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A systematic study has been carried out on the effects of interface bonding on the strain mediated
magnetoelectric (ME) coupling in ferromagnetic–ferroelectric bilayers. The technique used involves
the static electric field E tuning of the ferromagnetic resonance (FMR) in yttrium iron garnet
(YIG) and lead zirconate titanate (PZT) or lead magnesium niobate-lead titanate (PMN-PT). A
broad band detection technique has been developed for studies over 1–40 GHz in three types of
bilayers: epoxy bonded, eutectic bonded and YIG films directly grown onto piezoelectric substrate
by electrophoretic deposition. The strength A of the converse ME effect (CME) defined as the ratio
of the frequency shift δf in FMR in E, A = δf/E, varies over the range 0.8 to 4.3 MHz·cm/kV, and
is the highest for eutectic bonded samples and is the weakest for epoxy bonded bilayers. The results
presented here as of importance for dual electric and magnetic field tunable ferrite–ferroelectric
microwave resonators and filters.
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1 Introduction

Multiferroics with two or more ferroic (ferroelectric, fer-
roeleastic, ferro/ferri/anti-ferromagnetic) orderings have
attracted considerable interests in recent years [1–7].
Single-phase multiferroics are rare and their magne-
toelectric (ME) responses are either weak or occur
at temperatures too low for practical applications.
Ferromagnetic-piezoelectric composites, however, show
strong ME coupling at ambient temperatures. The ME
effect here is a product-property mediated by elastic de-
formation [2–5]. The ME phenomena of importance are
giant low-frequency interactions and coupling when the
electric and/or the magnetic subsystems show resonance,
including elelctro–mechanical resonance (EMR), ferro-
magnetic resonance (FMR) and magneto–acoustic reso-
nance at the overlap of EMR and FMR. Potential device
applications for the composites are magnetic field sen-
sors, dual electric and magnetic field tunable microwave
and millimeter wave devices, and miniature antennas [3–
7].

Magnetoelectric interactions in ferrite–ferroelectric
composites, in particular, have facilitated a new class of
FMR-based microwave signal processing devices [8–11].
These devices mainly depend on either hybrid spin elec-
tromagnetic waves [9, 10] or mechanical force mediated
magnetoelectric (ME) interactions [11]. Microwave cav-
ities or stripline structures are conventionally used for
measuring the FMR and ME coupling strength in ferrite
ferroelectric structures.

Here we focus on two important aspects of ME interac-
tions in ferrite–piezoelectric bilayers: (i) A broad band
technique for E-tuning of measurements FMR over 1–
40 GHz. (ii) Influence of bonding techniques, i.e., epoxy
bonding, eutectic bonding and direct growth of ferrite
onto piezoelectric substrates by electrophoretic deposi-
tion, on the strength of ME coupling. In this article, we
report on a nondestructive and broadband detection of
FMR and ME effects resonance in yttrium iron garnet
(YIG)-ferroelectric bilayers using a short circuited coax-
ial electric probe in the frequency range, from 3 GHz to
40 GHz. This paper is organized as follows. Section 2
describes the design of novel near field microwave probe.
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The probe consists of a coaxial transmission line con-
nected to a Cu loop which is formed by shorting the in-
ner conductor of a coaxial cable to the outer conductor.
Section 3 provides details on bonding techniques. Section
4 provides results of our studies on the strength of ME
coupling in YIG-piezoelectric bilayers.

2 A broad-band FMR technique

Several techniques based on scanning probe microscopy
(SPM) for imaging spatial distributions of magnetic re-
sponse in a range of radio frequency (RF), such as elec-
tron paramagnetic resonance and FMR, have been de-
veloped [12–15]. Toshu et al. [16] successfully detected
localized FMR signals on a polycrystalline YIG disk
and observed strong spatial dependences in detected sig-
nal intensities over the sample using open-ended coax-
ial electric probe. Lee et al. [17] demonstrated near
field magnetic microscopy by using a shorted coax mi-
crowave probe. The shorted microwave probe was de-
signed by soldering the inner and outer conductors of
the coax, resulting in a probe that couples magneti-
cally to the sample. Mircea and Clinton [18] extended
this technique further by using a thin wire bond to
short the coax. This reduced the sample to probe spac-
ing, resulting in an improved electromagnetic coupling.
This in turn allowed the use of simpler electronics for
the measurements. They also demonstrated the high-
bandwidth (40 GHz) FMR probe, where there is no con-
straint on the sample size or geometry, thus enabling
high-frequency measurements on a multitude of mate-
rials in their actual operating conditions. Recently mi-
crowave resonators based on planar ferrite–piezoelectric
structures tuned by magnetic and electric fields have
been extensively studied [19, 20]. Nadjib et al. demon-
strated the electric field induced ferromagnetic shift of
BiFeO3–NiFe2O4 (BFO–NFO) nanocomposites using the
shorted microcoax probe [21].

2.1 Design of broad-band FMR probe

A short circuited loop probe, which is made of a coax-
ial cable with its inner conductor forming a loop shorted
with the outer conductor, is designed to directionally
enhance the magnetic coupling between the probe and
sample, and induce microwave frequency currents of a
controlled geometry in the sample.

The probe used in this experiment consists of a SMA
connector (Pasternack Enterprises, PE4001) that trans-
mits RF over 40 GHz. The diameter d1 (d2) of the outer
(inner) conductor of the probe is 5.31(0.6) mm. The outer
and inner conductor of the probe is shorted by a Cu–Pt
loop. Cu–Pt loops is obtained by sputtering the copper
and platinum films of thickness 500 nm and vary in width
between 100 μm and 500 μm using the RF Magnetron

Sputtering unit. Masks of desired dimensions have been
designed to have Cu–Pt loops. The deposition of the plat-
inum over copper film is to have the enhanced sensitivity.
The thin film probe design improves the sensitivity of the
probe, minimizes the spacing between sample and probe
resulting in better coupling and the sheet film geome-
try generates a highly unidirectional RF field. Figure 1
shows the schematic of the short circuited probe.

Fig. 1 Schematic of the short circuited microwave coaxial probe
for FMR studies over 1–40 GHz.

2.2 FMR studies on single crystal YIG film

The probe was then used for FMR studies on a single
crystal film of YIG. A YIG film of thickness of 4 μm and
lateral dimensions of 2.2 × 4 mm2 was used in measure-
ments. The film was grown by the liquid phase epitaxy
on one side of a 0.2-mm-thick gallium gadolinium gar-
net (GGG) substrate of 〈111〉 orientation. The film had
a saturation magnetization of 1750 G and a FMR line
width of ∼0.6 Oe, measured at 5 GHz. The YIG film
was placed on the short circuited coaxial probe, so that
the YIG film was in contact with the Cu–Pt loop.

Microwave measurements were carried out using a
vector network analyzer PNA-E8361A. A standard cali-
bration procedure for PNA-E8361A was performed be-
fore measurements. A CW input signal with f = 2 − 40
GHz and power Pin = 0.1 mW was applied to the short
circuited microwave coaxial probe. Low input power was
chosen to prevent heating of the sample due to power ab-
sorption at FMR. Profiles of reflected power Pref(f) vs.
f were recorded for a series of H and E. Figure 2 depicts
the measured FMR response of the YIG film with bias

Fig. 2 FMR response of YIG film in the frequency range 3–
20 GHz.



420 D. V. B. Murthy and Gopalan Srinivasan, Front. Phys., 2012, 7(4)

magnetic field (H in-plane) from 3 GHz–20 GHz using
the microwave probe. Figure 3 shows the FMR response
of the YIG film with bias magnetic field (H in-plane)
from 20 GHz–40 GHz.

Fig. 3 FMR response of YIG film in the frequency range 20 GHz–
40 GHz.

Measured FMR frequency as a function of the bias
field is shown in Fig. 4. For a thin YIG film, the FMR
frequency f for H perpendicular to the plane is given by

f = γ(H − 4πM) (1)

where H is the bias field, 4πM is the saturation magne-
tization, and γ is the gyromagnetic ratio. Figure 4 shows
a linear dependence over the frequency range f = 3− 40
GHz as expected. Measurements could not be done be-
low 2.5 GHz because of the broadening of FMR due to
nonlinear effects.

Fig. 4 FMR frequency vs. bias magnetic field for H perpendicu-
lar to the plane of YIG film.

3 Bilayer synthesis

For studies on ME coupling polycrystalline
PbZr0.52Ti0.48O3 (PZT) or single crystal lead magne-
sium niobate — lead titanate of the chemical compo-
sition 0.68 [Pb(Mg1/3Nb2/3)O3]−0.32 [PbTiO3] (PMN-
PT) was used for the piezoelectric phase in the com-
posite. Both the PZT and (001) PMN-PT have high
piezoelectric coefficients, large electro–mechanical cou-
pling coefficients, and low dielectric losses [22]. The

piezoelectrics, PZT with silver electrodes and PMN-PT
with Cr–Au electrodes were initially poled in an elec-
tric field. Three different bonding techniques were used:
epoxy bonding with a quick dry epoxy, eutectic bond-
ing of YIG and piezoelectric platelet, and growth of
YIG film on PZT by electrophoretic deposition (EPD).
The bilayer was formed by bonding YIG film to PZT or
PMN-PT in the form of 500-μm-thick disk with diameter
of 4 mm. The ferrite was bonded to PZT with 2-μm-thick
epoxy or by eutectic bonding techniques [23]. For eutec-
tic bonding, a thin layer (100–300 nm) of silicon was
deposited onto YIG by RF sputtering and 100-nm-thick
silver on PZT or PMN-PT. The bilayer was then placed
in a furnace, subjected to a nominal pressure and heated
to 600 C. After the high temperature treatment the sam-
ple was poled at room temperature. We also grew YIG
films on PZT to study ME coupling in a system free of
any bonding medium and that is discussed next.

3.1 EPD Growth of YIG on PZT

A bonding medium at the interface is expected to give
rise to a significant reduction in the ME effect in ferrite–
ferroelectric bilayers. So there is critical need for bilayers
obtained by direct deposition of ferromagnetic phase on
to a piezoelectric substrate or vice versa. Electrophoretic
deposition (EPD) is a powerful tool for the deposition of
oxides, metals, and composites [24, 25]. The main advan-
tage of the technique is the ability to control the thick-
ness and morphology of films through simple adjustment
of the deposition time and applied potential. Kurinec et
al. reported the synthesis and EPD deposition of Nickel
ferrite nano particles [26]. Hashi et al. studied the high
frequency characteristics of the Nickel Zinc ferrite film
deposited using EPD [27]. Takenaka et al. performed
the studies on YIG nanoparticle films using inductively
coupled RF plasmas [28]. Recently, EPD coating of Mn–
Zn ferrites was employed in the fabrication of on-chip
inductors [29].

In this work we focused on a layered multiferroic struc-
ture obtained by the EPD deposition of YIG films on
PZT and (001) PMN-PT. Our interest is in the demon-
stration of magnetoelectric interactions of these films
at microwave frequencies in this unique structure. YIG
nano particles synthesized by coprecipitation techniques
were used for the deposition of films of thickness 10–
100 μm. The bilayer thus obtained was used for mi-
crowave ME studies.

The powders of YIG (Y3Fe5O12) were prepared by the
coprecipitation technique by dissolving Y(NO3)36H2O
and Fe(NO3)3, 9H2O with [Fe3+]/[Y3+] = 5/3, into an
ammoniacal solution of pH = 10. The obtained precipi-
tate was washed several times with deionized water and
ethanol, filtered and dried at 65◦C for 24 h. The pow-
ders were then calcined at 1200◦C to form fine garnet
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particles.
In EPD, charged powder particles, dispersed or sus-

pended in a liquid medium gets attracted and migrates
towards an electrode of opposite charge and consequently
gets deposited there under the influence of a DC electric
field (electrophoresis), forming a relatively dense and ho-
mogeneously compact film. The EPD was performed in
a cell with two electrodes vertically immersed in a sol-
vent media. The solvent media [Ethanol (150 mL), PVB
(1 mg) and Phosphate Ester] is stirred by magnetic stir-
rer for 30 min. The pH of the suspension is maintained
at 3.5. Then one gram of synthesized YIG nano par-
ticles was introduced into the cell. An aluminum plate
was used as the anode, and aluminum plate with PZT
disc was used as the cathode. They faced each other at a
distance of 5 mm. Sedimentation of the particles was pre-
vented by slow stirring using stainless steel mixer which
is introduced in the cell. Electrophoretic deposition was
carried out for 90 minutes at a constant voltage condi-
tion of 25 V. The obtained deposits were dried in air
at room temperature. In order to support higher anneal-
ing temperatures, Titanium (15 nm)–Platinum (500 nm)
are deposited on both sides of the PZT samples. The de-
posited thin films are annealed at 1050◦C.

Figure 5 gives representative data that show the micro-
scope images and structure of the YIG–PZT heterostruc-
ture. A 6-μm film was fabricated by EPD at a deposition
rate of 400 nm/min. The films were found to be com-
posed of large particles of 150–200 nm size, whereas the
size of particles in the starting solution was in the range
10–20 nm. It is considered that the particles undergo ag-
glomeration during deposition.

Fig. 5 Atomic force microscopy image of the deposited YIG film
on PZT.

4 ME Interactions in YIG-piezoelectric
bilayers: Results and discussion

We discuss next static electric field tuning of the FMR in
the bilayers for measurements of the converse ME cou-
pling strength. Studies were carried out on epoxy bonded

and eutectic bonded bilayers and EPD YIG films on PZT
or PMN-PT.

4.1 Epoxy bonded bilayers

The schematics of the YIG-PZT bilayer and the coaxial
probe structure are shown in Fig. 6. A PZT plate of di-
mensions of 4 mm×4 mm×0.5 mm and with 5-μm-thick
silver electrodes on both sides and was bonded to the
YIG film with a fast-dry epoxy. The bilayer was placed on
the short circuited coaxial probe, so that the GGG side
was in contact with the Cu–Pt loop. The device struc-
ture was placed in between the poles of an electromagnet
so that a bias magnetic field H is applied perpendicular
to the bilayer plane. FMR response of the YIG–PZT bi-
layer structure is performed. Electric field tuning mea-
surements were performed at frequencies (3–40 GHz) for
the YIG–PZT bilayer structure using microwave coax-
ial probe. A dc electrical field E = 0 − 10 kV/cm was
generated across PZT by applying a voltage.

Fig. 6 Diagram showing YIG-PZT bilayer over short circuited
microwave coaxial probe.

Figure 7 depicts the E-field tuning characteristics of
YIG–PZT structure at 15 GHz. With the application of
E = 1 − 10 kV/cm, the FMR peak shifted to a higher
frequency. The data in Fig. 7 shows a linear increase
in δf with H and an ME coefficient A = δf/E ≈ 1
MHz·cm/kV. When the polarity of E was reversed by
reversing the voltage applied to PZT, the peak down-
shifted by δf = −14 MHz for E = 10 kV/cm. It is
seen that average shift is in the range of 1.8 MHz for

Fig. 7 E-field tuning characteristics for epoxy bonded YIG-PZT
bilayer.
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E = 1 kV/cm, for H orientation (out of plane).The ob-
served shift arises due to magnetoelectric interactions.
Application of E to PZT brings about a compressive or
tensile strain, depending on the direction of E, resulting
in a deformation of the YIG film, leading to a change in
the internal magnetic field. The range of frequency tun-
ing could potentially be increased by decreasing thick-
ness of the GGG substrate or with the use of stronger
piezoelectrics than PZT.

In the similar manner, bilayer (2 mm × 2 mm) were
fabricated with 4-μm-thick epitaxial (111) YIG films
on GGG substrate and 0.5-mm-thick (001) PMN-PT.
Gold electrodes (0.2 μm) were deposited on PMN-PT
for electrical contacts. A thin layer (< 0.08 mm) of an
epoxy (ethyl cyanoacrylate) was used to bond YIG. In-
tially, FMR response of the YIG/PMN-PT bilayer struc-
ture was studied. E-field tuning measurements were per-
formed at various frequencies from 3–40 GHz using the
microwave coaxial probe. Figures 8 and 9 show the de-
pendence of the frequency shifts δf on E at frequencies
f = 20 GHz and 35 GHz, respectively. The estimated
A = δH/E ≈ 3.2 and 4.7 MHz·cm/kV, respectively,
for 20 GHz and 35 GHz. The ME coefficients for epoxy
bonded samples are in agreement with previous reported
values for epoxy bonded samples [30].

Fig. 8 E-field tuning characteristics of FMR for epoxy bonded
YIG-PMN-PT at 20 GHz.

Fig. 9 Data as in Fig. 8 for YIG/PMN-PT at 35 GHz.

4.2 ME effects in eutectic bonded samples

Similar ME measurements were performed on eutectic

bonded bilayers. Samples were bonded with 100 nm sil-
ver on PZT and 100–500-nm-thick Si on YIG. Figure 10
shows E-tuning data on δf vs. E for a bilayer in which
the Si layer was 100 nm in thickness. The ME coefficient
A estimated form the data is 2.2 MHz·cm/kV which is a
factor of 2 higher than for epoxy bonded for YIG-PZT
(Fig. 7). Samples with 300- and 500-nm-thick Si layer
bonding were studied and estimated A vs. thickness of
Si is shown in Fig. 11. One observes a linear decrease
in A with increasing thickness of Si. Thus the eutectic
bonding shows a critical dependence on Si thickness with
A falling rapidly to values below the A for epoxy bonding
when Si thickness exceeds 300 nm.

Fig. 10 E-tuning of FMR in eutectic bonded YIG-PZT.

Fig. 11 ME coefficient A vs. thickness of Si in eutectic bonded
YIG-PZT.

4.3 ME coupling in EPD films of YIG on PZT

Microwave measurements were performed on EPD de-
posited YIG films over PZT samples to study the be-
havior of ferromagnetic resonance, effective line width
and electric field tunable characteristics. Figure 12 de-
picts the reflection coefficient of the YIG film deposited
on PZT sample for 90 minutes for static field H = 340
Gauss. For E = 0, the spectrum contained a well defined
FMR absorption peak with a central frequency f = 1.76
GHz, a maximum absorption of 3.5 dB and a 3 dB line-
width Δf = 282 MHz. With the application of E = 10
kV/cm FMR up-shifted by δf = 12 MHz, corresponding
to A = 1.2 MHz·cm/kV. When the polarity of E was
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changed by reversing the voltage applied to PZT, the
peak is downshifted by 12 MHz. Similarly the electrical
tuning characteristics of the deposited YIG films on the
PZT resonator for 60 and 120 minutes were performed.
The maximum tuning range is 14 MHz and 6 MHz, re-
spectively, for 60 and 120 minutes at E = 10 kV/cm. It
is clearly observed that with increase in the deposition
time, shift in the FMR frequency of YIG film decreases
due to the applied E-field over PZT sample. In the same
manner EPD deposition of YIG films were carried out
on PMN-PT sample for 90 minutes. The FMR response
shows a shift of about 25 MHz as one applies 10 kV/cm
across the ferroelectric PMN-PT layer that corresponds
to A = 2.5 MHz·cm/kV at 4 GHz.

Fig. 12 Reflection coefficient S11 vs. f profile showing FMR in
EPD YIG film on PZT substrate.

5 Conclusions

We used a versatile technique to characterize the ferro-
magnetic resonance (FMR) and magnetoelectric effects
at ferromagnetic resonance in ferrite ferroelectric mi-
crowave structure using a short circuited coaxial probe.
The technique has sensitivity comparable to that of
well-established methods besides its non-contact nature,
broadband and local. We measured FMR response of the
YIG film as a function of frequency and the resonance
frequency vs. H data showed the expected linear vari-
ation for H perpendicular to sample plane. The broad-
band technique and the traditional stripline technique
were used to measure the strength of ME coupling in
bilayers of YIG and PZT or PMN-PT. Bilayers made by
epoxy bonding and eutectic bonding of YIG to piezoelec-
tric platelets and YIG film deposited by electrophoretic
deposition on PZT or PMN-PT were studied. For a
specific thickness of YIG, Si–Ag eutectic bonded sam-
ples show the highest ME coupling coefficient only when
the thickness of Si and Ag is around 100 nm. For higher
thickness of Si, A decreases to values measured for epoxy
bonded or YIG films grown on PZT.
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