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Abstract

The nature of mechanical strain-mediated converse magnetoelectric effect (CME) has been
studied in multiferroic composites of single-crystal like thin films of nickel ferrite (NFO)
and polycrystalline lead zirconate titanate (PZT). Ferrite films of thickness 0.45 to 1 micron
were prepared by Pulsed Laser Deposition on lattice-matched (100) and (110) substrates of
magnesium gallate (MGO) and cobalt gallate (CGO) that resulted in elimination of antiphase
boundaries and magnetic parameters comparable to bulk single crystals. Ferromagnetic
resonance under a static electric field £ was utilized for studies of CME effects in composites
of PZT and NFO films on the substrates. The in-plane static magnetic field H was applied
along the principal crystallographic axes of the ferrite film to study its influence on CME.

The E-induced ME anisotropy field Hyr was estimated from FMR data based on shift in
1



resonance frequency with £ in order to determine the ME constant A = Hye/E. In composites
with NFO films on (110) substrates (i) the ME coupling was stronger for films on CGO
possibly due to a better lattice match and weaker substrate clamping than for films on MGO,
(i1) A-values were the highest for A // [1,-1,0], and (iii) a negative A-value was inferred for
H //[001]. For composites with NFO on (100) substrates the strongest ME coupling was
measured for A along [001]. A first model for CME that takes into consideration both
compressive and bending deformation in the composites is developed and results of the
theory are in agreement with both the sign and magnitude of the measured ME coefficient 4.
The results of the studies presented here indicate the potential for use of the composites in

self-biased E-tunable microwave devices.
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1. Introduction

The nature of mechanical strain mediated electromagnetic coupling in composites of
ferromagnetic-ferroelectric/piezoelectric phases is of fundamental and technological
importance [1-5]. A variety of composites were studied in recent years. These include the
use of ferromagnetic metals, alloys or ferrites for the magnetic phase and barium titanate, lead
zirconate titanate (PZT), lead magnesium niobate-lead titanate (PMN-PT), AIN, and quartz for
the ferroelectric/piezoelectric phase [6-10]. The strength of magneto-electric (ME) coupling
between the two phases is studied by their response to an applied magnetic field H or an electric
field E.  Several of these systems were reported to show a strong ME coupling when subjected
to H- or E-field at low-frequencies and at frequencies corresponding to resonance modes. The
composites are of interest for a variety of sensors and high frequency devices [11-15]. Device
efforts so far include magnetic sensors [16-18], gyrators capable of direct conversion of
current-to-voltage [11, 19], tunable inductors [20], memory devices [10], and dual electric and
magnetic field tunable high frequency devices [21-24].

Ferrite-ferroelectric composites, in particular, are of importance for signal processing
devices at microwave and millimeter wave frequencies [23]. Interests in these systems
evolved from studies of the converse ME (CME) effects, i.e., magnetic response of the
composite to a static E-field [2,4,7]. The strength of CME is measured either from data on
magnetization M versus H under E or tuning of ferromagnetic resonance (FMR) with E [25].
The piezoelectric strain in the ferroelectric phase is transferred to the ferrite and manifests as

an induced magnetization or an anisotropy field Hye. Thus CME will result in a shift in the



FMR resonance field (or frequency f-) and data on Huz or . vs E could be used to estimate the
strength 4 of CME given by 4 = Hyr/E.

The converse ME effect under FMR in ferrite-ferroelectric composites, therefore, is
attractive for realizing E-tunable microwave ferrite devices such as resonators and filters [23].
Ferrite devices, in general, are tuned with a magnetic field that requires high power for
operation and H-tuning is generally slow and noisy and the devices cannot be miniaturized or
integrated with semiconductor devices. Voltage tuning of the device is possible when a
ferrite-ferroelectric composite is used. The converse-ME coefficient 4 ~ A d/Ms where A and
M; are the magnetostriction and saturation magnetization, respectively, and d is the
piezoelectric coupling coefficient. Thus, the key ingredients for strong CME and broad-band
E-tunable devices are composites with high 4 and d and small M. An equally important
parameter is the FMR linewidth AH that must be much smaller than Hyr for practical devices.

This report is on CME effects in composites with single crystal-like epitaxial thin films
of nickel ferrite, NiFe;O4 (NFO), with a large 4 and a much smaller AH than bulk single
crystals [26-28]. Recent significant efforts in this regard by subsets of the present authors
include (i) observation of AH as low as 5 Oe, strain-induced uniaxial anisotropy field H, of 10
kOe due to strong magnetoelastic interactions, and 4 ~ 10 ppm for Pulsed Laser Deposited
(PLD) NiZnAl- (NZAFO) ferrite films on MgALl,O4 (MAO) substrates [26,27], and (ii) PLD
films of NFO on MAO, MgGa>04 (MGO) and CoGaxO4 (CGO) substrates with H, ~ 0.5-11.9
kOe and AH ~ 25 Oe [28]. The smallest AH and highest H, were measured for NFO films on
MGO and CGO substrates with a film-lattice mismatch of 0.8% and 0.2%, respectively, and

was attributed to the elimination of undesired anti-phase boundary defects and the influence of



strain in the films. This unique combination of low- AH and high- H, make both the NZAFO-
and NFO- films highly desirable for possible use in E-tunable ferrite-ferroelectric microwave
and millimeter wave devices [26,28].

Here we discuss results of our studies on CME eftects in composites of PZT and NFO films
on (100) and (110) substrates of MGO and CGO. Films of thickness 450 nm — 1 um were
grown by PLD and characterized by structural and magnetic measurements. Magnetization and
FMR measurements on the films on (100) and (110)-oriented MGO substrates with lattice
mismatch of 0.8% showed a large easy plane anisotropy field. The films on CGO substrates
with a smaller lattice mismatch of 0.2% also showed an easy plane anisotropy field, but was
much smaller than for films on MGO. The strength of the CME coupling in epoxy bonded
composites of PZT and the NFO films on MGO and CGO substrates was estimated from data
on shift in the FMR frequency due to a static E-field applied to PZT. Measurements were
done for in-plane H parallel to [001] or [011] for NFO films on (100) substrates and for H
along the 3 principal axes for (110) films. The anisotropy field Hux due to ME interactions was
estimated from the FMR data and the ME coefficient 4 = Hur/E was determined. For
composites with (110) NFO films the CME coupling coefficient 4 was the highest for H along
[0,-1,1] axis, whereas for (100) NFO films the CME coupling was strongest for A along [001].
A model has been developed for the CME effects. It was essential to consider both the
compressive and bending deformations under the applied fields in to account for the sign and
magnitude of A. Estimated A-values are in good agreement with the data. The NFO-PZT
composites discussed here show one of the strongest ME coupling reported so far and are of

interest for use in dual E- and H-tunable microwave ferrite devices. The observation of a



very high growth induced anisotropy field in the ferrite films, in particular, is significant for
use of the ferrite films in composites for miniature, self-biased resonators and filters and for
possible integration with semiconductor devices.
2. Experiment

Nickel ferrite, NiFe;O4 (NFO), films were deposited on (100) or (110)-oriented MGO and
CGO substrates (5%5x0.5 mm?®) by PLD technique in an oxygen environment with a
background pressure of 10 mTorr. The laser fluence was set to ~1 J/cm? and the temperature
of the substrates was maintained at 700°C during film growth. Figure 1 shows the normal & -
26 x-ray scans around the (400) and (440) peaks of the NFO and the substrate for films grown
on MGO and CGO with (100) and (110) orientations, respectively. A relatively large gap
between the film and substrate peak positions is observed for NFO//MGO samples of both
orientations, while the film peaks are essentially merged with the left shoulder of the substrate
peaks for both the NFO//CGO samples. This indicates that the NFO//CGO films have lower

lattice mismatch than the NFO//MGO films.
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Fig. 1: Normal 6-20 x-ray diffraction patterns for NiFe;Oy films grown on (100) and (110)-
oriented MgGa:>04 (MGO) and CoGa:04 (CGO) substrates (peak positions marked with *).
The plots show only the scan range around the (400) and (440) peaks for the respective films
and substrates. The splitting of the peaks for the films and substrates arise from Cu-Kq1 and
Cu-K o> X-ray radiation wavelengths.



Magnetization measurements were performed on NFO films grown on (100) or (110)-
oriented MGO and CGO to examine their hysteresis characteristics and magnetic anisotropy.
As shown in Fig. 2(a, b) for NFO//MGO (100) and NFO//CGO (100) thin films, the hysteresis
loops for the normalized magnetization measured along the [010] and [001] directions are
essentially identical, with sharp switching followed by more gradual increase (decrease) to
saturation at fields ~ + 0.5 kOe. The hysteresis loop in the diagonal [011] direction exhibits a
sharper saturation of the magnetization, corresponding to the in-plane easy axis direction. The
(100)- films on both substrates exhibit fourfold anisotropy. In contrast, for the NFO//MGO
(110) film (Fig. 2¢c) a sharp switching of the magnetization is observed when H is applied along
the [1-10] direction. However, with H applied along the [001] direction, a magnetic hard axis

switching behavior is obtained with an anisotropy field of ~1500 Oe. As a comparison, Fig.2(d)
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Fig. 2: (a) and (b) Normalized in-plane magnetization versus H plots for NFO/MGO (100)
and NFO//CGO (100), respectively. The magnetization for 450 nm thick ferrite films is
measured with the in-plane H oriented in two orthogonal directions ([001], [010]) and in the
diagonal direction ([011]). (c¢) and (d) Normalized in-plane magnetization versus H for
NFO/MGO (110) and NFO//CGO (110), respectively. The magnetization is measured with an
external in-plane H applied in two perpendicular directions ([001], [1-10]) and in the diagonal
direction ([1-11]).



shows the magnetization result for NFO//CGO (110) thin film. For this sample, the shapes of
magnetization loops in the two perpendicular directions are similar or even overlap with each
other, which is quite different from the NFO/MGO (110) sample. The results for the
NFO//MGO (110) thin film indicates the presence of a strong in-plane uniaxial anisotropy in
addition to the fourfold magnetocrystalline anisotropy observed for NFO//MGO (100). On the
other hand, for NFO//CGO (011) thin film, the fourfold anisotropy is dominant and only a
weak uniaxial anisotropy is present. Thus, we conclude that significant magnetic strain
anisotropy exists in NFO//MGO (110) thin film due to a large lattice mismatch between film
and substrate, while no significant strain anisotropy is noted in the NFO//CGO (110) film
because of the much smaller mismatch.

Ferromagnetic resonance measurements were done with the sample placed in a coplanar
waveguide and subjected to an in-plane field H. Resonance profiles were recorded both by
(1) using a vectoring network analyzer to measure the scattering matrix parameter S»; versus
frequency f for a constant H (Fig.3a), and (i) using magnetic field modulation to record the

derivative of the power absorbed dP/dH as a function of H at a fixed f'as shown in Fig.3(b).
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Fig.3. Representative ferromagnetic resonance (FMR) profiles for nickel ferrite (NFO) films.
(a) Scattering matrix S2; vs frequency f showing FMR for a series of bias field H for NFO on
(110) MGO substrate. (b) Derivative of power absorbed dP/dH versus H showing FMR for a
1 um thick NFO film on (110) CGO substrate.



The FMR measurements were done as a function of the orientation of H relative to the [001]
axis for both (100) and (110) films of NFO on MGO and CGO. Data on resonance field or
frequency were used to estimate the magnetic parameters for the films as discussed in the
subsequent sections. The FMR line-width AH varied from a minimum of 25 Oe to a
maximum of 50 Oe, depending on the frequency, substrate material and orientation and were

consistent with reported values for NFO films on (100) MGO and CGO [28].

3. Converse Magneto-Electric Effects
3.1. Composites of PZT and NFO film on (110) MGO substrates

Pre-poled, vendor supplied polycrystalline PZT (#APC-850, American Piezo-
Ceramics, PA) of thickness 0.2 - 0.3 mm with silver electrodes were used. NFO films on the
substrates were cut to dimensions 4x4 mm? or 2.5x4 mm? and were bonded to PZT with a quick
dry epoxy of thickness 1 to 2 um. The composites were placed in a coplanar waveguide
excitation structure. For measurements of the strengths of CME effects, profiles of S>; vs f
as in Fig.3(a) were recorded for DC voltage V"= -250 V to +350 V applied across PZT.

Studies on CME were done in 3 steps. First, the FMR resonance field H, was
measured as a function of orientation of in-plane magnetic field A (defined by angle ¢
measured from [001] axis) for a constant frequency to identify the principal crystallographic
axes. Second, the variation in the resonance frequency f, with H was measured for H along
the principal axes so that magnetic parameters for the NFO film could be estimated from H, vs
¢ and f- vs H data. Finally, f, was measured with a DC voltage V" (for -250 V < V' < +350 V)
applied across PZT for estimation of the E-induced magnetic anisotropy field Hyr and the ME

coupling constant A = Hue /E.



Figure 4(a) shows data on H, vs ¢ for a composite of PZT and 600 nm thick NFO on
(110) MGO. The results are for f= 12 GHz and H applied at an angle ¢ measured from the
[001] edge of ferrite film. The data in Fig.4(a) is typical of expected variation of H, with ¢
for NFO on (110) substrates. The data indicate the easy direction to be [1,-1,1] and the hard
direction is [001] which is consistent with the M vs H data in Fig.2. Figure 4(b) shows
measured f- vs. H for the field parallel to either [001] or [1,-1,0]. For (110) NFO, the

resonance frequency f. = fis given by

f= yJ(HO +4nM,f 5 + (—g + 2cos(2¢) + gcos(4¢))%)(Ho + G cos(2¢) + %cos(4¢))%) (1)

In Eq. (1), y is the gyromagnetic ratio, 47Mey = 47Ms + H, where 47Ms is the saturation
magnetization and H, is the growth-induced uniaxial anisotropy, and H; is the cubic magneto-
crystalline anisotropy field. By fitting the data in Fig.4 to Eq.(1) and assuming y= 3 GHz/kOe
[28], we obtained the values of the magnetic parameters listed in Table 1 for the NFO film.

Both 47M; and H, for the film on (110) MGO are in agreement with reported values for bulk

600 nm NFO/(110)MGO
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Fig. 4. (a) Ferromagnetic resonance (FMR) field H, as a function of in-plane angle ¢ between
[001] and direction of static field H for NFO on (110) MGO. H, was measured from profiles
asin Fig.3(b). (b) FMR frequency f, vs H data estimated from profiles as in Fig.3(a) for NFO

on (110) MGO.
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Table 1: Estimated effective saturation magnetization 4 tMey and cubic magneto-crystalline
anisotropy field Hy for NFO films on MGO and CGO substrates. The growth induced
anisotropy field H, was calculated from 47xMey obtained from FMR data as in Fig.4 and

saturation magnetization 4 M values from data in Fig.2 and from Ref.28.

System 47M o (kG) Hy(Oe) 47M (kG) H, (kOe)
600 nm NFO/(110) MGO 8.25 -780 3.5 4.75
600 nm NFO/(100) MGO 13.9 -470 3.5 10.4
450 nm NFO/(100) MGO 11.7 -450 3.5 8.2
1 um NFO/(110) CGO 4.5 -300 3.5 1.0
800 nm NFO/(100) CGO 4.7 -400 3.5 1.2

single crystals [29]. The anisotropy field H, = 4.75 kOe is of the easy-plane type with (110)
being the easy plane and is smaller than H, = 11.9 kOe reported for NFO on (100) MGO [28].
For studies on CME, profiles of S2; vs f for PZT/NFO/(110) MGO were recorded by
applying a DC voltage across the thickness of PZT. Figure 5(a) shows representative data on
S>1 vs f for H parallel to [001], which is one of edges for the substrate, and for "= 0, 350 V
and -250 V. The profiles show an up-shift in £, as the voltage is decreased from +350 V to 0
and then to -250 V.  Positive V corresponds to E parallel to the field direction used for poling
the PZT. Data on variation of f- with V obtained from the profiles is shown in Fig.2(b). The
resonance frequency f;increases as V' is decreased from + 350 V to zero. For negative V' values
[r increases with increasing magnitude of V.
In order to estimate the CME coupling constant 4, it is necessary to determine the E-
induced anisotropy field Hyr = A E using the £, vs E data in Fig.5 and fitting it to the resonance

condition in Eq. (1). For H parallel to [001], f=f; is obtained by substituting ¢= 0 in Eq. (1):
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Fig.5. (a) S21 vs f profiles showing voltage tuning of FMR for composites of PZT and NFO film
on (110) MGO. The data are for H along [001] and for V applied across PZT. (b) f as a
function of V obtained from FMR profiles as in Fig.5(a). (c) E induced anisotropy field Hur
due to CME interaction between NFO and PZT. Data in Fig.5(b) were used to estimate Hut.

f=vJ(Ho +4nMsr + Hy + Hyg)(Ho + Hy + Hyg) .

Figure 5(c) shows Hue estimated using Eq. (2).

(2)

A linear variation in Hyg with E is evident

and 4 determined from linear fit to the data is 4 = - 4 Oe cm/kV. The negative sign is

associated with decrease in £ with £ seen in the data of Fig.5(b).

Similar FMR measurements under an electric field were performed for H parallel to the

two other principal axes, [1,-1,1] and [1,-1,0].

Hye was then estimated using the following

expressions for f=f;. For H along [1,-1,1] axis ¢ = 54° and f'is given by

For H parallel to [1,-1,0] axis ¢= 90° and one obtains

(3).

(4)

Figure 6 shows Huz vs E for these two H orientations and the estimated 4-values are given

in Table 2. Thus for composites with NFO films on (110) MGO, 4 = 5.6 Oe cm/kV is the

highest for H // [1,-1,0] and 4 = 2.8 Oe cm/kV is the lowest for H // [1,-1,1].
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Fig.6. Results on (a) Hue vs E as in Fig.5 for H along [1,-1,1] for composites of PZT and NFO
on (110) MGO. (b) Similar Hue vs E for H along [1,-1,0].

Table 2: The average converse ME coupling coefficient A determined from FMR under a
static electric field for composites of PZT and NFO films on (110) and (100) MGO.

Ferrite thickness substrate H orientation A (Oe cm/kV)
[001] -4.0
600 nm (110)MGO [1,-1, 1] 2.8
[1,-1, 0] 5.6
[001] 4.6
600 nm (100)MGO [011] 25

3.2. Composites of PZT and NFO films on (100) MGO substrates

Similar studies on CME were carried out on composites with 600 nm and 450 nm NFO
films deposited on (100) MGO substrates. Figure 7(a) shows the dependence of H, on angle
¢ measured from [001] axis of 600 nm NFO film for an excitation frequency of 13 GHz. The
variation in H, with ¢ is typical of (100) spinel ferrites and the data indicate [011] to be the

easy axis and [001] is the hard axis. Variation in £, with H for the two principal axes are shown

in Fig.7(b) and fitted to the resonance condition:

f= yJ(HO + 4nMosr + G + icos(4¢)) H,)(Hy + H, cos(49)). (5)
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Fig.7. (a) Resonance field H, as a function of in-plane angle @ for direction of H measured

from [001] axis for 600 nm NFO film on (100) MGO. (b) Resonance frequency f vs H for NFO
on (100) MGO. (c) Estimated Hyr as a function of E for composites of PZT and NFO on (100)
MGO for representative H-values = 2140 Oe and 2980 Oe along [001]. (d) Hur vs E for H =
1430 Oe and 1870 Oe along [011] axis for NFO film on (100) MGO substrate and PZT.

Estimated magnetic parameters for the ferrite film from data in Figs.7 (a) and (b) are given in
Table 1. The cubic anisotropy field H, for the film is smaller than for the film on (110) MGO,
but the in-plane uniaxial anisotropy field H, = 10.4 kOe is more than twice the value for the
600 nm NFO film on (110) MGO.

Ferromagnetic resonance profiles under an electric field were then obtained for a series
of H-values parallel to [001] and [011] and Hue-values were estimated by fitting the f- vs £

data to the following equation for FMR frequency f. = f:

For H//[001]: ¢=0and

f= V\/(Ho + 4ntMesr + Hy + Hyg)(Ho + Hy + Hyg) (6)
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For H//[011]: ¢=45°and

Figures 7(c) and (d) show the variation in Hy with E for H along [001] and [011], respectively,
and the corresponding A-values are given in Table 2. For H // [001], A4 is positive and its
magnitude is comparable to magnitude of 4 for H// [001] for NFO on (110) MGO, whereas 4
=2.45 Oe c/kV for H// [011] is a factor of two smaller than the 4-value for H// [1,-1,0] for
the film on (110) MGO.

Similar measurements on composites with 450 nm NFO on (100) MGO yielded 4-values
of 4.1 —4.3 Oe cm/kV for H//[001], in agreement with values in Table 2 for the composite with
600 nm NFO.

3.3. Composites of PZT and NFO on (110) and (100) CGO substrates

Films of NFO on CGO substrates were also used in composites with PZT for studies on
CME eftects. Ferrite films of thickness 1 pm on (110) on CGO were first characterized by
FMR. Figure 8(a) shows the dependence of H,on direction of H measured from [001] axis. It
is evident from the data that [1,-1,1] is the easy axis and [1,-1,0] is the hard axis. The magnetic
parameters 47M.g, anisotropy field H; and 47zM, determined from FMR and static
magnetization M vs H (Fig.2) are given in Table 1. The in-plane growth induced anisotropy
field H, ~ 1 kOe is small compared to 4.75 kOe for films on (110) MGO. The relatively small
H, can be attributed to smaller film-lattice mismatch of 0.2% in the case of films on CGO
versus 0.8% for NFO on (110) MGO.

Studies on CME were done on composites of PZT and NFO films on (110) CGO. Figures
8(b)-(d) show the £ dependence of Hyz obtained from f. vs E data and Eqgs.(2)-(4) for H along
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the three principal axes. For H//[001] we observed a decrease in FMR frequency f- with E,
similar to the data in Fig.5(b) for composite with NFO on (110) MGO. The anisotropy field
Hye is therefore negative for +E values and the ME coefficient A is negative. For H-along the
other two principal axes, however, Hyr is positive for +F with a linear increase in its magnitude
with increasing E and the 4-values are given in Table 3. The strength of CME effect is the
highest for H // [1,-1,0].

1 pm NFO/(110)CGO
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Fig.8. (a) Variation of resonance field H, with the angle ¢ for direction of H measured from
[001] axis for 1 pum thick NFO film on (110) CoGa>04 (CGO) substrate. The frequency was 13
GHz. Estimated Huye vs E for a series of static magnetic fields H along (b) [001], (c) [1,-1,1]
and (d) [1,-1,0] direction for composites of NFO on (110) CGO and PZT.

Finally, we carried out studies on CME in composites of PZT with 800 nm NFO film on
(100) CGO substrate. Magnetic parameters for the film determined from magnetization and

FMR data are provided in Table 1. The anisotropy fields H, and H, are approximately the same
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as for the film on (110) CGO. Data on FMR under £ were recorded for H//[001] and H along

the diagonal of the rectangular sample of NFO that corresponded to in-plane angle ¢ =31°.

Table 3: The average converse ME coupling coefficient A determined from FMR under a
static electric field for composites of PZT and NFO films on (110) and (100) CGO substrates.

Ferrite thickness substrate H orientation A (Oe cm/kV)
[001] -3.8
1 um (110)CGO [1,-1,1] 6.8
[1,-1,0] 8.1
[001] 5.2
800 nm (100)CGO o =31° 3.0

Figure 9 shows Huye vs E for both cases and the ME coefficient 4 are given in Table 3. The

coefficient 4 for H along [001] axis is comparable to A-values for H along [001] for ferrite

films on (110) CGO.
800 nm NFO/(100)CGO
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Fig.9. Huye obtained from data on FMR under an electric field E for composites of PZT and
800 nm thick NFO film on (100) CGO for H along (a) [001] and (b) along the diagonal of the

rectangular sample, at angle of 31 °from [001] axis.

4. Theory
We consider next a model for the CME in the composites. Past efforts in this regard were
primarily on ferrite-ferroelectric composites [30,31].  In a composite of NFO/PZT an applied

E-field across the PZT layer generates an in-plane, compressive strain AL/L = E d. The
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transfer of this strain to NFO will produce a stress o = E d Y/(1-v), where Y is the Young’s
modulus and v is the Poison’s ratio for NFO. The stress will manifest as an induced
anisotropy field Hye and the ME coefficient A = Hue/E = 36 A(E M) = 3 Y A d/(1-v) M, [23].
It is, however, necessary to consider in a formal model the influence of parameters such as the
volume of ferroic phases and any non-ferroic substrates that will not have any contribution to
ME coupling. A detailed theory predicted A =2 Oe cm/kV for a layered NFO-PZT composite
with volume fractions of 50% NFO and 50% PZT [30].

There are several features in the results of the present study that cannot be explained
based on the past models. These features include the following. (i) Negative 4-value for H //
[001] for NFO films on (110) MGO or CGO substrates (Figs. 5 and 8) and is due to a decrease
in f with increasing magnitude of +E. (ii) H-orientation dependence of A for composites with
NFO on (100) substrates. Such a dependence is not anticipated based on past models. A key
drawback in the past models was bending deformation expected in an asymmetric
ferromagnetic-ferroelectric composites under an applied E- or H-field was not considered.
Such a bending under E-field in this present case will result in both compressive and tensile

strains as illustrated in Fig.10, leading to the features in 4 mentioned above.

NFO

(a)

Fig.10. Schematic diagram showing (a) composites of PZT and NFO film on MGO or CGO
substrate and (b) compressive and bending deformations and the neutral plane. The arrows
indicate the compressive and tensile strain in the composite.
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In the case of composites of PZT and NFO on (110) substrates and for £ along the Z-
axis, the relative strengths of elastic stiffness constants prefer compressive deformation along
the Y-axis ([1,-1,0] direction) and bending along the X-axis ([001] direction). This bending
leads to tensile strain of the NFO film along [001] direction and, due to the Poisson effect,
compression along [1,-1,0] direction. For the composites with NFO on (100) substrates, the
directions [001] and [010] are equivalent. But the magnetic field applied along one axis breaks
this symmetry and H along the [001] direction leads to compressive strain A (H) along this axis
and tensile strain along [010] direction. Upon the application of E, piezoelectric strain will give
rise to bending along [010] (X axis in Fig.10 b) and compressive strain along [001] direction
(Y axis in Fig. 10 b).

A comprehensive theory for the ME effect is discussed in the Appendix. Expressions
for CME coupling constant 4 were obtained as a function of H orientation for composites of
PZT and NFO film on MGO. We assumed material parameters for bulk polycrystalline or
single crystals of PZT, MGO and NFO [32-34] and estimated 4-values given below.

For composites of PZT/NFO/(110)MGO:
b1 =—3.95 Oe-cm/kV A\ =5.64 Oe-cm/kV , and 4"} =2.82 Oe-cm/kV .
For PZT/NFO/(100) MGO:
Alloel = 2.24 0e - cm/kV, AL =116 Oe - cm/kV. A[{J) = 0.67 0e - cm/kv
Significant findings from the model are as follows. For the composite with (110) films
(1) the theory predicts a negative value for the ME constant 4 for H along the [001] direction
and positive value for H // [1,-1,0] and [1,-1,1] directions, which are consistent with the
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measurements.  (ii) The numerical values of 4 are in very good agreement with the
experimental values for PZT/NFO/(110) MGO in Table 2. (iii) The highest A-value is estimated
for H // [1,-1,0] direction and is a factor two higher than ME constant for A along [1,-1,1]
direction. For composite with NFO on (100) MGO substrates (i) the highest A-value is
estimated for H // [001] and (ii) as H orientation angle ¢ measured from [001] is increased A4
is predicted to decrease and is estimated to be minimum for H along [011]. The measured
values in Table 2 for PZT/NFO/(100) MGO, however, are higher than the estimated values.
Similar theoretical values for composites on CGO substrates could not be done due to lack of
available data on material parameters for CGO substrates.
5. Discussion

Here we discuss results on magnetic and ME characterization of NFO films and composites
with PZT. The ME coefficient 4 in the composites are then compared with measured values
in similar ferromagnetic and ferroelectric composites. Nickel ferrite films of thickness 450
nm to 1 pm deposited by PLD techniques on MGO or CGO were found to have magnetization,
FMR line-width AH and cubic anisotropy field values in agreement with reported values for
bulk single crystals. The preferred orientation for magnetization was in-plane for films on
both substrates with growth induced anisotropy field A, ~ 1-1.2 kOe for films on CGO and
4.75 —10.4 kOe for films on MGO. The single-crystal like FMR profiles with small AH for
the films facilitated studies on CME effects in composites with polycrystalline PZT. In
composites with films on (110) substrates, it was possible to investigate the influence of
orientation of H along the three principal axes, [001], [1,-1,0] and [1,-1,1], (and therefore the
corresponding magnetostriction) on the strength of CME whereas for films on (100) substrates
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studies were done for H along either [001] or [011].

For the composite with NFO film on (110) MGO both the sign and magnitude of the
coefficient 4 in Table 2 are well accounted for by our model with the strongest coupling for H
along [1,-1,0] and the weakest for H // [1,-1,1]. This is in agreement with the expectation of
the weakest coupling for H along [1,-1,1] due low magnetostriction compared to the other two
principal axes [29,35]. Another significant and first such observation is the negative 4-value
for H// [100], leading to a decrease in the resonance frequency f with the application of an E-
field in the same direction as the initial poling field applied to PZT. A negative shift in f is
generally seen in composites with PZT only when the polarity of E is reversed and is due to
switch in the piezoelectric strain from compressive to tensile or vice versa [23]. For
composites of PZT and NFO on (100) MGO, however, 4-value of 4.6 Oe cm/kV is positive
for H//[001].  The magnitude of 4 for H//[001] is approximately equal for composites with
NFO films on either (100) or (110) MGO. The weakest CME coupling is measured for
H//[011] for samples with NFO on (100) MGO.

The overall strength of the converse ME effect for composites with NFO on CGO
substrates (Table 3) is higher than for samples with MGO substrates. This cannot be
attributed to larger NFO film thickness of 0.8 to 1 um on CGO compared to 0.45 to 0.6 um for
films on MGO. For a given PZT thickness, one would in fact expect a weaker mechanical
deformation and a decrease in 4A-value when the thickness of the ferrite film is increased. The
strong ME coupling for composites with CGO will then have to understood in terms of a
relatively small film-lattice mismatch compared to MGO. The in-plane compressive stress
due to this mismatch and the resulting magnetic anisotropy field is almost a factor of five
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smaller for CGO than for MGO [28].  Thus one has to infer that the CGO substrate seems
to allow for efficient transfer of piezoelectric strain in PZT to the ferrite film and also a large
magnetostrictive deformation in NFO films due to weak substrate clamping. For the composite
with NFO/(110) CGO the A4-value for H // [001] is negative, in agreement with the sign and
magnitude of A for samples with (110) MGO. The highest A-value amongst the systems
studied is measured for H along [1,-1,0] for NFO/(110) CGO.

It is essential to compare the CME coupling strength in the present system with results
for similar composites. The nature of CME has been investigated in several multiferroic
composites consisting of ferroelectric PZT, barium titanate (BTO), PMN-PT or lead zinc
niobate-lead titanate (PZN-PT) and ferromagnetic metals/alloys, YIG, spinel ferrites or
hexagonal ferrites [23]. Composites were made by a variety of techniques including epoxy
or eutectic bonded thick film structures and thin film heterostructures by spin-spray coating,
PLD, and chemical vapor deposition (CVD). Measurements involved either M vs H or FMR
under a static electric field.

Systems studied so far could be classified into two categories: (i) Layered thick film or
thin film composites of ferromagnets either bonded or deposited onto ferroelectrics and (ii)
Ferroelectrics and ferromagnetic films on non-ferroic substrates. In the first case the strength
of CME coupling depends on the volume/thickness ratio of the ferromagnetic-to-ferroelectric
phase with 4-value increasing with decreasing thickness of the ferromagnetic layer [30]. In
the case of composites with non-ferroic substrates the strain transfer between the ferroic layers
is weakened by the substrate and ME coupling is also generally weak.

Amongst the ferromagnetic-ferroelectric composites without any non-ferroic substrates
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the highest 4-values were reported for ferromagnetic thin films such as FeGaB deposited on
PZT, PMN-PT or PZN-PT [38-40].  Thin films of FeGaB on PMN-PT showed Huz = 330
Oe for E = 8 kV/cm, corresponding to 4 ~ 40 Oe cm/kV [40]. Films of Fe3O4 prepared by spin-
spray on ferroelectrics showed strong CME with 4 values as high as 108 Oe cm/kV [41]. In
spite of very high 4-values, the FMR linewidths for FeGaB or Fe;O4 that range from 300 to
800 Oe are too high for practical devices. Among the composites with low-loss ferromagnets,
epoxy bonded PZT and single crystal M-type barium hexaferrite, BaM, and barium-aluminum
hexaferrites showed very weak CME with 4 ~ 0.2 Oe cm/kV [42,43] and the highest 4-value
of 3 Oe cm/kV for hexaferrite-ferroelectric system was reported for composites of Y-type
hexaferrite/PMN-PT [44].

A system of particular interest to the present study is NFO films deposited onto
ferroelectric PMN-PT and PZN-PT by CVD techniques [45]. For 1.5-2 um thick NFO on 0.5
mm thick PMN-PT the measured 4-value of 16 Oe cn/kV is almost a factor of 2-4 higher than
A-values for the present systems due to (i) thick piezoelectric layer, 0.5 mm vs 0.2-0.3 mm for
the present systems, and an order of magnitude higher piezoelectric coefficient d for PMN-PT
than for PZT and (ii) absence of a non-ferroic substrate such as MGO or CGO that dissipate
the E-induced piezoelectric strain and weakens the ME coupling. The NFO/PMN-PT
composite, however, is not suitable for use in microwave devices due to very high AH ~ 670
Oe for NFO [45].

Early works on CME on composites with non-ferroic substrates were on YIG on
gadolinium gallium garnet (GGG) substrates-PZT and YIG/GGG-PMN-PT since YIG is one
of the preferred material for microwave devices [23,36,37]. But the A-values for composites
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with YIG were rather small, on the order of 1 Oe cm/kV due to very low magnetostriction for
YIG [25,36]. The average CME coupling coefficients in Tables 2 and 3 are much higher than
for composites of YIG films on GGG and PZT or PMN-PT.

Results of the present study in Figs.4-9, Tables 2 and 3, the additional data on FMR
profiles and A-values as a function of bias field H- in the supplemental information [Ref.46]
and the theory provide a viable and promising path for the realization of voltage tunable nickel
ferrite-ferroelectric composite based devices. The key ingredients for such devices are (i)
low FMR line width for the ferromagnet, (ii) ferroelectrics with high piezoelectric coefficient
and (iii) either total elimination or a reduction in the thickness of non-ferroic substrate. It is
clear from our previous studies on NFO films on PMN-PT that NFO deposited by CVD
techniques showed a high AH-value and the ubiquitous presence of antiphase boundaries in
epitaxial ferrite thin films degrades their magnetic and microwave characteristics as compared
to bulk single crystal counterparts that make them unacceptable for device applications [45].
It is also evident from this study that by using MGO or CGO substrates that have similar
crystallographic structure and small lattice mismatch with NFO, it is possible to grow films
without any antiphase boundaries. Consequently, these films show dramatically improved
magnetic and loss parameters comparable with bulk single crystals. Another key finding of this
study is the large in-plane growth induced anisotropy in NFO that will either eliminate or
reduce the bias magnetic field necessary for the devices. The low FMR line-width, in
combination with a large in-plane growth induced anisotropy field make these composites ideal
for use in self-biased devices that could function without the need for an external bias magnetic
field, a feature that is suitable for device miniaturization and integration with semiconductor
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devices. Finally, a significant enhancement in 4 and broad-band tunability of such devices can

be achieved by reduction of substrate thickness.

6. Conclusions

In conclusion, epitaxial NFO films of thickness 450 nm to 1 um were grown by PLD
on (110) and (100) MgGa>O4 and CoGa,0s, substrates. Characterization by magnetization
and FMR revealed an easy-plane growth induced anisotropy H, ranging from a minimum of 1
kOe for NFO on (110) CGO to a maximum of 10.4 kOe for NFO on (100) MGO, with the
films on MGO having a much higher H, than the NFO on CGO. The FMR line-widths for
the ferrite films were in the range 25 to 50 Oe and were used for investigations on the converse
ME effects in epoxy bonded composites with polycrystalline PZT. The studies were aimed
at the influence of orientation of the bias magnetic field A on the ME coupling constant A.
Data on E-tuning of FMR were obtained for H parallel to the principal crystallographic axes
of NFO films on (110) and (100) substrates and were used to estimate the induced anisotropy
field Hyr due to ME interactions. A linear variation of Hyr with E was evident from the data
and the ME constants 4 = Hyr/E were determined. For composites with (110) films, 4 was
found to be negative for H along [001] and positive for H // [1,-1,0] and [1,-1,1] with the
strongest coupling measured for H along [1,-1,0]. For (100) films, 4 was found to be higher
for H along [001] than for A // [011]. Composites with films on CGO showed a stronger ME
coupling than for films on MGO. A model was developed the converse ME effects and

estimated 4-values were found to be in good agreement with the measured values.
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Appendix - Theory

A model for the converse ME effects in the composites is discussed in this section. The
influence of an external static electric field £ upon a magnetic resonance spectrum can be
described by means of an additional term in the magnetic free energy. For the cubic crystals
this term is represented in a rectangular coordinate system (7,2,3) by [30]:

F. =B/(Sa +8S,a; +S,0)+B,(S,a,a, + S;q,0, + S,a,t,) (8)
where B, and B, are the magnetostrictive constants, «, are the direction cosines of the
magnetization M , S, are the components of the strain tensor. The magnetostrictive

constants can be determined through the magnetostriction coefficients 4, and4,, and the

. 2 B 1B . .
elastic modulesc,,, ¢,, ast,=—-=——"—, 4, =——=—=. The induced magneto-electric
3¢y—ap 3ey

anisotropy field Huye has the following expression:
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3"Y
= TR [ﬂmo (8,05 + S0 + 8,00 )+ A, (S, oy, + Ssa,o + S4a2a3)] ., (9
where M is saturation magnetization, "Y =(c,, —c,)(l1+v)and”"G =c,, are the Young’s
modulus and shear modulus, respectively. The components of the strain tensor S; can be

determined by solving system of elastic equations for the magnetic film, piezoelectric layer

and substrate.

(2)-[01'0] (3’) - [001’]

(3’) - [001'] (2)-[1,-1,0] (3)-[1,0,0]

(3) = [111;°] 2

(2) - [01'0]

(1) - [1'00]
(2) - [001]

1’) - [1'00
{1)) - [[001]] (2)-10,1,0]

(a) (b)

Fig.11. Schematic diagram showing the composite, the sample coordinate system (1’ 2’ 3’), and the
crystallography coordinate system (123) for (a) ferrite films on (110) substrate and (b) ferrite film on (100)

substrate.

Consider the composite structures with NFO films on (110) or (100) substrates and the
“sample” coordinate system (/’2’°3’) and crystallographic coordinate system (/23) in Fig. 11.
Electric field applied along the polarization direction results in in-plane strain in the
piezoelectric. This leads to the development of off-center longitudinal force acting on the
system. Two types of deformation arise under the action of this force - off-center longitudinal
bending along one axis and compressive deformation along the other axis. The bending must
occur along the axis that has the lowest bending stiffness. Depending on the conditions, this
may be the /’ axis or the 2’ axis. Bending along the axis creates a stiffer edge, therefore

simultaneous bending with respect to axes /and 2" under the action of longitudinal forces is
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difficult to realize. Thus, compressions in piezoelectric phase along axis / "and axis 2’ lead to
bending of the sample along one axis in-plane and compression along second axis in-plane and
also compression along the axis out-of-plane. For determination of the strain components

caused by compression we use the system of elastic equations (Hooke's law) in the following

form:
1
S, :,,_Y(paz _Vpo-_/')+d3’i’E3’9
K _ 1 (S _Vs )
TR , (10)
m 1 m m
i = me O-l -V O-/’)+/1i (H)

where i'=1, j'=2 or vice versa i'=2, j'=1 , v is the Poisson’s ratio, A,(H) is

s m

magnetostriction along i’ direction. Using the assumptions “u, = ‘u, ="u, =u, and the

1

m

equilibrium conditions "o, "t+ ‘o, ’t+ "o, "t =0 we get for the nonzero strain component,

caused by compression along i’ axis, the following expressions:

Pyt "Y't
mSC i = (T d3,1,E3, + ?ﬂ,ﬂ (H)
’ Yt Yt , (11)
mSc,?&' = _V( mSc,l' + mSc,z')
= (PY"t+°Y't+"Y"t) . .
where Y = ( ) is the average value of Young’s modulus for the composite,

t

t=("t+°t+"t) isthe total thickness of the composite structure and for PZT d,, =d,, =d,,.
For determination of the strain components caused by bending we use the coordinate system
(X Y, Z) with axis X along the axis of bend (axis /’or axis 2°). The cross section of the sample
to determine the bending deformations is shown in Fig. 10.

For determination of the strain components from bending we use a modified method of

the strength of material [31]. Using the Bernoulli hypothesis for Z- coordinate of neutral line
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we obtain the following expression

1Y +"Y "2 +2"Y 5" = PY P
Zy=—
2 SYSt+"Y "t + PY Pt

; (12)

where?Y, ?t, Y, °t, "t"Y, "t are Young’s modulus and thickness of piezoelectric layer,

substrate and ferrite film, respectively. The strain component along X axis S, is given by the
relation

S =(z-z)/p, (13)
where p is the radius of cylindrical plane. This radius related to the bending moment and
geometrical characteristics of the cross section by expression

1/p=M/D, (14)
where effective bending stiffness D="Y"J +°Y*J, +"Y"J .Here *J , °J , "J = are
the moment of inertia of the cross section respect to neutral line. We assume that the bending
deflection is much less than the thickness of the piezoelectric and the substrate plates. With this
approximation the bending moment, produced by applied electric field, is given by the
following expression:

M =-Y"d, EWt'(z,+t"/2) (15)
where W is a width of the sample. Since the ferrite film is thin, we can neglect the change in
the deformation of the ferrite through the thickness of the film. In this case we can rewrite Eq.
(13) in the form

"S. =Ct+"t-z,)/ p (16)
Using Eq. (14) and Eq. (15) we obtain the following expressions for strain components in NFO

film caused by bending
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PYWt? (2, +17 12)(°t + "t — z,)

D (17)
PYWE? (2, +1" 12)(Ct + "t — 2,)

D

me,l’ = _d31E3

"S,y="8,y =vd, E,

(i) Composites of PZT and NFO film on (110) substrate

For a given sample orientation, the effective bending stiffness D, > D, , as a result,
compression deformations in a piezoelectric material induced by electric field along 3 axis,
causes bending along the /" axis ([001] direction) and compression deformation along the 2’
axis ([1-10] direction). The bending along /" axis leads to tensile strain of the NFO film along
this axis and, due to the Poisson effect, to compression along axis 2’. Thus, for a given sample

orientation, we have

YW (2, 400 /(4 "t mz) Y

'Sy =—dy Ey( ),
D Yt
. 1
m PYWtP (zy +t" 12)(Ct+ "t —z,) "Y"t (%)
Sy =dy Es(v D + 7 t)

For further calculations, it is convenient to write Eq. (18) in the crystallographic coordinate
system (123), as shown in Fig.11 (a), using the relationsx, = B,x., S; = BB S,,, where
/3 is the cosines matrix. Using these relations, we get for the strain components the following
expressions:

1 1
S,=S,, § =5, =§(S2, +S5,), Sq =§(—S2, +S8,), S,=8,=0. (19)
Thus, substituting these expressions into Eq. (9) for H along [001] direction

(o, =a, =0, a; =1 ) for magnetoelectric constant 4, we get

1oy _ _ 3mYd31 /,{1 pYth(ZO +tp/2)(st+mt—zo)+v pY_Pl. ' (20)
. M (1+v) ™™ D Yt
For H along [1,-1, 0] direction we havea, = g 0, = —g; a, =0 . By substituting these
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values into Eq.(9) we obtain

=i ){ﬂm TG 220 4 G (1-9) Ay (+1) pt} e
For the H along [1,-1,1] direction ¢, =?,0{2 = —?, a, = ? Substituting these values into
Eq. (9) we get

=i )pm@v )L EE L2201y Ay (40) p’}

(22)

(ii) Composites of PZT and NFO film on (100) substrate

For the sample with NFO film on (100) substrates the directions [001] and [010] are equivalent,
therefore the bending or compression can be evaluated along one and will be the same along
the other direction. But the magnetic field applied along one axis breaks this symmetry.
Magnetic field applied along the [001] direction (/" axis) leads to compression strain A, (H)
along this axis and tensile strain along 2 axis ([010] direction). This leads to the fact that upon
application of E-field compression strains in piezoelectric results in bending along 2" axis and
compression strain along / " axis. Thus, for the film on (100) plane and H along [001] direction

we have for the nonzero component of the strain the following expressions:

YW (2, 417 (e + "1 =2,) "V

Sy =dy By (v D v t)

. (23)
" PYWtP (z, +t" 12)(‘t+ "t —z Py Pt
Sz’:_d3lE3( (0 D)( 0)+V ?t)

Using the relations ™S, = "5, and for along [001] direction o, =a, =0, o, =1 and we get

for magnetoelectric constant the following expression:

(24)

A0 = 3"Yd,, 1 YW (2, +17 /)it "t —2) | Y
M) D i
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For the angle ¢ =31, using Eq. (9) we obtained

A(IOO) 3”’Yd31
31 M (1

/1100 |:((1+V)COS $-1)) PYWE (z, +t" 1 2)(°t + ml‘—zo) py,,t)}

5 +((1-v)cos’ p+V))

(25)
Next, for comparison with experiment, we estimated the A-values for NFO/MGO/PZT with

the following values for the material parameters [29,32-34]:

P, =12.6x10°N/m*, Pc,=7.95x10"N/m’,
PZT: P¢,=84x10"N/m*, ’c,=11.7x10"N/m*, d, =-175x10"" m/V;

¢, =21.99x10°"N/m*, "c,=10.94x10"N/m?,
NFO: "c,, =8.12x10°N/m?, A, =-15x10°, A, =—40x10" ;

‘¢, =28.6x10"N/m*, ‘c,=8.7x10"N/n?,
Ccy =14.8x10° N/ m’

MGO:

t=05 mm ,’t=02 mm ,"t =600 nm ,

The estimated 4- values for PZT/NFO/(110) MGO are given in Section 4.
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