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Strong magnetoelectric (ME) coupling was demonstrated in Fe;0,/PZN-PT (lead zinc niobate-lead
titanate) multiferroic heterostructures obtained through a sputter deposition process. The
dependence of the magnetic anisotropy on the electric field (E-field) is theoretically predicted and
experimentally observed by ferromagnetic resonance spectroscopy. A large tunable in-plane
magnetic anisotropy of up to 600 Oe, and tunable out-of-plane anisotropy of up to 400 Oe were
observed in the Fe;O,/PZN-PT multiferroic heterostructures, corresponding to a large ME
coefficient of 100 Oe cm/kV in plane and 68 Oe cm/kV out of plane, which match well with
predicted results. In addition, the electric field manipulation of magnetic anisotropy is also
demonstrated by the electric fields dependence of magnetic hysteresis loops, showing a large
squareness ratio change of 44%. These Fe;0,/PZN-PT multiferroic heterostructures exhibiting large
E-field tunable magnetic properties provide great opportunities for novel electrostatically tunable

multiferroic devices. © 2010 American Institute of Physics. [doi:10.1063/1.3354104]

I. INTRODUCTION

Electric field (E-field) tuning of magnetism has become
an exciting new frontier due to its wide range of potential
applications in information storage, sensors, and novel elec-
trostatically tunable microwave magnetic devices such as fil-
ters, resonators, inductors, and phase shifters.'™ Multiferroic
composites consisting of ferro/ferrimagnetic and ferroelectric
phases are widely recognized to be able to realize electric
field control of magnetic order due to its strong strain medi-
ated magnetoelectric (ME) coupling resulting from the in-
versed piezoelectric effect and piezomagnetic effect.'%"
Several multiferroic heterostructures have been known to
show large electrical field manipulation of magnetism, such
as FeGaB/Si/PMN-PT (lead magnesium niobate-lead titan-
ate), yttrium iron garnet (YIG)/PMN-PT and YIG/BSTO
(barium strontium titanate),>'*!"?*! which show great pros-
pects for E-field tunable magnetic devices. However, the tun-
able ranges of most demonstrated microwave multiferroic
devices are still quite limited.”'*

Recently, we reported a giant electric field tuning of
magnetic anisotropy in layered multiferroic heterostructures
derived by a wet chemical spin-spray process at 90 °C,
showing a large electric field tuning of ferromagnetic reso-
nance (FMR) field up to 600 Oe in Fe;O,/PMN-PT at mi-
crowave frequency, corresponding to a ME coefficient of
67 Oe cm/V, and displaying potential applications for mi-
crowave tunable devices.””> In this work, an alternative
growth method of reactive magnetron sputtering was em-
ployed to deposit crystalline magnetite film on (011) cut
single crystal PZN-PT at room temperature. Large tunable
ranges of in-plane FMR field of up to 600 Oe and out-of-
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plane FMR field of up to 400 Oe were observed, correspond-
ing to high ME coupling coefficients of 100 Oe cm/kV and
68 Oe cm/kV, respectively. Compared to spin-spray derived
Fe;0,/PMN-PT, magnetron sputtering could deliver high
quality Fe;O, film with high uniformity, low surface rough-
ness, and high reproducibility.

Il. EXPERIMENTAL

Fe;0, thin films were deposited on amorphous glass
substrates and (011) cut single crystal PZN-PT substrates by
reactive sputtering iron (DC) target in argon and oxygen
mixture atmosphere at room temperature. Glass and PZN-PT
substrates were cleaned by sequentially rinsing in acetone
and ethanol solutions. Before deposition, the chamber was
pumped to below 1 X 10~7 Torr. The deposition process was
performed at room temperature in an Ar+O, mixture gas
environment with a pressure of 3 mTorr at a power density of
5 W/cm?. Crystal structures and composition of Fe;0, films
were characterized by x-ray diffraction (XRD) with a Cu K,
source (A=1.541 A), x-ray photoelectron spectroscopy
(XPS), scanning electron microscope (SEM), and atomic
force microscope (AFM). Magnetic properties of the Fe;O,
film and ME coupling measurement in Fe;0,/PZN-PT were
performed by vibrating sample magnetometer (VSM) and
x-band electron paramagnetic resonance (EPR) system.

lll. RESULTS AND DISCUSSION

Figure 1(a) shows the XRD patterns of the iron-oxide
films on glass and PZN-PT substrates deposited at room
temperature with different oxygen flow rates. A narrow range
of oxygen flow rates between 0.25-0.28 SCCM (SSCM de-
notes standard cubic centimeter per minute at STP) was de-
termined to form pure polycrystalline Fe;O,4 phase at a fixed
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FIG. 1. (Color online) (a) XRD patterns of Fe-O films on glass and
PZN-PT substrates with different oxygen flow rates and (b) XPS spectra of
Fe;0,4/¢glass (top curve) and Fe,04/glass (bottom curve) when oxygen flow
rates were 0.28 and 0.40 SCCM, respectively.

argon flow rate of 20 SCCM. In particular, when oxygen
flow rate reaches 0.28 SCCM, the Fe;0, film exhibits a
highly preferred (111) texture on both glass and PZN-PT
substrates. XPS analyses were carried out to further confirm
the magnetite Fe;O, phase in the films. As shown in Fig.
1(b), core-level XPS spectra confirms that the deposited film
grown with the oxygen flow rate of 0.28 SCCM is Fe;0,,
which has broad Fe 2p peaks. The broad peaks for the
Fe;0, are attributed to the existence of dual iron oxidation
states (Fe?* and Fe?*) that have different, but nonresolvable
binding energies, indicating the pure Fe;O, thin film. In con-
trast, the Fe 2p spectrum for the Fe,O5 phase derived with a
high oxygen flow rate of 0.40 SCCM shows narrow peaks
and a shake-up satellite peak at ~719 eV, which is the char-
acteristic of pure Fe’* in Fe,05. There might be interdiffu-
sion between the film and substrate, however, since Fe;0, is
grown on PZN-PT at room temperature, interdiffusion, if
any, should be minimized. We will carry out cross-section
TEM measurement interface analysis in the future.

The surface and cross-section SEM images for the Fe-O
films obtained at different oxygen flow rates are shown in
Fig. 2. Clearly, typical columnar grains with the diameter of
50-100 nm can be observed for the Fe;0, film with a (111)
texture, which was grown with an oxygen flow rate of 0.28
SCCM. Larger grains are observed at an oxygen flow rate of
0.25 SCCM, which is related to a polycrystalline Fe;O4
phase without obvious texture. The film thickness was deter-
mined to be 800 nm from the cross-section SEM [Fig. 2(c)].
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FIG. 2. (Color online) Top view SEM images of Fe;0,/glass with different
oxygen flow rate of (a) 0.28 SCCM and (b) 0.25 SCCM and (c) cross-
section SEM image of Fe;0,/glass.

In addition, the Fe;O, film displayed a smooth surface with
the roughness of 4 nm determined by AFM.

Magnetic hysteresis loops of the reactive sputtering de-
rived multiferroic composite Fe;0,/PZN-PT were measured
by VSM. Well-defined magnetic hysteresis loops were ob-
served when an external magnetic field was applied parallel
or perpendicular to the film plane, showing an in-plane co-
ercivity of 116 Oe and an out-of-plane coercivity of 85 Oe,
respectively. The saturation magnetization of Fe;O, film was
determined to be 420= 10 emu/cm?.

Imposing an electric field induced a strain on the piezo-
electric phase leads to a stress on the magnetic phase through
ME coupling. In a multiferroic heterostructure shown in Fig.
3(a), an applied electric field in the piezoelectric phase pro-
duces biaxial in-plane stresses in the magnetic phase o, o,
which can be isotropic (o, =0) or anisotropic (o, # ;). The
magnetoelastic energy contribution can be expressed as

3 ‘2 2 3 22 g2
Fope=— E)w'x sin® # cos” ¢ — 5)\0'), sin” 6 sin” ¢,
where 0, ¢ are angles defined as shown in Fig. 3(a) and \ is
the in-plane effective magnetostriction coefficient for the
magnetic phase (i.e., textured polycrystalline Fe;O, magnetic
film in our experiments). The energy surfaces were plotted in
Fig. 3 for several special cases of the stress magnetostriction
products (Ao). To accommodate the electric field induced
biaxial stress in three dimensions, the magnetization seeks
the lowest energy orientation on energy surface. For ex-
ample, when Ao, =\, >0, the lowest magnetoelastic energy
is obtained at z=0 plane, as shown in Fig. 3(b), indicating
that magnetization of the magnetic film tends to stay in the
magnetic film plane; In contrast, when )\Ux=)\a'y<0, an
magnetic easy axis is formed along z direction as shown in
Fig. 3(c). In addition, for anisotropic biaxial stresses (for
example Ao, <0, Ao,,>0 in single crystal PZN-PT), y=0
becomes easy plane as shown in Fig. 3(d).

This electric field induced biaxial stresses not only redis-
tribute the free energy but also produce the effective aniso-
tropy field ﬁeff which is defined as a negative gradient of
magnetoelastic energy on magnetization vector: ﬁeff=
—Vum- Fye- By this definition, the total energy under the ex-
ternal magnetic field H can be expressed as Fioa=Fume
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FIG. 3. (Color online) (a) Schematic of laminate multiferroic Fe;0,/PZN-PT and [(b)—(d)] the electric field induced magnetoelastic energy surface.

—H-M,=—(Hy+H)-M,, in which the contribution of mag-
netoelastic energy is equivalent to applying a effective aniso-
tropy field Ijleff. Given the free energy that incorporates the
Zeeman energy and shape anisotropy, we have

3
Firee = FrME+ Freeman = — E)\O'x sin® 0 cos? 10)

2 \o, sin? 0sin® - i - il
-5 o, sin® @sin® ¢p—H - M,
+27M, cos® 6.

The magnitude of effective anisotropy field ﬁeff can be
determined by

. 1 &F,,

MO0~y o6 0=0y,A0,0=0,
oL PF

eff. 00 — M, J¢* 0=0p, =00, A

, where, 6, ¢, are derived from the first derivative of free
energy equal to zero, and Af,A¢p are angles deviating from
0y, @o- So the in-plane biaxial stresses induced effective an-
isotropy along various axis are as follows:

Hoy = WT-UQ . W#fﬁ
-3N(o,+0,)
Hegp . = ; .

s

In our case, (011) cut single crystal PZN-PT displays large
anisotropic in-plane piezoelectric coefficients of ds; (—3000
pC/N) and d3, (1000 pC/N), which could generate in-plane
compressive stress o, along [100] (d3;) direction and tensile
stress o, along [01 1] (d5,) direction under an electric field E
parallel to [011] (d33) direction. Considering Hooke’s law for
plane stress, these stresses can be described by

(Ux> : (1 v)(d31>
= 2 E
O'y 1-v-\v 1 d32

So, the electric field induced effective magnetic field H g
along different direction and its corresponding ME coupling
coefficient apg=H,/ E can be expressed by
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effx = Ms(l +0) 31 2L, QVEx= Ms(l +0) 31 32
—-3\Y -3\Y
{ Hyeo=—(dsy; —d3»)E; =———(dy—d , 1
eff,y MS(I + v)( 31 32) QME,y Ms(l + v)( 31 32) (1)
H, Y (ds, + ds)E Y (ds, + dap)
= . N + b a = - - +
\ eff,z M(1+0v) 31td3 ME.; M(1+0v) 31tds
I
where, Y is the Young’s Modulus of Fe;0, (2.3 Out-of-plane:  f= Y(H,+ H;+ Hey,—47M),

X 102 dyne/cm?), n is the Poisson’s ratio of 0.26,” and E is
the applied external electrical field. Since the Fe;O, film has
a preferred [111] orientation and shows an isotropic in plane,
the magnetostriction constant N should be the in-plane inte-
gration, which is estimated to be ~20 X 107°. Considering an
electric field of 6 kV/cm is applied, the calculated effective
magnetic fields are

He,=—640 Oe;  Hpy, =640 Oe;  Heg =320 Oe.

)

The electric field induced effective magnetic field can be
quantitatively determined by measuring in-plane and out-of-
plane FMR field, which can be expressed by Kittel equations
for both in-plane and out-of-plane cases

In-plane: f= 'yv/(H, + He)(H,+ Hy+ Hoe + 47M ),

VN(H, + Hy+ Ho)(H, + Hy + Hoyp + 4wM )A7M

where f is frequency in megahertz, vy is the gyromagnetic
ratio of 2.8 MHz/Oe, H, is the resonance field supplied by an
external electromagnet, H, is the in-plane magnetic aniso-
tropy, and H is the in-plane effective magnetic anisotropy
which would be H,g, or Heg, depending upon the external
magnetic field direction. By observing the change in reso-
nance field H, at different electrical fields, the electric field
induced effective magnetic field H.s and their ME coupling
coefficients can be quantitatively determined.

In our experiments, an x-band (9.3 GHz) EPR system
was used for FMR measurements. The sample was placed in
a rectangular cavity working at TE,;, mode. External mag-

netic fields were sequentially applied along the [100], [011],
and [011] direction of the (011) cut PZN-PT substrate while
an external electric fields was applied across the thickness
direction varying from 0 to 6 kV/cm. As the external mag-
netic field is varied through resonance field, the absorbed
microwave energy in cavity is proportional to the image part
of magnetic susceptibility, which was ideally expressed by

P x

i )
[W(H, + H+ He)(H, + Hy + Hyp+ 47M) — fo]? + (fo)*

where f;, is working frequency of 9.3 GHz and « is Gilbert
damping constant.

As shown in Fig. 4(a), a large electric-field induced
FMR field upward shift of 600 Oe was observed when mag-
netic fields were applied along [100] (ds;) direction, corre-
sponding to an average magnetoelectric coupling coefficient
of 100 Oe cm/kV. This FMR field upward shift may be as a
result of a negative H, in Eq. (1) which leads to increased
H, in Eq. (2). It is notable that the measured value of Hg
=-600 Oe is very close to the predicted result of —640 Oe
as shown in Eq. (2). When the magnetic field was applied

along the [011] (ds,) direction, a downward shift in the FMR
field (He,) of up to 600 Oe was achieved, which was also
close to the calculated value of 640 Oe, as shown in Fig.
4(b). In addition, a large out-of-plane FMR field downward
shift of 400 Oe was also observed, leading to a positive
H.g,. Considering the upward and downward shifts of in-

3)

plane FMR fields due to anisotropic in-plane piezoelectric
coefficients of PZN—PT, the electric field induced FMR tun-
able range can be significantly enhanced to 970 Oe by
switching the external magnetic field direction with respect
to the crystallographic orientation of the (011) cut PZN-PT,
as shown in Fig. 4(d).

Combining Egs. (1)—(3), the FMR spectra at different
electric fields can be theoretically derived and compared
with normalized experimental results as shown in Fig. 5 for
the case when the external magnetic field is applied along
[100] direction. Well-fitted FMR spectrum (dashed line) was
obtained at external electric field of 0 kV/cm with damping
constant of 0.165. Increasing the applied electric field to 6
kV/cm, the fitted FMR spectrum is shifted up by 640 Oe,
which is consistent with the experimental result (solid line)
and close to the tunable FMR range of 600 Oe.

The hysteresis loops of the Fe;O,/PZN-PT heterostruc-
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FIG. 4. (Color online) FMR absorption spectra at different electric fields

while the external magnetic fields was applied along (a) [100], (b) [011],
and (c) [011] directions of PZN-PT.

ture were also measured at different electric fields. As shown
in Fig. 6(a), when an external magnetic field was applied
along [100] direction, the magnetization process of the
Fe;0,/PZN-PT became harder and displayed a reduction in
squareness ratio with 44% as increasing electric fields. This
is because of a negative magnetic anisotropy which is pro-
duced by the combination of an electric field induced com-
pressive stress and a positive magnetostriction constant of
Fe;0,. In contrast, an opposite trend of hysteresis loop de-
pendence of electric field was observed when external mag-
netic field was along [011] direction due to the electric field
induced tensile stress as shown in Fig. 6(b).

IV. SUMMARY

In summary, strong electric field tuning of magnetism in
magnetron sputtering derived Fe;0,/PZN-PT has been theo-
retically investigated and experimentally demonstrated. The
experimental results showed a giant tunable magnetic aniso-
tropy range of 600 Oe for in plane and 400 Oe for out-of-
plane, corresponding to large ME coefficients of 100 and 68
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FIG. 5. (Color online) Simulated FMR spectra (dashed line) dependence of
electric fields compared with experimental results (solid line).
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FIG. 6. (Color online) Magnetic hysteresis loop changes while external
magnetic fields are along [100] and [011] direction of Fe304/PZN—PT.

Oe cm/kV, respectively. In addition, a high electric field tun-
able field of 960 Oe was obtained when the external mag-
netic field was switched 90°. The Fe;O,/PMN-PT multifer-
roic heterostructures with strong ME coupling at microwave
frequencies provide great potentials for electrostatically tun-
able multifunctional multiferroic device applications.
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