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Electric field (E-field) tunable multiferroic devices such as tunable RF devices and memory storage
mediums require strong magnetoelectric interactions. In this paper, we demonstrated a Terfenol-D/
lead zinc niobate-lead titanate composite bilayer structure with an E-field-induced magnetic
anisotropy field of 3500 Oe and a magnetoelectric coefficient of 580 Oe cm/kV. This is the largest
E-field induced anisotropy reported to date, resulting in a strong dependence of magnetization
process and tunable ferromagnetic resonance in both amorphous and crystalline Terfenol-D films.
In addition, the magnetostriction constants of crystalline and amorphous Terfenol-D were
estimated to be 420 ppm and 320 ppm, respectively, which are close to report values. Electrically
manipulating magnetic performance holds great potential for future ultra-low power, lightweight,
tunable magnetic devices, and memory storage. © 2012 American Institute of Physics. [http://

dx.doi.org/10.1063/1.4754424]

. INTRODUCTION

Control of magnetic film properties by E-field is of funda-
mental and technological importance for realizing faster,
smaller, and ultra-low power electronics.'”> Multiferrroic
materials that simultaneously exhibit ferroelectric, (anti)ferro-
magnetic, and ferroelastic ordering have attracted widespread
interest over the past years.” In particular, multiferroic com-
posites possessing magnetostrictive and piezoelectric phases
lead to a strain-mediated magnetoelectric (ME) interaction
that allows E-field control of magnetism. Strong ME coupling
was recently demonstrated in layered composites of ferrite
and ferromagnetic metals in combination with ferroelectric
relaxors of PZN-PT (lead zinc niobate-lead titanate) and
PMN-PT (lead magnesium niobate-lead titanate).'™'" Apply-
ing an E-field on Fe;0,/PZN-PT, a magnetic anisotropy of
8600e was produced, resulting in a ME coefficient of
«=dH/dE = 108 Oe-cm/kV."" This ME coupling strength,
however, is considerably lower than theoretical prediction.'?
Strong ME coupling, large magnetostriction and high piezo-
electric coefficients are critical for enhanced performance of
these materials, and more efforts are needed to develop new
types of ultralow power spintronics, memory devices and tun-
able microwave devices.>'>* In this study, we report a sig-
nificant E-field-induced effective magnetic anisotropy up to
3500 Oe in Terfenol-D/PZN-PT which is four times more than
that we demonstrated in Fe;O,/PMN-PT heterostructures.
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This giant ME coupling is comparable with the recent report
where a latent magnetic anisotropy was produced with apply-
ing a large electric field in BiFeOj; crystal and enabled a sig-
nificant manipulation of spin wave.**

Terfenol-D (Tbg Dy 3Fe,) exhibits the highest room-
temperature magnetostriction value and has been widely
used as actuator and sensor in either bulk or thin film
forms.?>*® Based on our previous model,'! the ME coeffi-
cient is proportional to the product of magnetostriction coef-
ficient (A1) and piezoelectric coefficient (d), which would
enable a giant E-field induced magnetic anisotropy once
incorporating with ferroelectric materials,. In this work,
amorphous and crystalline Terfenol-D films were grown on
single crystal (011) cut PZN-PT substrates that possess giant
in-plane piezoelectric coefficients (d3; = —3000 pC/N [100];
d3;=1100 pC/N [011]). A substantial effective magnetic
field of 3500 Oe was produced by applying an E-field of
6kV/m on polycrystalline Terfenol-D/PZN-PT, correspond-
ing to a ME coefficient of 580 0e cm/kV. This strong E-
field-induced magnetic anisotropy has many applications
with tunable magnetic devices by applying electric fields
rather than magnetic fields generated by electromagnets,
which are bulky, noisy, slow, and energy consuming. Such
ME devices could also be miniaturized and integrated with
semiconductor processing technology.

Il. EXPERIMENT

Amorphous and crystalline Terfenol-D films were
deposited on Pt coated Si substrates and PZN-PT slabs,
respectively, (10mm (L) x 5mm (W) x 0.5mm (T)) by

© 2012 American Institute of Physics
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FIG. 1. XRD profiles of Terfenol-D prepared on Pt/Si substrate at 500K and
750K.

magnetron sputtering under a variety of temperatures. The
base pressure of chamber was 1 x 10~® Torr while the depo-
sition pressure was set at 3 mTorr. Accounting for the rela-
tive sputtering yields of two independent targets Tbg 3Dy 7
and Fe, we prepared Terfenol-D films by co-sputtering with
an estimated composition of Tbg 3Dy, 7Fe, and thickness of
approximately 100nm. The microstructure of the film was
investigated by using x-ray diffraction (XRD) measurements.
Room-temperature magnetization characterization was
measured by a vibrating sample magnetometer (VSM).
E-field dependence of microwave performance was quantita-
tively measured by a ferromagnetic resonance test system
with the working frequency of 9.3 GHz.*

lll. RESULTS AND DISCUSSION

Figure 1 presents x-ray diffraction profiles of Terfenol-
D films grown on Pt/Si substrates under temperature of
500K and 750 K. Amorphous phase of Terfenol-D prepared
at 500K was identified without the presence of any diffrac-

J. Appl. Phys. 112, 063917 (2012)

tion peaks except from the substrates and Pt. The crystal
structure of Terfernol-D grown at 750K was confirmed by
the existence of several broad polycrystalline diffraction
peaks, indicating the right composition of Terfenol-D. No
evidence of any secondary phase was found from x-ray
measurements.

Figure 2 shows the growth temperature dependence of
magnetic hysteresis loops for Terfenol-D films prepared on
Pt/Si substrates. The film prepared at 500K (Fig. 2(a)), char-
acterized as amorphous phase, exhibits a well-defined mag-
netic easy axis perpendicular to the film, which has been
reported in many studies and could attribute from the growth
condition induced magnetic anisotropy.”> As the substrate
temperature increased to 600K (Fig. 2(b)), the magnetic
property still shows amorphous behavior with the coercive
field less than 50 Oe, however, the magnetization process
now exhibits an easy in-plane and an out-of-plane hard axis
implying a tensile stress was produced as the deposition tem-
perature increase, with the magnetic anisotropy compressed
from out-of-plane to in-plane. For crystalline Terfenol-D
film grown at 750K (Fig. 2(c)), an open magnetic hysteresis
loop is observed with the coercive field above 2000 Oe. In-
plane ferromagnetic resonance (FMR) was measured by our
FMR test system, showing a large FMR linewidth of
1200 Oe. The growth temperature dependence of magnetic
properties in Terfernol-D film suggests that the magnetostric-
tion in amorphous or crystalline phases of Terfenol-D is
considerably large, indicating stress-induced magnetic ani-
sotropy is extremely sensitive to the growth conditions. This
provides more opportunities to prepare Terfenol-D films
with tailored magnetic properties for specific applications by
adjusting the growth conditions.

Strain-engineered E-field tuning of magnetic properties
of the Terfenol-D/PZN-PT film-substrate system was exam-
ined by E-field-induced changes in magnetization process as
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FIG. 2. (a,b,c) Magnetic Hysteresis loops
of Terfenol-D/Pt/Si deposited at T = 500K
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shown in Figure 3. For both amorphous (Fig. 3(a)) and crys-
talline (Fig. 3(c)) or intermediate (Fig. 3(b)) Terfenol-D
films, applying an E-field through the thickness direction of
PZN-PT, in-plane magnetization process along [100] direc-
tion becomes increasingly more difficult, indicating a mag-
netic anisotropy was produced perpendicular to in-plane
[100] orientation. This phenomenon can be interpreted as
strong magnetoelastic and piezoelectric effects. A dc field
applied across the PZN-PT substrate results in a compressive
stress along the in-plane [100] direction caused by the
inverse piezoelectric effect. Once this mechanical strain
coherently transfers to the Terfenol-D film, the magnetic
moment undergoes a rotation away from the [100] direction
due to the magnetoelastic effect. Given the complicated na-
ture of the magnetization process involving domain wall
motion, domain rotation, and nonlinear behaviors, E-field-
induced magnetic hysteresis loop change is not sufficient to
quantitatively determine this magnetic anisotropy which is
essential for fundamental and technologic study. In the pres-
ent study, a field-swept ferromagnetic resonance measure-
ment was performed to quantitatively determine the
magnetic anisotropy produced by an E-field.”® For magnetic
thin films, the in-plane resonance frequency as a function of
resonance field can be expressed as

f =7\ (Hy + Hi + Hog) (Hy + Hy + Hyg + 4M,), (1)

where 7 is the gyromagnetic ratio ~2.8 MHz/Oe, H; is the
FMR field, Hy is the anisotropic field in plane, and 4nM; is
the magnetization of Terfenol-D film. H, is the E-field-
induced effective magnetic anisotropy. Through observing
E-field-induced resonance field change, the effective mag-
netic anisotropy can be quantitatively confirmed by H.,zs
= AH,. According to the E-field dependence of FMR spec-

Magnetic Field (kOe)

trum plotted in Fig. 3(d) for crystalline Terfenol-D/PZN-PT,
the resonance field H, is shifted upward by 3500 Oe as apply-
ing an electric field of 6kV/m, indicating a record-high
E-field-induced magnetic anisotropy of 3500 Oe is achieved,
corresponding to a magnetoelectric coefficient of 580 Oe cm/
kV. Such E-field-induced FMR shift is consistent with
E-field-induced hard magnetization process previously
observed. Figure 4 shows E-field dependence of ferromag-
netic resonance field for both amorphous and polycrystalline
Terfenol-D/PZN-PT composites. As increasing electric fields,
the resonance fields or effective magnetic fields were dra-
matically increased up to 3500 Oe and 2700 Oe for polycrys-
talline and amorphous Terfenol-D/PZN-PT, respectively. By
taking account of the mode in Ref. 22, the magnetostriction
constants of Terfonel-D crystalline and amorphous films are
estimated to be 420 ppm and 320 ppm, respectively, which is

—l Terfenol-D/PZNPT
—o— Tg=750 K
g0l T Te=550 K
=
=3
= 5000
K
[ .
3
S 4000
S
%
= 3000
2000 | 1 1 | L 1 L 1 ! 1
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FIG. 4. E-field dependence of resonance field for polycrystalline (red) and
amorphous (blue) Terfenol-D/PZN-PT.
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close to other reports.?® In addition, the negligible change in
FMR linewidth implies a homogeneous displacement in
magnetic films caused by electric fields.

IV. CONCLUSION

An energy-efficiency technique of E-field tuning of mag-
netic properties has been demonstrated in amorphous and
crystalline Terfenol-D/PZN-PT multiferroic heterostructure. A
record-high E-field-induced magnetic anisotropy of 3500 Oe,
corresponding to a magnetoelectric coefficient of 580 Oe cm/
kV, was quantitatively determined through the shift of FMR
profiles under various electric fields. The magnetostriction
constants of polycrystalline and amorphous Terfenol-D films
are estimated to be 420 ppm and 320 ppm, respectively, which
are much less than those observed in bulk but close to those
reported for thin films. Efforts are underway to design and fab-
ricate a tunable dual-channel transducer device.
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