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Rising demands in design of metamaterials requires better understanding of coupling phenomena in
composite systems. Materials exhibiting product properties have effective magnitude of physical
constants surpassing those of naturally existing materials. In this manuscript, we conduct numerical
modeling of laminated terfenol-D/PZT/terfenol-D magnetoelectric composites with sandwich
structure coupled through elastic interactions across the bonding layer. Developed magnetoelectric
model couples the piezoelectric and magnetostriction constitutive equations with Langevin theory
for simulating the saturated elastic response in composites. Simulated results were found to be in
good agreement with the experimental results. Based upon the developed model we predict 17%
improvement of magnetoelectric coefficient for sandwich structure through proper rotation of
polarization in individual layers. © 2010 American Institute of Physics. �doi:10.1063/1.3387815�

I. INTRODUCTION

Single phase magnetoelectric �ME� materials exhibit
limited magnitude of ME coefficient due to low permittivity
and permeability ����ii� j j

p �.1 Not only the reported single
phase ME materials have weak ME coefficients but they ex-
hibit ME effect far below room temperature.2–5 Composites
based on product properties can provide enhanced ME coef-
ficient by selecting proper materials, connectivity, and poling
direction. Ferroelectric-ferrimagnetic combinations based
upon Pb�Zr,Ti�O3 �PZT� and ferrites and PZT-TbDyFe2

�terfenol-D� combinations have emerged as the leading can-
didates in this aspect. Recently, laminated structure with PZT
fibers embedded in Metglas foils have been shown to provide
giant performance due to its inherent flexibility and high
permeability of amorphous phase. A list of several reported
ME materials and composite geometries were presented by
Ryu et al.6 and recently by Priya et al.7 A giant ME effect has
reported in the laminated structures of piezoelectrics
�Pb�Mg,Nb�O3-PbTiO3 �PMN-PT� single crystal, PMN-PT
ceramic, and PZT� and magnetostrictive terfenol-D at dc bias
of 4 kOe and frequency of 1 kHz. The ME voltage coeffi-
cient was as high as �5000 mV /cm Oe, which is almost
two orders of magnitude higher than the reported values for
sintered composites. In this manuscript, we utilize the ex-
perimental results reported in Ref. 6 and develop numerical
model to fit the results and further modify the model to pre-
dict the conditions improved performance.

II. MODEL AND SYSTEM GEOMETRY

Figure 1�a� shows the modeling geometry of laminated
ME device having a diameter of 12.7 mm. The system is in
disk shape consisting of three layers. A piezoelectric layer,

PZT, with thicknesses of 0.5, 0.6, or 0.7 mm is sandwiched
in between magnetostrictive terfenol-D with thickness of 1
mm. The parameters used in the model for PZT and
terfenol-D are listed in Table I. Piezoelectric voltage coeffi-
cient e31 of PZT was estimated to be one-third of e33 with
negative sign based upon the reason that most PZTs have
Poisson’s ratio around 0.3. Magnetostriction �N� matrix was
calculated from the saturation strains and by using the ex-
pression derived by Newnham8 given as follows: N11

= �8�100� / Is
2, N12=−�8�100� / �3Is

2�, and N44= �3�111� / Is
2, as-

suming terfenol-D has pseudocubic structure. In the
magnetic/electric transformation process, there are three ma-
jor losses as follows: electrical, magnetic, and mechanical
losses. Due to lack of information on all these three different
quantities, only dielectric loss �tan���� was considered in the
model. The effect of bonding material layers was neglected
considering that the laminated composites were assembled in
ideal condition. The density for PZT was taken to be
8000 kg /m3 and that for terfenol-D it was estimated to be
9200 kg /m3 from values reported by Sandlund et al.9

a�Electronic mail: hsiaoyuan.wang@utsa.edu.

FIG. 1. �Color online� �a� Geometry of laminated magnetostriction/
piezoelectric/magnetostriction structure where piezoelectric PZT disk is
sandwiched between two magnetostrictive terfenol-D disk, �b� T-T compos-
ite, �c� T-R composite, and �d� R-R composite.
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Three different configurations of laminated ME compos-
ites were analyzed as shown in Fig. 1�b�. PZTs in all three
configurations were oriented along thickness direction �z-
direction in the simulation model�. In Fig. 1�b�, the compos-
ite was fabricated by using two terfenol-D disks that were
oriented along the thickness direction �T-T composite repre-
sents the two magnetostrictive domains oriented in thickness
direction�. In Fig. 1�c�, the composite was fabricated with
one terfenol-D disk oriented along the thickness direction
and the other terfenol-D disk along the radial direction �T-R
composite�. In Fig. 1�d�, the composite was fabricated from
two disks that have orientation along the radial direction
�R-R composite�. Experimentally, it was shown that R-R
composite exhibits the highest ME voltage coefficient.

The ME model was constructed by coupling piezoelec-
tric and magnetostriction constitutive equations given as

Di = eimnXmn + �ijEj , �1�

Xij = cijmnxmn − emijEm, �2�

where D is the dielectric displacement, e the piezovoltage
coefficient, X the stress, � the permittivity, E the electric
field, c the elastic stiffness, and x the strain. Detailed descrip-
tion of piezoelectric model and its verification has been re-
ported elsewhere.10

Magnetostrictive materials are characterized by the state
variables u, v, w, and H, where u, v, and w are material
displacements in spatial coordinates. Here, the magnetic field
H was used instead of magnetization, I. The constitutive
equations for magnetostriction model are

Bi = �ijHj + NijklxklHj , �3�

Xij = cijklxkl − NklijHkHl, �4�

where Bi is the magnetic displacement, �ij the permeability,
xkl the strain, Xij the stress, Nijkl the magnetostrictive coeffi-
cient, and cijkl the elastic stiffness. The energy of composite
system is a combination of electrical, magnetic and elastic
energy given as

WE =
1

2
�DiEi� , �5�

WM =
1

2
�HiBi� , �6�

WS =
1

2
�Xijxij� , �7�

Wtotal = WS + WM − WE. �8�

where WE is the electrical energy, WM is the magnetic en-
ergy, WS is the elastic energy, and Wtotal the total energy of
the system. The term NijklxklHj in Eq. �3� is inverse magne-
tostrictive effect and NklijHkHl in Eq. �4� is the magnetostric-
tion effect. Above equations can be readily obtained from
free energy derivations under constant temperature. The
negative sign of WE from Eq. �8� comes from the definition
that E=−�V.

III. SIMULATION RESULTS AND DISCUSSIONS

Initially, R-R configuration was selected for simulation
as it has been reported to exhibit the highest ME coefficient
among three different configurations shown in Fig. 1. In our
models, �111� direction of terfenol-D was aligned along the
X axis of system. Simulated results along with experimen-
tally measured ME voltage coefficients as a function of bias
magnetic field are shown in Fig. 2�a�. In order to prevent
nonconvergent simulations, the center point of the bottom
terfenol disk was constrained and one of the bottom edge
point was constrained in z-direction. The ME voltage coeffi-
cient �dE /dH� was computed by changing the magnetic bias
field from 100 to 5000 Oe and a coupling ac field of 2 Oe
along thickness direction. The ac field was simulated by con-
sidering one cycle of additional ��2 Oe bias along thick-
ness direction. PZT thickness of 0.5, 0.6, and 0.7 mm were
examined in the simulations and computed results are com-
pared with experimental results. Simulated behavior of lami-
nate composite follows similar trend as the reported experi-
mental data below magnetic bias of 1000 Oe. Discrepancy
between the simulated and experimental results was found to
occur above the magnetic bias of 1000 Oe as shown in Fig.
2�a�. In this set of simulations the magnetostriction effect
exhibited quadratic behavior in magnetomechanical response
�by using Eq. �2�� while the piezoelectric coefficient exhib-
ited linear behavior in electromechanical response. There-
fore, both experimental and simulated results exhibited non-
linear variation at low magnetic field ��500 Oe�. Above
1000 Oe, the simulated ME coefficients did not reach satu-
ration as the theoretical model did not include saturation ef-

TABLE I. Material properties of PZT and terfenol-D used in the model.

PZT �APC840� Terfenol-D

E 1250 � 5 �111 1.7�10−3

Tan � 0.004 N11 �m2 /A2� 2.58�10−9 a �100 0.1�10−3

e33 �mVm/N� 25.6 N12 �m2 /A2� 8.6�10−10 a

d33 �pC/N� 320 N44 �m2 /A2� 1.64�10−8 a

C11 �GPa� 130 C11 �GPa� 82
C12 �GPa� 80 C12 �GPa� 40
C44 �GPa� 23 C44 �GPa� 38

aNijs are calculated based on the measurement values �111 and �100.
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fects. In order to overcome the saturation effect, further
modifications were made in the model.

Both piezoelectric and magnetostrictive materials show
saturated strains proportional to the maximum electrical or
magnetic polarization achievable under a given set of bound-
ary conditions which can be included in the constitutive
equations as

Xij = cijmnxmn − emij �
Em

Em

Es
+ 1

, �9�

Xij = cijklxkl − Nklij
HkHl

HkHl

Hs
2 + 1

. �10�

Equation �9� shows that strain-charge relationship fol-
lows linear trend when the applied electric field is small
compared to the saturated field. At large field, the right term
of Eq. �9� approaches a limit approximately given as emijEs.
A similar approach was used for the magnetostrictive model
with double H fields as shown in Eq. �10�. Both modified
equations preserve their tensor behaviors at low electric or
magnetic fields. The combination of Eqs. �9� and �10� is
referred as saturation model, which will be used in the dis-
cussions below.

The ME voltage coefficient was evaluated using the
modified constitutive equations and the results are compared
with the experimental data as shown in Fig. 2�b�. Experimen-
tally, the maximum ME voltage coefficient of
�4600 mV /Oe cm was obtained at magnetic bias of
�4500 Oe while in simulation the maximum ME value of
5200 mV/Oe cm was found at 5000 Oe. Owing to the as-
sumption of perfect interfacial boundaries between PZT and
terfenol-D, the simulation values show minor difference with
the experimental data.

It is known that in magnetostrictive materials the origin
of saturation strain is from saturation of magnetization.
Langevin function11 is widely utilized for calculation of
magnetization of an ideal paramagnetic material. In para-
magnetic phase, the magnetization and magnetic field can be
related as

I�x� = C�coth x −
1

x
� ,

x =
H � I0

kBT
, �11�

where I�x� is the magnetization, C is a materials variable, I0

is the demagnetization state, kB and T are the Boltzmann
constant and temperature. Since terfenol-D has high symme-
try �cubic or pseudocubic crystal structure�, its third rank
hysteresis behavior can be ignored and the modified Lange-
vin equation can be written as

Xij = cijklxkl − NklijHk�Hl�,

Hk� = C	coth�BHk� −
1

BHk

 , �12�

where Hk� and Hl� are the effective magnetizations, Hk is the
applied magnetic field, C and B are coefficients obtained by
curve fitting and were estimated to be C=251 A /m and B
=8.4�10−6 m /A �estimated by fitting �100 curve�. In order
to verify the magnitude of constants, a simulation run was
performed on �111 and results were found to be in good

FIG. 2. �Color online� Plots of magnetic bias field vs ME voltage coefficient
for R-R composites �a� experimental results and theoretical model �b� ex-
perimental results and modified saturation model �c� comparison of theoret-
ical, modified saturation, and Langevin model with the experimental results.
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agreement with the experimental results. Next, modeling of
the ME coefficient was performed with R-R configuration as
described in Figs. 2�a� and 2�b�. Results from three different
simulation models are plotted in Fig. 2�c�, where PZT layer
had a thickness of 5 mm. From this figure, it can be seen that
at low magnetic bias the saturation model overestimates the
ME voltage coefficient, while in high magnetic bias region
the modeled ME voltage coefficient saturates more rapidly as
compared to that of modified Langevin model and experi-
mental results. It was also found that simulated ME voltage

coefficients from modified Langevin model are in close
agreement to experimental results where ME voltage coeffi-
cient reaches magnitude of 4950 mV/Oe cm at magnetic bias
of 5000 Oe.

Next we try to address the question “why R-R composite
exhibits the best performance?” In order to evaluate the mag-
netostrictive coefficient N in any arbitrary direction, the ma-
trix form Nij is more useful for calculations as compared to
the tensor form Nmnop. A 6�6 matrix, �, is commonly used
for transformation of a fourth rank matrix and is defined as

� =�
a11

2 a12
2 a13

2 2a12a13 2a11a13 2a11a12

a21
2 a21

2 a23
2 2a22a23 2a21a23 2a21a22

a31
2 a32

2 a33
2 2a32a33 2a31a33 2a31a32

2a21a31 2a22a32 2a23a33 a23a32 + a22a33 a23a31 + a21a33 a22a31 + a21a32

2a11a31 2a12a32 2a13a33 a13a32 + a12a33 a13a31 + a11a33 a12a31 + a11a32

2a11a21 2a12a22 2a13a23 a13a22 + a12a23 a13a21 + a11a23 a12a21 + a11a22

� , �13�

where aij is a 3�3 matrix used for direction transformation
between cartesian and spherical coordinates, given by Eq.
�10� and Fig. 3:

aij = � sin 	 cos 
 sin 	 sin 
 cos 	

cos 	 cos 
 cos 	 sin 
 − sin 	

− sin 
 cos 
 0
� , �14�

where 	 is the angle between rotated direction and crystallo-
graphic Z3 axis, while 
 is the angle between projection of
rotated direction on Z1-Z2 plane and Z1 axis. The magneto-
strictive coefficient Nij� in arbitrary direction can be evaluated
through matrix transformation as

Nij� = �N�t, �15�

where �t is transpose of � matrix. The parametric plot of
direct response N11� can be calculated based on Eq. �15� as

N11� = a11
2 �a12

2 N12 + a13
2 N12 + a11

2 N11� + a12
2 �a11

2 N12

+ a13
2 N12 + a12

2 N11� + a13
2 �a11

2 N12 + a12
2 N12 + a13

2 N11�

+ 4a11
2 a12

2 N44 + 4a11
2 a13

2 N44 + 4a12
2 a13

2 N44. �16�

Figure 4�a� shows the contour of magnetostrictive coef-
ficient N11� for terfenol-D in arbitrary directions. The coeffi-
cient N11� represents the magnitude of magnetostriction along
the direction of applied magnetic field. The maximum direct
magnetostrictive response of terfenol-D occurs when the
magnetic field is aligned along 111� axis.

It is interesting to note that the ME coefficient of specific
composite structure can also be improved by rotating the
samples along optimum crystallographic direction. The ME
coefficient of R-R configuration depends on the magnitude
of compressive stress exerted by the magnetostrictive mate-
rial on piezoelectric, i.e., the effective N� values of magne-
tostrictive materials. Here, N� is defined as the resulting
transverse mechanical response perpendicular to the applied
magnetic field. In spherical coordinates, the transverse re-
sponse is estimated from combination of two quantities N12�
and N13� . The prime notation in N12� and N13� is used to avoid
the confusion with crystallographic N12 and N13 coefficients
respectively. The coefficients N12� and N13� can be calculated
in arbitrary direction by using Eqs. �13�–�15� as

FIG. 3. �Color online� Relationship of directions/angles between cartesian
coordinates and spherical coordinates. 1� corresponds to the direct response.
2� and 3� directions are perpendicular to each other at the same time per-
pendicular to 1� �in tensor transformations of f2j and f3j�.
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N12� = �a12
2 a21

2 + a13
2 a21

2 + a11
2 a22

2 + a13
2 a22

2 + a11
2 a23

2

+ a12
2 a23

2 �N12 + �a11
2 a21

2 + a12
2 a22

2 + a13
2 a23

2 �N11

+ 4a11a12a21a22N44 + 4a11a13a21a23N44

+ 4a12a13a22a23N44, �17�

N13� = �a12
2 a31

2 + a13
2 a31

2 + a11
2 a32

2 + a13
2 a32

2 + a11
2 a33

2

+ a12
2 a33

2 �N12 + �a11
2 a31

2 + a12
2 a32

2 + a13
2 a33

2 �N11

+ a11a12a31a32N44 + 4a11a13a31a33N44

+ 4a12a13a32a33N44. �18�

Since N12� and N13� are always perpendicular to each
other, the transversal magnetostrictive response N� can be
calculated by combining the coefficients N12� and N13� as

N� = �N12�
2 + N13�

2. �19�

The contour of effective transversal magnetostrictive co-
efficient N� in various directions is plotted in Fig. 4�b�. It
can be observed from this figure that the maximum N� oc-
curs when the magnetic field is applied along the 110� crys-
tallographic directions of terfenol-D where the cosine angle
between 110� and Z3 axis is approximately 45°. Experimen-
tally the best results were found when terfenol-D was ori-
ented along 111� where the cosine angle between 111� and
Z3 axis is approximately 57° �cos 	=1 /�3�. The calculation
shown here indicates that ME coefficient can be improved by
aligning 110� axis of terfenol-D with applied field direction.

In order to evaluate the transversal force applied to the
PZT, the mean transversal stress of each terfenol-D disk was
estimated through crystal rotations from thickness direction
along �001� to �111� to �110� as shown in Fig. 5�a�. In this set
of simulation, 5000 Oe bias and �2 Oe ac field was applied.
Figure 5�b� shows the mean transversal stress corresponding
to the crystal rotation. The mean transversal stress was esti-
mated by integrating the transversal stresses over the disk
surface by using Eq. �12� and averaging over unit area. From
Fig. 5�b� there are two local maximum of average transversal
stress, one around 16° and the other along �111� direction.
The maximum mean transversal stress obtained at �110� was
approximately 380 MPa. Notice that unlike the case of �001�
and �111�, when thickness direction was aligned at crystallo-
graphic �110� direction, the resulting stress on the surface is
not uniform along radial direction. This indicates further im-
provement in ME coupling could be possible by engineering
the geometry of the system, possibly elliptical disk.

The disk shape PZT was then sandwiched by magnetic
layers of terfenol-D having its 110� crystallographic axis
along the applied magnetic field direction �z-direction�. Fig-
ure 6 shows the simulation of ME voltage coefficient with
respect to applied magnetic bias for this scenario. The simu-
lation results show an approximately 17% improvement of
ME effect by using this configuration where the magnitude
of ME voltage coefficient reaches �5800 mV /Oe cm at
magnetic field of 5000 Oe.

IV. CONCLUSION

The ME voltage coefficient simulated using the modified
Langevin model was found to provide the best fit for re-
ported experimental results. Effective direct magnetostrictive
response N11� was calculated over the three-dimensional
space and the maximum in N11� occurred along the 111�
crystallographic direction. Effective transversal magneto-
strictive coefficient N� showed the maximum response when
magnetic field was applied along 110� crystallographic di-
rection of terfenol-D. Based on this study, it is suggested that

FIG. 4. �Color online� Contour of effective magnetostrictive coefficient of
terfenol-D �a� direct response N11� . The maximum direct magnetostrictive
response occurs when the field is aligned along one of the 111� directions
�b� transversal response N� of terfenol-D. The maximum transversal re-
sponse occurs along 110� directions.
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a 17% improvement in ME coefficient can be obtained by
aligning the 110� crystallographic direction of terfenol-D
along the applied magnetic field direction. In addition, when
terfenol-D is aligned along 110� crystallographic direction,

stress in radial direction is not uniform. This leads to a pos-
sibility of future improvement of ME coefficient by engi-
neering the shape of composite system.
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experimental data, simulated results for 111� oriented terfenol-D and 110�
oriented terfenol-D direction.
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