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1. INTRODUCTION

As one of fundamental passive components of electronic circuits, inductors find widespread
use in various applications including filters, power converters, control electronics, communication
systems, etc. In recent years, the laminate magnetoelectric (ME) composites made of
magnetostrictive and piezoelectric materials with a 2-2 connectivity scheme have shown the
control of magnetic permeability as a function of electric field or voltage. This control is provided
by the ME coupling effect!- that arises from the elastic coupling between magnetostrictive and
piezoelectric properties. Tunability of magnetic permeability through electric field promises to
develop a new class of electronic components, voltage tunable inductors (VTIs)®!!, that will have
transformative impact in the design of power electronics. In contrast to conventional tunable
inductors, whose tunability is achieved by mechanically tuning bias magnets or electrically
adjusting current in solenoids, VTIs provide on-chip integration capability, low power-
consumption, higher tunability and smaller footprint, which is very important for enhancing the

efficiency of power electronics as well as reducing the number of passives.

Recently, a VTI with colossal inductance tunability and low loss was proposed!?. Utilizing
the ME laminate composite fabricated via epoxy bonding of NiZn-ferrite/PMN-PT thin layers, the
VTI was found to exhibit a remarkable high tunability of over 750% up to 10MHz, which
completely covers the frequency range of state-of-the-art power electronics'?. However, the
fabrication of VTIs using epoxy bonding technique is not appealing for practical applications. Co-
firing of VTIs is the most desirable processing method due to the strong interface stress coupling,
easy miniaturization, and cost-effective mass production. More importantly, co-firing of VTIs is
compatible with the current multilayer ceramic co-firing process. This process is currently being
utilized by industry to manufacture low cost multilayer ceramic capacitor, multilayer piezoelectric

actuator, and multilayer ferrite beads.

One potential challenge with co-fired VTIs is the large internal stress arising from the
difference in thermal expansion coefficients of piezoelectric and magnetostrictive materials. This
large residual stress exerted on the magnetostrictive layer will influence the inductance tunability.

Figure 1(a) shows the inductance of a co-fired NiZn-ferrite/PMN-PT composite VTI under the
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tuning electric field'?. In comparison with the epoxy bonded VTI, where the inductance or
permeability is significantly decreased under the electric field with a large tunability as shown in
Fig. 1(b), the co-fired VTI exhibits an increasing inductance and a small tunability (~20%). This
difference in inductance behavior is attributed to the residual stress that is exerted on the ferrite
layer at zero electric field, which can be illustrated schematically by Fig. 1(c). The general behavior
of permeability and stress in Fig. 1(c) arises from the magnetization distribution and evolution
mechanisms that are modulated by the stress-induced anisotropy!3. It is the internal residual stress
that determines the tuning regime of a VTI. For epoxy bonded VTIs, there is no residual stress
under zero electric field and the tuning field results in a compressive stress on the ferrite layer and
thus a decreased permeability. In the case of co-fired VTIs, there is an initial residual tensile stress
that is reduced by the tuning field, leading to an increased permeability. It is worth noting that Fig.
I(c) is based on the negative magnetostriction coefficient of the magnetostrictive layer (NiZn-
ferrite). Magnetostrictive materials with positive magnetostriction coefficient will exhibit opposite
permeability-stress behavior to that shown in Fig. 1(c). The permeability behavior of epoxy bonded
VTIs in the compressive stress regime has been systematically studied in our prior work!4, but the
study for co-fired VTIs in the tensile stress regime is still lacking. The small tunability exhibited
by the co-fired VTI in Fig. 1(a) needs to be investigated to identify the conditions under which the

large tunability can be achieved.

In this study, co-fired NiZn-ferrite/PZT ME laminate composites are investigated by
employing the domain-level phase field modeling and the computer simulation. Since there are
two key factors for high tunability, namely, the intrinsic magnetocrystalline anisotropy (MCA) of
the magnetostrictive material and the internal residual stress arising during the co-firing process,
the main focus is on evaluating their role on the simulated magnetic permeability and tunability
behaviors in this ME composite system. A theoretical analysis is presented in order to provide

comprehensive understanding of the underlying mechanisms.
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Figure 1. Measured inductance or permeability under electric field of VTIs fabricated through (a)
co-firing and (b) epoxy bonding for NiZn-ferrite/PMN-PT ME composites. (¢) Schematic
illustration of permeability-stress behavior for these two cases, when the magnetostriction

coefficient is negative for NiZn-ferrite material.

2.  EXPERIMENTAL SECTION

To systematically study the effects of MCA and residual stress on the co-fired ferrite/PZT
ME composite VTI system, we employed the domain-level phase field modeling and perform
computer simulations. The phase field model of ME composites developed in our previous work!?
was adopted, which integrated the phase field models of magnetostrictive materials!® and
ferroelectric materials!” into one unified model to treat domain processes and granular
microstructures in polycrystalline composites of magnetostrictive and ferroelectric phases. This
section will briefly describe this ME composite model, while more detailed description can be

found elsewhere!4-15: 18,
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Ferrite

Figure 2. (a) Grain structure and phase morphology of ME composite. Blue color represents
magnetostrictive ferrite phase and red color represents piezoelectric PZT phase. (b) Domain
structure for both PZT layer and ferrite layer at £=0. Black arrows represent polarization or
magnetization distribution. Color contours represent the three components of polarization or

magnetization.

In this ME composite model, the system can be described by field variables of magnetization
M(r), polarization P(r), and free charge density p(r). The total system free energy under external
magnetic field H* and electric field E®* is given by'>

F= [l —=n)fu(RyM,) +nf(RyP)) + BulVM|? + Bg|VP|? — pH®™ - M — E®* - P]d®r (1)

|

d*k .
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+

where fy(R;M;) and fg(R;P;) respectively represent the local free energy density functions of
magnetostrictive and ferroelectric phases. The operations R;M; and R;;P; transform M(r) and P(r)
from the global sample system to the local crystallographic system in each grain by means of the
grain rotation matrix field R;(r). The magnetostrictive phase (77=0) and ferroelectric phase (7=1)
are distinguished by the phase field 7(r). The two-phase morphology of the ME composite is
illustrated in Fig. 2(a). fi(M) represents the MCA energy of cubic symmetry in the local coordinate
system!®:

Iu (M)=Kl(m12m22+m22m32+m32m12) (2)
where m=M/M is the magnetization direction and K is the MCA constant. fz(P) is formulated by
the Landau-Ginzburg-Devonshire (LGD) polynomial energy?°:
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£ (P) =a (R + B+ P )+ay (B +B + P )+, (BB + BB + PF)

v, (B + B+ B )va, | B (R +R)+ B (R +R)+ BB +B)| ()

+a,, R’ PP
The two gradient terms in Eq. (1) characterize the energy contributions from the magnetic
exchange energy and polarization gradient, respectively. The k-space integral terms characterize
the long-range magnetostatic, electrostatic and elastostatic  interactions, where
K= Ciir1mCiimnnpCripghg, Qu=(Ciramjny)™. M, P, p and & in k-space are the corresponding
Fourier transforms of the field variables M, P, p and ¢ in r-space. The spontaneous strain € is
responsible for the cross-linking between magnetization M and polarization P through the

function of &, = A, ;m,m, + O, B F, where 4, and 0, are magnetostrictive and electrostrictive

coefficient tensors, respectively.

The magnetization M(r,t) and polarization P(r,t) evolutions are respectively governed

by the Landau-Lifshitz-Gilbert equation!® and the time-dependent Ginzburg-Landau equation’:

OM(r,t) y v OF

o M §M(r,t)+aM l:M §M(r,t)} @
OP(r)  OF
or L5P(r,t) ©)

while the evolution of free charge density field p(r,t) is governed by continuity equation of

electric charge as well as the microscopic Ohm’s law?!:

ap(r,t)__ P
LD -9 j(rr) ©6)

Ji =0 E, (7)
where the local electric field E(r) is given by

E(r) = B — [ 2

P k.
& (2m)3 :

[n- P + 7 ne

(8)

To systematically study the MCA and residual stress effects in co-fired ferrite/PZT ME

composite system, varying MCA constant K| and thermal mismatch strain &, are considered in
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our simulations. Following material parameters are adopted in our simulations: MCA constant

Kle[—ISOOO,lSOOO]J/m3, thermal mismatch strain gthe[—2.6,—6.6]><10_3, saturation

magnetization M, =3.5x10° A/m, saturation magnetostriction constant A, =—18x10" for the

ferrite system; and LGD coefficients a;=-2.67x107 m/F, ¢;=-1.43x107 m*/C?F, a;,=1.57x107
m>/C2F, a;1,=1.34x10% m®/C*F, a;1,=1.17x10° m®/C*F, a;,3=-4.77x10° m’/C*F, electrostrictive
constants 01,;=0.0966 m*C?, Q1,=-0.046 m*C?, 04,=0.0819 m*/C? for Pb(Zr,sTig.5)03%" 2.
Consideration of PZT instead of PMN-PT will not change the general behaviors of the ME
composite VTIs. The layer thickness of PZT and ferrite in this ME composite system is

approximately 4pum.
3. RESULTS AND DISCUSSION
3.1 Magnetocrystalline anisotropy effect

Magnetic anisotropy is crucial in determining the magnitude of permeability and tunability
of a VTI system. This includes MCA, shape anisotropy, and stress-induced anisotropy. In a co-
fired ME composite, the stress-induced anisotropy results from the internal residual stress and the
external electric field. The electric field is applied on the piezoelectric layer to induce a stress on
the magnetostrictive layer via strain-mediated ME coupling, which further results in a tunable
permeability. The internal residual stress caused by the co-firing process is hard to be avoided. Its
magnitude depends on temperature change, thermal expansion coefficients and layer thickness
ratio. The shape anisotropy strongly depends on the shape geometry and the domain structure in
the magnetostrictive layer. The intrinsic MCA can be effectively modified by doping a small
fraction of Co?" into ferrite materials®>. Among the three anisotropies, the MCA and residual stress
can significantly impact VTIs’ permeability behaviors, and thus these two are key factors in

governing the performance of a co-fired VTI system.

To examine the MCA effect, various magnitude of MCA constant K in the range of -15000

to 15000 J/m? are considered in our simulations, while the thermal mismatch strain is fixed. It can

be approximated that?*2?’ the average thermal expansion coefficient is «,,, = 7ppm for PZT,
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while for NiZn ferrite the value is @, =11ppm . Considering the ME composite with the same

layer thickness for PZT and ferrite, as well as a temperature change from 930 °C to room
temperature during the co-firing process, the residual thermal mismatch strain of &, ~ —-3.6x107

is exerted on the PZT layer. This value is fixed in the analysis presented in this section.

To obtain the magnetic permeability as well as the corresponding tunability for each K, the
same simulation procedure is followed in all cases. First, co-fired ferrite/PZT composite with

residual thermal mismatch strain and poled PZT layer is implemented. To do so, an additional
mismatch strain &, =-3.6x107" is introduced to the PZT layer in the phase field modeling. Such

a large in-plane (XY-plane) compressive strain will be partially canceled by the poling process of
the PZT layer. So, there is a residual tensile stress exerted on the ferrite layer, which gives rise to

a positive stress-induced uniaxial anisotropy K_ along Z-axis (due to the negative

magnetostriction) and thus a stripe domain structure. Figure 2(b) shows the domain structure for
PZT and ferrite layers under zero electric field. As expected, polarizations are well orientated in
Z-axis (poling direction), while magnetizations form a stripe domain structure due to the stress-
induced uniaxial anisotropy. Second, a tuning electric field of given magnitude along Z-axis is
applied on the PZT layer, which will induce an additional stress on the ferrite layer due to strain-
mediated ME coupling. Third, after both polarizations and magnetizations reach equilibrium, a
small magnetic field AH is applied along X-axis to induce a small magnetization response AM
along X-axis, and then the magnetic permeability for this ME composite at tuning electric field is

obtained by u=y+1=AM/AH +1.
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Figure 3. (a) Magnetic permeability ¢ with various MCA constant K; at £=0 and 100 kV/cm.
Magnetic domain structures of ferrite layer at E=0 kV/cm with (b) K;=-10000 J/m?3, (¢) K;= -4000
J/m3, (d) K;= 0 J/m3, (e) K;= 4000 J/m?, and (f) K;= 10000 J/m3. Black arrows represent

magnetization distribution. Color contours represent the three components of magnetization.

Following the above simulation procedure, the initial permeability determined at electric
field £=0 kV/cm with varying K; is shown in Fig. 3(a), and the corresponding magnetic domain
structures are shown in Fig. 3(b)-(f). It is noted that smaller magnitude of MCA constant K results
in larger permeability and K;=0 corresponds to the largest permeability, which can be explained
by the domain rotation mechanism. Lower MCA makes magnetizations rotate more easily under
magnetic field and thus results in a larger magnetization response AM and hence a larger
permeability . On the contrary, higher MCA energy will suppress the magnetization rotation and
result in a smaller permeability. It is also noted that the permeability at E=0 kV/cm is very low
even at K;=0 (¢=67), which is attributed to the residual stress-induced anisotropy caused by the
thermal mismatch strain during the co-firing process. Such a positive stress-induced uniaxial
anisotropy prefers to align magnetizations along Z-axis to form a stripe domain structure; therefore,
when the stress-induced anisotropy dominates, a stripe domain structure is formed, as shown in
Fig. 3. Even for the same |K|, the domain structures could be different. One can notice that the

domain structure with negative K is more striped than that with positive K; for the same magnitude
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of |K;|. According to Eq. (2), since the energy barrier between the easy axes for negative K is
lower than that for positive K, the magnetization rotation is easier and thus the domain structure

is more striped for negative K;.

In this ME composite VTI system, the tuning electric field applied to the PZT layer along Z-
axis exerts a compressive stress on the ferrite layer via the ME coupling, which eventually results
in a tunable permeability. Electric field control of magnetic permeability behaviors for the ME
composite with various MCA constant K; has been simulated, but herein, we only show three
representatives cases in detail: one for pure NiZn ferrite (K;= -6000 J/m?, Fig. 6) and two for Co-
modified NiZn ferrite with reduced (K;= -2000 J/m?3, Fig. 5) and eliminated (K;= 0 J/m?, Fig. 4)
MCA. Analysis of these three cases can help us in better understanding of the underlying domain-

level mechanisms influenced by the MCA effect.

(a) eo (b) s00 500%  (C) 0.02
. K,=0J/m3 [
— 400 F ~400% b 5
o . e o015 x~ =—0.00012E+0.015
40 r — [
g— 300F e p J300% >
o 2. [ —e— tunability =T o0
o 200 J200% 2 N
U 20} =
= S 0005
& 100 b 4100% = .
0 1 1 1 1 1 1 0 .l PN B Y 1 i 1 i 1 i 1

0 20 40 60 80 100 0 20 40 60 80 100

E (kV/cm)

E (kV/cm)

(d)

(e) (f)

Figure 4. (a) The in-plane tensile stress ¢ on ferrite layer induced by electric field E. (b) Magnetic

permeability g and tunability y = (u, — #,)/ 4, as a function of electric field £ for VTI with K=

0 J/m3. (c) Linear fitting of ' with electric field E. The corresponding magnetic domain

structures of ferrite layer under (d) £=20 kV/cm, (e) E=60 kV/cm, and (f) £=100 kV/cm.
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Figure 4 shows the simulated results of the VTI with K;= 0 J/m3. Starting from the initial
domain structure shown in Fig. 3(d), tuning electric field up to 100kV/cm is applied. The induced
in-plane stress on the ferrite layer under electric field is shown in Fig. 4(a). The initial in-plane
residual (tensile) stress is 55MPa at £=0 kV/cm, resulting from the residual thermal mismatch

strain ¢, that is partially canceled by the poling-process strain &,. Such a residual stress is

weakened by the increasing electric field, exhibiting a nearly linear relationship between ¢ and E.
Since PZT considered in the simulation has a smaller d5; than PMN-PT in the experiment, higher
electric field is needed in the simulation to produce the same tunable stress as in the experiment.
Actually, the electric field £=100 kV/cm in simulations is roughly equivalent to £=10 kV/cm in
experiments (Fig. 1), while both of them produce the same tuning range of stress, ~40 MPa. It is
worth noting that the o~F relation in Fig. 4(a) also applies to other cases in this section because of

the same residual stress.

As the electric field increased, the magnetic permeability x and the corresponding tunability
defined by y=(u; —#,)/ 14, are also increased, as shown in Fig. 4(b). Since the MCA is
eliminated, the stress-induced anisotropy K_ dominates, which results in stripe domains as
illustrated in Fig. 3(d) and Fig. 4(d)-(f) with electric field values of £E=0, 20, 60, 100 kV/cm,
respectively. Electric field reduces the in-plane tensile stress or K, and therefore, the permeability

is increased. When the electric field is as high as 100 kV/cm, the tensile stress becomes very low

(13 MPa), resulting in a large permeability ( 2 =376) as well as a high tunability (7 ~ 500% ), as

shown in Fig. 4(b). Smaller stress-induced anisotropy usually results in larger domain size and
hence a weaker stripe domain structure, as illustrated in Fig. 4(e)-(f). Further, the stripe domain
structure also indicates that the permeability is mainly contributed by the domain rotation

mechanism rather than the domain wall motion mechanism, which gives rise to a common linear
relationship between y~' and E (or o), as shown in Fig. 4(c), where the linear fitting gives
7' =-0.00012E +0.015 . In fact, such a linearity commonly exists in many inductor systems!%

13,28 'while the detailed analysis for this characteristic will be discussed in Sec. 3.2.
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Figure 5. (a) Magnetic permeability y and tunability y = (u, —4,)/ 4, as a function of electric

field E for VTI with K;= -2000 J/m3. The corresponding magnetic domain structures of ferrite
layer under (b) £=0 kV/cm and (c) £=100 kV/cm.

For the VTI with K;= -2000 J/m3 (Fig. 5), the general behavior is quite similar, but the
magnitude of magnetic permeability and its tunability is reduced. According to Fig. 5(a), the
permeability is increased from g =55 to 125 under the electric field increase from £=0 to 100
kV/cm, corresponding to a tunability of 125%. Such a reduction is attributed to the larger MCA,
since the stress-induced anisotropy under the same electric field is the same for both cases.
Magnetic stripe domain structures under electric field £=0 and 100 kV/cm are illustrated in Fig.

5(b) and (c), respectively.

80 100%
(a) K,= -6000 J/m? ] (b)
F 180% __
i X
460% =~
- 1 =
40 - =
=T Jou © E=100kV/cm
I c
20 - u +20% ;E \
—e—tunability ron &3&
i +0% = '
0 1 1 PR TR ST S S S T | ‘_

111 PR ST T
0 20 40 60 80 100

E (kV/cm)
Figure 6. (a) Magnetic permeability x and tunability y = (u, — 4,)/ 4, as a function of electric

field E for VTI with K;= -6000 J/m3. The corresponding magnetic domain structures of ferrite
layer under (b) £=0 kV/cm and (c¢) £=100 kV/cm.
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Figure 6 shows the simulated results for the VTI with K= -6000 J/m3, which represents the
unmodified NiZn ferrite as mentioned above. The general behavior is similar to the above two
cases in Fig. 4 and 5, although the magnitude of permeability and tunability is further reduced due
to the larger MCA. According to Fig. 6(a), the permeability is increased from z =45 to 73 under

the electric field increase from £=0 to 100 kV/cm, corresponding to a tunability of 62%. When
E>80 kV/cm, the permeability does not increase as fast as in the previous two cases; instead, a
plateau appears with further increase in electric field. In fact, such a behavior is due to the reduced

K_ that becomes too weak to compete with the intrinsic MCA to maintain the stripe domain

structure. As shown in Fig. 6(c), magnetizations begin to deviate from Z-axis, and one can expect
that the critical electric field at which the stripe domain structure is destroyed should be larger than

100 kV/cm.

500%

400% |

X
S
>~ 300%
A= @100kV/cm
=
© 200% [
c
b
= oo% |
OJIIJIJLIIIJIILIJIIJ
20000  -10000 0 10000 20000
3
Ky (J/m3)

Figure 7. Tunability of magnetic permeability at E=100 kV/cm as a function of MCA constant K
for the co-fired ferrite/PZT ME composite VTI system.

The permeability tuned by electric field for all the cases are simulated in the same way as in
Fig. 4-6. In particular, the simulated permeability at £=100 kV/cm for each MCA constant X is
plotted in Fig. 3(a). As shown in Fig. 3(a), both curves share the same tendency, but the
permeability at E=100 kV/cm is always larger than that at £=0 kV/cm, which is attributed to the
reduced stress-induced anisotropy at finite electric field. The corresponding tunability of
permeability at E=100 kV/cm as a function of K is plotted in Fig. 7. As shown in this figure, larger
MCA results in a lower tunability while smaller MCA results in a higher tunability, and zero MCA

12
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corresponds to the highest tunability (~500%). This behavior is similar to that shown in Fig. 3(a).
We know that the permeability is determined by the intrinsic MCA and the stress-induced
anisotropy, while the tunability is realized by tuning the electric field (i.e., the stress-induced
anisotropy). As such, large tunability can be achieved by enhancing the influence of electric field
through reduction in the MCA (by means of alloying NiZn ferrite with a proper composition of Co
ferrite), which briefly explains the simulated results in Fig. 7. Detailed analysis on this observation

can be found in Sec. 3.2.
3.2 Residual stress effect

As discussed in Sec. 3.1, the thermal mismatch strain that arises from different thermal
expansion coefficients of magnetostrictive and piezoelectric materials depends on the temperature
change during the co-firing process as well as the layer thickness ratio, which indicates a possible

means to engineer the residual stress. To systematically study the residual stress effect, thermal

mismatch strain in a large range, ¢, €[-2.6,-6.6]x107, will be considered. The thermal

mismatch strain of a given magnitude can exert a specific internal residual stress on the ferrite
layer to modulate the permeability and tunability behaviors of VTIs. Based on our simulations

results, there is a linear relationship between residual stress 0 and thermal mismatch strain ¢,
as shown in Fig. 8(a). In particular, when &, =—2.6x107, it will be canceled by the additional
strain resulting from the poling process (&, = —2.6x 107), so that the residual stress is reduced to
zero. Therefore, the corresponding residual tensile stress is o € [0, 223] MPa, as shown in Fig. 8(a).

To examine the residual stress effect, three representative values of MCA constant are considered,

K= 0, -2000 and -6000 J/m3.
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Figure 8. (a) Linear fitting of internal residual stress 0 with thermal mismatch strain ¢, . (b)
Magnetic permeability z and tunability y = (x4, — )/ p, as a function of o for VTI with MCA

constant K;= 0 J/m3. The corresponding magnetic domain structures for ferrite layer under (c)

o =0MPa ,(d) o =5MPa,and (¢) o =140MPa .

For the VTI with K;= 0 J/m3, the permeability changes from ~1100 to 16 under the residual
stress up to 223MPa, which corresponds to a tunability up to ~7000% if it is defined by

y=(u,—u,)/ u,,asshown in Fig. 8(b). The initial magnetic domain structure under zero residual

stress is shown in Fig. 8(c), where the strong stray field from the ME interface results in an almost
in-plane alignment of magnetizations. As the residual stress increases, a stripe domain structure is
formed due to the stress-induced uniaxial anisotropy, as shown in Fig. 8(d) and (e). Larger residual
stress usually results in a reduced exchange length and thus a smaller domain size. As mentioned

in Sec. 3.1, the stripe domain structure indicates that the permeability is mainly attributed to the
domain rotation process and hence a linear relationship between ' and o exists. Such a linearity

is shown in Fig. 8(b) except the origin point at which the stripe domain structure is absent. It is
worth noting that the permeability behavior tuned by electric field (13~55 MPa for £ up to 100
kV/cm) in Fig. 4(b) is consistent with Fig. 8(b) with the same stress range. One can expect that a
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thermal mismatch strain that is slightly smaller than —3.6x10™ can further increase the tunability

in the same tuning range of electric field for this ME composite VTI system.

(a) 200 1000% (b)) e
! K= -2000 J/m?3

-4800% . &

-1600%

-400%

——
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-200%
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0 50 100 150 200 250

Stress o (MPa)

(d)

Figure 9. (a) Magnetic permeability 4 and tunability y =(u, —u,)/ 1, as a function of o for

VTI with MCA constant K;=-2000 J/m3. The corresponding magnetic domain structures for ferrite
layer under (b) o =0MPa, (¢) o =5MPa, and (d) o =140MPa .

Figure 9 shows the simulated results for the VTI with K;= -2000 J/m?3. The permeability
changes from ~150 to 15 with increasing residual stress up to 223 MPa, which corresponds to a
tunability up to ~800%, as shown in Fig. 9(a). As expected, the permeability magnitude is reduced
in comparison with Fig. 8(b), because of the finite MCA. In addition, a small g-peak emerges at
small tensile stress ~10 MPa, which is absent in Fig. 8(b). In fact, when the residual stress is small,
the stress-induced uniaxial anisotropy is not strong enough to compete with the intrinsic MCA.
Once it exceeds a critical value, the stripe domain structure is formed. At the critical point, the
domain rotation process occurs rapidly and thus the permeability could be very large, which gives
rise to the p-peak. Similar behavior is also observed in prior work on Terfenol-D/PZT ME
composite system where a large p-peak emerges due to the domain structure transition'®. The

linearity between tunability and stress is also observed when o >10MPa . Similar to the case of
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K= 0 J/m3, the permeability behavior tuned by electric field in Fig. 5(a) is also consistent with

Fig. 9(a) with the same stress range.

oNOYTULT D WN =

80 400% b
9 @ i K= -6000 J/m? (b)

-300%

60 —— U

—e— tunability

ty (%)

-200%

~100%

Tunabil

20

0%

0! 1 1 1 1
17 0 50 100 150 200 250

18 Stress o (MPa)
19 (c)

(d) §

30 Figure 10. (a) Magnetic permeability x and tunability y = (x4, —x,)/ p, as a function of o for

32 VTI with MCA constant K;=-6000 J/m3. The corresponding magnetic domain structures for ferrite
34 layer under (b) o =0MPa, (c) o =10MPa, and (d) o =140MPa .

37 For the VTI with K;= -6000 J/m>, which corresponds to the pure NiZn ferrite, the
39 permeability changes from ~60 to 14 under the bias tensile stress up to 223 MPa, which
o corresponds to a tunability up to ~300%, as shown in Fig. 10(a). Because of the larger MCA, the
permeability is further reduced, and the small z-peak is also slightly shifted toward a higher stress
44 so that the linearity of y ~ o appears when o > 50MPa . The existence of the y-peak explains the
46 permeability behavior tuned by electric field at £>80 kV/cm in Fig. 6(a). In fact, such a
48 permeability behavior shown in Fig. 9(a) and Fig. 10(a) commonly exists in ferrite materials with

negative magnetostriction coefficient 2.
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Figure 11. Linear fitting of 7' with residual stress o for VTI with MCA constant (a) K;= 0 J/m3,
(b) K;1=-2000 J/m?, and (c) K;=-6000 J/m?.

To better understand the MCA effect and the residual stress effect on this co-fired ME
composite VTI system, a theoretical analysis regarding the linear behavior between y ' and o is

presented as follows. According to the theoretical model developed for polycrystal laminate ME

composites'3, the relationship between y and o can be described as:

K,

o B 9
KG+KO_Kdz ( )

V4

where K, =uM?/2, K_=-310/2 is the stress-induced uniaxial anisotropy, K, is the
effective MCA, and K, is the demagnetization energy in Z-axis. Based on the theoretical model'3,
K, is related to the intrinsic MCA constant K, and usually larger magnitude of K, results in a
larger K, and K, =0 corresponds to K, =0. The demagnetization energy K, is determined by

the shape geometry as well as the magnetic domain structure of the ferrite layer. The formation of
a stripe domain structure, where the stray field of opposite directions cancels each other,

significantly reduces the demagnetization energy K, . Therefore, one can predict that a smaller
domain width can result in a smaller demagnetization energy K, for the ferrite layer with stripe

domains. Since there is no big change in the stripe domain width based on our simulations, the

demagnetization energy K, is assumed constant. According to Eq. (9), the susceptibility y or
permeability 4 is dependent on the stress-induced anisotropy K_ and the effective MCA K| . For

the same MCA, external electric field can decrease the tensile stress and the stress-induced
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anisotropy K _, so that the permeability is increased, as shown in Fig. 4(b), Fig. 5(a) and Fig. 6(a).

For the same K_ (or E), larger MCA can result in a smaller permeability, as shown in Fig. 3(a).

Eq. (9) can be also expressed by its reciprocal form given by
4 K _+K,-K, 32 2K, 2K,

= —~0 + - ,
K, lqusz ,qusz lqusz

(10)

which clearly demonstrates the linear behavior between y ' and o, with the slope —34, / u,M
and intercept 2(K,—K, )/ u,M’. Considering the material parameters A =-18x10"° and
M, =3.5x10° 4/ m adopted in our simulations, the calculated slope is 0.00035 /MPa. The linear

fittings of 7' vs. o for the cases of K;= 0, -2000, -6000 J/m3 are shown in Fig. 11(a)-(c),
respectively. It is noted that all the three fitted slopes (0.000310, 0.000315, 0.000319) are very
close but slightly smaller than the theoretically calculated value of 0.00035. The theoretical value
is based on the rigid stripe domain structure where all magnetizations are exactly aligned out of
plane (Z-axis), while strong stray field generated from the ME interface makes the magnetizations
near the interface align parallel with the interface, which reduces the susceptibility and thus leads
to a smaller slope. As expected, the fitted intercepts increase with the MCA, which is also
consistent with our theoretical analysis. Particularly, for eliminated MCA (K;= 0 J/m?), the fitted

intercept is —2K . / u,M’ =-0.0009, which corresponds to a small demagnetization energy

K,

Iz

=69 J/m3 that is much smaller than the ideal value K, =7.7x10" J/m? determined only by

the shape geometry. This indicates that a stripe domain structure can significantly reduce the

demagnetization energy.

In order to achieve a high tunability, the tuned permeability cannot exceed the u-peak, i.e.,

the allowed permeability falls into the linear region formulated by Eq. (9) and (10). Considering
the linear relationship between 7' and o, the tunability within a given range of electric field AE
becomes

— luUO—AU _luUO ~ ZAO' — KAO'
Heo r KK, +K,-K, ,

/4 (11)
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where K_; is the residual stress-induced anisotropy caused by the co-firing process, Ao is the
tensile stress range induced by the tuning electric field AE, and K, represents the corresponding

anisotropy change resulted from Ao . Eq. (11) indicates that within the same tuning range of
electric field AE (i.e., Ao and K,  are fixed), large tunability prefers small K_, and K, i.e.,
smaller MCA and smaller residual stress can result in a larger tunability within the linear region
of y '~o . Therefore, based on our simulated results in Sec. 3.1, to achieve the highest tunability,
zero MCA as well as an appropriate thermal mismatch strain that is slightly smaller than

-3.6x107 is required.

The intrinsic MCA can be effectively modified by doping a small fraction of Co?* into ferrite
materials, i.e., alloying NiZn ferrite with a small composition of Co ferrite. As indicated by our
previous work!?2, adding 2% Co ferrite almost eliminates MCA while slightly increasing the
magnetostrictive coefficient. Besides, an alternate way to modulate MCA is by modifying the
composition of Zn. The residual stress in co-fired VTIs originates from three stages: (1) shrinkage
mismatch during the sintering (heating); (2) thermal expansion mismatch after the sintering
(cooling); and (3) piezoelectric stress during the electrical poling. The shrinkage mismatch can be
tuned by controlling the initial grain density of ferrite and piezoelectric ceramic tapes via changing
the binder content as well as the shrinkage rate via adding sintering aids. The thermal expansion

mismatch can be tuned by modifying the material composition to adjust the expansion coefficient,

or by adding another phase to compensate the thermal expansion difference between the two layers.

The piezoelectric stress can be tuned by controlling the ferroelectric phase or grain orientation of
the piezoelectric layer. Besides, the magnitude of residual stress can be further modified by
adjusting the thickness ratio between magnetostrictive and piezoelectric layers. While this
simulation work is on NiZn ferrite, the general conclusions can be also applied to other power
ferrites like MnZn ferrite. However, since the magnetostrictive coefficient of MnZn ferrite is very
small, the tunability of VTI utilizing MnZn ferrite is much smaller than NiZn ferrite under the

same electric field.

4. CONCLUSION
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In order to develop a fundamental design strategy for a large tunability in the co-fired
laminate ME composite VTI system, we performed phase field simulations to systematically study
the magnetic permeability behavior controlled by external electric field for the co-fired ferrite/PZT
ME composites at the domain level. Two key factors responsible for VTIs’ permeability and
tunability behaviors were considered, namely, the intrinsic MCA of the ferrite material and the
internal residual stress caused by the co-firing process. The intrinsic MCA of NiZn ferrite can be
effectively modified by doping with small fraction of Co?*. The residual stress arising in the co-
fired ceramic composites due to mismatch of the thermal expansion coefficients between the ferrite
and PZT phases is dependent of temperature change in the co-firing process as well as the layer
thickness ratio. For the MCA effect, the permeability behaviors tuned by external electric field in
VTIs with various MCA constant K, were studied. The simulation reveals that a larger
permeability and tunability requires a smaller MCA.. For the residual stress effect, a large range of
thermal mismatch strain or residual stress is considered, and our simulations reveal a linear
relationship between y~' and o, which is attributed to the stripe domain structure formed in the

ferrite layer resulted from the stress-induced uniaxial anisotropy. Such a linear relation is analyzed

theoretically. The analysis indicates that in order to achieve a large tunability, the tuned
permeability should avoid the z~peak and fall into the linear region of ' ~o , and both the MCA

and residual stress should be as small as possible. These findings provide a universal strategy to
design high-tunability co-fired ME composite VTIs by means of modulation of MCA and residual

stress.
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