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The artificial multiferroic heterostructure used in this work is composed by an yttrium iron garnet
(YIG) film deposited by radio frequency (rf) magnetron sputtering on a metalized PMN-PZT
ceramic. We demonstrate, thanks to the well-known converse magnetoelectric (CME) coupling, the
control of the magnetic state of the YIG film by means of a low electric field applied to the PMN-
PZT ceramic. In particular, it is shown that the variations of the magnetization induced by the strain
are functions of the magnetic sate of the film. It is shown that the maximum amplitude variation is
observed at the coercive magnetic field (Hc), whereas when H increases, the strain effect has a lim-
ited impact on the film magnetization. A second effect has also been remarked on the magnetiza-
tion of the YIG film but only after the first strain induced cycle has been applied. These variations,
observed only under low applied magnetic fields, can be attributed to the re-orientation of some
magnetic moments which are easy to switch under low magnetic fields. We find that after poling
the YIG film, i.e., applying a magnetic field on it, the initial state is restored. The CME coupling
coefficient is determined for different magnetic states of the YIG film, and the maximum value
11! 10"8 s/m is obtained at H ¼ Hc and E ¼ Ec (the coercive field of the PMN-PZT ceramic).
The relative susceptibility tunability available for the heterostructure proposed is 16.8% for an elec-
tric field applied between 0 and "4 kV/cm. Published by AIP Publishing.
https://doi.org/10.1063/1.5037057

I. INTRODUCTION

Recently, the magnetoelectric (ME) effect which results
in a dielectric polarization variation of a material under a
magnetic field or a magnetization variation under an electric
field has become the focus of significant fundamental research
interest and an exciting new frontier due to its wide range of
potential applications. ME materials or composite structures
have found applications in different fields such as power har-
vesting, current transformers, magnetic field sensors, current
sensors, information storage (ME random access memory:
MERAM), and novel electrostatically tunable microwave
magnetic devices for telecommunication systems such as fil-
ters, resonators, inductors, and phase shifters.1–8

In naturally occurring multiferroics, ME coupling is
often weak, and consequently, new classes of artificially
structured composite materials that combine dissimilar mag-
netic and ferroelectric systems are being developed to opti-
mize order parameter coupling.9,10 An alternative to
engineering enhanced ME effects is to introduce indirect
coupling, via strain, between two materials such as a ferro-
magnetic and a ferroelectric material. The existence of a

strain coupling requires intimate contact between a magneto-
strictive (or piezomagnetic) material and a piezoelectric (or
electrostrictive) material. Each phase may then be indepen-
dently optimized, and the coupling performance is investi-
gated afterward. This enables the control of both the
dielectric polarization P by a magnetic field H [direct mag-
netoelectric effect (DME): dP ¼ aEdH, with aE being the
ME coupling coefficient] and the manipulation of magnetiza-
tion M by an electric field E [converse magnetoelectric effect
(CME): l0dM ¼ aHdE, with aH being the ME coupling coef-
ficient and l0 the vacuum permeability]. The ME efficiency,
at room temperature, is quantified in terms of the ME cou-
pling coefficient (aE or aH), which represents the coupling
efficiency between the electric and magnetic systems. This is
considered as the figure of merit for the ME coupling
strength.11,12

Many studies have been conducted on the fundamental
understanding, fabrication processes, and applications of ME
artificial composite systems in the last four decades, which
has brought the technology closer to the realization of practi-
cal devices. The possibility of using an electric field to con-
trol the magnetization of a ferromagnetic material is a
fundamental topic, and recently, there has been significant
effort to improve the controllability. The CME effect opens
a large range of opportunities for the electric control of M, as
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shown in recent studies on voltage-controlled magnetic
anisotropy in appropriately synthesized FM/FE heterostruc-
tures.13,14 The FE materials usually used are PZT ceramics
and PMN-PT single crystals since they have a high d33 coef-
ficient and a large field-induced strain, while the FM materi-
als used are typically metallic magnetic materials thanks to
their excellent magnetostrictive properties. Other studied
systems also include spinel ferrites or hexagonal ferrites for
the magnetic phase. Briefly speaking, the deformation of the
piezoelectric layer caused by the applied electric field is
transferred to the mechanically coupled ferrite layer so that
the elastic stress in the ferrite manifests a first-order uniaxial
magneto-crystalline anisotropy and produces a change in the
magnetization.15–17

Ferrites are an important class of materials for use in
microwave devices such as resonators, filters, and phase
shifters.18,19 Low-loss ferromagnets including yttrium iron
garnet (YIG), lithium ferrite, and hexagonal ferrites are used
in devices operating in the frequency band of 1–70 GHz. In
particular, the magnetic properties of YIG have been largely
studied for microwave devices. Indeed, recently, microwave
YIG isolators and circulators have been investigated for
wireless communication systems.20–23

As the applications envisaged within the framework of
this work are tunable structures at high frequency, YIG is
selected as the ferromagnetic material. The fabricated heter-
ostructure is therefore composed of a YIG thin film (200 nm
thick) deposited by rf magnetron sputtering on a piezoelec-
tric ceramic (0.5 mm thick). The piezoelectric material is

lead magnesium niobate-lead zirconate titanate (PMN-PZT)
with a composition near the morphotropic phase boundaries:
0.25 PMN–0.75 PZT. With this composition, we have dem-
onstrated the excellent properties of this material: low coer-
cive field, strong d33, and strain. The voltage tuning of
magnetization M(V) is performed by an homemade instru-
ment which combines a Vibration Sample Magnetometer
(VSM) and an external high voltage source (0 – 615 kV) via
two copper wires attached to the upper and lower electrodes
of the sample in the VSM test chamber. The instrument
allows polarizing the sample by applying a high DC voltage
to the ceramic and modifying the magnetic state of YIG
under a magnetic field simultaneously.

II. EXPERIMENTS

A description of the sample is shown in Fig. 1, and the
ceramic used as a substrate is chosen, among the different
kinds of ceramics available, according to its piezoelectric
performance. In our case, we have decided to work with a
PMN-PZT ceramic (8 mm ! 8 mm–0.5 mm in thickness).
Recently, we have demonstrated24 that at the morphotropic
phase boundary, a sample (0.25 PMN–0.75 PZT) can reach
the maximum strain (2.5&) at a small coercive electric field
(Ec ¼ 4.43 kV/cm) with an AC electric field of 15 kV/cm
and a frequency of 0.01 Hz (Fig. 2). We observe a variation
of Ec with the working frequency, i.e., a decrease in Ec
when f decreases, and this behavior is classical. The PMN-
PZT ceramic can reach saturation at a very low electric field
and its maximum strain value occurs at the coercive field,
which are of great interest of this material.

Before the film deposition on the ceramic, a very impor-
tant step is the polishing process. The face/interface quality
between the ceramic and the films can strongly affect the
strain mediated converse magnetoelectric coupling.25 Figure
3(a) shows a typical AFM image of the ceramic surface after
polishing; the surface roughness is estimated to be 10 nm
(mean value). With our polishing system, it is quite difficult
to obtain a better quality, but such a level of roughness
allows however envisaging the growth of films. In the first
step, Pt electrodes are deposited on both sides of the sub-
strate, and these electrodes are needed to apply an electric

FIG. 1. The schematic of the YIG/Pt/PMN-PZT/Pt heterostructure.

FIG. 2. The hysteresis loops of polarization vs. E-field (a) and field-induced strain curves (b) of a 0.5 mm-thick PMN-PZT ceramic with different working fre-
quencies (0.01, 0.1, 1, and 10 Hz).
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field on the ceramic. A metallic mask is used to define the
zone of deposition (Fig. 1). The YIG thin film, 200 nm thick,
is then deposited by rf magnetron sputtering also through
this type of mask. The sputtering and post-annealing condi-
tions are given in Table I; they are the same as for deposition
on silicon except the annealing treatment.26 It is made at the
same temperature (750 $C) but with a shorter duration (1 h)
to avoid (or limit) the outflow of Pb in PMN-PZT at high
temperature. We have also analyzed the YIG film surface
roughness by AFM [Fig. 3(b)] and the microstructure by
SEM [Figs. 4(a) and 4(b)]. Typically, the roughness is on the
order of 7 nm (mean value), and the structure is dense with
very fine and uniform grains. The interface is very clear,
indicating no significant diffusion between the film and
electrode.

III. RESULTS AND DISCUSSION

Figure 5 presents the X-ray diffraction pattern of the
YIG film deposited on the Pt/PMN-PZT/Pt substrate. As we

can see although the diffraction peaks of the YIG film are
much weaker than the diffraction peaks of the substrate and
electrodes, all of them correspond to the pure cubic
Y3Fe5O12 phase and there is no second phase.

To finalize the preparation of the sample for future char-
acterization studies, electrical connections must be available
on both sides of the substrate on the Pt layers. However,
since it is necessary to apply high voltage on the ceramic,
some protections must be taken for the electrical connec-
tions. To that end, the connections on the sample holder are
electrically isolated from the measuring equipment, prevent-
ing possible damage in the VSM. After the preparation of
the sample and the fabrication of the sample holder, the eval-
uation of the sample properties can be achieved, which is
presented thereafter.

The first measurements concern the evaluation of the
magnetic properties of the YIG film deposited on the Pt/
PMN-PZT/Pt substrate. The VSM used for both M(H) and
M(E) characterization studies is an ADE model EV9. Its
electromagnet can operate up to 2.1 T, the resolution is on
the order of the micro-emu, and the frequency of vibration is
fixed to 75 Hz. As our system allows polarizing the sample
under test by an electric field, it is thus possible to simulta-
neously apply a DC high voltage to the ceramic and modify
the magnetic state of the YIG film by applying an in-plane
magnetic field.

In order to obtain the M(H) loops of the YIG film only,
i.e., without the presence of the ceramic, the electrodes, and
the wires, it is necessary to implement a calibration step
beforehand. So, we have recorded the magnetic response of
the ceramic with and without electrodes and the wire connec-
tion. Finally, the effect of these external elements is taken
into account by means of a de-embedding procedure to
extract only the properties of the film. The M(H) magnetic
loops are presented in Fig. 6. The related saturation magneti-
zation (Ms), remnant magnetization (Mr), coercive field
(Hc), and magnetic susceptibility (v) are summarized in
Table II. We note some variations of these main characteris-
tics with regard to a YIG film of the same thickness depos-
ited on SiO2/Si.26 The film roughness, lattice structure,
defects, and the interface quality can explain these
dissimilarities.

As the magnetic properties of the YIG film are perfectly
known now, the next step of this study is to examine the var-
iations of these properties according to an electric field
applied on the ceramic. As said before, our VSM system

FIG. 3. The AFM images of a PMN-PZT ceramic after polishing (a) and the
YIG film grown on the ceramic (b).

TABLE I. The preparing conditions of the YIG thin film.

Parameters Values

Base pressure (Pa) 3.0! 10-4

Substrate temperature ($C) RT

Sputtering atmosphere Ar

Sputtering pressure (Pa) 0.55

Sputtering power (W) 100

Sputtering time (h) 5

Annealing temperature ($C) 750

Holding time (h) 1

FIG. 4. The surface (a) and cross-
sectional SEM images (b) of the YIG
film grown on the PMN-PZT ceramic.
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offers the possibility to apply a DC voltage on the ceramic
when the YIG film is in different magnetic states (as a func-
tion of H). So, we have the opportunity to measure the M(E)
response of YIG under different applied H.

In this study, the YIG film is submitted to various mag-
netic fields going from 0 to 320 Oe, leading to different mag-
netization states. In particular, M(E) loops are measured for
seven different magnetic fields (320, 160, 80, 40, 20, 10, and
0 Oe). First, we start with a field of 320 Oe [Fig. 7(a)], the
film is in a saturated state, and we decrease the magnetic
field (passing by Hc) to arrive to 0 Oe. Under a specific mag-
netic field, the cycle for the change of the electric field is as
follows: 0 kV/cm, "15 kV/cm, 15 kV/cm, "15 kV/cm, and
stops at 0 kV/cm. We note in Fig. 7 that all the M(E) curves
follow the butterfly loop as it is observed for the strain in the
PMN-PZT ceramic under an electric field (Fig. 2). This
behavior is observed regardless of the magnetic state of the
film.

These results demonstrate clearly that the magnetization
variation is induced by the converse magnetoelectric effect

on the heterostructure made of alternating materials of ferro-
electric and ferromagnetic phases. In fact, the electro-strain
originated from the ferroelectric material generates a modifi-
cation of the magnetization state of the ferromagnetic mate-
rial. We can define the performance of our structure by the
magnetization variations under the effect of the applied elec-
tric field and related to the magnetic state of the material.
Figure 8 shows the variation of DM/M0i as a function of the
bias H field, where DM is the difference of M at EC in the
ascending and descending parts of the E field cycle, indicat-
ing the maximum M variation in the M(E) curve originated
from the maximum strain effect near Ec; M0i is the film ini-
tial magnetization state at 0 kV/cm (Fig. 7). It is noticed that
DM/M0i first increases between H¼ 0 and H ¼ Hc (highest
value for DM/M0i) and then it decreases. It is thus confirmed
that the electric field applied to the ceramic is the most effec-
tive when the film is in this magnetic state (H ¼ Hc). One
can also note (Fig. 8) that even without H, a variation exists
(DM/M0i ¼ 6.5%), and this result is very important for future
applications. In contrast, under a high magnetic field, the
mechanical strain effect has a limited impact on the film
magnetization.

A second effect appears which induces also a change in
the magnetization. Actually, a difference of the magnetiza-
tion between the initial state (M0i), at the beginning of the
experiment, and the magnetization state at the end of the test
(M0f) is observed. M0i is of course in relation with H applied
to the YIG film just before the measurement. For example, in
Fig. 7(a) (H¼ 320 Oe), M0i associated is 86.5 emu/cm3 (con-
firmed by Fig. 6). In the same way, in Fig. 7(g) (H¼ 0 Oe),
M0i ¼ 42.5 emu/cm3; this value is very close to Mr. The ratio
(M0i-M0f)/M0i (Fig. 7) depends on the magnetic state of the
YIG film. This ratio, as shown in Fig. 9, gets its maximum at
0 Oe and then decreases, as a function of H, down to zero for
H % 150 Oe.

To analyze finely the factors that cause the variation of
M0i and M0f, we have repeated 4 times the experiments. An
example is presented in Fig. 10(a) for a saturated film
(H¼ 300 0e) and Fig. 10(b) for a YIG film slightly magne-
tized (H¼ 30 Oe). The YIG film is “saturated” only before
the measurement of the first curve, which means that the ini-
tial state for the second cycle is the one obtained at the end
of the first cycle (M0i2 ¼ M0f1).

Different observations can be done from these figures.
When the magnetic material is strongly magnetized [Fig.
10(a)], the states of M0i and M0f are practically the same,
whereas a difference between these two states is noticed
when a low magnetic field is applied [Fig. 10(b)]. This dif-
ference (M0i1 " M0f1), on the order of 2 emu/cm3 in this
example, appears only after the strain induced first cycle,
which could be explained by the fact that after undergoing

FIG. 6. The magnetic hysteresis loop and its enlarged curve (inset) of the
YIG film excluding the effect of Pt/PMN-PZT/Pt and wires.

TABLE II. The corresponding saturation magnetization (Ms), remnant mag-
netization (Mr), coercive field (Hc), and magnetic susceptibility (v) of YIG
thin films grown on Pt/PMN-PZT/Pt.

Ms (emu/cm3) Mr (emu/cm3) Hc (Oe) v

133.8 43.5 40.1 15.9

FIG. 5. The X-ray diffraction pattern of the YIG/Pt/PMN-PZT/Pt hetero-
structure. The inset shows an enlarged region containing the main peaks of
the YIG film.
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the strain effect, some magnetic moments do not return to
their initial state under low magnetic fields. However, in the
repeated cases, the final magnetization has been found to be
equal to the initial one (M0fj ¼ M0ij, j¼ 2, 3, and 4). It is thus
clear that only after the first cycle, the sample experienced
that some magnetic moments are switched. In the subsequent
cycles, the moments keep their position, and consequently,
the magnetization remains constant. Under high magnetic
fields, this phenomenon is not observed [Fig. 10(a), repeated
also 4 times] certainly because, as for the strain effect, under
a strong field, the magnetic moments are solidly aligned and
it is difficult to switch them.

It has also been observed that the magnetization lost
(M0i – M0f) after the first cycle (cycle 1) can be recovered by
re-saturating the YIG film, i.e., applying a magnetic field on
it. As an illustration, we present in Fig. 11 an example where
we have chosen "15 kV/cm as the initial (Mi) and final (Mf)
points of the cycles (for the 3 cycles: "15 kV/cm, 0 kV/cm,
15 kV/cm, 0 kV/cm, and "15 kV/cm). The measurements are
made at H¼ 0 Oe where we have observed the maximum of
variation. We retrieve the same phenomena as before; in this
case, Mi1 – Mf1 is larger (4 emu/cm3) in agreement with the
M(H) curve, and for the second curve, Mf2 ¼ Mi2. Before the
third cycle, we poled the YIG film with a magnetic field of

FIG. 7. The electric field dependency
of the magnetization of the YIG film
without the effect of Pt/PMN-PZT/Pt
and wires under a series of magnetic
fields (320, 160, 80, 40, 20, 10, and
0 Oe). The trend of all the curves can
be illustrated by the arrows. DM is the
difference of M at EC in the ascending
and descending parts of the E field
cycle. M0i and M0f are the initial and
the final magnetization, respectively, at
0 kV/cm.
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15 kOe, and we recorded a new cycle on the sample. The dif-
ference (Mi3 – Mf3) observed in cycle 3 is the same as the
one registered for cycle 1, indicating that the initial magneti-
zation is reversible. The same effect is observed whatever
the cycle selected (Mi and Mf points).

The converse coupling coefficients (a) can be obtained
from the first derivative of the M(E) curves27 according to the
equation a ¼ l0dM/dE (l0 ¼ 4p ! 10"7 H/m). The maximum
value of a found near Ec of the ceramic in each a(E) curve
obtained as a function of the bias H field is collected to plot
Fig. 12. The maximum value, 11! 10"8 s/m, is obtained at H
¼ Hc. This value is surely not the maximum achievable for
artificial multiferroic heterostructures because obviously the
YIG is not the best choice for the magnetic material. It is quite
difficult to give the highest value of the CME coupling reach-
able because it closely depends on the heterostructure arrange-
ment (i.e., the substrate, the magnetic material…). Even so, the
maximum value obtained is comparable to the one found for
LSMO/PMN-PT (001).28 Moreover, this choice was not made
particularly for the CME coupling performance but mainly on
the possibility to integrate a composite material which owns
good properties for future applications at high frequencies.
YIG has been found to be a good compromise for this purpose.

Our main future application will be the fabrication of
tunable inductances, and so, it is important to quantify the
YIG film magnetization variation which will induce in turn
the susceptibility (permeability) variations. In addition, the
selection of PMN-PZT which can be obtained by sputter-
ing lets us envisage positively a transfer towards a full
thin film heterostructure. Actually, the final objective is the
fabrication of artificial multiferroic heterostructures com-
patible with MMIC circuits. In this framework, it is essen-
tial to evaluate the potential of these kinds of
heterostructures in terms of the susceptibility level achiev-
able. To that end, Figure 13(a) presents the results
obtained when measuring the variation of the permeability
(susceptibility) according to the electric field and to the
magnetic state of the film. We observe that between 0 kV/
cm and "4 kV/cm applied to the piezoelectric ceramic, the
relative susceptibility (vmax-vmin)/vmax exhibits a maximum
of 16.8% for an H value near to Hc.

IV. CONCLUSIONS

In summary, the electric field influence on the magnetic
properties has been studied in a heterostructure composed of

FIG. 9. The value of (M0i-M0f)/M0i!100% as a function of the bias magnetic
field.

FIG. 10. The magnetization vs. electric field curves under bias magnetic fields of 300 Oe (a) and 30 Oe (b), respectively. Each curve is repeated 4 times, and
there is no resaturation between the cycles. M0ij and M0fj (j¼ 1, 2, 3, and 4) represent the initial and final magnetization states at 0 kV/cm in the j cycle. All the
curves can be traced by the arrows.

FIG. 8. The magnetization variations (DM/M0i) induced by strain as a func-
tion of the applied magnetic field.
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a 200 nm thick YIG film deposited on a 0.5 mm thick PMN-
PZT ceramic with Pt on both sides, when the YIG film is in
different magnetic states. It is shown that every
magnetization-electric field curve is in good agreement with
the ceramic strain evolution and the piezoelectric strain due
to the DC voltage applied to the PMN-PZT ceramic controls
the YIG magnetic properties. Moreover, it is always at Hc
that the effect of the electric field is the maximum.
Specifically, when the film is strongly magnetized (H > Hc),
little variation due to the strain is observed. The amplitude is
maximum at the coercive magnetic field. Another phenome-
non, which modifies the film magnetization, also appears
when the film is weakly magnetized (H & Hc). The strain-
induced changes in magnetization DM/M0i and the CME
coupling coefficient reach their maximum at the coercive
magnetic field of the YIG film (7.0% and 10.9! 10"8 s/m,
respectively), and even in the absence of an external mag-
netic field, there is still a large CME coupling coefficient

(5.6! 10"8 s/m). Experimental results also demonstrate that
the strain produced by the converse piezoelectric effect of
ceramics can not only control the magnetic properties of the
magnetic film but also induce a loss of a part of the magneti-
zation. The amount of the demagnetization is in one-to-one
correspondence with the bias magnetic field and increases as
the magnetic field decreases. When the YIG film undergoes
the effect of strain, it does not return to its initial magnetic
state, i.e., Mi and Mf states are different, with Mf < Mi. The
greatest value for Mi – Mf is on the order of 5 emu/cm3. It is
certainly the consequence that under low magnetic fields, the
magnetic moments are easily switched and the induced strain
modifies some magnetic moment distribution. Under high
magnetic fields, where the magnetic moments are strongly
aligned, no difference has been observed (Mi ¼ Mf). Finally,
we have demonstrated that it is possible to restore the initial
magnetic state by applying a magnetic field (1.5 T) to the
film to generate a reorientation of the moments as before.

Although the objective of this study is not to obtain the
best CME coefficient, this latter was estimated. A maximum
value of 11! 10"8 s/m at the coercive magnetic field
(40 Oe) and under a low applied electric field (4.1 kV/cm)
has been found. The sharp deformation of about 2.5& of
0.25 PMN-0.75 PZT is at the origin of this excellent value of
the coefficient CME.

Some parameters are needed to be studied in more
detail to improve the strength of the CME. In particular, an
efficient control and the manipulation of ferromagnetism by
the induced strain in our structure necessitate perfect knowl-
edge of the interactions across heterointerfaces and the YIG
film thickness. Domains, domain walls and their mobility,
and defects also play a critical role in the coupling
phenomena.

The results reported in this study open up possibilities
for device applications based on E-field controlled magne-
tism in heterostructures. With the choice of YIG, we know
that the performance in terms of CME coefficient was lim-
ited, but the objective is to develop specific applications at

FIG. 11. Three different magnetization vs. electric field curves under 0 Oe.
Before the first and third cycles, the sample is magnetically saturated, but no
resaturation is applied to the film before the second cycle. Mij and Mfj (j¼ 1,
2, and 3) represent the initial and the final magnetization at "15 kV/cm in
the j cycle. All the curves can be traced by the arrows.

FIG. 12. The maximum CME coefficients in a(E) curves as a function of the
bias magnetic field.

FIG. 13. The magnetic susceptibility (v) vs. magnetic field curves originated
from the first derivative of the corresponding M(H) loops under different
external electric fields (0, "2, "3, and "4 kV/cm), and the inset shows the
maximum v as a function of the external electric fields.
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microwave frequency where YIG materials have shown a
real potential.
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