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Abstract In this letter, we investigate the influence of the
stress on magnetoelectric (ME) effect in a magnetostric-

. . . x« OF
tive-PZT bilayer. ME voltage coefficient o = o where

OF is the induced electric field for an applied alternating
current (ac) magnetic field 6H, is obtained by solving the
stress-related piezoelectric constitutive equation and the
conventional magnetostrictive equation with appropriate
boundary condition. Based on the free-energy density func-
tion of the PZT film in stress state, we get the stress-related

piezoelectric charge coefficient "d; and dielectric permit-
tivity P 8;3. After taking the cobalt ferrite (CFO) as magne-

tostrictive phase, it is found that «) increases with de-

creasing 2-d compressive stress for CFO-PZT, which not
only is qualitatively consistent with previous experimental
measurements, but also provides a possible route to improve
the ME effect.

Keywords piezoelectric, magnetoelectric effect, magne-
tostrictive

PACS numbers 77.65.Bn, 75.80.+q

The magnetoelectric (ME) effect is defined as the dielectric
polarization of a material in an applied magnetic field or an
induced magnetization of an external electric field [1, 2],
and it plays an important role in such devices as ME mem-
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ory elements, transducers and smart sensors [3]. It is well
known that there are two major sources for accomplishing
this effect: (i) In single-phase multiferroics, the internal
electric fields are enhanced by the presence of multiple
long-range ordering, but there are few such single-phase
materials and the effect is often weak; (ii)) In prod-
uct-property composites of magnetostrictive and piezoelec-
tric materials, a weak alternating current (ac) magnetic field
OH oscillating in the presence of a strong direct current (dc)
bias field produces mechanical deformation resulting in a
spin-electric dipole coupling and an ac electric field dF
[4—-6], where the ME voltage coefficient is defined as

oy = H Moreover, the lead zirconate titanate (PZT) was
often taken as the piezoelectric phase because of its favor-
able piezoelectric capability. Therefore, most researches
focus on these magnetostrictive-PZT composites. Compared
with the single-phase multiferroic, the product-property
composite could not only get strong ME effect, but also
control the degree of ME effect via changing structural de-
tails of each phase such as the volume fraction, microstruc-
ture, composition, strain, etc.

Since Tellegen formulated the idea of synthesizing a
product-property composite displaying ME effect in 1948
[7], the experimental studies of ME effects have received
considerable attention in the succeeding years. Particulate
composites were first used to research the ME effects, but
they yielded o that were two to three orders-of-magnitude
smaller than theoretical predictions. It has been found that
such low values are primarily due to low resistivity for fer-
rites, which produces a leakage current that results in the
loss of induced voltage [8]. These obstacles were overcome
by using layered composite instead of particulate composite
[9]. With the laminated Terfenol-D/PZT layered composite,
Ryu et al. immediately acquired an ME voltage coefficient of
up to 4.68 V-cm™'- Oe™', which exceeded the highest value
gained from any particulate composites at that time by a fac-



tor of 36.

With great improvement having been achieved in the ex-
perimental field, many theoretical approaches were also used
to investigate the ME coupling in product-property layered
composite. The first prediction of large ME effects in layered
composite was made by Harshe et al. [10], who calculated the
longitudinal ME response of ferrite-PZT layered composites.
Then, a more general way to the ME effects in layered com-
posite was presented by Bichurin ef al. [11]. They gained
achievements for the consideration of the demagnetization
factor and the introduction of a coupling parameter k, which
was used to define the degree to which the deformation of the
piezoelectric layer follows that of the magnetostrictive layer.
By adjusting the suitable value of k, the theoretical model
can explain some experimental results. However, it should be
noticed that although the coupling parameter k£ was used to
consider the actual interface condition, the physical meaning
of coupling parameter k£ was still not very clear. To our best
knowledge, detailed studies on the influence of the interface
coupling on ME effect is lacking at present, and a substantial
disagreement between theoretical and experimental data was
observed.

In addition to ambiguous details of interface coupling be-
tween PZT layer and magnetostrictive layer, the major dis-
crepancy between theoretical and experimental results also
comes from the fact that all the thermodynamic coefficients of
PZT are measured on bulk crystal, not film. In particular, the
piezoelectric and dielectric properties of PZT film may differ
considerably from bulk. Furthermore, even if the film may
be taken as ”bulk” film, the stress state upon cooling through
the Curie temperature can influence the piezoelectric and di-
electric properties, in tetragonal PZT film. Therefore, another
important problem is the influence of the stress built in film
on ME effect. It is well known that there are several sources
that contribute to the residual biaxial stresses built up in the
epitaxial film. The most relevant ones are the intrinsic stress
oint and the thermal stress o;,. The magnitude of the intrinsic
stress is largely determined by the film deposition conditions,
and the thermal stress dominates during the process of cool-
ing from the annealing temperature, which originates from
the temperature-dependent lattice mismatch between the lay-
ers. At the same time, strain relaxation can occur through
the misfit dislocation formation and twinning. Therefore, the
previous works [12, 13] assume that the residual strain after
the film growth process is close to zero. In fact, the strain
can only be partially relaxed even if the films of each phase
are thick enough. Aside from the intrinsic and thermal stress
in PZT thick film, interfacial stresses may also be present in
layered composite, which will contribute significantly to the
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total film stress. Thus, the influence of film stress, consisting
of the interfacial stress and other stress resulting in residual
biaxial stress in the films, on the ME effect is worth noticing
in layered composite.

In this paper, we will investigate the influence of the stress
on magnetoelectric (ME) effect in a magnetostrictive-PZT bi-
layer. A bilayer of stress state in the (1,2) plane consisting of
PZT and magnetostrictive phases is shown in Fig.1. In this
product-property structure, in order to get an effective ME
coefficient in experiment, the magnetostrictive phase may be
taken as the substrate, and as the bottom electrode in the de-
vice. This combination has many advantages as a model sys-
tem. Without the constraint from the conventional substrate,
such a geometry maximizes the efficiency of in-plane transfer
of the magnetostrictive strain from magnetostrictive layer to
piezoelectric layer. As we know, the stress not only affect the
magnetic order temperature and the easy direction of magneti-
zation in magnetostrictive phase, but also influence ferroelec-
tric Curie temperature and thermodynamic properties in PZT
phase. Because the mechanical strain-mediated ME coupling
by magnetostrictive effect is a quasi-piezomagnetic effect, the
influence of stress on the PZT phase is greater than that on
the magnetostrictive phase. Therefore, for simplicity, here we
only take the stress in the PZT layer into account. First, we
briefly review a theoretical model valid for the above bilayer
[10, 11]. The piezoelectric consititutive equations are

Piezoelectric phase
f Magnetostrictive phase

2

1
Fig. 1 Schematic diagram showing a bilayer of magnetostrictive
and piezoelectric phases in the (1, 2) plane.

SP =P SZ‘jTJI-J +P d27E]S (1)

K3
where T and S} are stress and strain tensor components of
the piezoelectric phase; D} and E}, are the electric displace-
ment and field; Ps;; is compliance coefficients at constant
electric field; Pdy, and Pe}, are the piezoelectric charge coef-
ficients and the dielectric permittivity matrix; the superscript
“p” denotes the components for the piezoelectric layer. To
consider the influence of stress, the superscript “*” is used
to denote the coefficients for PZT thick film in biaxial stress
state in order to differentiate it from those of stress-free bulk
film. The magnetostrictive phase is assumed to have a cu-
bic symmetry and is described by the following conventional
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equations:
St =" sy T+ qri Hy,

By =" ¢ T;" +™ pen Hy' ()

where S;" and 77" are strain and stress tensor components of
the magnetostrictive phase; H ' and B} are the vector com-
ponents of the magnetic field and magnetic induction, ™s;;
and ™qy,; are compliance and piezomagnetic coefficients; and
™ 11k, 1S the permeability matrix, the superscript “m” denotes
the components for the magnetostrictive layer.

We assume that the ME layered composite is unclamped,
and the interface coupling is ideal. Thus, the ME voltage co-
efficients can be obtained by solving Eq.(1) and Eq.(2) with
the following boundary conditions:

(i) The strains in both the phases along the transverse di-
rection 1 and 2 are equal:

SP = sp
P =S 3)

(i1) The total stresses are zero along the 1 and 2 direction,
and no stress is present along the 3 direction

vIT 4+ (1 —v)T{" =0

oIy 4+ (1—v)Ty" =0

TP =Tm =0 )
where ™v and Pv respectively denote the volume of magne-
- . . Py
tostrictive phase and piezoelectric phase, and v = ——

Py Mo

is defined as the volume fraction of ferroelectric composite.

Combining the continuity conditions for magnetic and
electric fields and open-circuit conditions, detailed calcula-
tions will yield the following expressions for ME coefficients
in the two different field orientations of importance: (i) « *E733
where the bias field H, 8 H, and 8 E are all parallel to each
other and perpendicular to the sample plane (1,2); (ii) o 3,
where in-plane H and 8 H are parallel to each other and per-
pendicular to the out-of-plane 8 E:

Transverse ME effect:

gz =v(1—v)(Mqin +" g21)(Pd3y)/
(Pesg)(Ms11 +™ s12)v + (Peis) (Ps1a )

+Ps12)(1 — v) — 2(Pd5;)*(1 — v)
Longitudinal ME effect:
@ 33 = 240v(1 — v)(Pd51)(Mg31)/
[to(v — 1) =™ pazv][v(Ms1y +™ s12)(Peds)

+(Ps11 4P s12)(Pezs) (1 — v) — 2(Pd3;)* (1 — v)]
(6)

From the above expressions we find that ME effect is strongly
related with not only the volume fraction of PZT, but also the
intrinsic properties of each phase, especially the piezoelec-
tric and dielectric properties of piezoelectric phase. As we
mentioned previously, the piezoelectric and dielectric prop-
erties of the piezoelectric film in the stress state are stress-
dependent. Now, we further consider the effect of stress on
the piezoelectric and dielectric properties of the PZT thick
film.

According to the Landau-Ginsburg-Devonshire formalism,
the free-energy density function derived from the power-
series expansion in terms of polarization components P; and
stress components T'; can be expressed as follows [14]:

Gr=o1 (P2 + P} + P?) 4+ an (P! + Py + P))
+a12(PEP; + Py P§ + P;PY)
+a111 (PP 4 PS + P9) 4 aq12|PH( Py + P3)
+Py (P} + P}) + P{(P} + P3)]
Farn(PEPEPR) = Jon(TF + 12+ 73)
—s12(T1 T + ToT5 + T3T1)
5T+ T2 4 T)

—Qu(TAPE + ToP5 + T3P3) — Qu2[T1(P5 + P3)
—Ty(P? + P§) + Ts5(Pf + P3)]
—Qua(TyPoPs + Ts PLPs + Tg P Py) (7

where P; and T; are the polarization and stress, o, a5, and
a1 are the dielectric stiffness and higher-order stiffness co-
efficient at constant stress; s;; is the elastic compliance coef-
ficient at constant polarization; ();; is the cubic electrostric-
tive constant in polarization notation. Eq.(7) has two interest-
ing solutions. One is for the prototypic cubic state(Pm3m),
another for the ferroelectric tetragonal state(P4mm). It has
already been identified that for PZT the piezoelectric charge
coefficient d7, is higher in its ferroelectric state than in its
paraelectric state. Therefore, both theoretical and experimen-
tal works focus on the ferroelectric state of a film, especially
the tetragonal state. The piezoelectric charge coefficient dj,,
piezoelectric voltage coefficient g, and dielectric permittiv-
ity €7, obey the following relationship:

di = €rnIni (8)

If the layered composite in 2-d stress state is unclamped, we
have Ty =T, = h, T3 = Ty = T5 = Ty = 0. The appropri-
ate sign convention is adopted such that tensile stress is de-
noted by positive value of h, vice versa. Meanwhile the PZT
film is assumed in tetragonal (P4mm) state, P = P§ = 0,
P2 # 0. The second partial derivative of Eq.(7) may give



piezoelectric voltage coefficient g, and dielectric permittiv-
ity €7,,[15]. Here we give the concrete expressions of g3, and
€33 since only these two coefficients will be useful in the fol-
lowing calculation:

931 = 2Q12P3 &)

ey = 0+ [2(a1 — 2Q12h + 6011 PZ + 150411 P3)] ™ (10)

where ¢ is the permittivity of the free space, Ps is determined
from the first partial derivative stability condition:

9G1/0P; = 0

P2 = —ay; + 02, — 3ai1 (a1 — 2Q12h)]Y2 /30111 (11)

Up to now, we know only that the dielectric stiffness o
is renormalized to a1 — 2Q12h due to the stress and is a
linear function of the stress h. The normalizing of the di-
electric stiffness results in the shift in the Curie temperature
AT = 4eoCQ12h and the stress-dependence of the piezo-
electric charge coefficient dj,;, piezoelectric voltage coeffi-
cient gy, and dielectric permittivity €;,,. They will further
cause the stress-dependence of ME effect.

In the following discussions, we apply material parameters
given in Table 1 to discuss a bilayer of cobalt ferrite (CFO)
and lead zirconate titanate (PZT). Since the strength of o}, de-
pends sensitively on the concentration ratio of the two phases,
we will first consider the transverse and longitudinal voltage
coefficients as a function of the volume fraction v of PZT film
in CFO-PZT. After substituting Eq.(8)-Eq.(11) into Eq.(5)
and Eq.(6), the variations of transverse and longitudinal ME
voltage coefficients ', 51, & 353 With volume fraction v for
a series of h are shown in Fig.2 and Fig.3. Of course, when
the stress is set to be zero, the variations of transverse and
longitudinal ME voltage coefficients with volume fraction v
recover to the previous theoretical results [11]. At the same
time, from Fig.2 and Fig.3 we also find that for a certain stress

Table1l The material parameters of CFO and PZT used to calculate
ME coupling (from Refs. [11, 16]).

PZT CFO
a1/(107m - F~1) —2.669

a11/(107mb . C=2 . F~1) —1.431

a111/(10°m? - C—4 . F~1) 1.342

s11/(10712m2 . N7 15.3 6.5
s12/(10712m2 . N7 1) -5 —24
g33/(10712m - A~ 1) —1880
q21/(10712m - A~ 1) 556
q11/(10712m - A~ 1) —1880
Uss/Uo 2
eo/(10712F - m~1) 8.85
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h, the ME coupling is absent in pure PZT (v = 1) or CFO
(v = 0), and as v is increased from 0 to 1, a}; 5, and a; 55
first increase to a maximum, then decrease graduélly to 0. The
stress-dependent behavior of ME effect is similar to the stress-

free one.

8 -
—— h=2X10Pa
--=- h=1X10Pa
6| AN h=0X10"Pa
————— h=-1X10"Pa
_________ S\ o h=-3X10Pa
TR h=-8X107Pa

CFO-PZT

0.0 0.2 0.4 0.6 0.8 1.0
Volume fraction v

Transverse ME coefficient/(V-cm™'-Oe™)
=

Fig. 2 Estimated dependence of transverse ME voltage coefficients
on stress h and volume fraction v for the CFO-PZT bilayer.

6
—— h=2 X10Pa
----h=1X10"Pa
------ h=0X10"Pa
ab [N e h=-1 X107Pa
,,,,,,, s h==3 X10Pa

........ h=-8 X107Pa

Longitudinal ME
voltage coefficient/(V-cm™-Oe™)

CFO-PZT

0.0 0.2 0.4 0.6 0.8 1.0
Volume fraction v

Fig. 3 Estimated dependence of longitudinal ME voltage coeffi-
cients on stress h and volume fraction v for the CFO-PZT bilayer.

On the other hand, it is more important to examine the in-
fluence of stress on ME effect. Figure 2 and Fig.3 show that
a3 decreases as h changes from positive (tensile stress) to
negative (compressive stress), and the positions of the peak
values shift to PZT-rich compositions. Similar characteristics
are observed in the curves of aj; 33 ~ h. In the region of
h < 0, compared with the experimental research conducted
by Srinivasan in the layer of cobalt zinc ferrite-lead zirconate
titanate(CZFO-PZT) [17], our numerical results are qualita-
tively consistent with theirs. As has been found in their ex-
perimental measurements, the stress existing in PZT thick
film can influence the composite’s ME effect significantly.
The XRD data show that ferrite is free of strain, but the PZT
layer is strained in heterostructures of CZFO-PZT (compres-
sive strain). In addition, the strain decreases with increasing
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Zn substitution, accompanied by an improvement of the ME
effect. They attribute the enhancement of ME effect to the
increase of interface bonding of the substitution of Zn. In
their theory, a g values are for the bulk values of the mate-
rial parameters rather than utilizing those of films in stress
states, although they reinforce the need for the determina-
tion of material parameters for the constituent phases in the
layered composites. A parameter k is introduced in order to
describe the interface bonding influenced by a variety of fac-
tors. Unfortunately, they could only speculate on possible rea-
sons, including built-in stress in the PZT layer, for the unique
and favorable interface bonding in the system. Here we point
clearly that decreasing compressive stress may cause the ef-
fective improvement of the ME effect, which corresponds to
increasing Zn substitution in their experiments. Naturally, we
extend our theory to the region of i > 0 (tensile stress). Fig-
ure 2 and Fig.3 show that the tensile stress may increase ME
effect if the PZT film is still in the out-of-plane polar in the
presence of suitable tensile stress, which provides us a pos-
sible route to improve the ME effect. We hope further in-
vestigations with this situation will be helpful to support this
suggestion.

The stress dependence of ME effect, with respect to the
stress-free bulk materials, can easily be understood by con-
sidering the change in nature of PZT layers in the stress state.
The stress dependence of ME effect originates from the stress
dependence of PZT parameters in stress state. The magne-
tostrictive phase is considered as the substrate and the influ-
ence of 2-d stress on the PZT phase is greater than that on
the magnetostrictive phase, that is, ™¢q11, ™g21 and ™ u33 may
be considered approximately as constants. Then, from Eq.(5)
and Eq.(6), we find that all parameters in expressions are in-
dependent of stress h except for d3; and €35. Consequently,
the main influence of h on ME effect comes from the influ-
ence of h on dj; and €35. Therefore, we need to make clear
the concrete influence of h on the two coefficients. Accord-
ing to Eq.(8)-Eq.(11), the dielectric permittivity € 35 and the
piezoelectric charge coefficient d3; as a function of h are cal-
culated and displayed in Fig.4 for PZT. It is shown that both
their amplitudes will increase with increasing tensile stress or
decreasing compressive stress. That is to say, through €55 and
d3,, the 2-d stress h has a great effect during the mechani-
cal deformation resulting in induced electric polarization. Al-
though the increase of the dielectric coefficient hampers ME
effect, the increase of the piezoelectric coefficient enhances
ME effect. Finally, with increasing tensile stress or decreas-
ing compressive stress, the competition between piezoelec-
tric charge coefficient and dielectric permittivity causes the
increase of ME effect.

8 -0.8

4l 1-1.0

_ 1-12
s Of 114 2
=] o
'2 5 1-1.6 L
B 118 =
& 41 s
{120

3 122

2 24

2-d stress/(10°Pa)

Fig. 4 The dielectric permittivity £33 and the piezoelectric charge
coefficient d3; as a function of stress h for PZT.

In addition, in order to have a better understand for the 2-d
stress dependence of ME effect, in Fig.5 and Fig.6 we plot
the maximum o 3;, & 35 and corresponding PZT volume
fraction vy,,x as functions of stress h. As shown in Fig.2
and Fig.3, with the increase of tensile stress or decrease of
COMPIESSive Stress, af; g1, O 33 and vmay decrease gradu-
ally. All these show that the stress in the film play a major
role in determining the ME coupling strength. In designing
a magnetostrictive-PZT bilayer, it is crucial to find an opti-
mum stress/strain in the film besides choosing the reasonable
concentration of PZT film in order to obtain the greater ME
coupling strength.

7.0 |
6.5}
6.0 |
55+
50t
45t .
40k Longitudinal case .-~
351 ST

30 ---

8 -6 -4 2 0 2
2-d stress/(107Pa)

Transverse case

Maximum ME
voltage coefficient/(V-cm™-Oe™")

Fig. 5 Maximum ME voltage coefficients as functions of stress h.

In summary, the effect of biaxial stress in PZT film on the
ME voltage coefficients for ME layered composite has been
studied, in which the magnetostrictive phase is stress-free and
PZT layer is stressed. The ME voltage coefficients expres-
sion are achieved by solving the stress-related piezoelectric
constitutive function and conventional magnetostrictive equa-
tions with the help of appropriate boundary conditions. As far
as CFO-PZT is concerned, it has been demonstrated that the
ME voltage coefficients will increase with decreasing com-
pressive stress, which is qualitatively consistent with previous
experimental measurements.
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Fig. 6 The variation of vmax Which is the PZT volume fraction
corresponding to the maximum ME voltage coefficient with stress h.
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