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Abstract

The interactions between electric and magnetic subsystems in a
ferroelectric-ferromagnetic composite occur through mechanical forces. Here we discuss
results of a systematic investigation on the strength of the magnetic response of the
composite to an applied electric field, known as the converse magneto-electric (CME) effect,
and its dependence on the ferroic order parameters and volume fraction for the two phases.
Studies were carried out on composites of lead zirconate titanate (PZT) and 2-30 micron
thick nickel zinc ferrite (NZFO) films grown by liquid phase epitaxy (LPE) on lattice
matched (100) and (111) MgO substrates. Ferromagnetic resonance (FMR) was utilized to

determine the strength of CME from data on electric field E induced shift in the resonance
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frequency and its dependence on ferrite film orientation and thickness as well as MgO
substrate thickness. The CME coupling coefficient A was found to be a factor of two to
four higher in samples with NZFO films with (100) orientation than for (111) films. A
decrease in 4 was measured with increasing ferrite film thickness and a very significant
enhancement in the strength of CME was measured for decreasing MgO thickness. A
model for CME that takes into consideration the influence of non-ferrroic MgO substrate
was developed and estimated 4-values are in very good agreement with the data. The results
presented here are also of importance for a new class of electric field tunable ferrite

microwave devices.
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1. Introduction

Multiferroic composites with ferromagnetic and ferroelectric phases show coupling
between the magnetic and electric subsystems that is attributed to mechanical strain
produced in a magnetic and/or electric field [1-5]. There are two types of magneto-electric
(ME) coupling which is a product-property [6,7]. In the case of direct-ME (DME)
interaction, magnetostrictive strain in the ferromagnetic phase in a magnetic field is
transferred to the ferroelectric phase and is measured as variations in the ferroelectric order
parameter such as polarization and permittivity [8-10]. The magnetic response of the
composite to an applied electric field, termed converse ME effect (CME) occurs due to
piezoelectric strain in the ferroelectric phase that manifests as a change in the magnetization
or anisotropy field [11-14]. Several composites with ferromagnetic metals, alloys or
oxides and ferroelectric barium titanate (BTO), lead zirconate titanate (PZT) or lead
magnesium niobate-lead titanate (PMN-PT) were reported to show strong ME coupling [3].
The ME phenomena are also of importance for novel magnetic sensors, tunable
radio-frequency devices and power electronics [3,15].

This report is on converse-ME effects in composites of spinel ferrites and PZT that
are of fundamental and technological importance. The strength of CME, in general, is
determined by ferromagnetic resonance (FMR) measurements when the composite is
subjected to an electric field £ or by measuring magnetization M versus magnetic field H
under £ [16-18]. In the case of FMR, E-induced shift in the resonance field oH, or
frequency ¢f; is measured to determine the CME coupling constant 4 = 6H,/E (or &,/E). A

giant CME was reported in FeGaB/ferroelectric composites [19]. The nature of CME in



composites with ferrimagnetic oxides such as yttrium iron garnet and spinel or hexagonal
ferrites has been studied extensively in recent years [19-23]. Coupling strengths 4 = 1 to 10
MHz cm/kV were reported for composites of epoxy or eutectic bonded yttrium iron garnet
(YIG), nickel ferrite, or hexaferrites with PZT or PMN-PT [3]. Heterostructures of nickel
ferrite and PMN-PT prepared by chemical vapor deposition were also reported to show
strong CME effects [20].

The CME in ferrite-ferroelectric composites are of particular interests due to their
potential for dual H- and E-tunable ferrite devices [24]. Ferrites are materials of choice for
use in FMR-based high frequency signal processing devices such as resonators and filters
due to their desirable characteristics including low-losses. A key disadvantage for their use
in broad-band devices, however, is the need for a variable magnetic field that could only be
produced by a solenoid. The magnetic tuning in general is slow, noisy and requires very
high power. An attractive alternative to H- tuning is the electric field or voltage tuning that
can be accomplished with the use of a ferrite-ferroelectric composite and the tuning will be
fast, passive and the devices can be miniaturized and integrated with semiconductor devices.

Here we discuss results of a systematic study on the converse-ME effects by
E-tuning of FMR in composites of PZT and nickel zinc ferrite (NZFO) films grown by
liquid phase epitaxy (LPE). According to models, the ME coefficient 4 is a function of
thickness (or volume) for the ferrite and PZT and is directly proportional to the product of
magnetostriction A for the ferrite and piezoelectric coefficient d for PZT and inversely
proportional to the saturation magnetization M [25,26]. We choose spinel ferrite with the

composition NiggZng,Fe,O4 since it has the highest A-value amongst NiZn-ferrites [27].
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Films were grown on (111) and (100) substrates of MgO to investigate the crystallographic
orientation dependence of Aand, therefore, 4. Ferrite films with a series of thickness
ranging from 2 to 30 um were grown by LPE for studies on #-dependence of A. LPE is
ideally suitable for growth of such thick films free of defects so that the FMR line-width is
small enough for accurate measurements of shift in resonance field/frequency [28-30].
Measurements were done for static fields £ and H along either [111] for films on (111) MgO
and along [100] for films on (100) MgO. Important findings are as follows: (i) ME coupling
coefficient 4 shows a linear decrease with increasing ferrite film thickness; (ii) Composites
with (100) NZFO show a much higher 4-value than for (111) NZFO; (iii) A significant
increase in the strength of CME was measured when the substrate thickness was decreased
from 0.5 mm to 0.2 mm; and (iv) The measured A4-values compare favorably with estimated
values. Details of the ferrite film synthesis, results on measurements of FMR under an

electric field, and estimation of A are provided in the following sections.

2. Growth of Nickel Zinc Ferrite Films by Liquid Phase Epitaxy

The LPE technique is ideally suitable for the growth of single crystal films of ferrites
and garnets on lattice matched substrates [27-30]. Past efforts in this regard include growth
of YIG films on gadolinium gallium garnet (GGG) substrate and spinel ferrite films on MgO
and MgAL,Oy substrates. In this study films of NZFO were grown by LPE on (111) and (100)
substrates of MgO which has a cubic structure with the lattice constant 2ay = 0.8424 nm. For
NZFO spinel ferrite films with ap = 0.8357 nm the expected substrate-to-film lattice

mismatch is 0.78 % and is small enough for LPE growth of good quality films. The

5



thickness of (111) MgO substrates was 0.5 mm while (100) MgO substrates were either 0.5
mm thick or 0.2 mm thick. We employed the LPE technique to grow the films under
isothermal conditions from super-cooled melts consisting of PbO-B,0; flux and ferrite
components NiO, ZnO and Fe,0s. Ultrahigh purity chemicals were dry-mixed and placed in
a Pt-crucible. The amount of chemicals used in molar percentage is listed in Table 1 and are
for nominal composition of NiysZng,Fe;O4 [30]. The key parameters for the flux used for
the growth are the molar ratios of PbO/B,0; = 15.4, Fe,03/(NiO + ZnO) = 10.455, and

ferrite/(PbO+B,03) = 0.095.

Table 1: Composition of the flux in molar percentage used for the growth of nickel zinc

ferrite films by LPE. Tg is the growth temperature.

Original Modified
flux flux

PbO 85.1 84.95

B,0; 5.48 5.47

Fe,0; 8.7 8.68

NiO 0.67 0.67

Zn0 0.16 0.23

Tg 780-810°C | 780-810°C

A vertical split-furnace, as shown in Fig.1(a), with a constant temperature zone of 6 cm was
used for this purpose. The Pt-crucible with the oxides was placed in the uniform temperature
zone and heated to 1075°C. The flux with crystal components was homogenized for 8-10
hours at this temperature and then cooled slowly to the growth temperature 7, = 780-810 °C

at the rate of 1°C/min. MgO substrates held on platinum wires, in the vertical plane, were
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Fig.1. (a) Schematic diagram showing the set up for liquid phase epitaxial (LPE) growth of
ferrite films. (b) Scanning electron microscopy(SEM) image of surface of a film of nickel
zinc ferrite (NZFO) film grown on (111) MgO. (c) Energy dispersive spectroscopy data for
NZFO film on (111) MgO. (d) X-ray diffraction data showing single crystal nature of
NZFO grown on a (111) MgO substrate. Insets show the diffraction peaks from MgO and
NZFO.

dipped into the melt for the isothermal growth for a predetermined period and raised slowly.
The sample was then allowed to cool and the excess flux adhering to the films was removed
by cleaning in warm 20% acetic acid. Since double-side polished substrates were used films
grew on both sides of MgO. The growth rate was 0.2 — 0.7 um/min, depending on 7, and
films with thicknesses in the range 2 -30 um were grown.
2.1: Structural characterization of LPE films

A scanning electron microscope was used to examine the film quality and determine

the chemical composition by energy dispersive x-ray spectroscopy (EDS). Films were found



to be free of defects as seen in the SEM image of Fig.1(b). The desired film composition
was Nigpg Zng2 Fe,O4 whereas the measured composition was Nig seZng 14Fe,04 which was
slightly Ni rich and Zn deficient. A small amount of ZnO was then added to the melt
(modified flux composition in Table 1) to compensate for the Zn-deficiency and the film
grown with the modified flux had the composition NiggsZng 15sFe;O4 (Fig.1c). The film was
found to have cubic spinel structure with lattice constant ap = 0.8357 nm and to be free of
any impurity phases from X-ray diffraction data shown in Fig.1(d) for a film on (111) MgO.
The data also confirm the single crystal nature of the NZFO film. It was, however, necessary
to anneal the films at temperatures 800-900 °C to achieve the expected saturation
magnetization as discussed next. Films were also grown on spinel MgAl,O4 substrates, but
didn’t produce good quality films and are not discussed here.
2.2: Magnetic Characterization of ferrite films

The ferrite films were characterized in terms of magnetic order parameters using a
Faraday magnetic balance and a broad-band FMR system. Figure 2(a) shows magnetization
M vs H data for a representative sample. The room-temperature data are for a 10.47 um
thick film on a 0.5 mm thick (111) MgO substrate and for in-plane H. A soft magnetic
character with very low coercive field and a saturation magnetization 47zM; = 3.4 + 0.1 kG
were measured for the sample. Upon annealing the film in air at 800-1000 °C, there was an
increase in the magnetization value to 47M; = 3.6 £ 0.1 kG. All of the annealed films
grown on (111) and (100) MgO substrates had 47M, ~ 3.6 kG. The measurements reported
here were made on composites with annealed ferrite films and 47zM; values were in

agreement with values reported for bulk and single crystal NiZn-ferrites [27].
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Fig.2. (a) Magnetization M vs H for 10.47 um thick NZFO film on (111) MgO. The field H
was parallel to the film plane. (b) Ferromagnetic resonance (FMR) profile of derivative of
power absorbed at 7 GHz versus in-plane static field H for the NZFO film on (111) MgO.
Inset shows the NZFO film on both sides of the substrate and the coplanar waveguide. The
FMR absorption is due to the layer of NZFO in the proximity of microwave excitation
structure. (c) Scattering matrix parameter Sy; vs f as a function of H showing FMR for the
10.47 um thick NZFO film on (111) MgO. The field H was applied perpendicular to the film
plane. (d) Resonance frequency f, as a function of H from data as in Fig.2(c) for the NZFO
film on (111) MgO.

For FMR measurements the film was placed in a coplanar waveguide and excited
with microwave power provided by a sweep generator or a vector network analyzer.
Resonance profiles were obtained either by recording the derivative of the power absorbed,
dP/dH vs H at constant frequency or by recording the profiles of scattering matrix S,; vs

frequency f for constant H. Figures 2(b) and (c¢) show FMR profiles for a 10.47 um thick
9



film of NZFO on both sides of (111) MgO for in-plane and out-of-plane H, respectively. The
profiles are due to FMR in the ferrite layer in the proximity of the microwave magnetic field.
The field-scan profile for /= 7 GHz in Fig.2(b) shows a symmetric FMR absorption with
resonance field H, ~ 1025 Oe and peak-to-peak line-width AH = 160 Oe. Our broad-band
FMR system was used for determining both the gyromagnetic ratio 7, the effective
saturation induction 4 7M., and the anisotropy field /H, for the ferrite films. The S»; vs f data
in Fig.2(c) for the 10.47 um NZFO on (111) MgO were recorded for a series of H
perpendicular to the samples plane and FMR is seen as absorption of microwave power.
Figure 2(d) shows the resonance frequency f, vs. H obtained from the profiles as in Fig.2(c)
and f, is related to H and magnetic parameters for the film by the expression
Jr=7 (H-47M.p) (D

where 47iMy = 47M; + H, and H, is sum of magnetocrystalline and growth induced
anisotropies. The yvalue determined from the slope of linear fit to the data in Fig.2 (d) is
2.83 GHz/kOe and 47M.;= 5 kG. Using the value of 47M;= 3.6 kG from magnetization
measurements, the estimated anisotropy field H, = 1.4 kOe.

Similar FMR measurements were done on NZFO films of thickness # = 2-30 um on
(111) and (100) MgO substrates and estimated ¥, 47M,.;and H,-values as a function of ¢ are
shown in Fig.3. For the films on (111) MgO 7y-values are in the range 2.80-2.85 and do not
show any systematic variation with film thickness whereas 47M.; increases from 4.8 kG to
5 kG as ¢ is increased from 2 wm and to 7 wm and then levels off at this value for higher ¢.
The in-plane anisotropy field H, in Fig.3(b) for the NZFO films on (111) MgO ranges from
1.2 to 1.4 kOe. Films on (100) substrates, however, show a pronounced dependence of the
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magnetic parameters on thickness with yincreasing from 2.8 GHz/kOe for =2 um to 2.93
GHz/kOe for t > 15 um and is accompanied by a decrease in 47M,.;from 6.5 to 6.2 kG.
The anisotropy is field H, determined from 47M,rand 47M, and plotted in Fig.3(d) also
decreases from 2.9 kOe for # = 2 um to 2.6 kOe for t = 30 um. The gyromagnetic ratio y =
2.8 to 2.93 GHz/kOe for the LPE grown films are somewhat smaller than 3.0 reported for
bulk polycrystalline and single crystal NiZn-ferrites [27]. The measured v~ 2.8 GHz/kOe
corresponds to Lande g-factor g = 2.0 which is close to spin-only value and is smaller than

g ~ 2.2 reported for bulk NiZn-ferrites [31].
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Fig.3.(a) Estimated values of the gyromagnetic y and (b) 47iMy and in-plane anisotropy
field H, as a function of film thickness t for NZFO films on (111) MgO substrates. (c) and (d)
show similar results for films of NZFO on (100) MgO.

A growth induced anisotropy field in the LPE films is evident from the magnetization
and FMR measurements on the films grown on both (111) and (100) MgO substrates. The

anisotropy field is easy-plane in nature for the LPE films and arises due the substrate-lattice
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mismatch of 0.78% that leads to a tensile strain in the film. It is appropriate to compare the
H, values with reported values for similar thin film NiZn ferrites. In a recent study on pulsed
laser deposition (PLD) of nickel ferrite films on (100) MgAl,O4, MgGa,04 and CoGa,04 an
easy-plane anisotropy H,of 0.5 to 11.9 kOe was reported and attributed to a compressive
strain on the film due to substrate-film lattice mismatch of 0.2 to 3.1% [32]. Similarly, very
thin PLD films of NiZnAl-ferrite on MgAl,0O4 were found to have an easy plane H, of 10
kOe [33]. Additional FMR profiles for the determination of magnetic parameters for the
films are provided in the supplementary section [34]. Thus our LPE films have magnetic
parameters that are in general agreement with values reported for similar systems. We

discuss next the use of these films in a composite with PZT for studies on CME effects.

3. Converse ME effects in composites of NiZn ferrite films on MgO and PZT

For studies on converse ME effects, ferrite films on MgO and polycrystalline PZT
were used. Vendor supplied, pre-poled PZT (#850, American Piezo Ceramics) of dimensions
8 mm %3 mm x 0.2 mm with silver electrodes was used. MgO substrate with NZFO films on
both sides and of lateral dimensions 6 mm x 3 mm was bonded to PZT with an epoxy (ethyl
cyanoacrylate). The thickness of the epoxy layer was measured to be 1 to 2 um.
Microwave measurements were carried out using a vector network analyzer (Agilent
E8361A) with input power of -15 dBm. A standard electronic calibration was performed
before measurements. The scattering parameter S,; vs f scans were recorded for FMR
spectra under a constant bias field H perpendicular to the sample plane and for a series of
H-values. This particular orientation of H will result in a linear shift in FMR frequency and

is preferred over in-plane H. A dc voltage V = 0-500 V was applied across the thickness of
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PZT to generate £ = 0 — 25 kV/ecm. Samples of NZFO-(111) MgO-NZFO-PZT were
positioned in the coplanar waveguide as shown in Fig.4 so that the ferrite film was directly
on top of the microwave excitation structure in order to achieve maximum absorption of
microwave power under FMR. The ferrite film between MgO and PZT does not give rise to
any FMR signal and in the discussion to follow we represent the composites as
NZFO/MgO/PZT.
3.1: CME in composites of NZFO on (111) MgO and PZT

FMR measurements under an applied electric field were done on samples with ferrite
film thickness ranging from 2 to 15 um. Figure 4 shows S»; vs f for H = 8510 Oe and a
series DC voltage V' = 0-500 V applied across PZT for a sample with ferrite film with ¢
=10.47 um. The field £ in this case was parallel to the poling field for PZT. For V=0,
resonance with f, = 8.945 GHz is seen in Fig.4 (b). With the application of V' = 200 V,

there is an up shift in £, to 8.975 MHz and a further shift to 9.020 GHz for V"= 500 V.

f Microwave
PLT P signal out NZFO/ (111)MgO/PZT

(c)

A =3 MHz cmikV

0 L L L L L L
0 100 200 300 400 500

9.0 9.2
f (GHz) viy)

Microwave signal in 8.8

Fig4. (a) Diagram showing the composite of NZFO/MgO/NZFO/PZT and the coplanar
waveguide. The FMR signal is from the ferrite layer that is on top of the microwave
excitation structure. The NZFO layer between MgO and PZT does not contribute to FMR
and the composites are represented as NZFO/MgO/PZT. The electric field was applied with
a voltage across PZT. (b) FMR in composites of 10.47 um thick NZFO on 0.5 mm thick (111)
MgO and 0.2 mm thick PZT for H perpendicular to sample plane. An upshift is seen in f;
with the application of E. (c) f, vs V data obtained from profiles as in (b).
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Figure 4(c) shows the dependence of f,on V. Since the contribution to the resonance
field due to piezoelectric strain in PZT is given by Hyr = A E, Kittel’s equation can be
written as [25,26]

fr=y (H4nMy+AE) =y (H-4nMyr+ AV/t ). (2)
One may, therefore, estimate the ME constant 4 from linear fit to the data as in Fig.4(b) and
we estimated 4 = 3 MHz cm/kV for the composite. Similar measurements were done on
composites with ferrite film thickness up to 15 um and A-values were estimated from data
as in Fig.4. Figure 5 shows the variation in 4 with ¢ for the composites. A general decrease
in A with increasing film thickness is seen with a maximum value of 5.6 MHz cm/kV and

minimum of 2.5 MHz cm/kV. A detailed discussion on these results is provided in Sec.4.
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| |

14 NZFO/ (111) MgO/PZT
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Fig.5. ME constant A versus ferrite film thickness t for composites of NZFO-(111)MgO-NZFO-PZT.

3.2 CME in composites of NZFO-(100) MgO-NZFO-PZT

Ferrite films with thickness 2 to 30 wm on (100) MgO were used for studies on CME
in composites with PZT. Although films on 0.5 mm thick MgO were used for studies aimed
at the dependence of 4 on ¢, we also grew a film on 0.2 mm MgO to study the influence of

non-ferroic substrate on converse ME effects. Figure 6(a) shows FMR profiles for a
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representative sample 8.76 um thick NZFO film on 0.5 mm thick (100) MgO and PZT. The
static field was applied perpendicular to the sample, along [100] direction of NZFO. For
V=0 FMR occurs with f. =10.85 GHz, the resonance frequency increases to 10.90 GHz upon
the application of 150 V and then to 11 GHz for /=350 V. We estimated an ME constant
A-value of 8.54 MHz cm/kV from the data on f.vs V in Fig.6(b). The ferrite film thickness
dependence of A-for NZFO/(100) MgO/PZT was obtained from data as in Fig.6 and is
shown in Fig.7. A decrease in 4, from 10 MHz cm/kV for t = 5 um to 8 MHz cn/kV for ¢ =
30 um is seen. The overall strength of CME in the composites with NZFO films on 0.5 mm
thick (100) MgO is at least a factor two or more stronger than in samples with NZFO films

on 0.5 mm thick (111) MgO.
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Fig.6. (a) FMR profiles for a series of voltages applied to composite of NZFO films on 0.5
mm thick (100) MgO substrate and PZT. (b) Resonance frequency f, versus V for the
composite.
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Fig.7. ME constant A versus ferrite film thickness t for composites of NZFO films on 0.5 mm
thick (100) MgO and PZT.

The influence of a non-ferroic substrate, such as MgO, on the strength of the
converse-ME effect has not been previously investigated. We grew NZFO films on 0.2 mm
thick (100) MgO for studies aimed at addressing this particular aspect of the strain mediated
coupling. Fig. 8 shows FMR profiles as a function of " applied to PZT in a composite with
20 um thick ferrite on (100) MgO. The bias magnetic field H was perpendicular to the

sample plane. The profiles in Fig. 8(a) show a down-shift in f, when V =-150 V is applied to

PZT.
- 14.4
: NZFO/(100) MgO/PZT NZFO/(100) MgO/PZT
t=20 pm =

0.0 t=20 pm
a H =10765 Oe _ 14.24 H = 10765 Oe
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Fig8. (a) FMR profiles as in Fig.6(a) for ferrite films on 0.2 mm thick (100) MgO

substrate.(b) Resonance frequency f, versus V for the bilayers.

In this case the voltage was applied in such a way that the electric field £ was opposite to
the poling field direction for PZT. A further reduction in f; is observed when the magnitude
of V is increased. The variation in f, with V' is linear as seen in the data of Fig. 8(b) and the
ME constant 4 = 31.2 MHz cnm/kV. Thus the reduction in the substrate thickness from 0.5
mm to 0.2 mm resulted in a factor of four increases in 4. Next we discuss a model to

understand the results on the dependence of 4 on the ferrite film and MgO substrate

16



thicknesses shown in Figs. 4-8.
4. Theory

We consider a composite as in Fig.9 with a ferrite film of length L and thickness ¢ =
"t on a dielectric substrate with a thickness ‘¢ and mechanically coupled to a piezoelectric
plate (PZT) with a thickness “#. Since the second ferrite layer between MgO and PZT does
not contribute to FMR absorption and its thickness is much smaller than MgO and PZT, it is
not considered in the model and is not shown in Fig.9. The sample is in the (/,2) plane and the
polarization P of PZT and static magnetic field H and electric field £ are all in the direction 3.

NZFO
? i
MgO

Lot <

Fig. 9. Schematic drawing of the composite structure consisting of a nickel zinc ferrite film
(NZFO), substrate (MgQO), and piezoelectric platelet (PZT) and the coordinate system
assumed for the model. The NZFO layer between MgO and PZT is not shown. PZT is poled in
direction 3 and bias field H and electric field E are also along the same direction.

[

H

=
o~}

If the direction of E is perpendicular to the plane of PZT then the thickness deformations ”S,
due to the piezoelectric terms d;;F; and planar deformation”S, due to d; E; are present.
Although from a mechanical point of view the structure has free surfaces and clamped
interfaces, deformations along the thickness ”S,, however, do not lead to deformation in the
substrate and ferrite film. Since the PZT-MgO and MgO-NZFO interfaces are clamped, the
displacement of PZT along the plane S, also leads to a displacement of the substrate S, and
ferrite media™S, (with p, s, and m denoting the parameters for piezoelectric layer, substrate

and magnetic layer, respectively). These deformations along the plane, due to the Poisson
17



effect, lead to deformations along the thickness of the sample.
Using this mechanism of deformation, we obtain the following equations for the

components of the strain tensor:

PSl:piy(PTl—vPTz)+d3lE3, 3)
1

1S, = 5 (VT + T+, 4)

s 1 S S

Sl=_YY(T1—VT2), ()

sS2 :%(_ VS]—{+X]12)’ (6)

m 1 m m m

5= 5" ="V, ™

m 1 m m m

Sz=m—Y(— v'"T +"T,), (®

where T denotes the component of stress tensors and Y, 'Y, "Y are Young’s modules of
PZT, MgO and NZFO. We assume that the Poisson ratio for piezoelectric, substrate and ferrite
are equal, i.e. “v="v="v= v . The condition of mechanical equilibrium gives the
following equations:

"T M+ CTt+ T =0, ©)

"T,"t+'T,"t+"T,"t=0 (10)
Proceeding from the condition of a continuous medium and using the fact that the layers are
thin, we can assume that the in-plane displacements u of the layers are the same, i.e.
Pu,="u,="u,=u, and "u,="‘u,="u,=u, . With these assumptions and using the
equilibrium conditions in Eq. (9) and Eq. (10) we get the following expressions for the strain

S, and §,:

B ’t?yd, E, Y Pt
(Pt’Y +°t°Y +"t"Y)

1 2

—- -dy,E;, 11
Y (pt_'_st_’_mt) 3173 ( )
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(Pt?Y+°t°Y +"t"Y)
(Pt+°t+ ")

where Y = is the average value of Young’s module of the structure.

The equation of motion of magnetization has the following form:

2 = y[M, Hepy), (12)

where y is the gyromagnetic ratio, M and ﬁe rf are magnetization and effective magnetic
field. The effective magnetic field ﬁe 77 1s the sum of the external magnetic field H = ﬁo, the
magnetocrystalline anisotropy ﬁa , the shape anisotropy FI} and magneto-electric (or
magnetoelastic anisotropy) Hyg = ﬁel. The magnetoelastic anisotropy under the action of the

mechanical stress, according Ref. [35], whenH, << H,, can be written in the form:
3T 3 )
Hd:2_1\/13(/1100_5(1100_/1“1)8“120)’ (13)

where M is saturation magnetization, € is the angle between H, and the [100] direction,
and A4,and A4, are magnetostriction constants. Using the Poisson ratio, the Boltzmann
superposition principle and Eq. (11) we obtained the following expression for the shift of the

resonance:

3y
M, Y ("t+°t+"1)

Aw (Ao _%(2100 —A,,)sin® 6 vd,, E; . (14)

As can be seen from Eq. (14) the shift of the resonance line has linear dependence on £ and

Aw=AE and the converse magnetoelectric coefficient A4 is given by

3"Y 'Y Pt 3 .
A=7MS 7(pt+st+mt) (Ao _5(1100_2111)511129)1/“’31- (15)

As can be seen from Eq. (14) the shift of the resonance line decreases with increasing ferrite
and substrate thickness. Since the thickness of the substrate ‘¢ is comparable to the thickness

of PZT ’t, and the thickness of the ferrite "z is much smaller than ‘¢, the dependence of
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the shift of the line on ‘¢ is stronger than the dependence on ferrite film thickness. For the
case "t<<’t+°t we have

“t o (- "t
(Pt+°t+"t) ("t+°1) ("t+°1)

) (16)

and for the ME constant 4 we get the following expression

A=Y G 3 =2 )sin? 0 wd, ——(—— Ly —c—k-"r), (17)
7MS y o o Tt (Pt+01) ’
3y ry 3 . g |
where C:}/MA- 7(/1100_5(2100_/1111)511120)‘/6131 ("t+°1) k:(pt+st)' (18)

Thus, the line shift in the resonance line decreases linearly with increasing ferrite thickness, in
agreement with the data in Fig. 5 and Fig.7). For numerical calculations we use the following
parameters [25, 36]:

PZT:

Pe,, =12.6x10°N/m?, ?c,=7.95x10"N/m’,
Pe, =84x10°N/m*, Pc,=11.7x10°N/m*, d,=-175x10"" m/V ;

NZFO:
"e,, =21.99x10"° N /m*, "¢, =10.94x10"° N /m*,
" =8.12X10°N /m*, A, =-20.7x10"°, A, =-30x10"°; (19)

MgO:
‘¢, =28.6x10°°N/m*, ‘c, =8.7x10"N/m’,
‘c, =14.8x10"° N/ m’.

The components of the compliance tensor are expressed in terms of the components of the

elasticity tensor by means of relations: § = (¢)~! and the Young’s modulus is determined by

1 : : .
Y =— In the transformation of the coordinate system, the components of the compliance
S1p

tensor change according to relation
20



Siiknl = ﬁ”ﬂ j'_/ﬂk'k 115ijkl > (20)
where [ is direction cosine matrix for the axes 1’, 2, 3" about the crystallographic axes 1, 2, 3.

Using these relations we can calculate the ME constant 4 for the other orientations of

substrate and ferrite.

10 -
[ |
NZFO/(111)MgO/PZT
;\ 3 4'—1\? wnl ® 9 5. ( )Mg
Z6 Th ] = s iiheony
E eory E 55 _.+~Theory 5 n
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= *| NzroooMgoPZT % g . .
e k] e 10
= 2 t=0.5mm = NZFOI(100) MgOIPZT 1y 2 2 O ™
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Fig 10: (a) Theoretical A values as a function of ferrite film thickness for composites of
NZFO/ 0.5 mm thick (100) MgO and PZT. Measured A values (filled squares) are shown for
comparison. (b) Theoretical values of A vs thickness of (100) MgO substrate for composites of
NZFO/MgO and PZT. Measured A values (filled circles) are shown for comparison. (c)
Results as in (a) for composites of NZFO/(111) MgO and PZT. Measured values of A (filled

squares) are shown for comparison. Measured A values are from data in Figs. 5, 7 and 8.

Figure 10 shows the calculated values of the ME constant 4 for the composites.
Results for NZFO/(100) MgO/PZT are shown in Figs. 10 (a) and (b). For these calculations
we used 47M =3.6 kG, "t=0.2 mm,and the values of elastic modules given in Eq.(19).
Estimated A-values in Fig.10(a) for °# = 0.5 mm predict a decrease in 4 from 8.7 MHz cm/kV
for "t = 1 um to 8.3 MHz cm/kV for " = 30 um and are in very good agreement with
measured 4A-values (from Fig.5). The model predicts a significant dependence of 4 on the
substrate thickness as shown in Fig.10 (b). One anticipates an increase in A4, from 8.5 to 34.5
MHz cm/kV when the substrate thickness is decreased from 0.5 to 0.1 mm and 4-values are in

general agreement with measured values for *#= 0.2 mm and 0.5 mm.
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For samples of NZFO/(111)MgO/PZT the transformations in Eq.(20) were used to
calculate 4 and its dependence on film thickness is shown in Fig.10(c). We obtained
A=4.86 MHz cm/kV for "t =1 um and it decreases to 4.7 MHz cm/kV for "t = 15 um.
The measured A-values, however, show almost 50% decrease for the same variation in the
film thickness. There is overall general agreement between theory and data in Fig.10. Any
difference between the theoretical and experimental values could be due to the use of bulk
single crystal parameters (magnetostriction and elastic constants) for ferrites. The key
inference from results in Fig.10 is that a composite of a ferroelectric and a thick ferrite film on
a thin substrate will have strong converse ME interactions.

S. Discussion

It is clear from the results of our studies that growth of nickel zinc ferrite films by LPE
yielded films with a wide variation in thickness, 2 to 30 um, suitable for investigations on
converse ME effects. Such a range in thickness is essential for studies aimed at the
dependence of the strength of ME coupling on volume/thickness for the ferroic phases.
Liquid phase epitaxy had to be utilized since growth by techniques such as PLD, molecular
beam epitaxy or chemical vapor deposition (CVD) are not viable options for growing thick
films. Substrates of MgO with 0.78% lattice mismatch with NZFO films were selected since
films cannot be grown by LPE on substrates with a large lattice mismatch. Magnetization and
FMR measurements yielded magnetic order parameters for the films that were in agreement
with values reported for bulk single crystal ferrites. The growth induced tensile strain on the
films was the cause of easy plane anisotropy in the films on both (111) and (100) MgO. The

films on (100) MgO, however, showed a much higher anisotropy field H, than for (111) MgO.
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A decrease in H, with increasing film thickness was evident from the data in films on both
substrates.

For studies on ME effects composites of ferrite films were made with PZT of
identical dimensions and ferroelectric parameters so that any variation in the ME
interactions could be understood in terms of variations in the magnetic properties of the
ferrite films. Ferromagnetic resonance measurements under £ were made for static field H
perpendicular to the sample plane since the E-induced shift in the resonance field is a linear
term, AE, in the Kittel’s equation (Eq.1) and the ME constant could be determined directly
from data on f, vs E. Results in Figs. 5-8 on the strength of ME coupling indicate strong
interactions with 4 values showing a nearly 100% enhancement when the thickness of
NZFO on (111) MgO is decreased from 15 um to 2 um. Samples with films on (100) MgO
have a much stronger interaction than those on (111) MgO with the 4-value showing a linear
decrease with increasing film thickness. A model for converse ME effect that takes into
account the influence of non-ferroic substrate was developed and estimates of coupling
strength as a function of film and substrate thicknesses are in agreement with the data.

Past reports on CME in similar composites include 1 pm thick nickel ferrite films
directly deposited onto 0.5 mm thick lead magnesium niobate-lead titanate (PMN-PT) or
lead zinc niobate-lead titanate (PZN-PT) [17]. Measurements of CME by FMR and M vs H
under E yielded 4 values of 45-66 MHz cm/kV and the higher value compared to the
present system is due to relatively small ferrite film thickness, absence of a non-ferroic
substrate and thicker ferroelectric phase with a much higher d-value compared to PZT.

Converse ME effects was also investigated in epoxy bonded composites of YIG film on
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GGG substrates and PZT or PMN-PT and the measured 4 ~ 2 MHz cn/kV is smaller than
the values for the systems studied in this work [16,21]. The ME coefficient reported in this
study is a factor of 4-16 higher than for hexagonal ferrite-PZT bilayers [22,24].

Finally, the E-tuning of FMR technique utilized for the determination of the strength of
CME also has technological importance [18-21, 24]. Ferrites, due to low losses at
high-frequencies, are used in FMR-based microwave devices such as resonators and filters.
Tuning the operating frequency of the device, however, requires a source of variable
magnetic field such as a solenoid. The magnetic field tuning in general is slow, noisy and
requires a large power for operation. An attractive alternative to H-tuning is the E-tuning
that can be achieved by replacing the ferrite with a ferrite-ferroelectric composite. The
tuning of the device with a voltage applied to the ferroelectric layer will be fast and passive
and will facilitate miniaturization and integration with semiconductor devices. A key figure
of merit for the device is the tuning band width compared to FMR line-width. Figure 11
shows the FMR line-width AH vs frequency f for NZFO films grown on (111) and (100)

MgO substrates. The film grown on (100) MgO has a AH of ~ 80 Oe. The corresponding

ZUUL ' 120{ =

1 ©
1601 @ @ o ..0 100 .l.l....
© 120 = 80i
9— 1 O 60- NZFO/ (100) MgoO
T 80| NZFO/(111)MgO I 40:t=4.89pm
{ t=10.37 pm _
e (a) =] (b)
ol, , , 0l ‘ , ,
6 9 12 6 9 12 15
f (GHz) f (GHz)

Fig.11. Representative FMR linewidth AH as a function of frequency for LPE grown
NZFO films on 0.5 mm thick (a) (111) MgO and (b) (100) MgO substrates.
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frequency width is 224 MHz and is much smaller than the AH for films on (111) MgO. Thus
film of NZFO on 0.1 — 0.2 mm thick (100) MgO substrates have the potential for use in a

composite with PZT or PMN-PT for broad-band microwave devices.

6. Conclusions

The strain mediated converse magneto-electric coupling has been investigated in
composites of PZT and single crystal nickel zinc ferrite films on MgO substrates. Epitaxial
NZFO films of thickness 2-30 um were grown on MgO (100) and (111) substrates by liquid
phase epitaxy. The films were characterized in terms of magnetic order parameters and were
found to have growth induced in-plane anisotropy filed H, that is larger in films on (100)
MgO than for films on (111) MgO. The films were bonded to PZT and FMR was measured
with the static magnetic field and electric field perpendicular to the sample plane. The
strength 4 of CME was obtained from data on £-induced shift in the FMR frequency and it
ranged from 2.5 to 31.2 MHz cm/kV, depending on the ferrite film orientation and substrate
thickness. Composites with (100) ferrite films showed a factor of 2 to 4 stronger ME coupling
than for (111) films. A substantial increase in 4, from 8 to 31 MHz cm/kV, was measured
when the substrate thickness was decreased from 0.5 to 0.2 mm. A theoretical model was
developed and the influence of MgO substrate that did not contribute to the ME coupling was
considered. Estimates of 4 were obtained as a function of film thickness and orientation and

substrate thickness were obtained and found to be in good agreement with the data.
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