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Abstract 

This report is on Co and Ti substituted M-type barium and strontium hexagonal ferrites 

that are reported to be single phase multiferroics due to a transition from Neel type ferri-

magnetic order to a spiral spin structure that is accompanied by a ferroelectric polariza-

tion in an applied magnetic field. The focus here is the nature of magnetoelectric (ME) 

interactions in the bilayers of ferroelectric PZT and Co and Ti substituted BaM and SrM. 

The ME coupling in the ferrite-PZT bilayers arise due to the transfer of magnetostriction-

induced mechanical deformation in a magnetic field in the ferrite resulting in an induced 

electric field in PZT. Polycrystalline Co and Ti doped ferrites, Ba (CoTi)x Fe12−2xO19, (BCTx), 

and Sr (CoTi)x Fe12−2xO19 (SCTx) (x = 0–4) were found to be free of impurity phases for all 

x-values except for SCTx, which had a small amount of α-Fe2O3 in the X-ray diffraction 

patterns for x ≤ 2.0. The magnetostriction for the ferrites increased with applied filed H to 

a maximum value of around 2 to 6 ppm for H ~ 5 kOe. BCTx/SCTx samples showed fer-

romagnetic resonance (FMR) for x = 1.5–2.0, and the estimated anisotropy field was on the 

order of 5 kOe. The magnetization increased with the amount of Co and Ti doping, and it 

decreased rapidly with x for x > 1.0. Measurements of ME coupling strengths were con-

ducted on the bilayers of BCTx/SCTx platelets bonded to PZT. The bilayer was subjected 

to an AC and DC magnetic field H, and the magnetoelectric voltage coefficient (MEVC) 

was measured as a function of H and frequency of the AC field. For BCTx-PZT, the max-

imum value of MEVC at low frequency was ~5 mV/cm Oe, and a 40-fold increase at elec-

tromechanical resonance (EMR). SCTx–PZT composites also showed a similar behavior 

with the highest MEVC value of ~14 mV/cm Oe at low frequencies and ~200 mV/cm Oe at 

EMR. All the bilayers showed ME coupling for zero magnetic bias due to the magneto-

crystalline anisotropy field in the ferrite that provided a built-in bias field. 
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1. Introduction 

Ferrimagnetic hexagonal ferrites are of importance for studies on the nature of mag-

netic ordering and for a variety of applications for microwave and millimeters wave de-

vices, information storage, and permanent magnets [1–4]. The unique combination of high 
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Curie temperature, high magnetocrystalline anisotropy field, and insulating properties 

makes hexagonal ferrites desirable materials for these applications [5,6]. The crystal struc-

ture of hexaferrites contains cubic spinel (S-) blocks and two types of hexagonal R- and T- 

blocks. Depending on the arrangement of the S, R, and/or T-blocks, the ferrites are classi-

fied into several types including, M-type (AFe12O19), W-type (AM2Fe16O27), X-type 

(A2M2Fe28O46), Y-type (A2M2Fe12O22), Z-type (A3M2Fe24O41), and U-type (A4M2Fe36O60), 

where A is a divalent alkali metal ion (Ba or Sr) and M is usually a divalent or 3d transition 

metal ion such as Zn, Mg, Co, etc. [7]. 

Some of the hexaferrites showing ferrimagnetic order are reported to transition to a 

noncollinear spiral magnetic order under substitutions for A-type or Fe3+ ions. When sub-

jected to a moderate magnetic field, they could acquire a transverse-conical spin compo-

nent that facilitates a magnetic field-driven ferroelectric polarization and are therefore 

multiferroics [8]. This has prompted extensive investigations on the nature of coupling 

between the magnetic and ferroelectric orderings in the multiferroic hexagonal ferrites. 

Multiferroic nature in hexaferrites was first observed in Y-type Ba0.5Sr1.5Zn2Fe12O22 [9], and 

then in Y-type Ba2Mg2Fe12O22 [10–12] at low temperatures. Kitagawa et al. [13] reported 

on cross coupling between the ferroic orderings at room temperature in Z-type 

Sr3Co2Fe24O41 [14] which is a type-II multiferroic since the ferroelectricity is magnetic field 

driven [8]. It is important to note that, for some threshold magnetic fields, the spiral spin 

structure could become collinear, destroying the induced ferroelectric polarization. 

Studies also reveal the existence of a conical spin structure and ferroelectric polariza-

tion in several M-type hexagonal ferrites [15,16]. Neutron diffraction studies on barium 

ferrite, BaFe12O19 (BaM), showed evidence for conical spin structure at 1.2 K and the po-

tential to be a type-II multiferroic at low temperatures [15]. When substitution is made at 

Fe site by Sc and Mg, BaM shows longitudinal conical spin structure at ~30 K [17]. Simi-

larly, Co-Ti substituted BaM and SrM also showed conical spin structure at room temper-

ature [16]. The coupling between the magnetic and ferroelectric subsystems in 

Sr(Co,Ti)xFe12−2xO19 (SCTx) x = 2 studied by measuring the change in the remnant magnet-

ization Mr under an electric field E showed a 3 % fractional change in Mr for E = 13 kV/cm. 

Electric field control of magnetization in Co and Ti substituted Sr-hexaferrite was reported 

by Wang et al., and thin films of the ferrite showed a change in magnetization under the 

application of a DC electric field [18]. 

The efforts so far on multiferroic nature of M or Y-type hexaferrites is dedicated to 

spin induced polarization with the application of moderate magnetic field or E-induced 

variation in the magnetization. A phenomenon of fundamental and practical importance 

is the magnetoelectric (ME) effects in a ferrite-ferroelectric composite [19–23]. In such com-

posites, magnetostrictive strain in the ferrite in an applied magnetic field will result in a 

change in the ferroelectric order parameter and is termed direct-ME (DME) effect [20]. 

Similarly, converse-ME (CME) effect occurs due to piezoelectric strain in the ferroelectric 

in an applied electric field that manifests as a change in the magnetization or anisotropy 

field in the ferrite. The strengths of the ME coupling depend on the magnetostriction  and 

piezomagnetic coefficient q = /dH for the ferrite and the piezoelectric coefficient d for 

the ferroelectric [20]. 

The strength of DME in composites could be measured by applying an AC magnetic 

field h to the composite of thickness t and measuring the resulting AC electric field V. The 

ME voltage coefficient (MEVC) = V/(ht) is measured as a function of the frequency f of the 

magnetic field [20]. A bias magnetic field H, however, is essential for the MEVC measure-

ments since the piezomagnetic coefficient q, in most composites, is nearly zero in the ab-

sence of H for most of the ferromagnetic materials. Composites of spinel ferrites such as 

nickel ferrite and cobalt ferrite and ferroelectric PZT or barium titanate have been studied 

extensively in the past due to their high λ and q-values [20,23–26]. Premkumar et al. [27] 
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reported strong ME effects in a bilayer of La and Sr co-doped PZT and Zn doped NiFe2O4 

(NZFO). 

Ferrite–ferroelectric composites are of importance for a variety of device applications 

including sensors and actuators, energy harvesting and dual electric field and magnetic 

field tunable high frequency devices [20,21,25]. However, the need for a bias magnetic 

field for strong ME coupling is a major technical challenge one has to overcome, in partic-

ular for a magnetic sensor array for imaging applications or for energy harvesting. There-

fore, a significant effort in the past was the development of composites with self-biased 

ferromagnetic phases that could eliminate the need for a bias magnetic field [28–30]. A 

variety of self-biased ME composites have been reported in the past and involved the use 

of magnetization graded ferromagnetic phase, composition graded spinel ferrites, or the 

use of a ferromagnetic phase with a large magnetocrystalline anisotropy field. 

The current study was motivated by reports on strong ME effects under self-bias in 

composites with M-type hexagonal ferrites [31–33]. Hexagonal BaM and SrM have uniax-

ial anisotropy fields HA on the order of 17–18 kOe, and one expects a magnetic bias arising 

out of the large HA leading to a strong ME coupling in the absence of an external bias. 

Although the multiferroic properties of Co-Ti substituted BaM and SrM have been studied 

extensively, their strain mediated ME coupling in a bilayer with a ferroelectric is yet to be 

investigated. We report here results of our studies on bilayers of PZT and M-type Ba and 

Sr ferrites with Co and Ti substitutions, Ba(CoTi)xFe12−2xO19 (BCTx) and Sr(CoTi)xFe12−2xO19 

(SCTx) (x = 0–4.0). Vendor supplied PZT and ferrites prepared by ceramic techniques were 

used. Polycrystalline ferrites were characterized in terms of structural parameters by X-

ray diffraction and scanning electron microscopy (SEM). Magnetization M measurements 

showed an increase in M up to x = 1.0 and then a monotonic decrease for x > 1.0. Magne-

tostriction was found to be significantly higher than for SrM or BaM. A large magneto-

crystalline anisotropy field in the ferrites was inferred from FMR observed in samples 

with x > 2. Ferrite-PZT bilayers made by bonding techniques were used for studies on the 

direct-ME (DME) effect, i.e., the influence of magnetic fields on ferroelectric order param-

eters. The ME voltage coefficient (MEVC) was measured at low frequencies and at elec-

tromechanical resonance (EMR). ME coupling under self-bias and strengthening of the 

coupling strengths at EMR were evident from the measurements on the bilayers. Further 

details are provided in the sections that follow. 

2. Experiment 

Polycrystalline Co and Ti substituted M-type hexaferrites, BCTx and SCTx (x = 0–4.0, 

in steps of 0.5), were synthesized by traditional solid state reaction techniques. Precursor 

materials viz, Ba/SrCO3, CoCO3, TiO2 and Fe2O3 were mixed in a wet ballmill for 8 h. The 

slurry was air dried and presintered at 900 °C for 6 h followed by a second ballmilling for 

8 h. After drying, the powder was mixed with a binder. Disc shaped samples, 15 mm in 

diameter, were pressed in a die under a uniaxial pressure of 2 MPa. The final sintering 

was carried out in air at 1200–1250 °C for 6 h. 

The crystal structure and phase purity were investigated with a powder X-ray dif-

fractometer (Rigaku, Tokyo, Japan). The morphological features of the samples were stud-

ied using a scanning electron microscope (SEM) (JEOL, Tokyo, Japan). Magnetization of 

the samples as a function of magnetic field up to 5 kOe was measured at room temperature 

with a Faraday susceptibility balance (Cahn, Paramount, USA). Magnetostriction λ was 

measured on thin rectangular platelets of the samples by attaching a strain gage. The in-

plane λ parallel to the applied magnetic field direction was measured with a strain indi-

cator. Ferromagnetic resonance (FMR) measurements were conducted on thin rectangular 

platelets of the composites. The samples were placed in an S-shaped coplanar wave guide 

with an external field H parallel to the plane of the sample. We used a vector network 
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analyzer (Agilent, Santa Clara, USA) to record profiles of the scattering matrix S21 vs. fre-

quency for a series of H. 

Ferrite-PZT bilayers for measurements of direct-ME effects were made by bonding 

vendor supplied PZT (APC-850, American Piezo Ceramics, PA, USA) with a two-part 

epoxy (M-bond 600, Vishay, Raleigh, USA). The bonding procedure involved applying a 

thin layer of the epoxy to ferrite and PZT layers, followed by curing the epoxy by heating 

the bilayer to 125 °C. The thickness of the epoxy layer was kept to a minimum, 5 to 10 m, 

so that it had no adverse effects on the transfer of mechanical deformation at the PZT-

ferrite interface. The ME voltage coefficient (MEVC) of the bilayer composites was meas-

ured by applying a DC field H with an electromagnet and an AC magnetic field h of fre-

quency f generated with a pair of Helmholtz coils. The magnetic fields were parallel to 

each other and either parallel or perpendicular to the sample plane. The ME voltage (V) 

generated across PZT was measured with a lock-in-amplifier. The ME voltage coefficient 

MEVC = (V/t h), where t is the thickness of PZT, was measured as function of H as well as 

the frequency f of AC field. 

3. Results 

3.1. Structural Characterization and Morphological Features 

X-ray diffraction patterns for BCTx and SCTx are shown in Figure 1a,b, respectively. 

The intensity peaks for BCTx in Figure 1a were identified with the M-type hexagonal fer-

rite BaM (shown in the bottom pane) and did not reveal any impurity phases. For SCTx, 

the patterns in Figure 1b (and Figure S1 in the Supplementary Materials) show, in addition 

to peaks due to M-type ferrite, a weak peak corresponding to α-Fe2O3 for x ≤ 2.0. Similar 

impurities in SrM were also reported for samples prepared by different techniques [33]. 

For x > 2.0, however, the XRD patterns are free of any impurity phase and dilution of the 

Fe3+ content by Co2+ and Ti4+ may be the cause of absence of α-Fe2O3. The weight fraction 

of the impurity phase, α-Fe2O3, was 4.74% for SCT0.0 and 4.56% for SCT2.0. Bulk α-Fe2O3 

is an antiferromagnet and the small amount of it in SCTx is unlikely to influence the mag-

netic order parameters of the hexaferrite [34]. 
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Figure 1. X-ray diffraction patterns for (a) BCTx and (b) SCTx. The stick patterns for BaM (blue) are 

shown in the bottom pane of (a). Patterns for SrM (green) and α-Fe2O3 (red) are shown in the bottom 

pane of (b). Peaks of α-Fe2O3 in SCTx for x ≤ 2.0 are denoted by the asterisk symbol in (b). 



J. Compos. Sci. 2025, 9, 336 5 of 16 
 

 

Figure 2 shows representative SEM images of surface features for the BCTx/SCTx 

samples. Pure BaM/SrM (x = 0.0) shows very small grains (~1 μm). Figure 2b–d for BCTx 

also show needle shaped grains with the grain size increasing with increasing x. 

 

Figure 2. SEM images of grains in (a–d) for polycrystalline BCTx and (e–h) for SCTx (x = 0.0, 1.0, 2.0 

and 4.0). 

For SCTx samples, very small grains (~1 μm) are seen in Figure 2e for x = 0. With 

increasing x, the images show both small and large grains (~15 μm), and SCTx samples 

have a larger grain compared to BCTx. The microstructures of both BCTx and SCTx show 

significant variations with the amount of substitution x and will influence the magnetic 

field H-dependence of the magnetostriction  [35]. Since the ME voltage coefficient is di-

rectly proportional to the piezomagnetic coefficient q = d/dH and its H-dependence 

tracks the variation in q with H, one anticipates a direct influence of the microstructure on 

the ME response of the ferrite-PZT bilayer. 

3.2. Magnetization 

We used a Faraday susceptibility balance to measure the room-temperature magnet-

ization M of the samples as a function of magnetic field H. Figure 3 shows the data for 

BCTx. Although saturation of M is expected to occur at fields as high as 20 kOe for BaM 

[36], the figure shows M vs. H M for the maximum available field of 5 kOe in our Faraday 

balance. In Figure 3, one observes the typical ferromagnet-like behavior with an increase 

in M with H for x = 0.5 and 4M value for H = 5 kOe increases from 3.29 kG for BCT0.5 to 

4.22 kG for BCT1.0. With a further increase in x, the magnetization shows a rapid decrease, 

from 3.38 kG for BCT1.5 to 0.38 for BCT2.5 that is caused by replacing Fe3+ with the do-

pants Co, a low magnetic moment 3d ion, and nonmagnetic Ti. For x > 1.5, the dramatic 

fall off in M-values is due to transition in the magnetic structure from ferrimagnetic Neel 

type to spiral spin structure. 
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Figure 3. Magnetization 4πM vs. H data for BCTx for (a) x = 0.5–1.5 (a) and x = 2.0–4.0 (b). 

Similar magnetization data for SCTx are shown in Figure 4. For SCT0.5, the M-H loop 

mostly overlaps with that of SCT0.0 (or pure SrM). When doping is increased to x = 1.0, a 

higher 4 πM of 3.61 kG is measured at H = 4.5 kOe, compared to 2.54 kG at H = 4.5 kOe 

for SCT0.5. The site preference of the dopants, Co and Ti, causes this increase in M [37,38]. 

Mössbauer spectroscopy measurements have shown that Co2+ has a preference to occupy 

the octahedral 4f2 crystallographic site when substituted for Fe3+. The occupation of Co2+ 

in 4f2 sites will reduce the amount of magnetic moment directed opposite to the net mo-

ment direction causing an increase in the total magnetic moment [39]. As the doping in-

creases, the Fe sites are replaced by nonmagnetic Ti as well as magnetic Co creating a 

magnetic arrangement wherein net magnetic moment decreases. The contribution from 

α-Fe2O3 impurities for x ≤ 2.0 is insignificant as its magnetization is rather small [34]. 
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Figure 4. Magnetization 4πM vs. H for SCTx for x = 0.5–4.0. 

3.3. Magnetostriction 

The magnetostriction  of BaM/SrM is rather low, ~1 ppm for H-values on the order 

of 3 kOe, and the piezomagnetic coefficient q is also very small, making them not suitable 

for obtaining strong ME coupling in a composite with a ferroelectric [31,40]. It is to be 
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noted that for SCTx (x ≤ 2.0), α-Fe2O3 impurities will not affect the overall magnetostriction 

since its weight fraction too small (<5%). The H-dependence of  for BCTx/SCTx samples 

are shown in Figure 5 (and Supplementary Materials Figure S2). The data are for meas-

urements parallel to in-plane H for a rectangular platelet. For BCT0.5,  is positive (Sup-

plementary Materials Figure S2). All other BCTx compositions show negative magneto-

striction with no systematic variation of the magnetostriction over the composition range. 

The highest magnetostriction, −6 ppm, is measured for BCT1.0 at 2.5 kOe as shown in 

Figure 5a. SrM shows a negative magnetostriction of −3 ppm, (Supplementary Materials 

Figure S2). However, a positive magnetostriction for SrM single crystal was reported in 

the past [24]. With an increase in the Co and Ti content,  increases to −4 ppm for SCT3.0 

at 2.5 kOe (Figure 5f). 
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Figure 5. Magnetostriction vs. H for (a–c) BCTx and (d–f) SCTx samples. The data are for measure-

ments parallel to the applied in-plane magnetic field. 

3.4. Ferromagnetic Resonance 

FMR measurements were conducted on thin rectangular platelets of the ferrites to 

determine the magnetocrystalline anisotropy. The samples were placed in an S-shaped 

coplanar waveguide and excited with microwave power from a VNA. With a static mag-

netic field H applied parallel to sample plane, profiles of the scattering matrix S21 as a 

function of frequency f and H were recorded. In BCTx samples, FMR was observed only 

for a narrow composition, for x = 1.5–2.0, as shown in Figure 6a,b. For x < 1.0, BCTx sam-

ples showed absorption peaks for f > 40 GHz (Supplementary Materials Figure S3), and 

we identified them with the excitation of a magneto-dielectric mode for the following rea-

son. Estimates on the rate of change of the mode frequency fr with H yielded ~1.5 MHz/Oe 

for BCT0.5. For FMR modes, however, one expects a value close to the gyromagnetic ratio 

γ ~ 2.7–3.0 MHz/Oe [40]. The slow rate of increase in fr with H for modes above 40 GHz 

indicates that they are magneto-dielectric modes [41] and are not considered here for fur-

ther analysis. 
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Figure 6. Profiles of S21 vs. f showing resonance in (a) BCT1.5 and (b) BCT2.0. The profiles are for in-

plane H. Fitting of the FMR data on fr vs. H to Equation (1) are shown in (c,d). 

The FMR mode frequency fr as a function of H for BCT1.5 and BCT2.0 are plotted in 

Figure 6c,d, respectively. We fitted the data to the Kittel equation. 

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

Here, H is the applied magnetic field along the sample length (x-direction), Nx, Ny, 

and Nz are the demagnetization factors along the length, width, and thickness of the plate-

let, respectively, and 4πMeff = 4πM + HA, where 4πMeff is the effective magnetization of the 

specimen and HA is magnetocrystalline anisotropy. For estimates of HA from 4πMeff, one 

has to use the value of 4πM at H corresponding to fr since the samples do not show satu-

ration of M for H up to 5 kOe as seen in Figure 4. Figure 6c,d shows the fitting of mode 

frequency fr versus H for values for γ, 4πMeff, and HA listed in Table 1. 

Table 1. Fitting parameters of the FMR absorption for BCTx and SCTx samples. 

Sample Fitting Parameters 

 γ (MHz/Oe) 4πMeff (kG) 
4πM (kG) from Figure 

4 

HA 

(kOe) 

BCT1.5 2.63 9.46 3.29 6.17 

BCT2.0 2.75 8.19 0.17 8.02 

SCT1.5 2.80 7.74 2.84 4.90 

SCT2.0 3.08 6.37 1.27 5.10 

Similar S21 vs. f profiles for SCTx (1.5 ≤ x ≤ 2.0) are shown in Figure 7a,b and in Sup-

plementary Materials Figure S4 for x < 1.5 and x > 2.0. The magnetic parameters obtained 

from fitting of fr vs. H data for SCTx are listed in Table 1. In addition to FMR for the above 

x-values, magneto-dielectric modes were observed at frequencies above 40 GHz [41,42]. It 

is important to note here that HA is indeed an in-plane anisotropy field in the polycrystal-

line samples of Co and Ti substituted BaM and SrM. Single crystal SrM and BaM have 

uniaxial anisotropy fields of 17–18 kOe, and one may infer from the in-plane HA values in 
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Table 1 for BCTx and SCTx that a majority of the randomly oriented grains in the samples 

have the hexagonal c-axis perpendicular to sample plane [43,44]. It is also noteworthy that 

HA value increases with increasing the x value for both BCTx and SCTx for 1.5 ≤ x ≤ 2.0 

and the highest HA = 8.02 kOe is obtained for BCT2.0. 
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Figure 7. Profiles of S21 vs. f showing resonance in (a) SCT1.5 and (b) SCT2.0 for in-plane static mag-

netic fields. Fitting of the FMR data on fr vs. H to Equation (1) are shown in (c,d). 

3.5. ME Effects in Bilayers of BCTx/SCTx and PZT 

The most important aspect of this report is the studies on strain mediated direct-ME 

effects, i.e., the influence of applied magnetic fields on ferroelectric order parameters, in 

bilayers of the ferrites and PZT. Bilayers of ferrite-PZT were made with vendor supplied 

pre-poled PZT (APC PZT #850) with silver electrodes. Rectangular platelets of the ferrite 

(10 mm × 5 mm × 0.5 mm) were bonded to PZT (12 mm × 5 mm × 0.3 mm) with a thin layer 

(~ 5 mm) of a 2-part epoxy as described earlier. The sample was placed in a metal box to 

eliminate RF and any other source of noise. A pair of Helmholtz coils inside the box was 

used to generate an AC magnetic field h at frequency f and an electromagnet was used to 

apply a static field H, with both fields parallel to each other. The ME voltage V produced 

across the thickness of PZT was measured with a lock-in amplifier. The magnetoelectric 

voltage coefficient MEVC = V/(h × t), where t is the thickness of the PZT, was measured as 

function of H or f for the following conditions: α31 for H and h parallel to the sample length 

(direction 1) and V measured across PZT (direction 3) and α33 for both magnetic fields 

perpendicular to bilayer plane and V measured across PZT thickness. 

The variations in α31 and α33 with H are shown in Figures 8 and 9, respectively, for 

BCTx (x = 0, 2.0, 4.0)-PZT for h = 1 Oe at 100 Hz. Data for other BCTx-PZT bilayers are 

shown in Supplementary Materials Figure S5. Significant features in the data in Figures 8 

and 9 are as follows. (i) The composites show a relatively large MEVC under zero external 

bias, i.e., H = 0. (ii) The MEVC vs. H shows hysteresis and remanence, and (iii) BCTx-PZT 

composites show a much smaller maximum MEVC, as much as two orders of magnitude, 

compared to spinel ferrite–ferroelectric composites [20]. 
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Figure 8. α31 vs. H for the PZT-BCTx (x = 0.0, 2.0, 4.0) bilayers. 
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Figure 9. α33 vs. H for PZT-BCTx (x = 0.0, 2.0, 4.0) bilayers. 

In the case of ferromagnetic transition metals and alloys and spinel ferrites, the mag-

netostriction  at low H-values is proportional to M2, and both  and q will increase slowly 

from near-zero value with increasing H. Therefore, MEVC, which is directly proportional 

to q, will be very small or zero for H = 0 [20]. The non-zero values of MEVC in Figures 8 

and 9 for BCTx-PZT could be attributed to the large HA values in the BCTx that act as a 

built-in magnetic bias leading to a large MEVC. It is worth noting that all the BCTx-PZT 

composites show zero-bias MEVC as seen in the data of Figures 8 and 9 (and Supplemen-

tary Materials Figure S5). There is also asymmetry in the MEVC vs. H data except for α31 

for BCT2.0-PZT (Figure 8c) that also has the highest MEVC ~5.7 mV/cm Oe. One antici-

pates a smaller α33 compared to α31 due to demagnetization associated with DC and AC 

magnetic fields perpendicular to the bilayer plane. However, the data in Figures 8 and 9 

do not indicate the expected weakening in the magnitude of α33. 

Results of similar MEVC vs. H data for the bilayers of SCTx-PZT are shown in Figures 

10 and 11. The bilayer of SCT0.0-PZT shows monotonically increasing α31 with H (Figure 

10a) and an almost constant, H-independent α33 as seen in the data of Figure 11a. The 

MEVC values for SCT0.0-PZT are higher than reported values for the bilayers of single 

crystalline SrM and PZT [31]. For the SCT2.0-PZT, α31 increases with H to a maximum of 

14 mV/cm Oe, the highest value for the bilayers studied in this work (Figure 10b and Sup-

plementary Materials Figure S6). The large piezomagnetic coefficient q of SCT2.0 results 

in the highest MEVC for SCT2.0-PZT bilayer. Data on α33 vs. H in Figure 11b show a de-

crease in the MEVC value compared α31 due to demagnetization effects for out-of-plane 

magnetic fields. All of the SCTx-PZT show a similar lowering of α33 values with respect to 

their α31 value, (Supplementary Materials Figure S6). 
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Figure 10. α31 vs. H for PZT-SCTx (x = 0.0, 2.0, 4.0) bilayers. 
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Figure 11. α33 vs. H for PZT-SCTx (x = 0.0, 2.0, 4.0) bilayers. 

Studies on the dependence of MEVC on the frequency f of the AC magnetic field are 

important since one expects significant enhancement in the MEVC values when f coin-

cides with the frequency of the acoustic resonance modes [20]. We carried out the MEVC 

measurement at the electromechanical resonance (EMR) in the BCTx/SCTx-PZT samples. 

The EMR mode frequencies were first measured by f-dependence of the capacitance of the 

bilayer with an LCR meter. Then, the MEVC α31 of the bilayers was measured as a function 

of f in the vicinity of the EMR for each sample. A bias magnetic field corresponding to the 

maximum in low-frequency MEVC was applied during these measurements. Data on α31 

vs. f for BCTx/SCTx-PZT bilayers are shown in Figure 12 (and in Supplementary Materials 

Figure S7). A significant enhancement of MEVC compared to low-frequency values was 

measured for all the samples. Among the BCTx-PZT bilayers, the highest MEVC of 205 

mV/cm Oe at EMR was measured for BCT0.5-PZT and is a factor of 40 higher than for the 

low-frequency α31. Similarly, among the SCTx-PZT bilayers, the highest MEVC of 204 

mV/cm Oe at EMR was measured for SCT2.0-PZT. The enhancement of MEVC at EMR is 

more prominent in SCTx-PZT samples than BCTx-PZT samples as seen in the Supplemen-

tary Materials Figure S7. The maximum values of MEVC at low frequency and at EMR are 

shown in the Supplementary Materials Figure S8. 
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Figure 12. MEVC as a function of frequency of the AC magnetic field for bilayers of (a) BCTx-PZT 

and (b) SCTx-PZT. The peak values occur at the frequency of longitudinal acoustic modes in the 

bilayers. 

4. Discussion 

It is well established that Co and Ti doped BaM and SrM with conical spin structure 

are multiferroic showing cross coupling between the magnetic and ferroelectric subsys-

tems [8]. The primary focus of this study was to investigate the ME coupling arising due 

to magnetostriction induced mechanical deformation in applied magnetic fields in com-

posites of PZT and Co-Ti substituted BaM/SrM. Incorporation of the Co and Ti in 

BaM/SrM does not in most cases lead to impurity phases, except for in SCTx for x < 2.0 

with less than 5 wt.% of a-Fe2O3. The polycrystalline samples are found to have a uniaxial 

magnetocrystalline anisotropy field HA for x < 2.0 and an in-plane HA for higher x-values. 

The large uniaxial anisotropy (>15 kOe) in single crystal BaM and SrM [3] reduces to an 

in-plane HA in polycrystalline BCTx/SCTx for x > 2.0. This reduction in anisotropy is also 

evident in the magnetization 4πM vs. H data in Figure 4. Within the limited range of H-

values, there is an ease for M to reach towards saturation as x is increased from 

BCT0.0/SCT0.0 to BCT4.0/SCT4.0. 

Somewhat minor variations appear in the MEVC with the substitution x in 

BCTx/SCTx-PZT composites both at low frequencies and at EMR. The ME coupling 

strengths in SCTx-PZT is stronger than for BCTx-PZT and can be attributed to higher 

value of the magnetostriction  and the piezomagnetic coefficient q (Figures 5 and S2 Sup-

plementary Materials). It is also noteworthy that the maximum zero-bias MEVC at low 

frequency and at EMR occurs for x = 2.0 for both bilayer systems (Figure S8 Supplemen-

tary Materials) that could very well be attributed to the higher HA value than for other 

substitutions. 

Samples of BCTx/SCTx show only a moderate value of magnetostriction, much 

smaller than for the bilayers of PZT and spinel ferrites such as nickel ferrite (NFO) or 

cobalt ferrite (CFO), but higher than for samples with BaM or SrM. Thus, the overall 

strengths of the direct-ME coupling in the bilayers of BCTx/SCTx with PZT are one to two 

orders of magnitude smaller than for NFO/CFO-PZT [20], but a large magnetocrystalline 

anisotropy field gives rise to significant zero-bias MEVC in BCTx/SCTx-PZT. At frequen-

cies corresponding to longitudinal acoustic modes, the MEVC values show enhancement 

by a factor of 40 or so compared to low-frequency values. Since the ME effect in the com-

posites arises from the mechanical coupling between the piezoelectric and magnetic 

phases, the ME response can be significantly amplified when the piezoelectric component 
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experiences resonance, particularly electromechanical resonance [20]. Guerra et al. [45] 

have reported on particulate composites comprising BaM and PZT and an MEVC of ~95 

mV/cm Oe near EMR whereas our samples show twice the value. Single crystal SrM-PZT 

bilayer was reported to show MEVC ~5 mV/cm Oe around 3 kOe [31], much smaller than 

for our SCTx-PZT samples. 

A variety of layered composites containing ferrites, 3d-rare earth and transition met-

als/alloys, or manganites for the ferromagnetic phase and PZT, barium titanate, or lead 

magnesium niobate-lead titanate (PMN-PT), were studied in the past and several of them 

show evidence for strong ME coupling. Next, we compared the strength of ME coupling 

in BCTx/SCTx-PZT bilayers with similar bilayer composites. Palneedi et al. reported a 

maximum MEVC of 3 V/cm Oe for PZT-Metglas bilayers [46]. A much higher MEVC of 

4.68–5.9 V/cm Oe was reported for terfenol D-PZT bilayers [47,48]. An MEVC of 12 V/cm 

Oe was measured in a bilayer of P(VDF-HFP)-Metglas [49]. Composites of NFO or CFO 

and PZT in general have a MEVC of 400 mV/cm Oe much lower compared to composites 

with ferromagnetic metals or alloys [20]. 

The origin of magnetic control of ferroelectricity in doped multiferroic BaM and SrM 

is well established but the nature of strong of magnetocrystalline anisotropy and moder-

ate magnetostriction in polycrystalline samples of Co-Ti substituted BaM/SrM need to be 

understood. The key finding of this study on BCTx/SCTx-PZT are the ME coupling under 

zero external bias and MEVC as high as ~200 mV/cm Oe at EMR mode frequencies. In this 

regard, studies on HA and magnetostriction for Co/Ti doping higher than 4.0 in BaM/SrM 

are of interest for enhancing the strengths of ME coupling at low frequencies and at EMR 

and also strengthening the zero-bias ME effects. 

The bilayer ME composites studied here have a rather weak ME coupling strength in 

the low frequency regime. The ME response in the vicinity of electromechanical resonance 

shows a larger MEVC~200 mV/cm Oe. This large value of MEVC of these bilayers under 

zero-bias is of potential interest for use in magnetic field sensors and sensor arrays. Energy 

harvesting is another possible device application for the composites. The hexaferrites 

show FMR at 10–30 GHz for H = 1–7 kOe and the composites may have the potential for 

FMR-based devices such as resonators and filters, and composites with PZT may facilitate 

electric field tuning of the operating frequencies of such devices. 

5. Conclusions 

The nature of magnetoelectric interactions has been studied in the bilayers of Co-Ti 

substituted M-type barium and strontium hexagonal ferrites and PZT. Even though BCTx 

and SCTx are single phase multiferroics showing coupling between magnetic and ferroe-

lectric order parameters, studies on ME coupling due to magnetostriction in the ferrites 

and piezoelectric effects in PZT have not been addressed so far. Samples of BCTx prepared 

by solid state reaction techniques are free of impurity phases, whereas a minor amount of 

α-Fe2O3 phase was present in SCTx only for x < 2.0. SEM images show small, irregular 

shaped grains and needles like structures and an increase in the grain size was observed 

with increase in x. Magnetostriction at room temperature values for H up to 5 kOe were 

much higher than the reported values for single crystal BaM and SrM. Magnetization data 

for H up to 5 kOe indicated an initial increase M with x up to 1.0, but a sharp decrease in 

M was measured for higher x-values. The magnetocrystalline anisotropy of the samples 

estimated by FMR revealed a switch from out-of-plane to in-plane HA as the amount of 

Co-Ti substitution was increased with an in-plane HA of 5 kOe for SCT1.5 and 2.0. Low-

frequency and resonance ME voltage coefficient measurements were conducted on the 

bilayers of BCTx/SCTx-PZT. The maximum values of low-frequency MEVC ranged from 

a minimum of 2 mV/cm Oe to a maximum of 14 mV/cm Oe and are two orders of magni-

tude smaller than for spinel ferrite–PZT composites. A key observation in this study is the 
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zero-bias field ME effects that could be attributed to a large HA in the ferrites that acts as 

a built-in bias. The MEVC was as high as 200 mV/cm Oe when the frequency of the AC 

magnetic field coincides with acoustic resonance modes in the composites. 

Supplementary Materials: The following supporting information can be downloaded at: 

https://www.mdpi.com/article/10.3390/jcs9070336/s1. Figure S1. Rietveld refinement of the XRD 

pattern of (a) SCT0.0 and (b) SCT2.0. Both the systems contain hexagonal M-type ferrite phase with 

P63/mmc space group symmetry (shown in green Braggs’ positions) and α-Fe2O3 phase with R-3c 

space group symmetry (shown in purple Braggs’ positions). Figure S2. Magnetic field dependence 

of the magnetostriction of (a) BCTx and (b) SCTx samples. Figure S3. S21 vs. f profiles of different 

BCTx samples at selected magnetic fields. Figure S4. S21 vs. f profiles of different SCTx samples at 

selected magnetic fields. Figure S5. MEVC for BCTx-PZT bilayers for in-plane and out-of-plane mag-

netic fields. Figure S6. MEVC for SCTx-PZT bilayers for in-plane and out-of-plane magnetic fields. 

Figure S7. MEVC plots of (a) BCTx-PZT and (b) SCTx-PZT bilayer composite samples as a function 

of frequency near EMR. In the inset of (b) the variation of the capacitance of PZT layer attached to 

the SCT2.0-PZT bilayer is shown. Figure S8. Zero-bias MEVC, MEVC at EMR and maximum achiev-

able MEVC in field scan for SCTx-PZT bilayer composites. Table 1. Fitting parameters of the FMR 

absorption for BCTx and SCTx samples. 
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