 0.161 0.77 3.042 0.02452 

BN41 3.03 4.80 2.34 2.46 0.124 0.63 3.324 0.02491 

BN44 2.96 5.30 2.88 2.42 0.114 0.49 3.35 0.02389 

BN47 2.98 5.51 2.88 2.63 0.111 0.59 3.25 0.02354 

BN60 2.61 10.07 2.75 7.32 0.089 0.73 2.739 0.01699 

BN75 2.71 10.54 2.77 7.77 0.046 1.04 2.943 0.01911 

BN85 2.98 7.49 2.92 4.57 0.034 0.73 2.535 0.01635 

BN95 2.96 7.25 2.87 4.38 0.035 0.83 2.549 0.01613 
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 291 

Estimated values of the gyromagnetic ratio  and 4πMeff from the fits and the average 292 

values of 4πM for H = 1 kOe to 3.5 kOe (from M vs H data) are given in Table 2. The values 293 

of  range from 3.17 GHz/kOe for x = 33 to 2.61 GHz/kOe for x = 0.60 that are comparable 294 

to 3.0 to 3.2 GHz/kOe reported for pure NFO [28,29].  The value of the anisotropy HA 295 

estimated from FMR data are also given in Table 2 will at least have an error of 0.5 kOe.  296 

The anisotropy field HA is positive for x = 33 -95, indicative of in-plane anisotropy for all 297 

the polycrystalline BNx composites with x=33-95.  The anisotropy increases from ~ 0.90 298 

kOe for x=33 to ~ 7.77 kOe for x=75.  A further increase in x results in a decrease in HA but 299 

the in-plane character of the anisotropy remains.  One may therefore infer from these HA 300 

-values that a majority of BaM crystallites in x = 33 -95 have a unique in-plane orientation 301 

leading to positive values of magnetic anisotropy.  With increasing value of NFO content 302 

in x ≥ 33, the higher concentration of NFO appears to promote the growth of BaM crystal- 303 

lites with in-plane orientation for the c-axis and a net in-plane anisotropy field that reaches 304 

a maximum value for x = 75.  Several reported efforts in the past on polycrystalline BaM 305 

mainly dealt with textured thin and thick films and showed, depending on the degree of 306 

texture, an out-of-plane HA in the range 4.5 to 15 kOe [31,32].  In this work, however, the 307 

BaM component in composites results in overall effective in-plane anisotropy field. 308 

 309 

We have also calculated the Gilbert damping coefficient (GDC) [33,34] of the compo- 310 

sites by analyzing the FMR spectra of the samples. GDC is a dimensionless quantity which 311 

can be used as a measure of the losses in a ferromagnetic material. GDCs of the composites 312 

were calculated using the equation, 313 

 314 

𝛼 =
𝛾Δ𝐻

4𝜋𝑓𝑟
      (2) 315 

 316 

where, α is the damping coefficient, fr is the resonance frequency, ΔH is the linewidth that 317 

was estimated from the FMR frequency-width for profiles in Fig.5 and γ is the gyromag- 318 

netic ratio.  Estimated values are given in Table 2.  Composites with x≤47 show GDC 319 

~0.024 and we get a smaller GDC less than 0.02 for x≥60 and is indicative of a decrease in 320 

the losses in the composites as the NFO increases.  The composites seem to have a much 321 

larger damping coefficient compared to pure and dopedNFO [34,35] but smaller than the 322 

GDC of BaM [36]. 323 

3.4 Magneto-electric effects in the BNx-PZT bilayers 324 

The strength of ME coupling was measured in bilayers of the composites and vendor 325 

supplied PZT (PZT850, American Piezo Ceramics, USA).  Ferrite platelets of approximate 326 

lateral dimensions 5 mm × 10 mm and thickness t = 0.3 – 0.5 mm were bonded to PZT with 327 

20 m thick layer of a fast-dry epoxy.  The ME voltage coefficient (MEVC) was measured 328 

for two different orientations of the applied magnetic fields: (i) 31 for the DC filed H and 329 

ac field Hac both parallel to each other and along the length of the sample (direction-1) and 330 

the induced voltage I measured across the thickness of PZT (direction-3)(ii) 33 for the 331 

magnetic fields applied perpendicular to the sample plane (direction -3) and induced volt- 332 

age measured across PZT thickness.  The MEVC is given by  = V3/(Hac t), where V3 is the 333 

strain induced ac voltage measured across PZT.  The ME coefficients were measured at 334 

low frequencies as well as at mechanical resonances in the bilayers.   335 

Figure 8 (and Figure S6 in the supplement) shows the H dependence of 31 for ac field 336 

at 100 Hz.  The MEVC is directly proportional to the piezomagnetic coupling q = d/dH. 337 

The value of 31 increases with increase in H to a maximum.  The maximum value of 338 

MEVC for BN5 is rather small due to low q-value for this BaM rich composite.  With fur- 339 

ther increase in the NFO content in the composites, 31 increases to a maximum value  340 
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to  341 

Figure 8. Variation of the ME voltage coefficient MEVC α31 with the magnetic field H for both ac 342 
field h and DC magnetic field H applied parallel to the ferrite-PZT bilayer for (a) BN5-PZT, (b) BN33- 343 
PZT, (c) BN75-PZT and (d) BN95-PZT. 344 

of ~ 152 mV/cm Oe for BN95.  Upon further increase in H, 31 in general decreases to a 345 

minimum for composites with x > 5.  Bias field H dependence of 31 in Fig.8 essentially 346 

tracks the variation in q with H, reaches a maximum at the maximum in the slope of 11 347 

vs H, and drops to near zero when the magnetostriction (Fig.3) shows near saturation.  348 

Other significant features in the results from Figure 8 are as follows.  (i) When H is de- 349 

creased from ~ 3 kOe back to zero a hysteresis in 31 vs H is evident for all the BNx-PZT 350 

bilayers. (ii) Upon reversing the field H, a 180 deg phase shift (indicated by negative values 351 

for 31) is observed in the ME voltage except for x=5. (iii) The bilayers show a finite rem- 352 

nant value for 31 at zero-bias and, as discussed later, is attributed to the built-in bias in 353 

BNx provided by the anisotropy field HA. 354 

Figure 9 shows results of MEVC measurements for the magnetic fields applied per- 355 

pendicular to the bilayers of BNx-PZT (also shown in the supplement, Fig.S6).  The vari- 356 

ation in MEVC has similar hysteresis and remanence as for the in-plane magnetic fields. 357 

However, the following features in α33 vs H differ from the dependence of MEVC for in- 358 

plane magnetic fields. (i) Overall MEVC values are smaller in Fig. 9 since demagnetization 359 

factors reduce both the dc and ac magnetic fields. (ii) the decrease in MEVC for H > 1.5 360 

kOe is relatively small compared to α31 vs H. (iii) Data in Fig.9 for BN95-PZT bilayers 361 

shows a reversal in the sign of for H > 0.75 kOe for both positive and negative H.   362 
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 363 

Figure 9. Similar MEVC α33 vs H data as in Figure 7 for H and h applied perpendicular to the sample 364 
plane for bilayers of (a) BN5-PZT, (b) BN33-PZT, (c) BN75-PZT and (d) BN95-PZT. 365 

 366 

The strength of ME coupling in the bilayers was also characterized by measuring the 367 

ac magnetic field frequency f dependence of the MEVC at mechanical resonance modes.  368 

Prior to these measurements we obtained the electromechanical resonance (EMR) fre- 369 

quencies (fr) for the composites by measuring the frequency dependence of the impedance 370 

with an LCR meter.  Mode frequencies could not be obtained for BNx for x≤19, but we 371 

were able to determine the frequency of longitudinal resonance modes for higher x-values.  372 

MEVC 31vs f under a bias field H =100 – 200 Oe for the bilayers are shown in Fig.10.  One 373 

observes an increase in 31 with increasing f and a sharp peak in its value at fr ~ 55 – 75 374 

kHz.  We were able to identify fr with the longitudinal EMR mode from the known com- 375 

posite dimensions.  For x=33 the figure shows a fine structure with a double peak in the 376 

31vs f profile with values of 147 mV/cm Oe at 72.9 kHz and 132 mV/cm Oe at 73.2 kHz. 377 

Bilayers of BNx-PZT with x>33 have a single peak in the profiles and BN95-PZT shows 378 

the highest value of α31=992 mVcm-1Oe-1 at 59 kHz.  One observes a significant enhance- 379 

ment in the ME coefficients at fr compared to values at 100 Hz (Fig.8), and for example, by 380 

a factor 36 for x=41.  The highest Q-factor obtained from this data is found to be 130.4 for 381 

BN44. BN41 also has a large Q-factor of 118. After BN44 the Q-factor reduced to 75 at 382 

BN60. We discuss the results of these ME measurements in the following section. 383 
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 384 

Figure 10. (a) Frequency dependence of ME coefficient 31 for bilayer of BNx-PZT.  The peak values 385 
of MEVC occur at longitudinal mechanical resonance frequency in the samples. (b) Q-factor as a 386 
function of NFO weight fraction of BNx composites from the resonance ME response. 387 

4. Discussions 388 

It is evident from the results of this study that (i) it is possible to synthesize compo- 389 

sites of spinel and M-type hexagonal ferrites free of ferromagnetic impurity phases, (ii) 390 

the composites, depending on the amount of BaM, have a moderately high induced planar 391 

anisotropy in all compositions, and (iii) the magnetostriction is quiet small for BaM rich 392 

composites, but increases significantly with increasing NFO content although the piezo- 393 

magnetic coefficient q is rather small in all of the composites due to slow increase in  with 394 

H compared to pure NFO. 395 

It is interesting to note that the coercive field estimated from M vs H data for the BNx 396 

composites remains well under 0.3 kOe for all compositions from x=33-95. The coercive 397 

field gradually increases from 35 Oe for BN33 to 256 Oe for BN95. BN75, the material 398 

having highest anisotropy field of 7.77 kOe have a coercive field ~45 Oe. It is also im- 399 

portant to note that the highest remanent magnetization is also obtained for BN75 having 400 

highest anisotropy. The anisotropy acts as a driving force giving rise to a remanent mag- 401 

netization for all BNx samples and a zero-bias MEVC in bilayers with PZT. All the BNx 402 

samples remains soft magnetic material with coercive field less than 300 Oe with no sig- 403 

nificant hysteresis loss for x=33-95. This value of coercive field is well below the coercive 404 

field of pure polycrystalline BaM which possesses a large coercive field ~5 kOe. In the 405 

composites the stabilization of the BaM grains (Fig. 2) does not seem to increase the coer- 406 

cive field.  407 

It is also clear from the results of ME measurements in Figs.8-10 that the bilayers of 408 

BNx and PZT show MEVC that are much higher than reported values for M-type hexafer- 409 

rite-PZT bilayers [37], but smaller than for NFO-PZT [38].  Under optimum value of H, 410 

the highest MEVC are α31 = 152 mV/cm Oe and α33 = 90 mV/cm Oe, both for BN95-PZT.  411 

These values, however, are relatively small due to the weak piezomagnetic coupling 412 

strengths in BNx compared to nickel ferrite or nickel zinc ferrite based layered composites 413 

with PZT [34,39].   414 

A key and primary objective of this work was to synthesize a ferromagnetic oxide 415 

with a moderately large HA and high magnetostriction and piezomagnetic coupling for 416 

use with PZT to achieve ME coupling in the absence of an external bias magnetic field.  It 417 

is worth noting that this goal was indeed accomplished.  Bilayers of BNx-PZT used in 418 

this study do show a zero-bias MEVC (Figure S7 in the supplement).  Bilayer of BN75- 419 

PZT shows the highest α31=22 mV/cm Oe at zero-bias and BN85-PZT bilayer shows high- 420 

est α33=9 mV/cm Oe at zero-bias. It is noteworthy that the remanent magnetization of 1.04 421 

kG for BN75 is the highest for the composites (Table 2).  Strategies employed in the past 422 

to realize zero-bias ME effects included the use of an external stimuli or a functionally  423 

graded composites, either in magnetization or in composition, etc [7-17].  The use of an 424 
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easy to synthesize composite of a spinel ferrite and hexaferrite in this work for zero-bias 425 

ME effect makes this method more viable than others. There are reports wherein compo- 426 

sites consisting of NFO and PZT show large ME coefficient of 460 mV/cm Oe for bilayers 427 

and ~1200 mV/cm Oe for multilayers [40]. The MEVC at resonance in these systems was 428 

as high as ~1 V/cm Oe [41]. Modified NFO and PZT multilayers even showed a higher ME 429 

coefficient [42]. But there is hardly any evidence for ME coupling zero-bias effect in these 430 

composites [37-43]. 431 

Due to very low magnetostriction BaM is not suitable for strong direct ME coupling, 432 

but the very high uniaxial anisotropic field in the system is utilized in this work. Even 433 

though BaM grains in our BNx composites are expected to be completely randomized 434 

leading to a net zero the anisotropic field, the increase in the NFO content in BNx seems 435 

to promote the growth BaM grains with in-plane c-axis and a net in-plane anisotropy field. 436 

Finally, we compare the zero-bias MEVC values with results reported in the past.  437 

Use of a nickel zinc ferrite graded either in magnetization or composition in a bilayer with 438 

PZT resulted in a zero-bias MEVC of 37 mV/cm Oe. Electric field induced bending vibra- 439 

tion mode generated zero-bias ME effect in lead free system show a MEVC ~30 mV/cm- 440 

Oe [9]. Low field hysteresis based zero-bias effect also showed a value of ~60 mV/cm- Oe- 441 

[16]. In our work we have obtained zero-bias ME coefficient ~22 mV/cm-Oe- for BN75-PZT 442 

bilayer which is comparable to the earlier report [10].  The zero-bias ME response in our 443 

study could be improved with the use of composites of NFO and M-type strontium ferrite 444 

(SrM) or Al substituted SrM or BaM with higher  than pure BaM. Substituted BaM or 445 

SrM may be good choices as they also have anisotropic fields as high as ~30kG [43].  446 

5. Conclusion 447 

In this work we have successfully synthesized a novel ferrimagnetic composite con- 448 

sisting of (i) nickel ferrite with high magnetostriction and (ii) M-type barium hexaferrite 449 

with very high magneto-crystalline anisotropy field.  The aim was to use such a high-q 450 

and high-HA composite to achieve strong ME coupling in the absence of a bias magnetic 451 

field in a bilayer with PZT.  BNx composites with x = 5-95 wt.% had high q for NFO rich 452 

compositions and in-plane HA as high as 7.77 kOe for x=75.  ME voltage coefficient meas- 453 

urements at low frequencies and at resonance modes showed moderately strong ME cou- 454 

pling at zero bias for samples with NFO content ≥33 wt.%.  The highest zero bias MEVC 455 

of 21.82 mVcm-1Oe-1 was obtained for BN75-PZT bilayers wherein BN75 also possesses the 456 

highest anisotropy. BN41-PZT shows MEVC ~800 mVcm-1Oe-1 at electromechanical reso- 457 

nance at 68.4 kHz.  The BNx-PZT composites have the potential for use in energy har- 458 

vesting and sensor technologies.  459 

Supplementary Materials: Fig.S-1:  X-ray diffraction patterns of BNx composites. All composites 460 
bear the signatures of NFO and BaM. We have plotted the stick patterns for NFO (PDF No. 00-003- 461 
0875) and BaM (PDF No. 00-007-0276) in the bottom pane to visualise the one-to-one correspondence 462 
of the Braggs’ positions of each phase to the respective NFO and BaM lines. Fig.S-2:  SEM images 463 
of BNx (x=5, 9, 13, 33, 38, 41, 44, 47, 60, 75, 85 and 95). Hexagonal BaM grains develop with increasing 464 
grain size as the NFO content increases. After BN41 the BaM grains deteriorate in size. SEM images 465 
of pure BaM and NFO are also shown at the bottom. Fig.S-3:  S21 vs f profiles showing FMR and 466 
magneto-dielectric modes in BNx composites at selected bias magnetic fields. Fig. S-4. Ferromag- 467 
netic resonance frequency of (a) NFO part and (b) magneto-dielectric mode frequencies of BNx com- 468 
posites are plotted as function of external magnetic field (H). (c-l) Kittel equation fit of the NFO part 469 
of FMR data of the samples BN33, BN38, BN41, BN44, BN47, BN60, BN75, BN85, BN95 an NFO 470 
respectively. Fig. S-5. Magnetization vs. magnetic field data for BN composites. Fig. S6.  MEVC at 471 
for BNx-PZT bilayers for in-plane magnetic fields (left) and out-of-plane magnetic fields (right). Fig. 472 
S-7. Zero bias and maximum achievable ME coefficient for BNx-PZT bilayers in transverse and lon- 473 
gitudinal modes. 474 
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