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Purely voltage-driven, repeatable magnetization reversal provides a tantalizing potential for the
development of spintronic devices with a minimum amount of power consumption. Substantial
progress has been made in this subject especially on magnetic/ferroelectric heterostructures. Here, we
report the in situ observation of such phenomenon in a NiFe thin film grown directly on a rhombohedral
Pb(Mg;3Nb,;3), 7 Tig 303(PMN-PT) ferroelectric crystal. Under a cyclic voltage applied perpendicular

to the PMN-PT without a magnetic field, the local magnetization of NiFe can be repetitively reversed
through an out-of-plane excursion and then back into the plane. Using phase field simulations we
interpret magnetization reversal as a synergistic effect of the metastable ferroelastic switching in

the PMN-PT and an electrically rotatable local exchange bias field arising from the heterogeneously
distributed NiO clusters at the interface.

In state-of-the-art spintronic devices, magnetization reversal is driven by current-induced magnetic fields or spin
torques!. However, the Joule heating from currents can be detrimental to device miniaturization. Directly using a
voltage (electric field) to reverse the magnetization is a fundamental solution because the current is ideally zero?.
Of technological interest, magnetization switching can be achieved in layered magnetic/ferroelectric heterostruc-
tures>* with low electric fields of the order of ferroelectric coercivity via electrically driven changes in polarization
charges®8, orbital configuration®'?, strain'*"'%, and/or exchange interaction'®-?*, across the interface. Particularly,
a purely voltage-driven net magnetization reversal has recently been observed by photoemission electron micros-
copy in Co, 4Fe, ,/BiFeO; heterostructure?, based on the electrical reversal of interface weak magnetic moment
that is mutually orthogonal to both polarization vector and antiferromagnetic axis in the multiferroic BiFeO; film.

In conventional magnetic/ferroelectric heterostructures, however, purely voltage-driven repeatable magnet-
ization reversal has not yet been experimentally observed in spite of several interesting proposals?*~?’. Relevant
experimental efforts involve the use of a magnetic field to either assist the reversal or reset the magnetization to
the initial state. For example, Ghidini et al.?® observed, via magnetic force microscope (MFM), an electrically
driven repeatable magnetization reversal via precession magnetization switching in Ni electrodes within com-
mercial multilayer BaTiOj;-ceramic capacitors, with the presence of a stray magnetic field that is perpendicularly
to the precession plane. Liu et al.?® reported, based on vibrating sample magnetometer (VSM) measurement,
an irreversible voltage-induced more than 90° magnetization switching in an antiferromagnetic/ferromagnetic
multilayer of FeMn/NigFe,,/FeGaB grown on a (011)-oriented PZN-PT (lead zinc niobate-lead titanate), wherein
the antiferromagnetic layer provides a static bias magnetic field to reverse magnetization and a dynamic magnetic
field is required to reset the magnetization. Recently, Yang et al.** observed, via anisotropic magnetoresistance
(AMR) measurement, an irreversible magnetization reversal in an amorphous Co film when applying an in-plane
electric field across the ferroelectric Pb(Mg,;Nb,/3),;Ti; ;05 (PMN-PT), and the reversal cannot be repeatable
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Figure 1. Multiferroic magnetic-ferroelectric heterostructure. (a) Schematics of a simple NiFe/(110)PMN-PT
bilayer. Upon applying a DC voltage across the bilayer, the in-plane magnetic domain structures (e.g., the top
enlarged image) in the NiFe film are mapped out in situ by scanning a focused polarized laser (pink cone)

from the magneto-optical Kerr microscope. The bottom enlarged area is a HAADF-Z contrast image of the
heterostructure across the interface. (b) In-plane and out-of-plane magnetic hysteresis loops of the bilayer. (c) L-
edge EELS spectra over an extended energy range for Fe and Ni, showing strong L,; white lines. (d,e) The L,; edge
spectra from the middle-film and the interface, see Fig. S1-2.

before applying an external static magnetic field. More recently, Lee et al.*! and Bibes et al.*? reported electrical
modulation of magnetism in the FeRh/Ferroelectric single crystal heterostructures, in which the antiferromag-
netic and ferromagnetic phase transition of the FeRh can be manipulated by electric field induced piezostrain in
the PMN-PT?! or BaTiO; (ref. 32) substrate underneath, indicating electric control of magnetization states in
these heterostructures.

Here, we report an in situ observation of a dynamic, purely voltage-driven repeatable local magnetization
reversal (magnetization direction switching) in a simple magnetic/ferroelectric heterostructure consisting of a
polycrystalline NiFe film (10 nm) sputtered on a (110)-oriented rhombohedral PMN-PT substrate. Figure 1a
shows the schematic of the heterostructure and the measurement geometry. Magneto-optical Kerr microscopy
is utilized to acquire the local in-plane magnetization distribution (see Method Section). Unlike previous VSM
or AMR measurements®**, no driving magnetic field is applied during the characterization process. This purely
voltage-driven magnetization reversal is achieved based on an off-plane excursion of magnetization vector
induced by the metastable ferroelastic switching in rhombohedral ferroelectrics, plus a local exchange bias field
arising from the antiferromagnetic-type clusters at the interface that eventually reverses the in-plane magnetiza-
tion component.

Results

The (110) PMN-PT, which exhibits eight spontaneous polarizations directions along the pseudocubic <111>
axes, was pre-polarized against the bottom electrode (i.e., along the positive z axis) with a saturation voltage
of ~200V before the magnetic thin film growth. The magnetic hysteresis loops (Fig. 1b) of the heterostruc-
ture clearly demonstrate a favorable in-plane magnetic domain alignment in the NiFe film, and weak in-plane
exchange bias, i.e., (Hgp.x» Hgp.y) = (7.7 Oe, 8.2 Oe), where Hgg , and Hgg., are the average bias fields along the x
and y axes, respectively. The bias fields result from a heterogeneously distributed antiferromagnetic-type NiO at
the NiFe/PMN-PT interface. The presence of NiO is confirmed by high-angle annular dark field (HAADF) imag-
ing (Fig. 1a), element and valence analysis via energy dispersive X-ray spectrometry (EDS) and electron energy
loss spectroscopy (EELS). The EDS results indicate the presence of oxygen-rich top surface and interface in the
heterostructure (see Supplementary Information S1). The valence of the metallic elements is studied through
EELS™® (Fig. 1c) collected inside the NiFe film and at the interface. As we known, the L; and L, lines correspond
to the transitions from 2p*? to 3d*?/3d>? and from 2p'/2 to 3d*?, respectively. The Ly/L, ratio values increase with
enhancement of the valence state of Ni, which are close to 3.1 for charge-neutral Ni° (ref. 34) and 4.0 for Ni*" in
NiO, respectively. Therefore, the increasing of L;/L, ratio from 3.21 to 3.77 in our study (Fig. 1d) indicated that
the valence of Ni at the interface is higher than zero. This is in agreement with the elemental mapping of oxygen
as shown in Fig. S1-1. Consequently, we can confirm that NiO exists at the interface. In addition, the ratio of
Ls/L, collected in another region of the sample demonstrates a change from 3.42 to 3.92 (see Fig. S1-2), providing
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Figure 2. Non-volatile, reversible, and deterministic magnetization reversal driven by polarization
reversal. Captured in-plane magnetization distributions (reconstructed Kerr images) within a 30 x 30 um?
range of the NiFe film, (a) in the as-grown state, (b) after a —100V poling, and (c) a subsequent 100V poling
with their net polarization directions shown below. The dotted lines indicate the positions of the domain walls.
All the images are acquired under zero voltage bias with no applied magnetic field. (color bar) mm, denotes the
normalized magnetization along the +y direction.

further evidence for a heterogeneous distribution of NiO at the interface and may exist in the form of clusters,
which is indicated by the deviation of Ly/L, ratio from 4.0.

During the poling procedure, a voltage bias is applied perpendicular to the (110) PMN-PT surface, which
tends to switch the polarization vector back and forth between the upward P;"(P;) and downward P, (P;") direc-
tions (see schematics in Supplementary Information S2), that is, either 180° ferroelectric or 109° ferroelastic
switching under a voltage higher than coercive voltage. In addition, an incomplete polarization switching between
an out-of-plane P, (P,) vector and an in-plane P;(P,) vector is also possible when the applied voltage bias is in the
vicinity of coercive voltage.

Through a combination of both the longitudinal (x axis) and transverse (y axis) Kerr microscopic images of
the NiFe film after applying and subsequently turning-off voltages (see Method Section), the in-plane magnetic
vector diagrams can be reconstructed, as typically illustrated in Fig. 2a—c. In the as-grown film with upward net
pre-polarization as shown in Fig. 2a, the magnetic vectors tend to align towards the direction of (+x, +y) with an
average magnetization (mm,, m,) of about (0.25, 0.28) in a 30 X 30 um” area, though they are basically non-uniform
with well-defined boundaries (domain walls) across the whole region (see the dark dotted line in Fig. 2a). Such
an initial magnetization distribution corresponds to the average exchange bias fields of (Hgg.,, Hgp.,) ~ (7.7 Oe,
8.2 0e) (Fig. Lc). The unsaturated in-plane magnetization components, represented by both the length of vector
arrows and the color bar, are due to a non-zero out-of-plane magnetization component. We attribute this to the
presence of in-plane residual strains in the NiFe film (see Supplementary Information S3). Correspondingly, the
uniaxial out-of-plane magnetoelastic anisotropy Koep is calculated® to be ~75k]/m?®, which is smaller than the
shape anisotropy Kg,,,. of ~190k]/m*but sufficient to stabilize a fraction of out-of-plane magnetic domains in the
polycrystalline NiFe film*.

By applying a voltage of —100V (i.e., toward the bottom electrode) across the PMN-PT to reverse the
out-of-plane net polarization component and subsequently turned off, surprisingly, most magnetic vectors rotate
by >135° to align along -y axis (see Fig. 2b) except some tilting toward -x axis near the boundary (the dark dotted
lines), with an average in-plane magnetization (m,, m,) of about (—0.052, —0.47), (the magnetization values are
normalized to (—1, 1), details in method section). Moreover, the boundaries move remarkably towards the -y
direction probably due to the movement of its elastically coupled ferroelectric domain (wall) underneath?. Very
interestingly, the NiFe film can return to be almost exactly the same as the initial magnetic domain state [average
(my, my)=(0.25, 0.25), see Fig. 2c] after a subsequent +100 V poling albeit with a small shift and curving for the
boundaries. Thus, we have directly observed a non-volatile and repeatable local magnetization reversal occurs
purely driven by polarization reversal (the repeated results are shown in Fig. S4-1). Similar reversal behaviors
have also been observed in other regions of the NiFe film (see Supplementary Information Fig. $4-2).

For clearer illustration, we focus on a local region of 12 x 12 um? around the boundary, i.e., the square region
with solid frame shown in Fig. 2a-c. The change in the normalized magnetization m, of this region with voltage
(V) presents a hysteresis loop (Fig. 3a). Corresponding to an upward or downward net polarization in the bottom
(110) PMN-PT layer, the upper NiFe film shows either a positive (4 y axis) or negative (—y) normalized magnet-
ization m, at zero voltage bias, clearly indicating a non-volatile voltage-driven magnetization reversal. In particu-
lar, at around the coercive voltage (about 80V, see ferroelectric hysteresis loop of PMN-PT crystal in Fig. S2a),
the magnetization in the investigated area is very likely to be pointing out-of-plane, because both m, and m, are
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Figure 3. Purely voltage-driven bistable magnetization reversal. (a) Normalized magnetization m, of the
NiFe film as a function of voltage for one local region of 12 x 12 um? (i.e., the blue square region in Fig. 2) in
the NiFe/PMN-PT, as well as the NiFe/STO and the Pt/PMN-PT heterostructures for comparison. A positive
(negative) m, corresponds to an upward (downward) average polarization (the insets) in the bottom PMN-PT
layer. (b) Typical in-plane magnetization distributions captured during the voltage sweeping. The dotted line
indicates the position of domain wall.

almost zero and the local magnetization vectors in that area (12 x 12 pum?) would be largely uniform
(single-domain). Similar m, — V hysteresis loop has also been observed for the second applied voltage cycle (see
Supplementary Fig. S5). These magnetic vector diagrams of the local region of 12 X 12 um? acquired by sweeping
the voltages (Fig. 3b and also Fig. S5) also provide direct evidence of such magnetization reversal. When the volt-
age increases to —80V (i.e., around the coercive voltage), the upward pre-polarization vectors P;"/P; in the
PMN-PT would be switched to the film plane, i.e., P;/P,, producing ferroelastic tensile strain along the y axis and
shear strain within the xy plane (as discussed in Supplementary Information S2). Such ferroelastic strains are
superimposed on the residual strain, and together induce a dominant out-of-plane magnetization moment in the
local region (see the image at —80V in Fig. 3b). When the voltage further increases to —100V, the net polariza-
tion starts to grow downward when the polarization vector rotates from the in-plane P,/P, to the out-of-plane
downward P, /P;" direction (Fig. S2b), producing ferroelastic strains of opposite signs. As a result, the magnetiza-
tion vector would be switched back towards the film plane, and remarkably, it would reorient along the -y direc-
tion. Such an almost uniform magnetization remains stable after turning off the voltage (i.e., 0 V), though it would
somewhat tilt towards out-of-plane with slightly smaller m, (see Fig. 3a and corresponding distribution in
Fig. 3b). This is due to ferroelastic relaxation which tends to form 180° P,"/P; or P;"/P;” domain walls out of the
existing downward P, /P;" polarizations®. Furthermore, by applying a positive voltage bias, the (0, —y) magneti-
zation distribution can be switched back to the initial (4+x, +y) magnetization state by over 135°, following quite
similar paths, i.e., first being out-of-plane in the vicinity of the coercive field (80 V), and then back to the film
plane with an reorientation under 100V and the subsequent 0 V.

For comparison, we also did the same measurements on similar heterostructures of Pt(10 nm)/PMN-PT and
NiFe(10 nm)/SrTiO;, as plotted in Fig. 3a. For the non-magnetic Pt on PMN-PT, there are no appreciable mag-
netic signals being detected; while for the same NiFe film on SrTiOs, there is no reversal of the m, during a bipolar
voltage cycle in spite of slight fluctuations. The corresponding scanning Kerr images for these two heterostruc-
tures are shown in Supplementary Information S6. This comparison further justifies that our observations of
non-volatile, purely voltage-driven local magnetization reversal in the NiFe film grown on PMN-PT do not arise
from any other side effects.

Since rotating the upward polarization vectors P1+(P2_ ) to the downward P, (P2+ ) (and vice versa, see Fig. S2b)
would not impose any additional structural transformation within the (110) plane of the PMN-PT, the observed
bistable magnetization states, i.e., the (4x, +y) state under the upward net polarization and the (0, —y) state
under the downward net polarization, should have almost identical strain states. Therefore, such bistable magnet-
ization reversal in the magnetic thin film is not directly determined by the bistable electric-field-induced
strains®>*? but likely by a combination of the following two features. First, the electric-field-induced strain con-
trols the position of magnetic domain walls that are elastically coupled to the ferroelastic walls underneath*!. For
example, the in-plane magnetic domain walls are moved away from the local 12 X 12 um?region with the upward
Pf(P{ ) to the in-plane P5(P,) ferroelastic switching (e.g. 0 V to —80 V), while reestablish for a backward P;(P,) to
P, (P}") switching (e.g., 80 V to 100 V). Second, an exchange-bias effect could be expected due to the antiferro-
magnetic NiO clusters existing at the interface. Therefore, through a combination of the elastically coupled
domain walls of NiFe and PMN-PT, with the ferromagnetic-antiferromagnetic exchange coupling between the
NiFe and interface NiO clusters, a local exchange bias field Hgg could be expected and subsequently induces a
magnetization reversal. Based on the measured magnetic vector diagrams (Fig. 3b and also Fig. S5), it is reasona-
ble to assume that, for the present local region of 12 X 12 um?, the local Hgy is along the (+x, +y) direction when
the domain walls (see the dotted line in the images of 0V and 100 V) present in the local region, while rotates to
be along the (0, —y) directions when the domain walls move away (Fig. 3b). Nevertheless, given the heterogene-
ous nature of the local Hgp, local voltage-driven magnetization switching paths are not limited to the 135° reversal
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Figure 4. Interpretation of the observed magnetization switching path with phase-field simulations. Local
magnetization distributions of the NiFe, upon applying perpendicular voltages across the PMN-PT to reverse
the net polarization from a downward direction (0 V on the left) first to the plane (80 V), then to the upward
direction (100 V) and its subsequent remnant state (0 V on the right). The three-dimensional image of the
magnetization vectors for 80 V is shown at the bottom.

illustrated above. Indeed, we have also observed voltage-driven 45°, 90°, even almost 180° magnetization switch-
ing in other local regions of this sample (See Supplementary Information S7).

To further understand this plausible explanation of strain and exchange-bias co-mediated magnetization
reversal, phase-field modeling (see Methods) was employed to simulate the evolution of local magnetization
distributions when increasing the voltage from 0 V with a downward net polarization, to 80 V and 100V, and then
back to 0V with an upward net polarization. As shown in Fig. 4, the simulated results mostly reproduce the
observed magnetization reversal path, e.g., see the simulated three-dimensional tilting magnetization distribution
at 80 V. A magnetization reversal of ~167° is obtained compared to the experimentally observed 135° reversal.
Such difference could arise from the local inhomogeneity in the experimentally measured distributions.
Interestingly, our simulations also indicate that the experimentally observed local magnetization reversal in the
present region (Fig. 3b) may correspond to a specific polarization switching path from P, (0V) to P; (80 V), then
t0P1+ (100V), followed by the nucleation of 180° domain wall of P1+/P1_ at remnant state (0 V). Detailed discus-
sions are also shown in Supplementary Information S8.

Discussion

This work proposes a promising, new pathway towards purely voltage-driven repeatable magnetization reversal
based on a simple magnetic/ferroelectric bilayer. Upon applying a dynamic voltage perpendicularly to the fer-
roelectric layer, we have observed in situ that the magnetization at first experiences an off-plane excursion, then
goes back to the film plane with a reversal of in-plane magnetization component. Such a unique magnetization
switching path is due to the synergistic effect of two important kinetic processes across the heterostructure inter-
face: (1) the out-of-plane to in-plane domain switching in rhombohedral ferroelectrics generates a local strain
to switch the local magnetic domains from in-plane to out-of-plane orientation; (2) the local exchange bias field
at the interface, arising between the heterogeneously distributed antiferromagnetic NiO clusters and the ferro-
magnetic NiFe film, also changes associated with the out-of-plane switching of local magnetic domains. When
local strain relaxes upon the completion of ferroelectric domain reversal such that the out-of-plane magnetic
domains are ready to fall back to the film plane due to demagnetization, the aforementioned unidirectional local
exchange bias field can stabilize the local magnetic domain to the opposing in-plane direction rather than its ini-
tial in-plane direction. The reversal of local magnetic domains is therefore completed. This unique switching path
is demonstrated using phase-field simulations (Fig. 4). The presence of the NiO clusters is confirmed by EELS
and EDS measurements, yet, it remains unclear how and why these NiO clusters form around the interface and
how the nature of interface changes in response to applied electric field. These are all important issues remain-
ing to be explored in the future. It is worth mentioning that the above-mentioned electrically tunable exchange
bias field have been reported in various other interfaces with coexistence of magnetic, antiferromagnetic, and
ferroelectric (electric) orders [e.g., CoFe/BFO%, NiFe/LuMnO5*, (La,Sr)MnO,/BFO*, CoPd/Cr,05*]. The sta-
bility of the potential device based on the present heterostructure largely relies on how many cycles that the
ferroelectric domain switching can last without appreciable failure. Specifically, for PMN-PT-based, repeatable
voltage-controlled magnetic properties has been demonstrated for up to thousands of cycles without evident
degradation in heterostructures with magnetic films on PMN-PT single crystals*®*. Even higher stability can be
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expected if only piezostrains are utilized to control magnetism without requiring ferroelectric domain switch-
ing. However, in order to fully understand the physics involved in the present observations, further studies are
needed to unravel the complex interplay between the antiferromagnetic, ferroelectric, elastic, structural (e.g.,
grain boundaries) orders, and maybe the polarization charges at the present NiFe/(110) PMN-PT interface*t. We
thus hope our observation could stimulate more research efforts both fundamentally and experimentally.

Method Section

Samples. The 10nm NiFe thin film was grown on a 2mm x 2mm x 0.5 mm (110) PMN-PT single-crystal
layer by magnetron sputtering. The base vacuum was 8 x 1077 torr, and the growth was carried out at 200 °C for
the substrate under 0.002 torr of argon pressure, with an input DC power of 60 W for the target.

Structural characterization and element analysis. The NiFe/PMN-PT interface was analyzed by
transmission electron microscopy (TEM, FEL). The HAADF-STEM mode was used with the excitation voltage
of 80kV to prevent the electric beam from damaging the films. The L-edge spectrum was collected in the high-
lighted quadrate regions that covered the mid-film and the interface of the heterostructure in the HAADF images
during the 120s exposure time for each measurement. Element and valence analysis were performed via energy
dispersive X-ray spectrometry (EDS) and electron energy loss spectroscopy (EELS) in an aberration (Cs) cor-
rected transmission electron microscopy (TEM, FEL, TitanX 60-300 for EDS and TEAM 0.5 for EELS).

Macroscopic measurements. The magnetic hysteresis loop of the NiFe film was measured by Physical
Property Measurement system (PPMS, Quantum Design Inc.), and the piezoelectric response (ferroelectric hys-
teresis loop) of the PMN-PT single crystal was characterized by Ferroelectric (WS2000, Radiant Technologies,
Inc.).

Dynamic magneto-optical Kerr measurements. The in-plane magnetization distributions in the
films were reconstructed by combining the in situ acquired longitudinal and transverse Kerr images from the
magneto-optical Kerr microscopy. Both longitudinal and transverse Kerr signals were obtained during one scan
with each in situ applied voltage. The magnetization images were measured in a 30 X 30 um? scanning region
with the pixel of the 1.5 x 1.5 um? All collected data were normalized within —1 to 1 range by subtracting the
center value of each scan and then dividing the range value as the saturated magnetization. The normalized data
are corresponding to the magnetization components along the x and y axes, respectively (see Supplementary
Information S9 for an illustration of the data processing). The in situ perpendicular voltage was applied by a
Source Meter (Keithley Instrument Inc., 2410). The Kerr microscopy image at each voltage was obtained twice,
with one measured at one minute after the polarization current (less than 0.001 pA) was stable and the second
after turning the applied voltage off. No external magnetic field was applied throughout the characterization
process.

Phase-field simulations. The present phase-field model includes discretized three-dimensional cells
of 90Ax x 90Ay x 24Az. Specifically, the bottom cells of 90Ax x 90Ay x 10Az and their overlaying cells of
90Ax x 90Ay x 10Az are designated as the phases of ferroelectric substrate and the magnetic thin film, respec-
tively, and the rest represent the air. By introducing these different phases in the model, the elastic boundary
condition of a thin film, i.e., clamped in the film plane and stress-free out of the plane, can be taken into account
(see details in ref. 47). A cell size of Ax x Ay x Az=11.11nm X 11.11nm x 1 nm is utilized to describe a model
magnetic thin film with a size of 1 um x 1pum x 10 nm. As shown in Fig. 3, the experimentally measured magnet-
ization distributions are largely uniform in orientation within a local region of 12 pm x 12 um. Therefore, the use
of a smaller in-plane size of 1 um x 1um is proper (and saves computation time) for demonstrating the mecha-
nism of magnetization reversal in the entire region of 12 um X 12 um. In-plane periodic elastic and magnetostatic
boundary conditions are required in this case.

Kinetic evolution of the local magnetization vectors M(r) = M,[m,(r), m,(r), m,(r)] (where M is the saturation
magnetization, and m the normalized magnetization component) and their equilibrium distribution under strain
and exchange bias fields are obtained by solving Landau-Lifshitz-Gilbert equation, given in dimensionless units
as,

om
or @

where the time step 7 relates to the practical time t as 7= [y,M/(1 + a?)]¢ (ref. 26), where 7, and « denote the
gyromagnetic ratio and the damping coefficient. These two kinetic coefficients have little influence on equilibrium
magnetic domain structures under static external stimuli (e.g., the static strain and static exchange bias field here).
The effective magnetic field h.g= — (1/poM;)(8f,,/0M), where y, is the vacuum permeability; f,,, indicates the total
free energy density of the magnetic thin film, which is a sum of the exchange energy density (f,), the magneto-
static energy density (f,,,), the elastic energy (f.,,), and the energy density of the exchange bias field [fzs = — M
(Hgg-m)]. Expressions of f,, fu,» and fu.q» along with detailed procedures of solving h.¢ and the equation (1),
are directly given in ref. 47 and references therein. The M, of the NiFe film is taken as about 550 kA/m based on
PPMS measurement. The other magnetic parameters and elastic parameters of the NiFe film can be found in the
supplemental materials of ref. 26.

= —(m X heff) — a[m X (m X heff)])

References
1. Chappert, C., Fert, A. & Van Dau, E N. The emergence of spin electronics in data storage. Nat. Mater. 6, 813-823 (2007).
2. Ohno, H. A window on the future of spintronics. Nat. Mater. 9, 952-954 (2010).

SCIENTIFICREPORTS | 6:23696 | DOI: 10.1038/srep23696 6



www.nature.com/scientificreports/

10: Valencia, S. et al. Interface-induced room-temperature multiferroicity in BaTiO;. Nat. Mater. 10, 753-758 (2011).
12.
13.
14.
15.
16.
17.
18.
19.

20.

21.
. Fechner, M., Zahn, P,, Ostanin, S., Bibes, M. & Mertig, I. Switching magnetization by 180° with an electric Field. Phys. Rev. Lett. 108,

23.
24.
25.
. Hu, J.-M. et al. Purely electric-field-driven perpendicular magnetization reversal. Nano Lett. 15, 616 (2015).
27.
28.
29.
30.
31.
. Cherifi, R. O. et al. Electric-field Control of Magnetic Order above Room Temperature. Nat. Mat. 13, 345-351 (2014).
33.
34.
35.
36.
37.

38.
39.

40.
41.
42.
43.
44,
45.
46.

47.

. Ma, ], Hu, J,, Li, Z. & Nan, C.-W. Recent Progress in Multiferroic Magnetoelectric Composites: from Bulk to Thin Films. Adv. Mater.

23,1062-1087 (2011).

. Vaz, C. A. E. Electric field control of magnetism in multiferroic heterostructures. J. Phys: Condens. Mat. 24, 333201 (2012).

. Maruyama, T. et al. Large voltage-induced magnetic anisotropy change in a few atomic layers of iron. Nat. Nanotechnol. 4, 158-161
(2009).
. Rondinelli, J. M., Stengel, M. & Spaldin, N. A. Carrier-mediated magnetoelectricity in complex oxide heterostructures. Nat.

Nanotechnol. 3, 46-50 (2008).

. Duan, C.-G. et al. Surface magnetoelectric effect in ferromagnetic metal films. Phys. Rev. Lett. 101, 137201 (2008).
. Cai, T. et al. Magnetoelectric coupling and electric control of magnetization in ferromagnet/ferroelectric/normal-metal superlattices.

Phys. Rev. B 80, 140415 (2009).

. Duan, C.-G., Jaswal, S. S. & Tsymbal, E. Y. Predicted Magnetoelectric Effect in Fe/BaTiO; Multilayers: Ferroelectric Control of

Magnetism. Phys. Rev. Lett. 97, 047201 (2006).
Garcia, V. et al. Ferroelectric Control of Spin Polarization. Science 327, 1106-1110 (2010).

Pantel, D., Goetze, S., Hesse, D. & Alexe, M. Reversible electrical switching of spin polarization in multiferroic tunnel junctions. Nat.
Mater. 11, 289-293 (2012).

Yu, P. et al. Interface ferromagnetism and orbital reconstruction in BiFeO;-La, ;Sr, sMnO; heterostructures. Phys. Rev. Lett. 105,
027201 (2010).

Eerenstein, W., Wiora, M., Prieto, J. L., Scott, J. F. & Mathur, N. D. Giant sharp and persistent converse magnetoelectric effects in
multiferroic epitaxial heterostructures. Nat. Mater. 6, 348-351 (2007).

Hu, J.-M. & Nan, C. W. Electric-field-induced magnetic easy-axis reorientation in ferromagnetic/ferroelectric layered
heterostructures. Phys. Rev. B 80, 224416 (2009).

Hu, J.-M., Li, Z., Chen, L.-Q. & Nan, C.-W. High-density magnetoresistive random access memory operating at ultralow voltage at
room temperature. Nat. Commun. 2, 553 (2011).

Hu, J.-M., Li, Z., Chen, L.-Q. & Nan, C.-W. Design of a voltage-controlled magnetic random access memory based on anisotropic
magnetoresistance in a single magnetic Layer. Adv. Mater. 24, 2869-2873 (2011).

Lei, N. et al. Strain-controlled magnetic domain wall propagation in hybrid piezoelectric/ferromagnetic structures. Nat. Commun.
4,1378 (2013).

Laukhin, V. et al. Electric-Field Control of Exchange Bias in Multiferroic Epitaxial Heterostructures. Phys. Rev. Lett. 97, 227201
(2006).

Chen, X., Hochstrat, A., Borisov, P. & Kleemann, W. Magnetoelectric exchange bias systems in spintronics. Appl. Phys. Lett. 89,
202508 (2006).

Chu, Y. H. et al. Electric-field control of local ferromagnetism using a magnetoelectric multiferroic. Nat. Mater. 7, 478-482 (2008).

197206 (2012).

Heron, J. T. et al. Electric-field-induced magnetization reversal in a ferromagnet-multiferroic heterostructure. Phys. Rev. Lett. 107,
217202 (2011).

Heron, J. T. et al. Deterministic switching of ferromagnetism at roomtemperature using an electric field. Nature. 516, 370 (2014).
Wang, J. J. et al. Full 180° magnetization reversal with electric fields. Sci. Rep. 4, 7507 (2014).

Biswas, A. K. et al. Complete magnetization reversal in a magnetostrictive nanomagnet with voltage-generated stress: A reliable
energy-efficient non-volatile magneto-elastic memory. Appl. Phys. Lett. 105, 072408 (2014).

Ghidini, M. et al. Non-volatile electrically-driven repeatable magnetization reversal with no applied magnetic field. Nat. Commun.
4,1453 (2013).

Liu, M., Lou, J., Li, S. & Sun, N. X. E-field control of exchange bias and deterministic magnetization switching in AFM/FM/FE
multiferroic heterostructures. Adv. Funct. Mater. 21, 2593-2598 (2011).

Yang, S. W. et al. Non-volatile 180° Magnetization Reversal by an Electric Field in Multiferroic Heterostructures. Adv. Mater. 26,
7091-7095 (2014).

Lee, Y. et al. Large Resistivity Modulation in Mixed-phase Metallic Systems. Nat. Commun. 6, 5959 (2015).

Tous, L. et al. Electroless nickel deposition and silicide formation for advanced front side metallization of industrial silicon solar
cells. Energy Procedia. 21, 39-46, (2012).

Leapman, R. D. et al. Study of the L.23 edges in the 3d transition metals and their oxides by electron-energy-loss spectroscopy with
comparisons to theory. Phys. Rev. B 26, 614 (1982).

Hu, J.-M. & Nan, C. W. Electric-field-induced magnetic easy-axis reorientation in ferromagnetic/ferroelectric layered
heterostructures. Phys. Rev. B 80, 224416 (2009).

Hu, J.-M., Sheng, G., Zhang, J. X., Nan, C. W. & Chen, L. Q. Phase-field simulation of strain-induced domain switching in magnetic
thin films. Appl. Phys. Lett. 98, 112505-112503 (2011).

Yang, T. N. et al. On the elastically coupled magnetic and ferroelectric domains: A phase-field model. Appl. Phys. Lett. 104, 202402
(2014).

Cruz, M. P. et al. Strain control of domain-wall stability in epitaxial BiFeO; (110) films. Phys. Rev. Lett. 99, 217601 (2007).

Wu, T. et al. Giant electric-field-induced reversible and permanent magnetization reorientation on magnetoelectric Ni/(011)
[Pb(Mg;/3Nb,/3)Os] ;.- [PbTiO;] heterostructure. Appl. Phys. Lett. 98, 012504-012503 (2011).

Zhang, S. et al. Electric-Field Control of Nonvolatile Magnetization in CoyyFe, B,o/Pb(Mg,;3Nb,/3),,Ti,30; Structure at Room
Temperature. Phys. Rev. Lett. 108, 137203 (2012).

Franke, K. J. A., Lahtinen, T. H. E. & van Dijken, S. Field tuning of ferromagnetic domain walls on elastically coupled ferroelectric
domain boundaries. Phys. Rev. B 85, 094423 (2012).

Skumryev, V. et al. Magnetization reversal by electric-field decoupling of magnetic and ferroelectric domain walls in multiferroic-
based heterostructures. Phys. Rev. Lett. 106, 057206 (2011).

Wu, S. M. et al. Reversible electric control of exchange bias in a multiferroic field-effect device. Nat. Mater. 9, 756-761 (2010).

He, X. et al. Robust isothermal electric control of exchange bias at room temperature. Nat. Mater. 9, 579-585 (2010).

Liu, M. et al. Non-volatile ferroelastic switching of the Verwey transition and resistivity of epitaxial Fe;O,/PMN-PT(011). Sci. Rep.
3, 1876, (2013).

Nan, T. X. et al. Quantification of strain and charge co-mediated magnetoelectric coupling on ultra-thin Permalloy/PMN-PT
interface. Sci. Rep. 4, 3688 (2014).

Hu, J.-M., Yang, T. N., Chen, L. Q. & Nan, C. W. Engineering domain structures in nanoscale magnetic thin films via strain. J. Appl.
Phys. 114, 164303 (2013).

SCIENTIFICREPORTS | 6:23696 | DOI: 10.1038/srep23696 7



www.nature.com/scientificreports/

Acknowledgements

This work was supported by the NSF of China (Grant Nos 51332001, 51472140, and 11234005) and the NSF
(Grant No: DMR-1410714 and DMR-1210588). The work at UC Berkeley is supported by the NSF-TANMS
Center. We thank Dr. Zhang Qinghua for helpful discussion on the EELS results of the manuscript.

Author Contributions

Y.G.J.M.H. and C.W.N. initiated the study. C.W.N., L.Q.C. and R.R. led the project. Y.G. prepared the samples
and performed the MOKE experiments and marcoscopic measurements. C.T.N. performed the EDS and EELS
measurements and analysed the results. .M.H. and T.N.Y. performed the phase field simulations. Y.G., .M.H.
and C.W.N. wrote the paper with substantial feedback from R.R., Y.S. and L.Q.C. All authors contributed to
discussion.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Gao, Y. et al. Dynamic in situ observation of voltage-driven repeatable magnetization
reversal at room temperature. Sci. Rep. 6, 23696; doi: 10.1038/srep23696 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

G or other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFIC REPORTS | 6:23696 | DOI: 10.1038/srep23696 8


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Dynamic in situ observation of voltage-driven repeatable magnetization reversal at room temperature

	Results

	Discussion

	Method Section

	Samples. 
	Structural characterization and element analysis. 
	Macroscopic measurements. 
	Dynamic magneto-optical Kerr measurements. 
	Phase-field simulations. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Multiferroic magnetic-ferroelectric heterostructure.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Non-volatile, reversible, and deterministic magnetization reversal driven by polarization reversal.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Purely voltage-driven bistable magnetization reversal.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Interpretation of the observed magnetization switching path with phase-field simulations.



 
    
       
          application/pdf
          
             
                Dynamic in situ observation of voltage-driven repeatable magnetization reversal at room temperature
            
         
          
             
                srep ,  (2016). doi:10.1038/srep23696
            
         
          
             
                Ya Gao
                Jia-Mian Hu
                C. T. Nelson
                T. N. Yang
                Y. Shen
                L. Q. Chen
                R. Ramesh
                C. W. Nan
            
         
          doi:10.1038/srep23696
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep23696
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep23696
            
         
      
       
          
          
          
             
                doi:10.1038/srep23696
            
         
          
             
                srep ,  (2016). doi:10.1038/srep23696
            
         
          
          
      
       
       
          True
      
   




