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ABSTRACT: Heteroepitaxial magnetoelectric (ME) compo-
sites are promising for the development of a new generation of
multifunctional devices, such as sensors, tunable electronics,
and energy harvesters. However, challenge remains in realizing
practical epitaxial composite materials, mainly due to the
interfacial lattice misfit strain between magnetostrictive and
piezoelectric phases and strong substrate clamping that
reduces the strain-mediated ME coupling. Here, we demon-
strate a nonstrain-mediated ME coupling in PbZr5,Ti 4305
(PZT)/Lay¢,Sro33MnO; (LSMO) heteroepitaxial composites
that resolves these challenges, thereby, providing a giant
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magnetodielectric (MD) response of ~27% at 310 K. The factors driving the magnitude of the MD response were found to be
the magnetoresistance-coupled dielectric dispersion and piezoelectric strain-mediated modulation of magnetic moment. Building
upon this giant MD response, we demonstrate a magnetic field sensor architecture exhibiting a high sensitivity of 54.7 pF/T and
desirable linearity with respect to the applied external magnetic field. The demonstrated technique provides a new mechanism for

detecting magnetic fields based upon the MD effect.
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he magnetoelectric (ME) effect implies coupling between

electric polarization and magnetic field (direct effect) or
magnetization and electric field (converse effect). This
phenomena has attracted significant attention due to its
potential applications in tunable devices,' > energy harvest-
ing,4_11 sensors,lz’13 1415 and memory.m_18
However, none of the currently known single-phase materials
have a high enough ME coupling at room temperature (RT) to
meet the practical requirements for these applications.'”™!
Composites based on product properties have been shown to
overcome the limitations of single-phase materials. ME
composites composed of (anti)ferromagnetic and ferroelectric
materials, coupled through heterointerfaces, have been found to
exhibit strong ME coupling via strain-mediated coupling
between the magnetostrictive effect of ferromagnetic materials
and the piezoelectric effect of ferroelectric materials.”” The
variation in the direct ME coupling coefficient of composites
has been shown to follow the trend in the piezomagnetic
coeficient of the ferromagnetic layer.

Recently, 2—2-type heteroepitaxial ME composite thin films
have been extensively investigated due to their high ferro-
electric and ferromagnetic properties, low leakage current, high
quality interface between the ferroic phases, and control of the

microwave devices,
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crystallographic orientation of each layer.”>™>’ The strain-
mediated direct ME coupling, implying magnetic field-induced
piezoelectric potential, has been observed in various hetero-
epitaxial composites, including ferromagnetic La; ,Sr,MnO;
and ferroelectric oxides.”>*®*’ However, the lattice misfit strain
along with the strong clamping effect from the substrate
degrades both piezomagnetic and piezoelectric coefficients
resulting in reduced strain-mediated ME coupling. Similarly, the
strain-mediated converse ME effect, electric field-induced
magnetic moment change, has been negligible in thin epitaxial
ME composites, and interface charge-mediated ME coupling
has mainly contributed toward modulating the magnetic
moment of the ferromagnetic layer.”">” On the other hand,
avoiding the substrate clamping effect between ferroic phases
significantly enhanced the strain-mediated converse ME
coupling in epitaxial ferromagnetic films grown on ferroelectric
single-crystalline substrates.’®~* Therefore, relaxation of the
substrate clamping effect or development of nonstrain-
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Figure 1. PZT/LSMO heteroepitaxial ME composite. Schematic illustration of (a) PZT/LSMO epitaxial composite film. (b) Giant nonstrain-

mediated ME coupling in epitaxial ME composite.
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Figure 2. Structural and multiferroic characteristics of the PZT/LSMO heteroepitaxial ME composites. (a) RSM of PZT/LSMO 100 nm (PL1). (b)
RSM of PZT/LSMO 300 nm (PL3). (c) RSM of PZT/LSMO 500 nm (PLS5). (d) P-E curves of PZT/LSMO films with different LSMO thicknesses.
(e) Temperature dependence of the magnetization of PZT/LSMO epitaxial films with different LSMO thicknesses. The magnetization values were
obtained under an external DC magnetic field of 0.5 T. (f) Room temperature M-H curves of PZT/LSMO epitaxial films with different LSMO

thicknesses.

mediated coupling dynamics are required for further improve-
ment of the ME response of heteroepitaxial composites.
Magnetodielectric (MD) response is a category of ME
coupling effect, which occurs through modulation of the
capacitance by external magnetic field. However, expectedly,
the magnitude of strain-mediated MD response in multilayer
thin film ME systems has been very small, due to the low
magnetostriction in thin films as a result of the clamping
effect.”® In this study, we demonstrate a giant MD response in
heteroepitaxial ME composites, consisting of ferromagnetic
La,St933MnO; (LSMO) and ferroelectric PbZrg s, Tig450;
(PZT) layers. The giant MD response is attributed to
magnetoresistive tuning of domain mobility in PZT that
further influences the dielectric dispersion behavior (direct ME
effect) and enhanced ferromagnetic properties of the LSMO
layer through strain-mediated converse ME effect. The
presence of both of these effects simultaneously in the same
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film allowed the emergence of a giant MD response. Building
upon this finding, a magnetic field sensor was realized that
exploits the linear change in capacitance with the external
magnetic field. The sensor was found to exhibit a high
sensitivity, linearity, and stability over a wide range of magnetic
field. These results provide a new direction toward advancing
ME composites into sensing applications.

Engineering of the lattice strain in c-axis oriented epitaxial
LSMO and PZT thin films was accomplished by controlling the
lattice misfit between the LSMO and PZT layers, as illustrated
in Figure la. The pseudocubic LSMO exhibits a smaller a-axis
spacing (3.876 A)* compared to the STO (3.905 A)*
substrate, whereas tetragonal PZT (4.044 A)* has a
significantly larger lattice parameter, giving rise to the tensile
and compressive strains in the LSMO and PZT layers,
respectively. The tensile-strained LSMO layer is relaxed with
an increasing film thickness, resulting in a large compressive
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Figure 3. Magnetodielectric characteristics of the PZT/LSMO epitaxial composites. (a) Temperature-dependent MD responses at 1.78, 4.13, and
7.31 MHz for PL1, PL3, and PLS, respectively. Each ME composite exhibited a maximum MD response at these frequencies. (b) Frequency-
dependent capacitance spectra of the ME composites (bold lines) and corresponding k constant. The dielectric dispersion behaviors were changed
under a 0.6 T magnetic field (dotted lines). (c) Complex dielectric constant spectra and equivalent circuits of the ME composites. (d)
Magnetoresistance (MR) response of the ME composites with different measurement temperatures.

strain in the PZT layer that consequently enhances the
ferroelectric domain mobility.47 Furthermore, the relaxed
tensile strain in the LSMO shifts the T of ferromagnetic
phase toward RT. Utilizing this layered architecture, we
demonstrate a giant nonstrain-mediated MD response in
epitaxial PZT/LSMO composites (Figure 1b).

Different LSMO thickness (100, 300, and S00 nm) p-type
conductive ferromagnetic thin films were deposited on Ti-
terminated (100) STO substrates, followed by deposition of a
300 nm thick ferroelectric PZT film. These samples will hence
be referred to as PL1, PL3, and PLS, respectively. Figure Slab
show the surface morphology of a Ti-terminated (100)STO
substrate and heteroepitaxial PZT/LSMO (500 nm) thin film
composite, respectively. The surface morphology of the STO
substrate was found to have a terraced structure with one unit-
cell-height steps, which assisted in the synthesis of high quality
epitaxial thin films. The heteroepitaxial PZT/LSMO thin films
also showed step-like structures, indicating that the films were
grown through a layer-by-layer epitaxial growth mechanism.
Figure S2 shows the X-ray rocking curves for the epitaxial PZT/
LSMO thin film composites. The presence of (001) diffraction
peaks indicates the c-axis orientation in the epitaxial growth
(Figure S2a,ce). In order to confirm the strain and lattice
relaxation in PZT and LSMO films, an asymmetric reciprocal
space map (RSM) analysis was performed around the (103)
reflection (Figure 2a—c). The LSMO layers were found to be
tensile-strained with respect to STO, whereas the PZT layers
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were found to be under compressive strain. The c-axis lattice
parameter of the LSMO layer is decreased with an increasing
thickness of the film (¢ gyopr1 = 3.-8703 A > ¢ gpopr3 = 3.8698
A > ¢ gpompLs = 3.8666 A), indicating an increased degree of the
tensile strain in the thick LSMO layer. However, the large
portion of the thick LSMO films (PL3 and PLS) is relaxed as
shown in Figure 2a—c. The satellite centroid in the RSM of the
PLS implies a large lattice relaxation through the LSMO films.
Because of the large lattice relaxation in the LSMO layer, the
reciprocal lattice point (RLP) of the PZT layer shifted toward
lower Q, values with increasing LSMO layer thickness. This
indicates a decrease of in-plane lattice parameter in the LSMO,
leading to an increase of the residual compressive strain in the
PZT layer. Because of the significant residual strain with respect
to the LSMO layer, the PZT layers exhibited partially relaxed
RLP positions. These relations were confirmed with a high
resolution rocking curve analysis, as shown in Figure S2b,df.
The PLS sample was found to have the highest compressive
strain (Awpy: 0.3226° < Awpp;: 0.3473° < Awppg: 0.4113°)
and the largest lattice relaxation (fwhmp, 223" < fwhmyp 5 283"
< fwhmp; s 688”) due to the significant level of compressive
strain present within the film.

The ferroelectric behavior of the composites was found to
exhibit typical square-shaped hysteresis loops with small leakage
currents (Figure 2d). The remnant polarization (P,) of the films
was found to be ~60 uC/ cm?, which is higher than the
expected ~50 yC/cm>*® The value of P, was found to increase
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slightly with an increasing LSMO layer thickness. The
enhanced spontaneous polarization can be attributed to the
enhanced tetragonality of the PZT,* which is in line with our
structural analysis. The P-E loops exhibited an asymmetric
coercive field (E.) value due to the imprint effect. (Please see
the Supporting Information.) Moreover, the composites were
found to have a similar piezoelectric response due to the
clamping effect induced by the substrate (Figure S3).

In order to evaluate the ferromagnetic characteristics of the
LSMO layers, magnetization measurements were performed as
a function of temperature and DC magnetic field (Figure 2e,f).
The Curie temperature (T.) was shifted toward lower
temperatures in the 100 nm thick LSMO film (~298 K),
which corresponds to the case of the highest tensile strain with
respect to the STO substrate. Conversely, the 500 nm thick
LSMO film exhibited a higher T. (~323 K) resulting from
relaxed tensile strain, which is in agreement with prior
reports.”” The LSMO films were found to exhibit soft
ferromagnetic behavior with low coercive fields (H. ~ 0.34
uT). The 100 nm thick LSMO film had a T, near RT and small
magnetization (~25 emu/cm® under 0.5 T). However, the 500
nm thick LSMO film exhibited substantial magnetization (~54
emu/cm® under 0.5 T) as shown in Figure 2f. This is expected
as the volumetric density of magnetic domains increases and
substrate clamping decreases with the increasing thickness.

The MD response, magnetic field-induced dielectric
tunability, in the epitaxial PZT layers was evaluated as a
function of frequency (10 kHz-30 MHz) at various temper-
atures from 260 to 350 K (Figure 3). The variation of
capacitance (MD coefficient) can be expressed as

A
MD (%) = 2€ x 100
C, (1)

where AC and C, are the capacitance change and the
capacitance at zero magnetic field, respectively. The MD
response of the PZT/LSMO composites were found to vary
with temperature and frequency as shown in Figure 3a. The
MD response maximized at a certain frequency in the dielectric
relaxation region (Figures S4—S7), and the frequency
presenting the maximum MD response increased with an
increasing thickness of the LSMO layer (Figure S4). The
highest MD response was observed near T, of the LSMO layer,
and the MD coefficient of the PZT/LSMO composites was
found to increase with an increasing LSMO layer thickness. In
particular, PLS exhibited a capacitance change with a 24% MD
coefficient under a 0.6 T DC magnetic field near RT.

Since the strain-mediated MD response in thin film ME
composites is weak due to substrate clamping, a major
contributing factor for a large MD effect is considered to be
the coupling of magnetoresistance (MR) and the Maxwell—
Wagner (MW) effect, which shifts the dielectric relaxation
frequency of the multiferroic capacitor.”*>"*> The MW effect in
the case of the magnetoresistive materials can be approximated
by considering leaky dielectric layers in series. To reveal the
origin of the MD behavior in epitaxial ME composites and its
temperature and frequency dependence, the dielectric dis-
persion of the PZT/LSMO composites was investigated using a
damped harmonic oscillator model. The frequency dependence
of the complex dielectric constant and its relaxation and
absorption behavior can be expressed as*>~>°
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a)rz(gs - 800)
(o) = e, + —

,

= o* + 2jaw

)
where, €, €., @, and @, are the static dielectric constant, high
frequency limit of the dielectric constant, angular frequency,
and resonance frequency, respectively, and « is the damping
coefficient of the dielectric response, which is responsible for
the damping of the dipole motion. Using @, the parameter k,
which is a factor for identifying the dielectric dispersion
mechanism, can be calculated through the relationship k = 2a/
®,. When k is smaller than 1 (k < 1), resonance-type dielectric
dispersion dominates the dielectric behavior. The behavior
gradually changes to relaxation-type dielectric dispersion with
an increasing k value. From eq 2, the real and imaginary parts of
the complex dielectric constant can be derived as

corz(eS - 800)(a)r2 - )

g'(w) =¢, +
® (0} — 0*) + 42’0 (3)
2(e. — £ aw’w
e'(w) = 2( - 2 D20) - 2 2
(0 — ®°)" + 40" (4)

Using eq 3, the dielectric dispersion behavior and
corresponding k value were calculated for each PZT/LSMO
composite (Figure S8). Figure 3b shows the variation in the
frequency-dependent capacitance spectra under a DC magnetic
field. The dielectric dispersion behavior was found to
significantly change from relaxation-type (PL1 and PL3) to
resonance dominated relaxation (PLS) depending upon the
LSMO thickness. The calculated k values were 9.3, 3.3, and
0.85 for PL1, PL3, and PLS, respectively. This indicates that the
damping coefficient of the PZT layer is significantly influenced
by the thickness of the LSMO layer.

The origin of the dielectric dispersion behavior in ferro-
electric materials has been attributed to domain wall motion
because the main contribution to the dielectric response is
directly associated with the ferroelastic and/or ferroelectric
polarization.”™* In ferroelectric materials, residual strain is
one of the factors affecting the domain wall motion. Prior
research has shown that the domain wall velocity of (001)
oriented epitaxial PZT films tends to increase in proportion to
an in-plane biaxial strain.*” Mechanical strain has been found to
reduce the damping coefficient and change the dielectric
dispersion behavior from relaxation-type to resonance-type in
the bulk ferroelectric ceramic.’® In addition to strain, the
domain wall motion can also be modulated through the
resistance (or resistivity) of the electrodes because the domain
wall velocity is dependent on the electric current that flows to
the domain wall in order to compensate the in-bound
polarization charge.’”® Figure 3c shows a complex dielectric
spectra and the equivalent circuits for the composites. PLS was
found to exhibit a clear resonance oscillation circle, which is
attributed to series-connected L.—R.,—C., elements in
equivalent circuit, where L., R,, and C, are inductance,
resistance, and capacitance in an equivalent circuit, respec-
tively.” Because the L., element is determined by the
conductivity of the LSMO and PZT, a low resistance of the
thicker LSMO layer in PLS increases L., leading to resonance.
In contrast, PL1 exhibited a leaky capacitor-like behavior in the
low frequency region, and the PL3 semicircle spectra indicate a
fully damped Debye relaxation behavior. Hence, we conclude
that the high degree of in-plane strain induced in the PZT layer
and relatively low resistance of the thicker LSMO in PLS could
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Figure 4. Interface charge modulation for enhancing the MD response (a) Temperature dependence of the magnetization of PLS and pristine 500
nm thick epitaxial LSMO. (b) Room temperature M-H curves of PLS and pristine S00 nm thick epitaxial LSMO. (c) Surface AFM image of PLS with
a marked polarization switching voltage condition; DC biases of 12 V and —12 V were applied on a 3 X 3 ym?® area and 1 X 1 pum? area. (d)
Piezoelectric response phase image. Arrows indicate polarization direction. (e) XRD patterns of pristine LSMO and PLS depending on poling
direction. (f) Temperature dependence of magnetization with a different polarization direction of the PZT layer. (g) Temperature-dependent MD
response of PLS film with a different polarization direction of the PZT layer.

be contributing factors toward reduction of the damping
coeflicient, which in turn changes the dielectric dispersion
behavior to resonance type. This phenomena is more obvious
in the temperature-dependent resistance variation of the LSMO
layer, which was found to peak at T, (Figure S9). The LSMO
exhibited a metallic behavior below T and a semiconductor-like
transport behavior above T_. The temperature-dependent
capacitance of the PZT layer at the frequency exhibiting a
maximum MD was found to show a similar trend as the
resistance change of the LSMO layer, and the dielectric
dispersion behavior trended with the resistance variation
(Figure S10). This demonstrates that the resistance of the

2839

LSMO layer affects the dielectric dispersion behavior of the
PZT layer.

Under a 0.6 T DC magnetic field, the dielectric dispersion
behavior of the PZT/LSMO composite was transformed
toward a resonance dominated-type response having a low
damping coefficient (dashed line in Figure 3b). It is known that
LSMO has a large MR effect near T..°' Based upon the prior
studies describing the relationship between the resistance
change of the LSMO layer and the dielectric dispersion
behavior of the PZT, we expect that the large MD effect near T,
stems from a large MR effect. To clarify this result, we have
measured the DC magnetic field-induced resistance change of

DOI: 10.1021/acs.nanolett.7b05248
Nano Lett. 2018, 18, 2835—-2843


http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.7b05248/suppl_file/nl7b05248_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.7b05248/suppl_file/nl7b05248_si_001.pdf
http://dx.doi.org/10.1021/acs.nanolett.7b05248

Nano Letters

a
—0-0.2T
—O—0.4T
——06T
Sensor
6 / d <0 Magnetic Field Sensor (PZT/LSMO/STO)
roun 410K 100K ™ 10M
—0-02T
—0—-04T
- 20
. ™ 06T
. . e,
. . (8
< 20
Temperaturé Controller Reference (PZT/STO:Nb)
(Thermoelectric Device) Reference 0k 100K M om
C d Frequency (Hz)
5 3
4| Unit: mT Magnetic Field Sensor (PZT/LSMO/STO)
! 5 50
3+ 35 40
30
2+ 25
20
15 2t
—~ 1L 0 7
gt s A AUU Mﬂﬂ T
& 0 - T T T T & 6\(
5 : 54.7 pF/
% Unit: mT Reference (PZT/STO:Nb) ®) N Q? Sensitivity: 54.7 pF/T
41 < 4l &
3 V
R \o(\
2+ \0&
00
1 5 10 15 20 25 30 35 40 45 50 0
0 : : 1 [ : . : . :
0 20 40 60 80 0 10 20 . 30- 40 50
e Time (s) f DC Magnetic Field (mT)
14
121 . Magnet
10 +
™y ™y 8+ Sensor
o o
— — 6+
O Q
< < 4l
20
2 0
0 10 20 30 40 50 60 70 0 10 20 30
Time (s) Time (s)

Figure S. Magnetic field sensor based on MD effect. (a) Schematic illustration of the magnetic field sensor. (b) Frequency-dependent MD response
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the sensor response signal. (e) DC magnetic field response from sensing and reference elements under a strong field strength. (f) Magnetic field

response of the sensor under the dynamic magnetic field change.

the LSMO layer as a function of temperature (Figure 3d). The
MR coeflicient of LSMO was calculated using the expression

AR
MR (%) = = X 100
RO

©)

where AR and R, are the resistance change under the magnetic
field and the resistance at zero magnetic field, respectively. The
MR effect was maximized near T, of the LSMO layer, exhibiting
a similar trend to that of the MD behavior shown in Figure 3a.
However, the magnitude of the responses in MR is similar
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across all samples, while PLS exhibited a significant MD
response compared to other composites in the resonance
region. In a prior study, temperature-dependent resistance
change in the LSMO layer has been shown to result in a large
capacitance tunability in the resonance region (Figures S9 and
S10). Therefore, we conclude that the large MD effect in PLS is
attributed to the coupling between the large MR effect in the
LSMO and resonance driven dielectric dispersion behavior.
This phenomena results from the low dielectric damping
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coeflicient achieved through the large lattice strain in the PZT
layer as well as the low resistance of the LSMO electrode.

The magnetic moment of the ferromagnetic layer in the ME
composite is a crucial factor for determining the magnitude of
the magnetic field-induced coupling effect. To enhance the MD
response in the ME composite, we investigated the influence of
the ferroelectric polarization direction of the PZT on the
magnetic moment of the LSMO layer, which is referred as
converse ME effect. Figure 4ab shows the temperature-
dependent magnetization and RT magnetization-DC magnetic
field (M-H) curve for a 500 nm thick pristine LSMO film
grown on an STO substrate and PLS, respectively. The initial
magnetic properties of the LSMO films were found to degrade
following PZT deposition. In prior reports, it has been shown
that the modulation of the magnetic properties in an epitaxial
ME composite results from interface charge-mediated converse
ME coupling” ™" and strain-mediated ME coupling across the
terroelectric/ferromagnetic interface.’* " In the case of
interface charge-mediated converse ME coupling, the interfacial
magnetization is changed due to electrostatic charge accumu-
lation at the PZT/LSMO interface from ferroelectric
spontaneous polarization.”*>"®* Prior studies have shown
that interfacial charge accumulation modulates the valence state
of Mn from the high spin state Mn*" (S = 2) to the low spin
state Mn* (S = 3/2) near the interface. This results in an
interfacial ferromagnetic to antiferromagnetic phase transition
in the accumulation state and, thereby, changes the magnetic
moment of LSMO. However, the interface charge-mediated
ME effect is largely responsible for coupling between the
ultrathin (<4 nm) LSMO film and PZT layer. As the film
thickness increases, the contribution of the strain-mediated
converse ME effect is increased toward modulation of the
magnetic moment. The driving force provided by strain-
mediated converse ME coupling in the epitaxial ME composite
is the piezoelectric strain originating from the ferroelectric
layer, which causes strain in the ferromagnetic layer across the
interface, resulting in modulation of the magnetic anisotropy of
the ferromagnetic layer via magnetoelastic coupling. Therefore,
the degradation of the magnetic moment in PLS results from
strain-related magnetic modulation.

To investigate the influence of the polarization direction of
the PZT layer on a piezoelectric strain in a 500 nm thick LSMO
layer, the initial polarization state and ferroelectric domain
structure of the PZT film were analyzed by using piezoelectric
force microscopy (PFM), as shown in Figure 4c,d. Switching of
the ferroelectric polarization was accomplished by poling with a
12 V and —12 V DC bias by scanning the sample surface over 3
X 3 ym” and 1 X 1 um? areas, respectively. PLS was initially
found to have a single-phase ferroelectric domain. The data
clearly show a 180° domain motion without pinned domain
walls, as shown in Figure 4d. The polarization direction was
determined from the corresponding poling direction. As a
result, the initial polarization exhibited the upward direction
(outer region in Figure 4d). To quantify the piezoelectric strain
in the PZT/LSMO composite depending upon the polarization
direction of the PZT layer, XRD patterns for pristine LSMO,
as-deposited PLS, and poled PLS with a different polarization
direction were analyzed as shown in Figure 4e. It was found
that the amplitude of tensile strain in the LSMO layer is
increased following PZT deposition, compared to the pristine
LSMO film, because of the large in-plane lattice parameter of
the PZT layer. This indicates that the tensile strain in the
LSMO layer arising from the PZT layer results in degradation
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of the magnetization in the PZT/LSMO epitaxial composite
(Figure 4a,b). The polarization direction was switched to a
downward direction in the overall PZT film area (P_down
state) by the corona poling process, which enables noncontact
polarization switching in the overall area (Figure S1la). After
polarization switching, the PZT (002) peak was found to
broaden, which indicates lattice relaxation due to an excessive
induced piezoelectric compressive strain, while the amplitude of
the tensile strain in the LSMO layer was relaxed as compared to
the pristine LSMO film. The relaxed tensile strain in the LSMO
layer results in recovery of the magnetization of the PZT/
LSMO composite (Figure 4f). When the polarization direction
of the PZT layer was upward (P_up state), tensile strain in the
LSMO is again increased similar to the case of the unpoled
composite. Therefore, we conclude that a large converse ME
effect in the PLS composite is mainly contributed due to the
piezoelectric strain-mediated magnetoelastic coupling (Figure
S12). Through recovering the entire magnetic moment in the
PZT/LSMO composite, the RT magnetization of PLS is ~3.4
times larger in the P_down state (Figure S11b), and the
depressed magnetization is nearly recovered as the measure-
ment temperature decreases. Further, the enhanced magnetic
properties of the LSMO layer resulted in the improved MD
response in PLS (Figure 4g). The temperature-dependent MD
response in the P_down state exhibits a similar trend in the
P up state (Figures 4g and S13); however, the tunable
capacitance range was enlarged in the P_down state, wherein
the maximum MD coeflicient was found to be ~27% under a
DC magnetic field of 0.6 T.

Utilizing the giant MD response in the epitaxial PZT/LSMO
composite with the P_down state in PLS, we have
demonstrated a highly sensitive DC magnetic field sensor
that operates using a novel sensing mechanism, as illustrated in
Figure Sa. To maintain an operating temperature at 310 K, a
thermoelectric device was mounted under the PZT/LSMO
composite as a temperature controller. To fabricate sensing
elements, 200 ym diameter circular patterns were formed on
the PZT/LSMO composite. The capacitance of the sensing
elements was measured between the LSMO layer and the top
of the pattern via Cu wire connections. A reference element
was prepared to simultaneously detect a non-MD coupled
capacitance change, such as inductive noises caused by the
surrounding stray electromagnetic field. For the reference
element, a 300 nm thick epitaxial PZT thin film was deposited
on a conducting and nonmagnetic 0.5 wt % Nb doped STO
(STO/Nb) substrate under the same deposition conditions as
PLS. The synthesized reference PZT layer showed an excellent
ferroelectric behavior (Figure S14). Figure Sb displays the MD
response in the sensing and reference elements. The MD
response of the sensing element was found to linearly increase
with an increasing DC magnetic field strength, whereas the
reference element does not exhibit any MD response
throughout the investigated frequency range.

To evaluate the sensing performance of the magnetic field
sensor, the capacitance change of the sensor was monitored at 7
MHz under a pulsed DC magnetic field applied along the in-
plane direction of the sensor (Figure Sc). The sensing element
exhibited a dynamic capacitance change that linearly increased
with the DC magnetic field, ranging from 5 to 50 mT. In
contrast, the reference element does not show any response
from the magnetic field. The sensor exhibited a near perfect
linearity (Figure Sd). The calculated sensitivity (sensitivity =
AC/AH, where AC and AH are the capacitance change and
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magnetic field change, respectively) of the sensor was found to
be ~54.7 pF/T. To evaluate the lowest detectable magnetic
field strength, the theoretical detection limit of the MD sensor
was extrapolated from the linear calibration curve. Because the
sensing signal is considered to be a true signal when the signal-
to-noise ratio equals 3, the detection limit can be calculated
through relation:*>*°

RMS

detection limit = 3 nolse
slope

(6)

From the calculated detection limit, we expect that the MD
sensor can detect a magnetic field down to 0.44 mT.
Furthermore, the linearity of the sensor was found to exhibit
stability under a wide magnetic field range (Figure Se). This
sensor was highly sensitive and exhibited a fast response under
a dynamic magnetic field operation (Figure Sf and supporting
movie). The sensor exhibited a large capacitance change when
the permanent magnet was in close proximity to the sensor (~1
cm), after which the baseline capacitance value was recovered
within a short duration (~0.1 s) following the removal of the
permanent magnet.

In conclusion, we have achieved a giant MD response near
RT in epitaxial ME composites through the direct ME effect
(i-e., tuning the polarization dispersion behavior of PZT by the
MR effect) and converse ME effect (i.e., tuning the magnetic
moment of LSMO by piezoelectric strain-induced magnetoe-
lastic coupling). The origin of the large MD effect in epitaxial
composites was revealed by a systematic investigation of
magnetic field-induced changes in dielectric behavior through
the damped harmonic oscillator model. The resonance-type
dielectric dispersion behavior in ME composites, resulting from
a high degree of compressive strain applied on the PZT layer
and the low resistance of the LSMO layer, was found to
enhance the MD response when coupled with the MR effect.
The magnetization of the LSMO layer is depressed after PZT
deposition due to an increased amplitude of tensile strain. To
relax the tensile strain and recover the magnetic properties of
LSMO, we demonstrated polarization switching to the P_down
state throughout the film using the corona poling technique.
Following this procedure, the PZT/LSMO composite exhibited
a giant MD response of ~27%. The giant MD response was
utilized to fabricate highly sensitive magnetic field sensors,
which successfully detected both dynamic and static magnetic
fields. The sensitivity and detection limit of the sensor were
found to be 54.7 pF/T and 0.44 mT, respectively. We believe
that our MD effect-based magnetic sensing technique will open
new opportunities in developing miniature on-chip sensors for
feedback controls in electronics and various other control
applications.
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