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Supplementary Figure S1| Fabrication processes for VTIs. (a) Epoxy bonded Metglas / 

PMN-PZT inductor structure: (i) schematic of ME inductor core, pictures of (ii) piezoelectric 

PMN-PZT ceramic ring and plate, (iii) Metglas / PMN-PZT plate-type inductor core, (iv) 

Metglas / PMN-PZT ring-type inductor core and (v) the toroidal and solenoid inductors. (b) 

Low-temperature co-fired ferrite / PMN-PZT inductor structure: (i) schematic of inductor 

core, pictures of (ii) green (unfired) PMN-PZT piezoelectric ceramic tape, (iii) green NiZnCu-

ferrite magnetic ceramic tape, (iv) co-fired inductor core, and (v) co-fired solenoid inductor. 
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Supplementary Figure S2 | Impedance and resistance spectra of ring-type Metglas VTI 

at 0 kV/cm. 
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 Supplementary Figure S3 | Electromechanical properties of piezoelectric ceramics. 

Impedance spectra of textured PMN-PZT piezoelectric ceramics: (a) long plate for 3-1 mode, 

k31, and (b) disc for planar mode, kp.  
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Supplementary Notes: Theoretical Analysis of Metglas Inductor 

Consider Metglas inductor core. Since the ribbon thickness is much smaller than the 

inductor transverse dimensions, both plate-type and ring-type inductor cores can be modeled 

by the same ribbon geometry, while the difference between plate and ring is characterized by 

different demagnetization factors along the longitudinal direction (non-zero for plate and zero 

for ring). The total free energy F of the Metglas inductor core consists of contributions from 

magnetic anisotropy, demagnetizing field, applied stress, and magnetic field: 

𝐹 = 𝐾𝑢[1 − (𝐩 ∙ 𝐦)2] +
1
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  (S1) 

where 𝜇0 is the permeability of free space, m=M/Ms is a unit vector along the direction of 

magnetization vector M, and Ms is the saturation magnetization. The first term describes the 

magnetic anisotropy energy, where Ku is the anisotropy constant, and the unit vector p defines 

the easy axis of magnetization (annealed Metglas 2605SA1 usually exhibits uniaxial 

anisotropy). The second term describes the demagnetization energy, where Ni is the 

demagnetization factor along axis-i direction (1, 2, and 3 along length, width, and thickness, 

respectively). The third term describes the energy of magnetoelastic coupling, where 𝜆𝑠 is the 

saturation magnetostriction constant, and 𝜎𝑖𝑗  are the stress components (for layered 

magnetoelectric inductors, the piezoelectric layer only induces in-plane biaxial stress in the 

magnetic layer). The last term describes the Zeeman energy in the magnetic field H. 

 

To apply Eq. (S1) to the voltage tunable magnetoelectric inductors, consider the easy 

axis of magnetization along axis-2, i.e., p=(0,1,0). Define 𝐾𝑑 = 𝜇0𝑀𝑠
2/2 . The 

demagnetization factor N1 is determined by the inductor core geometry, i.e., N1~10-3 for the 

plate (14.8 mm  2.8 mm  0.023 mm) [13] and N1=0 for the ring, which correspond to 𝐾𝑑1 =
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𝐾𝑑𝑁1~700 J/m3 and 0 J/m3, respectively. In comparison to the magnetic anisotropy Ku=38 

J/m3 of Metglas, the demagnetizing field produces an important role in axis-1 direction along 

the plate length thus must be taken into account. Along axis-2 across the ribbon width, the 

formation of stripe magnetic domains effectively eliminates the demagnetizing field, thus the 

demagnetization factor N2~0. Along axis-3 across the ribbon thickness, however, the 

demagnetization factor N3 cannot be neglected because of the much smaller ribbon thickness 

as compared to its length and width. Nevertheless, formation of magnetic domains also 

significantly reduces the demagnetizing field in axis-3 direction when magnetization 

component 𝑀3 = 𝑀𝑠𝑚3 is induced by stress. In the following analysis of the experimental 

data, 𝐾𝑑3 = 𝐾𝑑𝑁3 is treated as a fitting parameter, which depends on the detailed domain 

microstructures. 

 

Taking into account above relevant material parameters, the free energy in Eq. (S1) for a 

Metglas inductor in external magnetic field applied along axis-1 direction is: 

𝐹 = 𝐾𝑢[1 − 𝑚2
2] + 𝐾𝑑1𝑚1

2 + 𝐾𝑑3𝑚3
2 −

3

2
𝜆𝑠 [𝜎11 (𝑚1

2 −
1

3
) + 𝜎22 (𝑚2

2 −
1

3
)] − 𝜇0𝑀𝑠𝐻𝑚1 

  (S2) 

First, consider the “ground state” at 𝐻 = 0. Assume in-plane biaxial compressive stress 𝜎11 =

𝜎22 = −𝜎. Then Eq. (S2) becomes: 

𝐹 = (𝐾𝑢 + 𝐾𝑑1)𝑚1
2 + (𝐾𝑢+𝐾𝑑3−𝐾𝜎)𝑚3

2 + 𝐾𝜎/3 

  (S3) 

where 𝐾𝜎 = 3𝜆𝑠𝜎/2, and 𝑚1
2 + 𝑚2

2 + 𝑚3
2 = 1 has been used to eliminate 𝑚2 . Since 𝐾𝑢 +

𝐾𝑑1 > 0 for both plate and ring, the “ground state” with minimum energy is always reached at 

𝑚1 = 0, as expected from the absence of applied magnetic field. Then, Eq. (S3) is reduced to: 

𝐹 = 𝐾𝑚3
2 + 𝐾𝜎/3 

  (S4) 
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where 𝐾 = 𝐾𝑢+𝐾𝑑3 − 𝐾𝜎 is an effective magnetic anisotropy constant. When 𝐾 > 0 (Regime 

I), the “ground state” corresponds to 𝑚3 = 0, thus 𝐦 = (0,1,0) and the magnetization vector 

M lies along the material easy axis (i.e., axis-2). When 𝐾 < 0 (Regime II), the “ground state” 

corresponds to 𝑚3 = 1 (or equivalently 𝑚3 = −1), thus 𝐦 = (0,0,1) and M lies along the 

stress-induced easy axis (i.e., axis-3). The magnetoelectric inductors in the two “ground 

states” exhibit different voltage tunability behaviors, as discussed in the following Regime I 

and II. A transition between these two regimes occurs at 𝐾 = 0, or 𝐾𝜎 = 𝐾𝑢+𝐾𝑑3, which 

determines the critical stress for such a transition: 

𝜎𝑐 =
2(𝐾𝑢 + 𝐾𝑑3)

3𝜆𝑠
 

  (S5) 

In Regime II ( 𝜎 > 𝜎𝑐 ), the susceptibility of the magnetoelectric inductors strongly 

depends on the stress. Under magnetic field H  applied along axis-1, Eq. (S3) becomes: 

𝐹𝐼𝐼 = (𝐾𝑑1 − 𝐾𝑑3 + 𝐾𝜎)𝑚1
2 − 𝜇0𝑀𝑠𝐻𝑚1 + 𝐾𝑢+𝐾𝑑3 − 2𝐾𝜎/3 

  (S6) 

where 𝑚3
2 = 1 − 𝑚1

2 has been used since 𝑚2 = 0 in this regime. The magnetic field-induced 

magnetization 𝑀1 = 𝑀𝑠𝑚1  is obtained from 𝑑𝐹𝐼𝐼/𝑑𝑚1 = 0 , which gives 𝑚1 = 𝜇0𝑀𝑠𝐻/

2(𝐾𝜎 + 𝐾𝑑1 − 𝐾𝑑3). The magnetic susceptibility 𝜒 = 𝑑𝑀1/𝑑𝐻 is given by: 

 𝜒𝐼𝐼 =
𝐾𝑑

𝐾𝜎+𝐾𝑑1−𝐾𝑑3
 (S7) 

At transition to Regime II, 𝐾𝜎 = 𝐾𝑢 + 𝐾𝑑3 , thus 𝜒𝐼𝐼 = 𝐾𝑑/(𝐾𝑢 + 𝐾𝑑1) . For a large 

susceptibility (χ ≫ 1), the tunability 𝛾 = (𝜇𝜎𝑐
− 𝜇)/𝜇  defined in terms of the permeability 

𝜇 = 1 + 𝜒 becomes essentially 𝛾 = (𝜒𝜎𝑐
− 𝜒)/𝜒, which, according to Eq. (S7), is: 

 𝛾𝐼𝐼 =
𝐾𝜎−𝐾𝑢−𝐾𝑑3

𝐾𝑢+𝐾𝑑1
=

3𝜆𝑠𝜎

2(𝐾𝑢+𝐾𝑑1)
−

𝐾𝑢+𝐾𝑑3

𝐾𝑢+𝐾𝑑1
 (S8) 

which is a linear function of the compressive stress 𝜎. 

 



 

 8 

In Regime I (𝜎 < 𝜎𝑐), the susceptibility of the magnetoelectric inductors only weakly 

depends on the stress. In fact, if 𝜎11 = 𝜎22 is assumed, stress would produce no effect on the 

permeability. The weak stress dependence comes from the small difference between 𝜎11 

and 𝜎22, which results from the different transverse dimensions of the layered magnetoelectric 

inductor structure. The magnitude of the compressive stress component in the length direction 

(axis-1) is expected to be slightly greater than that in the width direction (axis-2). Define 

∆𝜎 = 𝜎22 − 𝜎11, then under magnetic field H applied along axis-1, Eq. (S2) becomes: 

 𝐹𝐼 = (𝐾𝑢 + 𝐾𝑑1 + 𝐾∆𝜎)𝑚1
2 − 𝜇0𝑀𝑠𝐻𝑚1 +

1

2
𝜆𝑠𝜎11 − 𝜆𝑠𝜎22 (S9) 

where 𝐾∆𝜎 = 3𝜆𝑠∆𝜎/2, and 𝑚2
2 = 1 − 𝑚1

2 has been used since 𝑚3 = 0 in this regime. The 

magnetic field-induced magnetization 𝑀1 = 𝑀𝑠𝑚1  is obtained from 𝑑𝐹𝐼/𝑑𝑚1 = 0 , which 

gives 𝑚1 = 𝜇0𝑀𝑠𝐻/2(𝐾∆𝜎 + 𝐾𝑢 + 𝐾𝑑1). The magnetic susceptibility 𝜒 = 𝑑𝑀1/𝑑𝐻 is given 

by: 

 𝜒𝐼 =
𝐾𝑑

𝐾∆𝜎+𝐾𝑢+𝐾𝑑1
 (S10) 

At zero stress 𝜎11 =  𝜎22 = 0, 𝐾∆𝜎 = 0, thus 𝜒𝐼 = 𝐾𝑑/(𝐾𝑢 + 𝐾𝑑1), which is the same as at 

transition to Regime II. The tunability 𝛾 = (𝜒𝜎=0 − 𝜒)/𝜒 is obtained from Eq. (S10): 

 𝛾𝐼 =
𝐾∆𝜎

𝐾𝑢+𝐾𝑑1
=

3𝜆𝑠∆𝜎

2(𝐾𝑢+𝐾𝑑1)
 (S11) 

which is directly proportional to the stress component difference ∆𝜎. 

Next we apply the above formulated theory to analyze the experimental data of Metglas 

inductors. To do so, the biaxial stress 𝜎  applied to the Metglas ribbon is expressed as a 

function of the piezoelectric strain 𝜀 = 𝑑31𝐸  of the PMN-PZT layer, 𝜎 = 𝑌𝜀/(1 − 𝜈) =

𝑌𝑑31𝐸/(1 − 𝜈), where Y=110 GPa and 𝜈=0.3 are the Young’s modulus and Poisson’s ratio of 

Metglas, d31=420 pC N-1 is the piezoelectric constant of PMN-PZT, and E is the electric field 

applied to PMN-PZT layer. Consider the experimental results plotted in Fig. 2i. Regime II 

corresponds to the linearly fitted segments of the tunability curves at high electric field. 

According to Eq. (S8), the theoretical slope is: 
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𝑑𝛾𝐼𝐼

𝑑𝐸
=

3𝜆𝑠𝑌𝑑31

2(𝐾𝑢+𝐾𝑑1)(1−𝜈)
 (S12) 

Using above material parameters and 𝜆𝑠 = 27 × 10−6  for Metglas into Eq. (S12) and 

comparing with the fitted slope of the tunability curve for ring-type inductor (𝐾𝑑1 = 0) shown 

in Fig. 2i gives 𝐾𝑢 = 126 J m-3, and further comparing with the fitted slope for plate-type 

inductor shown in Fig. 2i gives 𝐾𝑑1 = 988 J m-3. Equation (S8) also shows that the constant 

term (intercept) of the linear function is – (𝐾𝑢 + 𝐾𝑑3)/(𝐾𝑢 + 𝐾𝑑1). Comparing with the fitted 

intercepts of the ring-type and plate-type inductors shown in Fig. 4d gives respectively 𝐾𝑑3 =

570 J m-3 for the ring-type inductor and 𝐾𝑑3 = 1367 J m-3 for the plate-type inductor. It is 

worth noting that, given the high idealization of the theoretical model formulated above, the 

extracted value 𝐾𝑑1 = 988 J m-3 is in good agreement with the estimated value 𝐾𝑑1~700 J m-

3 for plate; 𝐾𝑑3 = 570 J m-3 for ring and 𝐾𝑑3 = 1367 J m-3 for plate are of the same order of 

magnitude as 𝐾𝑑1, while their difference can be attributed to different magnetic domains (and 

thus different demagnetization factors) in ring-type and plate-type inductors. The extracted 

value 𝐾𝑢 = 126 J m-3 is about 3 times the intrinsic value 𝐾𝑢 = 38 J m-3 for Metglas, which, 

nevertheless, is within the reported range of directly measured values. 

Regime I corresponds to the linearly fitted initial segments of the tunability curves at 

low electric field. Assume ∆𝜎 = 𝑘𝜎. According to Eq. (S11), the theoretical slope is: 

 
𝑑𝛾𝐼

𝑑𝐸
=

3𝜆𝑠𝑌𝑑31𝑘

2(𝐾𝑢+𝐾𝑑1)(1−𝜈)
 (S13) 

Using above material parameters into Eq. (S13) and comparing with the fitted slopes for the 

initial segments of the tunability curves for ring-type and plate-type inductors shown in Fig. 2i 

gives respectively k=0.11 for the ring-type inductor and k=0.04 for the plate-type inductor. As 

expected, the extracted value of k is much smaller than 1; in particular, k is negligibly small 

for plate-type inductor, which is due to the more symmetric geometry in the length and width 

directions of a plate than in the circumferential and radius directions of a ring. 



 

 10 

Using above extracted values of the relevant parameters, the theoretical predictions of 

Regime I and II for both ring-type and plate-type inductors are plotted and compared with the 

experimental data in Fig. 5. Theoretically, the transition between Regime I and II occurs at the 

critical stress determined by Eq. (S5), which corresponds to the critical electric field: 

 𝐸𝑐 =
2(𝐾𝑢+𝐾𝑑3)(1−𝜈)

3𝜆𝑠𝑌𝑑31
 (S14) 

Using above material parameters into Eq. (S14) gives Ec = 2.6 kV cm-1 for ring-type inductor 

and Ec = 5.6 kV cm-1 for plate-type inductor. These values agree well with the experimental 

data. It is worth noting that the experimental data exhibit a smooth transition rather than a 

sharp transition between the two regimes, where the tunability gradually deviates from the 

initial low-field linear segment of Regime I and smoothly approaches the high-field linear 

segment of Regime II. Such deviation from idealized theoretical model is attributed to the 

non-uniformities in the layered magnetoelectric inductors, such as spatial variations in Kd3 and 

𝜎 due to the microstructures of magnetic domains in Metglas ribbons and polarization 

domains in PMN-PZT layer. 

 


