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Abstract: Magnetoelectric coupling effect of Ni1-xZnxFe2O4/PZT (NZFO/PZT) thin film 

heterostructures is investigated by tuning the Zn content in NZFO film. The highest 

magnetoelectric coupling coefficient of NZFO/PZT heterostructures is achieved at x = 0.15 with 

the value of 328 mV/cm Oe. This various magnetoelectric effect in NZFO/PZT heterostructures 

with different Zn content is induced by distinct magnetostriction of NZFO film, which is related to 

piezomagnetic coefficient q of PZT layer, the initial permeability μi of NZFO layer, as well as the 

exchange interaction of ions at tetrahedral and octahedral sites.. This study is of significance for 

understanding the magnetoelectric effects of epitaxial magnetoelectric heterostructures that 

involves NZFO ferrite films.  
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Introduction 

Magnetoelectric (ME) effect is defined as the dielectric polarization of a material in an applied 

magnetic field or as an induced magnetization in an external electric field [1, 2]. Tuning of ME 

effect of thin film heterostructures is an important research field in terms of the potential 

applications in sensors, microwave devices, heterogeneous read/write devices and so on.  

 

ME effect of multiferroic heterostructures is strongly dependent on the magnetostriction of 

magnetic phase because of the intimate correlation between magnetic and ferroelectric phase. It 

has been reported that magnetostriction as well as magnetization of Ni-Zn ferrite is determined by 

Zn content [3-6]. Variation of Zn concentration usually leads to cation redistribution as Zn has a 

strong preference for tetrahedral site (A-site) while Ni mostly occupies the octahedral site (B-site) 

[7, 8]. ME interactions in Ni1-xZnxFe2O4 and PZT composites have been investigated and the 

maximum ME coupling coefficient is achieved with x of 0.2 [9]. For single phase multiferroics, 0.9 

BaTiO3-0.1 Ni1-xZnxFe2O4 obtains the highest ME response as x of 0.2 [10]. So far, most of the 

studies related to Ni-Zn ferrites have been focused on their magnetic/electrical properties and/or 

bulk ME composites [11-17]. Systematic investigations on Zn content dependence of ME effect in 

epitaxial thin film heterostructures of Ni-Zn ferrite and piezoelectric are still lacking. Hence, 

studies on ME effect incorporating Ni-Zn ferrite and piezoelectric thin films will be helpful for 

understanding the influence of Zn doped nickel ferrite on ME interaction.  

 

In this work, Ni1-xZnxFe2O4/Pb(Zr0.52Ti0.48)O3 (NZFO/PZT) epitaxial thin film heterostructures are 

grown on (001) SrTiO3 (STO) single crystalline substrates to investigate the relationship between 

the amount of Zn doping and ME interaction, where x = 0, 0.1, 0.15, 0.2, and 0.25, respectively. 

The highest ME coupling coefficient of 328 mV/cm Oe is achieved at x = 0.15. This phenomenon 
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of Zn content dependence of ME interaction in NZFO/PZT heterostructures is related to the 

magnetostriction of NZFO films.  

 

Materials and methods 

NZFO/PZT heterostructures with Zn content of 0, 0.1, 0.15, 0.2, and 0.25, were grown on SrRuO3 

(SRO) buffered (001) STO substrates via pulsed laser deposition. Appropriate stoichiometric 

single phase NZFO targets with different Zn substitution were used for the deposition. The NZFO 

targets were fabricated by conventional solid phase sintering. For detailed information on 

fabrication process please refer to our previous work [18]. Here, SRO is acted as bottom electrode 

while Pt (~ 73 nm) was deposited on NZFO as top electrode for electrical and ME measurements. 

To realize optimal ME response, thicknesses of NZFO and PZT films are fixed to ~ 160 nm and 

~170 nm, respectively[18]. The sample dimension is lenght×width×thickness = 3 mm× 3 mm× 160 

nm. These heterostructures are labeled S-1, S-2, S-3, S-4, and S-5 for Zn content of 0, 0.1, 0.15, 

0.2, and 0.25, respectively.   

Structural properties of these heterostructures were characterized by X-ray diffraction (XRD) 

using Bruker D8 Discover four-circle diffraction system (Cu Kα1, λ = 1.5406 Å). Ferroelectric 

hysteresis loops were measured by a standard ferroelectric test system (Radiant Premier II, 

Radiant Technologies Inc.) at room temperature. Magnetization vs magnetic field loops (M-H) 

were measured by Physical Property Measurement System (PPMS, Quantum Design). ME 

coupling coefficient were characterized on a probe station with superconducting magnet 

(Lakeshore Model 625): ME voltage induced by an oscillating magnetic field was collected under 

different DC magnetic field via lock-in amplifier [19]. Cation distribution in NZFO films was 

analyzed via X-ray photoelectron spectroscopy (XPS, Thermo Fisher Scientific 250Xi).  

 

Results and discussion 

Figure 1(a) shows representative XRD θ-2θ scan of sample S-4. Diffraction peaks from NZFO and 

PZT are discernable though the intensity for NZFO is relative weak. No other diffraction peak is 

observed except for the peaks from NZFO, PZT, SRO, and STO, indicating that all of the films are 



grown along the direction normal to film plane. Representative ϕ-scan of sample S-1 is exhibited 

in figure 1(b), where the diffraction peaks occurs at regular interval of 90° for individual films and 

substrate. The position of diffraction peaks of individual films is in line with that of the substrate, 

demonstrating that all of the films are epitaxially grown on STO substrates. Epitaxial relationship 

between films and substrate can be written as: NZFO (004) [040] || PZT (002) [020] || SRO (002) 

[020] || STO (002) [020]. Similar XRD results of other samples are not shown here. Symmetric 

and asymmetric XRD-Reciprocal Space Mappings (see Supplementary Information) reveal that all 

of the NZFO films are fully relaxed.  

 

Ferroelectric hysteresis loop of PZT is shown in figure 2(a). The ratio of remanent 

polarization/saturation polarization as well as coercive electric field of PZT layer reaches 0.76 and 

110 kV/cm, respectively, indicating that PZT layer has good ferroelectric property. The saturated 

magnetization (Ms) and coercive magnetic field (Hc) of NZFO layers can be obtained from 

magnetic hysteresis loops shown in figure 2(b), and their correlation with Zn content is illustrated 

in figure 2(c). On the one hand, Ms increases with the increase of Zn substitution except for the 

sample with Zn content of 0.2. This kind of trend, which is related to the distribution of magnetic 

ions (Ni2+ and Fe3+) and non-magnetic ions (Zn2+) in spinel network at tetrahedral and octahedral 

sites, is in line with what reported previously [5, 20, 21]. While the coercive magnetic field (Hc) 

decreases with the increase of Zn substitution, which can be understood on the basis of 

magnetocrystalline anisotropy. The anisotropy constant value of nickel ferrite is greater than that 

of Zn ferrite[21]. Therefore, Hc for Zn substituted ferrite is lower. More substitution of Ni2+ by Zn2+ 

means lower Hc. On the other hand, Ms for nickel ferrite in current work is 104 emu/cm3, which is 

much smaller than its bulk value of 270 emu/cm3 [22]. In addition, Ms of 330 emu/cm3 for sample 

S-5 is lower than its bulk value of 375 emu/cm3 (assuming density of 5.368 g/cm3) [5]. The lower 

Ms in current work could be explained on pinning of moments due to presence of defects, such as 

antiphase boundaries, in the films [22].   

 

ME response of NZFO/PZT heterostructures with various Zn content is exhibited in figure 3(a). 

The ME coupling coefficient is determined by αE31 = Vout/(d*Hac), where Vout, d, and Hac denote 

ME voltage, thickness of PZT layer, and amplitude of AC magnetic field, respectively[23]. αE31, 



which is obtained at Hac of 3 Oe with frequency of 1 kHz at room temperature, increases first and 

then decreases after reaching the peak values for all of the samples. Variation of αE31 and Hdc (DC 

magnetic field corresponding to peak values) with Zn content is shown in figure 3(b). With the 

increase of Zn concentration, Hdc decreases monotonically while αE31 reaches its maximum value 

of 328 mV/cm Oe when Zn content is 0.15.  

One possible cause for the observed highest αE31 at Zn content of 0.15 could be the noncollinear 

spin structure and the enhanced magnetostriction reported in previous studies on nickel zinc ferrite 

[4, 24]. These studies, however, were on Zn substitutions of 0.25 or more and at low temperatures. 

Satya Murthy et al. carried out neutron diffraction studies on nickel zinc ferrite with Zn 

substitutions varying from 0 to 1 [24]. The ordering was found to be Neel type in pure nickel ferrite 

and canting was observed upon Zn substitution for Ni and the canting angle θ decreased with 

increasing temperature. For Zn substitution of 0.25, θ decreased from 17.6 deg at low temperature 

to 10 deg at 100 K. At room temperature the ordering was collinear Neel type. Thus in our case 

canting related increase in the magnetostriction cannot be the cause of enhancement in the strength 

of ME coupling.   

 The key ingredients for the magnetic phase for achieving a large ME coupling strength in the 

composites are (i) the piezomagnetic coefficient q and (ii) the initial permeability μi. We attribute 

the observations in our case to enhancements in both parameters in Zn substituted nickel ferrites.  

Under an applied AC magnetic field, the field confinement in the composite critically depends on 

μi and the ME coefficient is directly proportional to q. Figure 3 (c) shows the variation in the ME 

coefficient for composites of polycrystalline platelets of NZFO and PZT and the dependence of 

the product (qμi) on Zn substitution (data from early report [25]). The product (qμi) increases with 

Zn substitution and shows a maximum for x = 0.4 whereas ME coefficient shows a maximum for 

composites with x = 0.3. In our case for ferrite films on substrate one expects significant departure 

in values of magnetic parameters from bulk values due to substrate clamping and it is reasonable 

to attribute the observation of enhancement in the ME coefficient for x ~ 0.15 to enhancement in 

both q and μi. Although direct measurements of these parameters will validate the proposed cause, 

we lack the essential facilities for such measurements. 

 

In addition, magnetostriction effect in NZFO was reported to originate from dipolar interaction 



among magnetic ions, the single ion contribution of Fe3+ at A and B sites, and the single ion 

contribution of Ni2+ at B sites[4]. The exchange interaction of A-B ions is the strongest while that 

of A-A and B-B ions is the weakest[6]. A and B sites are surrounded with four and six 

nearest-neighbor of O2−, respectively. Thus the crystal field at A and B sites are quite different. To 

further study the exchange interaction in A and B sites, XPS is used to analyze the cation 

distribution in NZFO films, as shown in figure 4. Figure 4(a) shows Zn 2p3/2 and Zn 2p1/2 

core-level XPS spectra of NZFO layers with different Zn content. Both peaks from Zn 2p3/2 (~ 

1021.2 eV) and Zn 2p1/2 (~ 1044 eV) except for the sample without Zn doping correspond to 

typical tetrahedrally coordinated Zn2+ states[26-28], indicating that Zn takes only tetrahedral site for 

all of the Zn substituted samples. The XPS spectra of Fe 2p3/2, Ni 2p3/2, and O1s shown in figure 

4(b) are asymmetric and can be deconvoluted into different lines. The shake-up satellite peak at ~ 

718 eV for Fe 2p3/2 signals that Fe is in 3+ oxidation state[29], and the other shake-up satellite peak 

at ~ 861 eV for Ni 2p3/2 is considered as the representative nickel peak[30]. Detailed cation 

distribution in octahedral (B site) and tetrahedral (A site) sites is quantitatively estimated by 

calculating the deconvoluted peak areal ratio[29]. The principle peak of Fe 2p3/2 is deconvoluted 

into two peaks located at ~ 710 eV (B site) and ~ 713 eV (A site). Similarly, the deconvoluted 

principle peak of Ni 2p3/2 is located at ~ 854 eV (B site) and ~ 855 eV (A site). As shown in figure 

4(c), Fe3+ has the lowest distribution in B site for NZFO film with Zn content of 0.15, while the 

distribution for Ni2+ in B site increases monotonically with the increase of Zn content. For the 

deconvoluted O1s spectra, the peak occurs at ~ 530 eV is recognized as a typical M-O bond (M 

refers to metal), while the peaks at 531 eV and 532 eV are attributed to some defects and 

physical/chemical absorption of H2O on sample surface, respectively[30].     

As mentioned above, the exchange interaction of A-B ions is the strongest while that of A-A and 

B-B ions is the weakest[6]. Therefore, it’s expected that the closer to 50% for Fe3+ and Ni2+ in B 

site distribution the stronger exchange interaction and magnetostriction would be. We can see that 

Fe3+ with Zn content of 0.15 and Ni2+ with Zn content of 0.25, respectively, have the closest 

distribution to 50%. The strongest magnetostriction would be reached when Zn content is in 

between 0.15 and 0.25. Hence, the possible reasons for the observed ME response in our case 

include piezomagnetic coefficient q of PZT layer, the initial permeability μi of NZFO layer, as 

well as the exchange interaction of ions at tetrahedral and octahedral sites.  



 

Conclusions 

In conclusion, ME effect of NZFO/PZT epitaxial thin film heterostructures is investigated by 

varying the Zn content in NZFO. Individual NZFO and PZT films show good magnetic and 

ferroelectric properties, respectively. αE31 is dependent on Zn content and it obtains the highest 

value of 328 mV/cm at Zn content of 0.15. The result of Zn content determined αE31 is attributed 

to piezomagnetic coefficient q of PZT layer, the initial permeability μi of NZFO layer, as well as 

the exchange interaction of ions at tetrahedral and octahedral sites. This work has significance to 

the area of ferrite-based magnetoelectric sensors.  
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Figure Captions 

Figure 1 XRD θ-2θ scan of sample S-4 (a), and XRD ϕ-scan of sample S-1 (b) 

Figure 2 (a) Ferroelectric hysteresis loops of PZT layer, (b) magnetic hysteresis loops of NZFO 

layers with different Zn content, (c) Zn dependence of Ms and Hc obtained from (b)  

Figure 3 (a) ME coupling coefficinet αE31 vs Hdc for heterostructures with different Zn content, (b) 

maximum αE31 and the related Hdc obtained from (a), (c) Variation in the ME coefficient for 

composites of polycrystalline platelets of NZFO and PZT and the dependence of the product (qμi) 

on Zn substitution. Figure adapted from ref. [25] 

Figure 4 (a) XPS spectra of Zn 2p3/2 and Zn2p1/2 for NZFO films with different Zn content, (b) Fe 

2p3/2, Ni 2p3/2, and O1s core-level XPS spectra for NZFO films with different Zn content. The 

vertical dashed lines indicate the reference binding energies for octahedral sites, tetrahedral sites, 

satellite peaks, M-O bond, OI, and OII, (c) dependence of distribution of Fe and Ni in octahedral 

sites on Zn content. 
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