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11 November 2014 The electric field manipulation of magnetic properties is currently of great interest for the opportunities

provided in low-energy-consuming spintronics devices. Here, we report the effect of electric field on
magnetic and transport properties of the ferromagnetic SrRuOj; film which is epitaxially grown on
Pb(Mg;,3Nb,,3)O3-PbTiO; ferroelectric substrate. With the application of electric field on the substrate, the

Correspondence and magnetization, Curie temperature and resistivity of SrRuQj are effectively modified. The mechanism of the

requests for materials electric field manipulation of these properties is ascribed to the rotations of RuOg oxygen octahedra caused
should be addressed to by the electric-field-induced strain, which changes the overlap and hybridization between the Ru 4d orbitals
D.H.W. (wangdh@niju. and O 2p orbitals, resulting in the modification of the magnetic and electronic properties.
edu.cn)

agnetoelectric (ME) heterostructures consisting of ferromagnetic and ferroelectric elements have

aroused great interest in recent years for their rich coupling mechanisms and promising applications

in next-generation electronic devices'®. The ME effects can be classified as direct ME (DME) and
converse ME (CME), which are characterized as magnetic-field-induced polarization and electric-field-induced
magnetization, respectively. The CME effect, i.e. electric field control of magnetism, is now a research focus, since
it can provide a low-consuming method to manipulate the magnetization™**. Up to now, the most used CME
mode is the strain-mediated coupling'’. By depositing the ferromagnetic component on ferroelectric/piezo-
electric substrate, the electric-field-induced strain can remarkably manipulate magnetization, giving rise to large
ME effects®'°. Pb(Mg;,3Nb,/3)O3-PbTiO3(PMN-PT) and PbZrTi; ;O3(PZT) are frequently selected as the
ferroelectric/piezoelectric substrates due to their excellent piezoelectric and ferroelectric performance. As for
the ferromagnetic components, magnetic perovskites are ideal candidates because they exhibit abundant physical
properties and are easy to grow epitaxially on the ferroelectric substrates'™'*. In magnetic-perovskite-based ME
heterostructures, the magnetism can be manipulated by means of altering the magnetic anisotropy'’, affecting the
phase separation'"'?, or adjusting the spin state of magnetic ions" through the electric-field-induced strain. In
addition to strain-mediated mechanism, ferroelectric field-effect* may also plays a role in tuning magnetic and
transport properties of magnetic perovskites in those ME heterostructures due to the accumulation or depletion
of charge carries at interface through ferroelectric polarization reversal'>""”. It is known that networks of corner-
sharing oxygen octahedra play an important role in determining the magnetic and electronic properties of
the perovskite through its deformations, rotations or tilts'®*. Recently, theoretical results based on the first-
principles calculation point out that the magnetization can be controlled via octahedral rotations in a perovskite
related oxide'. Since the oxygen octahedral rotations in perovskites can be manipulated by applying stress'®, it
may provide an opportunity to achieve CME effect in magnetic perovskites.

SrRuO; (SRO) is a moderately correlated material and the only known 4d transition metal oxide with fer-
romagnetic order and metallic behavior, which has attracted an enormous amount of investigation for its
intriguing magnetic and electronic properties®>. The perovskite structure of SRO crystallizes in orthorhombic
symmetry, exhibiting a GdFeOs-kind of distortion associated with rotation and tilt of RuOgs octahedra®. The
manipulation of resistivity by ferroelectric field-effect has been reported in a SRO/PZT heterostructure, in which a
9% change of the resistivity upon reversing the ferroelectric polarization is observed®. However, there are
few reports about the electric-field control of magnetization or resistivity in SRO film using strain-mediated
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mechanism. As we know, density-functional theory calculations
have predicted that the magnetic moment is suppressed under com-
pressive strain and enhanced with tensile strain for (001)-epitaxial
SRO films due to the strain-induced oxygen octahedral rotations™.
As for the experimental results, Gan et.al reported that, compared
with the strain relaxed film, the saturation magnetic moment can be
suppressed in the compressive SRO film*. Moreover, Terai et.al
found that the Curie temperature (Tc) of SRO is enhanced under
tensile strain®. Up to now, most of the studies about the strain
dependent of magnetic properties for SRO are focused on the films
deposited on various substrates, in which the different strain states
are attributed to the mismatch of lattice parameters®>°. Since the
magnetic properties of these films are entangled with other factors
such as non-stoichiometry, defects, impurities, interdiffusion with
the substrate or surface morphology, it is not strict to isolate strain
effects by comparing with each other*>*. However, depositing SRO
film on the piezoelectric substrate can neglect these intricacies and
provide an electric-field-controlled strain state in-situ, which is help-
ful to gain more insight on the strain impact on the magnetic prop-
erties of the film. In this paper, we deposit SRO film on PMN-PT
substrate and investigate the electric field manipulation of magnet-
ization and resistivity by applying an electric field on the piezoelectric
single crystal. The experimental results show that not only the sat-
uration magnetization but also T can be affected by the electric field,
showing an intrinsic CME effect. The effect of electric field on the
resistivity further demonstrates the correlation between magnetic
and electric properties of SRO film.

Results

The XRD 0-20 scan of SRO/PMN-PT heterostructure is shown in
Fig. 1(a). Obviously, only the diffraction peaks of substrate and film
can be observed, suggesting the single phase and highly (001)-
oriented nature of the film. Although the structure of PMN-PT crys-
tal and bulk SRO are rhombohedral and orthorhombic respectively,
they can be regarded as the pseudocubic structures with lattice
parameters of a pyn_pr=4.02 Aanda sr0=3.93 A. Due to the lattice
mismatch (~2.3%) between SRO and PMN-PT, the SRO film is
under the substrate-induced tensile strain along the in-plane dir-
ection. Besides the epitaxial growth, the surface morphology of the
film is also important for the efficiency of strain transferred from
the substrate to the film in strain-mediated ME heterostructures'”.
The AFM image exhibited in Fig. 1(b) with an area of 2 X 2 pum?®
shows a rather smooth surface with the root mean square roughness
about 0.4 nm. Therefore, the structural and morphological features
of SRO film demonstrate a favorable condition for the following
CME coupling measurements.
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For investigating the effect of electric field on the magnetism, we
measure the thermomagnetic curves for SRO film with or without
electric field, where the applying magnetic field and electric field are
500 Oe and 8 kV/cm, respectively. As shown in Fig. 2, SRO film
shows a typical ferromagnetic transition and the value of T¢ under
zero electric field is around 117 K. With the application of electric
field, an obvious suppression of the magnetization and a shift of T¢
are observed simultaneously. The upper inset of Fig. 2 shows the
temperature dependence of the relative change of magnetization
AM/M (AM/M = [M(E) — M(0)]/M(0), where M(E) and M(0) are
the magnetization with and without electric field, respectively.). A
negative CME effect with a peak value of —26.8% near 117 K is
observed in SRO film by applying an electric field on the PMN-PT
substrate. To further determine the variation of T¢ caused by the
electric field, we extract T from extrapolating the linear part of M>-T
curve to M=0 in a temperature range below Tc*'. As shown in the
bottom inset of Fig. 2, T¢ shifts from 117 K to 115 K with an electric
field of 8 kV/cm. According to the earlier reports®'°, the magnetiza-
tion of the strain-mediated ME system is usually modified by altering
the magnetic anisotropy, giving rise to an extrinsic CME effect.
However, in the case of SRO/PMN-PT heterostructure, not only
the magnetization but also T varies with the electric field, suggesting
that the CME effect in SRO film may have other coupling
mechanism.

Figure 3 shows the magnetic hysteresis loops (M-H) at 115 K
under the electric fields of zero and 12 kV/cm with the magnetic
field parallel to the film surface, and the schematic diagram of lam-
inate structure and magnetic measurement is shown in the inset. It is
obvious that both M-H curves show typical ferromagnetic character
and are almost saturated under the magnetic field of 5 kOe. With the
application of electric field, a noticeable separation of magnetization
can be observed. The value of AM/M under the magnetic field of
5 kOe is about —8.6%. As we know, the modification of magnetic
anisotropy can affect the magnetization, but cannot change the sat-
uration magnetization. Therefore, the electric field would have an
intrinsic effect on the magnetism of SRO film due to the change of
saturation magnetization.

To further explore the origin of electric field control of magnetism
in SRO/PMN-PT heterostructure, the relative change of magnetiza-
tion AM/M as a function of bipolar electric field with a bias magnetic
field of 500 Oe is measured at 115 K. As shown in Fig. 4(a), a hys-
teresis loop with a rather symmetric butterfly shape is observed,
which is consistent with the shape of strain vs electric field hysteresis
loop and different from that of polarization vs electric field hysteresis
loop of the PMN-PT substrate'”. Thus the observed electric field
manipulation of magnetization in SRO/PMN-PT heterostructure

Figure 1| (a) XRD pattern for SRO/PMN-PT heterostructure at room temperature. (b) Surface morphology of SRO film with an area of 2 X 2 pm?.
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Figure 2 | The temperature dependence of magnetization M-T curves for
SRO/PMN-PT heterostructure under 500 Oe with electric fields of 0
and 8 kV/cm. The upper inset is the relative change of magnetization AM/
M. The bottom inset is M?-T curves under 0 and 8 kV/cm with straight
lines fitted to determining Tc.

would be ascribed to the electric-field-induced strain. When an elec-
tric field is applied on PMN-PT with the direction parallel to the
polarization, the substrate would contract along the in-plane dir-
ection which causes the reduction of magnetization of the upper
SRO layer about 9.2% under an electric field of 20 kV/cm. As the
electric field reverse its direction, a tensile strain is produced, which
leads to the enhancement of magnetization with a maximum value of
about 6.7% at the coercivity field of 10.8 kV/cm. Compared with the
earlier report about depositing SRO film on different substrates®,
this method of controlling magnetism in SRO is adjustable and scal-
able, since the applying electric field can be continuously tuned and
the value of generated stress is also countable®>. After the substrate is
poled with a positive electric field, the time dependence of magnet-
ization and electric field is measured with a bias magnetic field of
500 Oe. As shown in Fig. 4(b), when an electric field of 12 kV/cm is
applied, SRO film exhibits a low magnetization state of 0.139 pp/Ru.
While the electric field turns off, it subsequently transforms into a
high magnetization state of 0.149 pp/Ru. Furthermore, the magnet-
ization of SRO film shows almost stable change after several cycles
with the electric field switching on and off alternatively, suggesting
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Figure 3 | M-Hloops for SRO/PMN-PT heterostructure measured under
electric fields of 0 and 12 kV/cm at 115 K. The inset shows the schematic
diagram of the laminate structure and magnetic measurements, where
magnetic field is applied parallel to the film surface.
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Figure 4 | (a) The hysteresis loop of AM/M as a function of bipolar electric
field for SRO film at 115 K with a bias magnetic field of 500 Oe. (b) The
variation of electric field and magnetization as a function of time with a
bias magnetic field of 500 Oe at 115 K.

that the magnetization of this heterostructure can be reversibly and
reproducibly controlled by the electric field.

As mentioned above, SRO is a kind of moderately correlated
material, in which the transport and magnetism are related with
the conduction d band, leading to an intrinsic coupling between
the magnetic and transport properties®. Therefore, the electric field
would have influence on the transport properties of SRO film as well.
Figure 5(a) shows the temperature dependence of resistivity for SRO
film with and without electric fields, and the schematic image of
electric measurement is shown in the inset. Under zero electric field,
the resistivity decreases almost linearly with the temperature cooling
down from room temperature, exhibiting a typical behavior of “bad
metal”®. When the temperature further decreases, a kink is observed
around T¢ and the resistivity decreases rapidly below this temper-
ature due to the loss of spin disorder scattering™. It is obvious that the
resistivity of SRO film decreases in the measured temperature
regions with the application of an electric field on PMN-PT sub-
strate. We also measure the hysteresis loop of the relative change
of resistivity AR/R (AR/R = [R(E) — R(0)]/R(0)) as a function of
bipolar electric field at 115 K. As demonstrated in Fig. 5(b), AR/R
exhibits a nearly symmetric butterfly shape with the variation of
electric field, which is similar with the AM/M -E hysteresis loop,
further suggesting that the electric field modulation of the resistivity
stems from the electric-field-induced strain as well. Under the com-
pressive strain, the resistivity of SRO film decreases about 1.3% at an
electric field of 20 kV/cm. While the tensile strain is found to
increase the resistivity with a maximum value about 1.1% at the
coercivity field of 10 kV/cm. The resistivity response to the variation
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Figure 5| (a) The temperature dependence of R-T curves for SRO/PMN-PT heterostructure with electric fields of 0 and 6 kV/cm. The inset shows
the schematic diagram of device configuration for resistivity measurements. (b) The hysteresis loop of AR/R as a function of bipolar electric field for SRO
film at 115 K. (c) The resistivity response to the variation of electric field as a function of time for SRO film measured at 115 K.

of electric field as a function of time for SRO film is also measured at
115 K with the substrate poled under a positive electric field. As
shown in Fig. 5 (c), the resistivity reduces with the electric field
switching on and restores its initial state immediately with the elec-
tric field switching off, showing a same behavior with that of mag-
netization. The reversible modulation of the resistivity AR/R is about
—0.5% with an applied field of 6 kV/cm.

Discussion

It is well accepted that there is a rather strong hybridization between
the Ru 4d orbitals and O 2p orbitals of SRO, leading to a ferromag-
netic ground state*>**. However, in the case of CaRuOj3, it possesses
the same structure as that of SrRuO3, but has larger rotations of the
ROg oxygen octahedra, which results in a paramagnetic ground
state””. This fact suggests that the octahedral rotations and tilts play
a key role in determining the magnetic state of ARuO; (A=Ca, Sr)
system and the magnetic properties of them can be adjusted through
modulation of the hybridization between the Ru 4d and O 2p states
by structural distortions". In SRO/PMN-PT heterostructure, when
an electric field is applied with the direction parallel to the polariza-
tion, the PMN-PT substrate would contract along in-plane direction
and weaken the as-grown tensile strain. As illustrated in Fig. 6, in
order to adapt this contraction, the RuO¢ octahedral rotation angle of
SRO film would enlarge correspondingly, giving rise to the enhance-
ment of the overlap and hybridization between the Ru 4d orbitals and
O 2p orbitals'®'**. Therefore, the magnetic interaction would
reduce®™®, which leads to the decrease of magnetization and T,
showing an intrinsic CME effect.

Since the strain, AM/M and AR/R have the similar electric-field
dependence, we can assume that the magnetization and resistivity
change linearly with the strain. When an electric field of 8 kV/cm is
applied, an in-plane compression of about 0.1% is generated'!, lead-
ing to the decrease of T of SRO film for about 2 K, as shown in Fig. 2.
This result is comparable with that reported by Terai et.al*, where
the strain of 0.25% results in the variation of T¢ for about 4 K for
SRO film grown on Ba; ,Sr, TiO5/BaTiO; buffer layers. As for the
magnetization, the saturation magnetization of SRO film decreases
about 8.6% near T under an electric field of 12 kV/cm (about 0.12%
compressive strain®”), corresponding to about 71.7% reduction of
magnetization under 1% compressive strain. This result is dramat-
ically larger than that reported by Gan et.al”*, in which the saturation
magnetization of SRO decreases about 20% under a 0.67% compress-
ive strain at 10 K. The larger effect of elastic strain on saturation
magnetization in our sample reflects that the magnetism of SRO film
responds more sensitive to the strain near T, as revealed in the upper
inset of Fig. 2.

The electric field manipulation of resistivity can also be attributed
to the oxygen octahedral rotations caused by the strain. In order to
accommodate the electric-field-induced strain, the Ru-O-Ru bond

angles, which is determined by the rotation of the oxygen octahedra,
would change and the overlap between the Ru 4d states and O 2p
states would enhance correspondingly'®*. As a result, the variation
of the Ru-O-Ru bond angles affects the electron hopping matrix
elements while the enhanced orbital overlap broadens the electron
bandwidth and reduces the correlation effect, leading to the decrease
of resistivity®***!.

In conclusion, the electric field control of magnetic and transport
properties of SRO/PMN-PT heterostructure have been investigated.
We demonstrate that the saturation magnetization, T, and resistiv-
ity of SRO film can be manipulated with the application of electric
field. Moreover, the magnetization and resistivity can be controlled
reversibly and reproducibly with in situ electric field. The observed
CME effect in SRO/PMN-PT heterostructure can be understood in
the scenario of electric-field-induce strain modulates the hybridiza-
tion between the Ru 4d orbitals and O 2p orbitals through altering the
octahedral rotations. This result suggests an alternative mechanism
for intrinsic CME effect in perovskite films through controlling octa-
hedral rotations. The electric field control of magnetic and transport
properties in SRO/PMN-PT heterostructure provide a potential
application in low-energy-consuming spintronics devices.

Rotation angle
D=(90°-Q)/2

a

Figure 6 | Illustration of RuOg octahedral rotations with (red color) and
without (blue color) electric field, where the rotation angle can be defined
as (90°-Q)/2. (Large circles represent Ru atoms while small circles
represent O atoms.)
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Methods

SRO film with thickness about 300 nm was deposited on polished (001)-oriented
PMN-PT substrate with dimensions of 5 X 5 X 0.5 mm® by pulsed laser deposition
method with a 248 nm KrF excimer laser. During the growth, the substrate tem-
perature was 700°C and the background oxygen pressure was 13 Pa. After deposition,
the film was cooled down in oxygen of 2 X 10* Pa. X-ray diffraction (XRD) and
atomic force microscopy (AFM) measurements were performed to characterize the
structure and surface topography of the film. To conduct the investigation of electric
field on magnetic and transport properties in situ, Au layer was sputtered on the
backside of the PMN-PT substrate as bottom electrode while the conducting SRO
layer acts as top electrode. The PMN-PT substrate was poled at 350 K under an
electric field of 8 kV/cm for 30 min. before measuring the CME effect. The magnetic
properties were measured with a magnetic property measurement system (MPMS,
Quantum Design) and the transport properties were measured by four probes
method with a physical property measurement system (PPMS, Quantum Design).
Electric voltage was applied in situ by a source meter (Keithley, model 2410).
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