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Summary 

Results of our ONR supported activities on miniature, rapid-response, frequency 
agile multiferroic RF components are discussed here. When a ferrite-ferroelectric 
composite is subjected to an electric field E, the mechanical deformation due to 
piezoelectric effect manifests as a frequency shift in the spin wave spectrum or 
ferromagnetic resonance (FMR) for the ferrite. The traditional magnetic field tuning of 
FMR based ferrite devices is slow, noisy, and requires large power. In contrast, E- tuning is 
much faster, less noisy, and has practically zero power consumption. Such devices can 
easily be miniaturized and integrated with semiconductor devices. 

Our key accomplishments under this program are as follows. 
Materials: 

(1) Growth of ferrite films on piezoelectric substrates by electrophoretic deposition 
techniques: Studies focused on 1-10 u.m thick polycrystalline YIG films on PZT. The 
strength of magneto-electric (ME) interactions measured over 1 -40 GHz was comparable to 
results for bilayers of single crystal LPE YIG films-PZT. 

(2) Eutectic bonding techniques for ferrite-piezoelectric bilayer synthesis: Samples of 
YIG/PMN-PT and hexagonal ferrite/PMN-PT showed an order of magnitude stronger ME 
coupling compared to epoxy bonded samples. 

(3) Heterostructures of nickel ferrite films on PMN-PT (grown by MOCVD- 
collaborative effort with Dr. Gupta, University of Alabama): The samples showed ME 
coupling on the order of 25 MHz cm/kV. But the ferromagnetic resonance line-width was 
on the order of 200-500 Oe. Line-width reduction is a key requirement for device 
applications. 

Devices: 

(4) 10-24 GHz Phase shifter: Eutectic bonded hexagonal Z^Y ferrite and PMN-PT was 
used for E-tunable ferrite phase shifter. Low insertion loss and linear control of the phase 
shift with E were achieved. 
(5) 1-3 GHz band-pass filter: YIG-PZT bandpasss filter showed insertion loss of 1-3 dB 
and E-tuning by 10%. 
(6) 18-36 GHz magneto-dielectric band-pass filter: A polycrystalline nickel ferrite was 
used to achieve a filter based on dielectric resonance. The filter could be tuned with a 
magnetic field and had low insertion loss. 
(7) Multiferroic beam-forming antennas: Studies were performed on voltage control of the 
radiation pattern with the use of YIG-PZT bilayers in a n-type antenna. 

Studies to-date also point to the following challenges in the figures of merit: (i) limited 
tuning range of ~ 1-10%; (ii) non-linear voltage tuning (due to non-linear piezoelectric 
deformation in ferroelectrics); and (iii) poor power handling (~ 10 mW) due to spin wave 
instabilities in devices based on single crystal YIG films. 

There are several avenues to rectify the above problems and unlock the potential in 
multiferroic RF components for novel devices such as a tunable radar! 
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1. Electrophoretic Deposition of YIG films on PZT 
Electrophoretic deposition (EPD) is a powerful tool for the deposition of oxides, 

metals, and composites. Our work focused on a layered multiferroic structure obtained by 
the EPD deposition of YIG films on PZT and (001) PMN-PT. YIG nano particles 
synthesized by coprecipitation techniques were used for the deposition of films of 
thickness 10-100 p.m. The bilayer thus obtained was used in a microstripline for 
microwave ME studies. 

The powders of YIG (Y3FesOi2) were prepared by the coprecipitation technique by 
dissolving Y(N03)36H20 and Fe(N03)3,9H20 with [Fe3+]/[Yn = 5/3, into an 
ammoniacal solution of PH = 10. The obtained precipitate was washed several times with 
deionized water and ethanol, filtered and dried at 65 C for 24 h. The powders were then 
calcined at 1200°C to form fine garnet particles. 

In EPD particles dispersed or suspended in a liquid medium get deposited under the 
influence of a DC electric field (electrophoresis), forming a relatively dense and 
homogeneously compact film. The EPD was performed in a cell with two electrodes (5 
mm apart) vertically immersed in a solvent media. The solvent media (Ethanol (150ml), 
PVB (lmg) and Phosphate Ester) is stirred by magnetic stirrer for 30 min. The pH of the 
suspension is maintained at 3.5.Then 1 g of YIG nano particles was introduced into the 
cell. Electrophoretic deposition was carried out for 90 min at a constant voltage condition 
of 25 V. The obtained deposits were dried in air at room temperature. In order to support 
higher annealing temperatures, Titanium (15nm) - Platinum (500nm) are deposited on 
both sides of the PZT samples. The deposited thin films are annealed at 1050°C. 

A 6um film was fabricated by EPD at a deposition rate of 400 nm/min. Figure 1 
shows AFM surface profile of the film. The films were found to be composed 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 agglomeration during 
deposition. FMR data were typical of polycrystalline film with a line-width DH = 50 Oe. 
Figure 2 shows E-tuning of FMR. The strength of ME interactions A = 5f/E ~ 1.5 MHz 
cm/kV which is comparable to values for epoxy bonded LPE YIG and PZT. 
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Fig. 1. AFM image of the deposited 
EPD YIG Film on PZT. 
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Fig. 2: E-tuning of FMR in EPD 
deposited YIG on PZT 
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Reference: "Broadband Ferromagnetic Resonance Studies on Influence of Interface Bonding on 
Magnetoeletric Effects in Ferrite-Ferroelectric Composites, " D.V.B.Murthy and G. Srinivasan, Frontiers 
in Physics, 7, 418 (2012). 



2. Eutectic bonding techniques for ferrite-piezoelectric bilayer synthesis 

2.1:   YIG/PZT/PMN-PT:   For eutectic 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 sample was poled at room temperature. 

Figure 3 shows E-tuning data on SfvsE 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 50% higher than for epoxy bonded for YIG-PZT. Samples with 300 nm and 500 nm 
thick Si layer bonding were studied and estimated A vs thickness of Si is shown in Fig. 4. 
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. 
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Fig. 3:     E-tuning of FMR  in  eutectic 
bonded sample. 
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Fig. 4:   Strength of ME coefficient 
A vs thickness of Si. 

Reference: "Broadband Ferromagnetic Resonance Studies on Influence of Interface Bonding on 
Magnetoeletric Effects in Ferrite-Ferroelectric Composites, " D.V.B.Murthy and G. Srinivasan, Frontiers 
in Physics, 7, 418 (2012). 

2.2: Zn2Y/PMN-PT: Microwave magnetoelectric (ME) effects over 8-25 GHz were 
studied in bilayers of single crystal Y-type hexagonal ferrite Ba2Zn2Fei2022 and 
polycrystalline lead zirconate titanate (PZT) or single crystal lead magnesium niobate- 
lead titanate (PMN-PT). The bilayers were made by epoxy bonding or eutecting 
bonding the ferrite and piezoelectric. The strength of ME interactions A has been 
measured from data on electric field E tuning of magnetic modes in the ferrite. Bilayers 
of eutectic bonded ferrite/PMN-PT have ^4 = 10 MHz cm/kOe and is an order of 
magnitude higher than for epoxy bonded ferrite-PZT (Fig.5). 
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Fig. 5. Si i vs f profiles for a series of E 
showing the shift in FMR in the Zn2Yferrite- 
PMN-PT bilayer. The inset shows data on 
shift in FMR frequency vs. E. 
Reference: "Hexagonal Ferrite-Piezoelectric 
Composites for Dual Magnetic and Electric Field 
Tunable 8-25 GHz Microstripline Resonators and 
Phase Shifters," A. S. Tatarenko, D. V. B. 
Murthy, and G Srinivasan, Microwave and 
Optical Tech. Lett. 54, 1215 (2012). 



3. MOCVD grown nickelferrite/PMN-PT 
Magnetoelectric  interactions as a function of E were studied in nickel  ferrite- 

ferroelectric   heterostructures   at   microwave   frequencies.   The   measurements   were 
performed on 1.5 - 2.0 urn thick nickel ferrite (NiFeaO,*) films grown heteroepitaxially on 
lead zinc niobate-lead titanate and lead magnesium niobate-lead titanate substrates using 
direct liquid injection chemical vapor deposition. Large shifts in the ferromagnetic 
resonance profile were observed in these heterostructures due to strong magnetoelectric 
coupling resulting from electrostatic field induced changes in the magnetic anisotropy 
field (Fig.6). Theoretical estimates of field shifts were in good agreement with the 
experimental data. Films deposited on PMN-PT or PZN-PT (Fig.6) show line-widths on 
the order of 500-700 Oe and E-induced shift of 16 Oe cm/kV for PMN-PT and 
32 Oe cm/kV for PZN-PT. Thus A is a factor of 10-20 higher than in YIG/piezoelectrics 
But FMR line-width reduction from 500 Oe to  150-200 Oe is necessary for RF 
applications. 
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Fig. 6: Ferromagnetic resonance absorption spectra as a function of external magnetic field 
measured with and without applied external electric field, (a) NiFe^OJPZN-PT heteroepitaxial 
structure measured at 9 GHz with magnetic field along [100] direction; (b) same heteroepitaxial 
structure as in (a) measured at 11 GHz with magnetic field along [110] direction. The terms 'BP' 
and 'AP' correspond to 'before poling' and 'after poling', respectively. The inset in (a) shows 
simulated FMR profiles at 9 GHz using effective demagnetization factor method. 

Reference: "Electrostatic tuning of ferromagnetic resonance and magnetoelectric interactions in ferrite- 
piezoelectric heterostructures grown by chemical vapor deposition, " N. Li, M. Liu, Z. Zhou, N. X. Sun, D. 
V. B. Murthy, G Srinivasan, T. M. Klein, V. M. Petrov, and A. Gupta, Appl. Phys. Lett. 99, 192502 (2011). 

Devices 

4. Zn2Y/PMN-PT 10-24 GHz Phase shifter 
The hexaferrite/ferroelectric E-tunable resonator could be potentially used as E- 

tunable phase shifter. The principle of operation is based on the variation in the 
permeability close to FMR. The sample is subjected to a bias field H which is close to 
the resonance field. Then an electric field is applied across PMN-PT. We investigated 
phase vs/characteristics under the application of E in eutectic bonded Zn2Y/PMN-PT 
bilayer for possible use of the composite for phase shifters. A bias field H corresponding 



to FMR is applied and the phase angle is measured as a function off and voltage applied 
to the piezoelectric. Figure 7 shows such data for ferrite/PMN-PT. The differential 
phase shift ö<p vs E at 12.385 GHz is shown in Fig.8. The data reveals a linear increase in 
the phase shift with E. The insertion loss ranges from 5 to 8 dB. 
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Fig. 7: Sn vs/profiles in terms of the phase angle 
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Reference: "Hexagonal Ferrite-Piezoelectric Composites for Dual Magnetic and Electric Field Tunable 
8-25 GHz Microstripline Resonators and Phase Shifters," A. S. Tatarenko, D. V. B. Murthy, and G. 
Srinivasan, Microwave and Optical Tech. Lett. 54, 1215 (2012). 

5. YIG-PZT1-3 GHz Band-pass Filter 
We designed and characterized a low-loss 1-3 GHz band-pass filter with YIG-PZT 

bilayers. The filter had input and output loops on the YIG/GGG slab (3 mm x 3 mm) as 
shown in Fig.9. A bias field H was applied perpendicular to sample plane so that 
forward volume waves were excited. Figure 11 shows the filter characteristics for the 
filter for operation at 900 MHz. The filter at 900 MHz could be tuned by 100 MHz (by 
11% of the central frequency). The insertion loss ranged from 1-2.5 dB. The power 
handling capacity was 10 mW. 

Coaxial waveguide Coaxial waveguide 

Input I Output 

Fig.9: A 1-3 GHz YIG-PZT band-pass filter. 
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Fig. 11: S/> vsfdata showing E-tuning of 
a 900 MHz band-pass filter.  The E-tuning 
is 11%, the insertion loss is ~3 dB, and the 
power handling is 10 mW. 



6. A magneto-dielectric band-pass filter for 18-36 GHz 
The nature of dielectric resonance has been studied in a polycrystalline disc of nickel 

ferrite. The lowest order resonance manifests as two modes corresponding to clockwise 
and counter-clockwise polarization of the microwave fields (Fig. 12). Under the influence 
of a static magnetic field perpendicular to the disc plane, one of the modes show a 
decrease in frequency whereas the other shows an increase in frequency as in the data of 
Fig. 12. With increasing H, the frequency separation increases. Band-pass filters for 
operation at 19, 30 and 35 GHz have been designed and characterized (Fig. 13). The filter 
central frequency has been controlled with proper choice of disc dimensions. The filter 
frequency is tuned with H, by 2-7% (Fig. 13). Since the filter frequency is well above the 
ferromagnetic resonance frequency expected for the static magnetic fields, the overall 
losses are small with the insertion loss ranging from 2 to 5 dB. The ferrite filters are of 
importance for use in the K and Ka-band communication devices. 
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Fflt 

Fig. 12: Profiles of scattering parameter S2i 
as a function of frequency showing the 
dielectric resonances in NFO disk for a series 
of bias magnetic field H. Two modes are 
observed with frequencies fr\ and fr2. Bias 
magnetic field H dependence of the mode 
frequencies are also shown. 
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Fig. 13: Data showing the H-tuning of pass-band 
characteristics for a nickel ferrite dielectric 
filter. The H-tuning is by 7%. Other critical 
filter characteristics are 2-3 dB insertion loss; 
Out-of-band rejection - 20 dB; 3-dB width -0.5 
GHz, and Power > 25 dBm. 

Reference:   "A Magnetic Field Tunable 18-36 GHz Dielectric Band-Pass Filter, " M. A. Popov, D. V. B. 
Murthy. 1. V. Zavislyak andG. Srinivasan, Elec. Lett. 48, 98(2012). 

7. Multiferroic beam-forming antennas 
A ferrite-ferroelectric bilayer is used in a slot antenna for static magnetic and 

electric field control of the radiation characteristics of the antenna. A 7i-type slot antenna 
(Fig. 14) with the resonance frequency ranging from 1.5 to 2.7 GHz, depending on the slot 
length, is studied (Fig. 15). A bilayer of yttrium iron garnet (YIG) on gadolinium gallium 
garnet (GGG) bonded to lead zirconate titanate (PZT) is used as the magneto-electric 
element (Fig. 14). Under a static magnetic field H corresponding to the ferromagnetic 
resonance in the YIG film, a substantial increase in the power transmitted by the antenna 
is measured. A dc electric field applied to PZT results in a phase shift of the radiated 
signal, by 220° for 200 V. The radiation patterns of the antenna show directional 
characteristics. A 2-element antenna (Fig. 16) showed electric field control of antenna 
characteristics (Fig. 17). 
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Fig. 14: A p-type slot antenna with Y1G- 
PZT bilayer. 

Fig. 16: A 2-element beam forming antenna 
(with and without ME element). 

-0.5 

-1.0 

-1.5 
L ■ 30 mm     1                          II   1/ 

H.    -2.0 
24 mm       V 

»     -2.5 18 mm       W tiff 

-3.0 12 mm  III 

-3.5 
6 mm   L = 0 

-4.0 
0.5          1.0          1.5          2.0           2.5          3.0 

f (GHz) 

Fig. 15: Antenna resonance frequency vs slot 
length. 
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Fig. 17: data showing E-control of the 
radiation pattern for the antenna in Fig. 16. 
The rotation is by 200 for 400 V applied to 
PIT. 

Reference:     "A  Slot Antenna with Magneto-electric Elements,"/?. V.  Petrov,  D.   V.  B.  Murthy,  G. 
Sreenivasulu, and G. Srinivasan, to be published in Mic. Opt. Tech. Letts. 2012. 

8. Concluding Remarks 
Ferrite-ferroelectric bilayer synthesis by chemical deposition techniques, eutectic 

bonding and MOCVD and ME characterization by FMR were carried out. The device 
work focused on resonators, band-pass filters, phase shifters and beam-forming antennas. 
Devices were evaluated in terms of E-tuning, tuning speed, insertion loss, power handling 
and other basic operational parameters. 

Studies to-date also point to the following challenges in the figures of merit: (i) 
limited tuning range of ~ 1-10%; (ii) non-linear voltage tuning (due to non-linear 
piezoelectric deformation in ferroelectrics); and (iii) poor power handling (~ 10 mW) due 
to spin wave instabilities in devices based on single crystal YIG films. 

There are several avenues to rectify the above problems and unlock the potential in 
multiferroic RF components for novel devices such as a tunable radar! 
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