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Dependence of giant magnetoelectric effect on interfacial bonding
for multiferroic laminated composites of rare-earth-iron alloys
and lead—zirconate—titanate

Gang Liu, Ce-Wen Nan,® Ning Cai, and Yuanhua Lin
State Key Laboratory of New Ceramics and Fine Processing, and Department of Materials Science
and Engineering, Tsinghua University, Beijing 100084, China

(Received 17 September 2003; accepted 12 Decemben 2003

The giant magnetoelectric effect of laminated composites of rare-earth-iron @llerfenol-D and
lead—zirconate—titanatd®ZT) is calculated by using the finite element method. Our simulations
show that the magnetoelectric response of the laminated Terfenol-D/PZT composites is strongly
dependent on interfacial bonding between Terfenol-D and PZT layers. The giant magnetoelectric
effect and its dependence on the interfacial bonding predicted by the finite element method for the
composites are in good agreement with predictions by a recent analytical method and recent
experimental observations available. ZD04 American Institute of Physics.
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I. INTRODUCTION trifluorethylene copolymer[P(VDF-TrFE)] and laminated
) ) _ composites of Terfenol-DINDF-TrFE) or Terfenol-D/PZT,

The magnetoelectritME) effect is characterized by the .5, exhibit a giant ME(GME) effect which is markedly
appearance of an ele_ctric polarization when applying a Magarger than that in the best known ME materigdsich as
netic field on a material and/or by the appearance of a magcy, 0, and ferrite/piezoelectric ceramic composjiteSequen-
netization when applying an electric field. Although the MEtiaIIy, the laminated Terfenol-D/PZT composite made by
effect was prophetically predicted by Curie early in 1894 ongiacking and bonding together the PZT and Terfenol-D disks
the basis of crystal symmetry considerattam further work with silver epoxy! and laminated Terfenol-D/PVDF com-
was done until 1958 when Landau and Lifshitz proved theposite made by gluing the polarized PVDF film on
feasibility of the ME effect in certain crystals. Subsequently,Terfenol-D disks with conductive epoXyhave been most
the symmetry argument was applied by Dzyaloshifiskii recently found to exhibit such a GME sensitivity as pre-
antiferromagnetic GOz and it was suggested that the ME gicted, which potentially makes such multiferroic composites
effect could appear in GO;. This was followed by experi-  paticularly attractive for technological applications in sen-
mental confirmatiori. Since then, ME effects have been gor actuators, and transducers. Obviously, the GME response
widely investigated in over ten different crystal famifles of sych laminated composites is dependent on interfacial
(e.g., yttrium iron garnets, boracites, rare-earth ferrites, a”Bonding between the Terfenol-D and piezoelecificg.,
phosphates due to their potential applications including pzT) |ayers because the conductive interfacial binder domi-
magnetic-electric sensors in radioelectronics, optoelectrojates the strain/stress transfer from the magnetostrictively
ics, and microwave electronics and transducers in instrumenjeformed layetTerfenol-D) to the piezoelectric layelPZT).

tation. However, these monophase ME materials do not exrys, optimization of the conductive interfacial binder layers
hibit a strong ME effect, and most of them have rather |0Wp|ays an important role in achieving an excellent ME re-

Neel or Curie temperature far below room temperature,sponse for these laminated composites.

whic.h makeg such materials difficult to find any practical For comprehensive understanding on such laminated

applications in technology. composites, we take the laminated Terfenol-D/PZT compos-
Alternatively, some multiferroic composites made by a5 an example, and employ a finite element method

combining ferroelectric and ferromggnetic supstances tO(FEM) to calculate the GME effect in the laminated compos-

gether, such as C°7|Z_8@4/BaT'Q5' and ferrite/lead—  jies and to present the quantitative dependence of the GME

Zirconate—titanatePZT)"" have been found to exhibit an yegnonse on the interfacial bonding. Our simulation results

extrinsic ME effect, resulting from a coupling interaction are giso applicable to other systems such as the laminated
between ferromagnetic and ferroelectric substances. Partich‘bmposites of PVDF and Terfenol-D.

larly, Nan and co-workefshave recently predicted that the

composites containing a giant magnetostrictive rare-earth-

iron alloy [e.g., Th,Dy,Fe, (Terfenol-D],"i.e., both par- | e pericAL FRAMEWORK

ticulate composites with Terfenol-D embedded in a piezo-

electric matrix such as palyinylidene fluoride- Consider a laminated Terfenol-D/PZT composite, as
shown in Fig. 1. Its response involving the magnetoelectro-

aAuthor to whom correspondence should be addressed; electronic maif!astic COUplmg effect can be described by the following
cwnan@mail.tsinghua.edu.cn general equatlon%:
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H E TABLE |. Properties of Terfenol-D and PZT-5A used in the present FEM
simulation.
Properties Terfenol-D PZT-5A
¢y; (GPa) 82 121
c12(GPa) 40 75.4
3 c15(GPa) 40 75.2
\ Cs3(GPa) 82 111
Ca4(GPa) 38 21.1
€11/ € 6 916
= — sl © 830
M3l o 5 1
e (C/) 0 -54
— o | €33 (CInmP) 0 15.8
VA €15 (CIm?) 0 12.3
</ S
I

load, and electric charge. Here, boundary conditions of open
2 circuit and ends clamped in the polarization directjerg.,
the 3-direction in Fig. 1, i.,eD3;=0 andez3=0, are consid-

FIG. 1. Triplanar sketch and definition of the coordination axes for a dlsk-ered for Complying with experimental conditidns

shaped composite of Terfenol-D and PZT.

1. NUMERICAL RESULTS AND DISCUSSION
o= Chiis € — el Ei — Ciis €l
" Hoe On applying an external magnetic fielt; alone along
Dy=eyjj€ij + ki “Eit ayiHi, @D the symmetricXz axis of the composite speciméhig. 1), a
B;= uji(€,E,H)H,, ME output voltageE is produced across the specimen along

the X5 direction. Thus, the ME sensitivity along thé di-
where o is the stresse is the strain,D is the electric dis-  rection, agss, is

placementE is the electric field tensoB is the magnetic . %
induction, andH is the magnetic fieldc, «, and u, are, agzs= —Eg/Hz=azd k33, (4)
respectively, the stiffness at constant field, dielectric constanhere a%; and %, are the effective ME coefficient and di-
tensor at constant strain, and permeability constant tensor glectric constant of the composites, respectively. The engi-
constant straine is the piezoelectric coefficient tensat,is neering magnetostriction of a Terfenol-D po]ycrysta“ine
the ME coefficient, and}sj is the magnetostrictive strain. The disk, €%, should be practically determined for a special
strain e, electric field, and magnetic field are, respectively,samp|e and may be variable from each other. Here we em-
defined by the displacemenl electric potentiaLp, and mag- p|0y a e —H behavior as presented previou%@nd the in-
netic potentiald, i.e.: fluence ofe>—H behavior on the ME response will be dis-
eij:%(ui,j+uj,i)v E=—¢;, H=-9,. ) cussed_ subsequently. Now for quantitative purposes, the
. o o _ properties of Terfenol-D and PZT used for calculations are
The magnetic flux density in the composites is dom';ﬁesented in Table I. The saturation magnetostrictiorSof
nanFIy mduceq by theT externally apphed magnetic field, an = &=-530ppm ande=1060ppm at a high bias ofi,
wii in Eq. (1) is considered as being only dependentHtn  _ 3500 Oe is assumed for the Terfenol-D disk. The relative
Thus, the finite element formulation can be described as  permeability and dielectric constant of the interfacial binder
(Kol [Kupl][{u} f—[Kyo]{ e} layers are both chosen as 6: Qur FEM simula_ltions ;howed
(K.l [Ko] [{(P}]:[Q—[K ,9]{19}] (3)  that the calc.ullated ME coefﬂuents are qwte'msens!tlve to
eu a4 ® the permeability and dielectric constant of the interfacial lay-
where the submatricel,,, K,,, K,,, andK, indicate  ers, mainly due to two issues. One is that the ME response of
the elastic, piezoelectric, permittivity, and magnetoelectriche composites is due tonechanical coupling between
coefficient matrices, respectivelyandQ represent mechani- Terfenol-D and PZT and thus is dominated by the interfacial
cal excitation vector and electric charge vector related ta@ontact status. The other is quite small thickness of the inter-
mechanical loads and electric displacement, respectively, i.efacial layers. The interfacial binder layers are just used to
f=[yNjP,dV+[[NPdSandQ=—[fN;DdS, where bond PZT and Terfenol-D for transferring magnetostrictive
P, andPg are body force and surface force, respectivilly, strain in Terfenol-D to PZT, and the elastic properties of the
andN, are corresponding nodal shape functions. The supeinterfacial layers are far more vital than the relative perme-
script of T means a transpose of a matrix. The left-hand sideability and dielectric constant in affecting the ME response.
of Eq. (3) contains the unknown displacement and electricThus, both the relative permeability and the dielectric con-
potential, and the right-hand side contains the excitation otant of interfacial layers are chosen as 6 here for simplicity
the structure in terms of mechanical load, applied magnetibut without loss of generality.
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FIG. 2. Schematic illustration fafa) Terfenol-D/PZT/Terfenol-D(T—P-T)
composite and(b) PZT/Terfenol-D/PZT (P-T—B composite. All the
Terfenol-D have a principal magnetostriction along the 3-direction and PZT
is poled along the 3-direction.
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A. The composites with different geometrical L
configurations %_o 0.2 0.4 0.6 0.8 1.0

We first consider the influence of the interfacial binder tTer_D/L
layers on the ME response of the laminated composites with . o He relative thick
two different geometric configurations, i.e., disk-shaped™'S: 3: Dependence of the ME sensitivifgss on (&) the relative thickness

. . t;/L, and (b) shear modulusG; of the interfacial binder layers for the
composite of one PZT layer sandwiched between fWOr_p_t and P-T-P laimated composites as a functiontgf,/L (see Fig.
Terfenol-D layergdenoted a§ —P-T, Fig. 2a)] and of one  2). Recent experimental dataolid dots available for aT—-P—T compsite
Terfenol-D layer sandwiched between two PZT layjte-  are also shown for comparison.
noted asP-T-P, Fig. 2b)]. The sizes of the samples are

chosen as 12 mm in diameter and 3 mm in whole thickness

as used in experimeft.By applying a magnetic field, the P_T—P composite is nonmonotonical with a peak at
magnetostrictively induced strain in the Terfenol-D layersis,_ /| — g5 Of interest is that a surprisingly large ME
passed to the PZT layers along the interfacial binder Iayere,;f;g[ét ie a GME effect. is produced in these laminated
thus resulting in an electric polarization. To estimate the Bf'(:omposites with thick Terfenol-D layers but thin PZT layers.
fect of the |_nterfaC|aI bonding layer on the _ME response Ofryis trend is in an excellent agreement with that recent pre-
th_e compc()jsnﬁs, we f%leS on thfe t:elat|vefth|_cll<rl1es’$1 (s_ee diction by analytical Green’s function technigliand such a
F'g' 2.)' and shear modulus;;, of the inter acial layer, SiNCe g \ie effect has recently been experimentally observed in a
its thickness and shear modulus are most important for thaisk-shapedT—P—T composite (e.g., a maximuma
strain/stress transfer from Terfenol-D to PZT. ~5.90 V/cm Oe atry,p/L=0.8) 1 C.:o.rhparison in Figs %3

. . . or- .8): .

AS seen fro.m !:.'g' 3, the ME response of the Iammatedand 3b) shows that th& —P—Tcomposites possess a higher
cqmposnes' Is significantly dgpendeqt on bt apdGi A ME sensitivity than the®P—T—Pcomposites. In th@ -P-T
th'Ck Iayer(l.e'., largert; /L) of interfacial bmderywth lowG; composites, the two outer Terfenol-D layers are also served
(i.e., softer binderleads toa Iarge _decreasg in the ME '€ as metal electrodes, and thus the effective dielectric constant
sponse of the composites. This is especially so at h|gr}(§3 of the T—P—Tsample is equal a2 of PZT. For the

trerp/L (the relative thickness of Terfenol-D laygrsThis P-T—-Pcomposites, the effective dielectric constant can be
large decrease in the ME response is attributed to a loss i&mply expressed as
strain transfer at interface when the soft binder layers are
introduced to bond the Terfenol-D and PZT layers. . -

Figure 3 also illustrates different ME response behaviors X337 K33 /(1= trerp/L), (5)
for these two different composites. The ME response of the
T—P-Tcomposite monotonically increases nearly up to ex-which is larger thanng. Thus, theT—P-T composites

treme with increasinte,.p/L, while the ME response of the would exhibit a largekgs; than theP—T—Pcomposites with
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FIG. 4. Dependence of the ME sensitiviyz3; on the sample thickness of

the T-P-T lanmated composites with varioys) t; /L and(b) G; .

the samé,,.p/L. The FEM results shown in Fig. 3 are quite
similar to those predicted recently by an analytical Green's |

function method?

Magnetic Field (Oe)

FIG. 5. Two kinds of magnetic-field-dependent magnetostrictions adopted
for Terfenol-D polycrystals in the present simulation, denoted as A and B,
respectively.

saddle shape with a maximum value in the low magnetic
field range(Fig. 6). At high magnetic field, the magnetostric-
tion becomes saturated, producing a nearly constant electric
field, thereforeag;; decreases with increasing the magnetic
field. When the Terfenol-D follows the magnetostriction be-
havior B (see Fig. 5 where the magnetostriction approaches
saturation in high field range, the ME sensitivity of the com-
posites monotonically increas€Big. 6). Both trends have

16 4

(V/em Oe)
(V/m Oe)

E33

™
hel
w

o
o
ey

a

= —-0005 k=2GPa
—-—-0.01

In the earlier simulations, the thickness of the laminated B— oo n=1GPa
composite is fixed as 3 mm. In the case of the interfacial 560 . 10'00 - ‘12'00 . 20'00 2580
binder layers taken into account, the sample thickness has ¢
remarked effect on the ME response of the composites, as Magnetic field (Oe)
shown in Fig. 4. The ME response of the composites de-
creases with increasing the sample thickness, and this size 10 25
effect is more obvious for the case of a thick lafiez., large frero/L=08 (b)
t; /L) of softer interfacial bindefi.e., low G;). 8l_p o0
s Il T -7 &
B. The composites with different magnetostrictive © s} ~><2 15 ¢
strains g ! avas T~a Q
= - i ~ 3 ~
In the earlier calculations, the applied magnetic field is < 4} / A 1o =,
kept constant alsl;= 2500 Oe for simplicity. Now let us con- 55 1Y Sy -1Gp el CE
sider the dependence of the ME sensitivity on magnetostric- o A j:go SP: yL=0.02 o5
tive strain or on the applied magnetic field. Two engineering 2/ 7. B— . 1oMps [(2GPa
magnetostriction behavioPsgdenoted as A and B in Fig. 5, - . . . . 0.0
are adopted for Terfenol-D polycrystals. Figure 6 shows the 0 500 1000 1500 2000 2500

calculated dependence af33; on the magnetic field. When
Terfenol-D follows the magnetostriction behaviofgee Fig.
5) where the magnetostriction gets saturation in the low fiel

Magnetic field (Oe)

IG. 6. Bias-dependent ME sensitivity for tlie-P—T lamirated composites

ith various(a) t; /L and(b) G;. The lines denoted by A and B are corre-

range, the ME sensitivity of the composites will change in asponding to the cases A and B shown in Fig. 5, respectively.
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