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Room temperature manipulation of the ferromagnetic state via an electric field is investigated in Ni/

BiFe0.95Mn0.05O3 thin film heterostructures. A 600% increase in the magnetic coercive field of the Ni

layer is observed at the initial DC electrical poling of the ferroelectric BiFe0.95Mn0.05O3 layer. The

magnetoelectric effect is remanent, and the magnetic coercive field can be modulated between a low

value and a high value by successively switching the ferroelectric polarization. After the initial poling,

the coercive field difference is decreased by subsequent back and forth switching. However, the

magnetic bi-stability is preserved at least up to 250 cycles, which is promising for spintronic applications.

Published by AIP Publishing. https://doi.org/10.1063/1.5018455

Electric field control of magnetism has been intensively

studied during the past decade due to its importance for future

low power consumption spintronic devices. From the material

point of view, multiferroics displaying coupled ferroic order

parameters appear as natural candidates. However, there are

only a few single phase multiferroic materials at room tempera-

ture and their magnetic properties are limited to antiferromag-

netic or weak ferromagnetic orders. Technological applications

will rather require the use of magnetoelectric heterostructures

combining ferromagnetic and piezoelectric/ferroelectric materi-

als. In such heterostructures, depending on the combination of

the material properties, three mechanisms leading to the electri-

cal manipulation of magnetism have been identified, namely,

strain mediated control of magnetism, electrical charge mediated

control of magnetism, and interlayer exchange coupling.1–3

Strain mediated control of magnetism was demonstrated

in several types of heterostructures, generally using bulk pie-

zoelectric materials such as PZT,4 PMN-Pt,5or BaTiO3.6 The

strain mostly affects the magnetic anisotropy axis through

the coupling of the inverse piezoelectric and magnetostric-

tion effects. It was shown that in this case, both strain and

magnetization major loops as a function of the electric field

display a similar butterfly shape.1–3 In charge-mediated con-

trol of magnetism, the spin dependence of the Thomas Fermi

screening length generates at the ferromagnetic/ferroelectric

interface a modification of both the magnetic anisotropy and

the saturation magnetization which depends on the electrical

polarization direction.1,3,7 As another charge related mecha-

nism, a magneto-ionic control of the interfacial magnetism

via migration of the oxidation front through redox reaction

was observed recently for the GdOx/Co system,8,9 through

Liþ migration in Pt/LiFe5O8-d/SrRuO3 (Ref. 10) or oxygen

vacancy migration in Ti/ZnO/SrRuO3 heterostructures.11

The exchange coupling mechanism will occur when the fer-

roelectric phase is also antiferromagnetic and it manifests

through a shift in the ferromagnetic hysteresis cycle (exchange

bias field Heb) and/or an increase in the ferromagnetic coercive

field (exchange enhancement). While exchange bias is usually

attributed to the pinned uncompensated interfacial spins in the

antiferromagnetic structure, the coercive field increase comes

from the antiferromagnetic unpinned uncompensated interfacial

spins.12 In magnetoelectric antiferromagnetic materials, the

electric field can control the antiferromagnetic domain structure

and consequently the exchange bias effect.13,14 Indeed, in

BiFeO3 (BFO) based structures, reversible switching between

two stable Heb values upon polarization reversal was measured

in (La,Sr) MnO3/BFO heterostructures below 30 K,15 while a

non-reversible room temperature electric field modulation of

Heb was evidenced in CoFeB/BFO based heterostructures.16

Finally, a room temperature reversible rotation of the magnetic

anisotropy axis between two directions was reported in Co/BFO

samples and attributed to interlayer exchange coupling com-

bined with a particular ferroelectric domain structure, although

without exchange bias.17

The coexistence of multiple mechanisms is expected in

magnetoelectric heterostructures, and their relative impor-

tance depends on the thickness of the ferromagnetic layer3 as

well as on the symmetry of the ferroelectric phase.18

We report here on the room temperature control of the

magnetic coercive field of Ni for Ni/BFO based thin film het-

erostructures by using DC electric fields. The voltage driven

magnetic coercive field modulation is nonvolatile, reversible,

and cyclable, and so, it could be used as a building block for

some low-power and electrically switchable spintronic

applications.

Epitaxial BiFe0.95Mn0.05O3 (BFMO) thin films were depos-

ited on (110)-oriented GdScO3 (GSO) substrates [(001)pc in

pseudo cubic notation used from now on in this article] using

pulsed laser deposition at a substrate temperature of 700 �C
in an oxygen pressure of 0.2 mbar and a laser fluence of about

2 J cm�2. A buffer layer of conducting La0.8Sr0.2MnO3 (LSMO)

was used as a bottom electrode for electrical measurements.

Ferromagnetic Ni pads protected with Au were deposited by

e-beam evaporation using electron lithography and lift-off

processes.

The magnetic properties of circular Ni pads (diameter of

20 lm) were measured with a magneto-optic Kerr effect

(MOKE) in the longitudinal mode while applying an out-of-a)E-mail: beatrice.negulescu@univ-tours.fr
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plane electric field through the structure. The piezoelectric

response of the BFMO films was measured using a double

beam laser interferometer, and the ferroelectric domain

structure was deduced from piezoresponse force microscopy

(PFM). The symmetry and strain state of the films were

checked by X-ray diffraction (XRD) with standard (00L)

scans and out-of-plane reciprocal space maps around the

(002)pc and (103)pc Bragg reflections. The films were found

to be partially relaxed with a monoclinic symmetry (see

supplementary material). Microstructural characterizations

were performed using Transmission Electronic Microscopy

(TEM) on cross-sections prepared by a Focused Ion Beam.

The high resolution TEM images (supplementary material)

show a coherent growth of the LSMO and BFMO oxide

layers on the GSO substrate, while the Ni layer was found to

be nanocrystalline.

Figure 1(a) shows a schematic of the device as well as the

geometry of the measurement. Figures 1(b) and 1(c) present the

magnetic hysteresis cycles for different electric field strengths:

(b) with increasing positive voltage and (c) with increasing neg-

ative voltage. From Fig. 1(b), a rapid increase in the magnetic

coercive field (Hc) from about 50 Oe at 0 V to a maximum

value of about 140 Oe at 2 V can be observed for voltage values

above 0.6 V. The increase in the coercive field is associated

with a reduction in the saturation magnetization (Ms) and in the

remanent magnetization (Mr), keeping the ratio Mr/Ms constant.

Figure 1(c) shows the lowering of Hc to about 70 Oe when

gradually reverting the polarity of the applied electric field.

Note that Hc is about 20 Oe in the unpoled state and that no

exchange bias is observed in these measurements.

Figure 1(d) shows the variation of Hc for a voltage

sweep in the range of 67 V including the initial poling.

From the initial state, a 600% increase in Hc is obtained

(from 20 Oe to about 140 Oe) with a saturation of the effect

for voltage values above 1.5 V. A “high” Hc state (130 Oe) is

maintained when reducing the voltage back to 0 V, showing

the remanence of the effect. Increasing negative voltage to

about �1.5 V reduces the Hc of Ni to a “low” state of about

70 Oe. Hc is further reduced to about 55 Oe when the voltage

is brought back to 0 V, so keeping DHc¼ 75 Oe (135%) with

DHc¼Hc(high) � Hc(low).

Figure 1(e) shows the normalized magnetization values

as a function of the applied voltage. Two distinct saturation

states are observed, corresponding to the two coercive states.

The change from the low to the high coercive state is associ-

ated with a lowering of Ms of about 12%.

Figure 1(f) shows the effective piezoelectric coefficient

deff
33 as a function of the applied DC voltage. In these mea-

surements, the deff
33 drop to zero occurs at the ferroelectric

coercive field. This confirms that the effect of the voltage on

Hc is not dominated by the piezoelectric properties of BFO

but rather by the orientation of the ferroelectric polarization.

To further investigate the origin of the observed Hc

modulation, a sample with a continuously varying BFMO

thickness was deposited using a motorized mask synchro-

nized with the laser pulses. The magnetic hysteresis loops

were then measured for applied DC voltages in the range of

610 V along the BFMO wedge.

Figure 2(a) shows the extracted Hc values as a function

of the applied voltage for several thicknesses of the BFMO

layer. We note an increase in the DHc values as well as a var-

iation of the positive switching voltages with the thickness.

Hc(high) values as well as the positive switching electric

fields are presented in Fig. 2(b) as a function of BFMO

FIG. 1. (a) Schematic of the device and the measurement geometry. (b) MOKE signal as a function of applied magnetic field for increasing voltage from 0 V

to 2 V (the arrow shows the direction of increasing positive voltage); (c) MOKE signal as a function of applied magnetic field for decreasing voltage from 0 V

to �2 V (the arrow shows the direction of increasing negative voltage). (d) Magnetic coercive field as a function of voltage for a complete voltage sweep. (e)

Normalized magnetization as a function of voltage. (f) Effective piezoelectric d33 loop as a function of the DC voltage sweep.
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thickness. For the thinner part of the wedge, no Hc variation

is found up to an applied voltage of 10 V, showing that there

is a critical thickness for the appearance of the effect, deter-

mined as about 27 nm. Above this value, a linear increase in

the Hc(high) is observed as a function of thickness. While

the positive electric voltage required to induce the “high” Hc

state increases as the thickness is reduced, the negative back-

switching field does not seem to be affected by the thickness.

A strong imprint is therefore present in the thinner part of

the sample, due to the increase in both the built-in field and

the depolarizing field with the decrease in the thickness.26

All these observations support the conclusion that the effect

of the voltage on Hc modulation is related to the electric

polarization switching in the BFMO layer.

The repeatability of the magnetoelectric effect was stud-

ied by alternatively switching the polarity of the electrical

field for about 500 times. Figure 3 shows the saturation mag-

netization, the coercive field, and the applied voltage as a

function of the number of electric switching events (each

event corresponding to an applied voltage of þ2 V or �2 V).

The difference between the two magnetic states slowly

decreases with the number of cycles and stabilizes to a value

of DHc ¼ 47 Oe. Again, the same trend is observed for the

saturation magnetization that decreases from 12% to 10%

difference between the two states. The remanence of the

effect was also confirmed after the 250 voltage cycles by

measuring the Hc(0 V) in the two magnetic states (DHc

¼ 55 Oe). The reversibility of this magnetoelectric effect

could be used in low power magnetic memories as a poten-

tial write assist, similar to heat assisted magnetic recording

but easier to achieve.3

As several mechanisms could be responsible for the

studied magnetoelectric effect, we will now discuss the pos-

sible origins. From Fig. 1(e), a loop-like dependence of the

magnetization versus applied electric field is observed, con-

trary to the butterfly shape observed for the strain induced

effect during major loops.1–3 This allows us to discard strain

mediated mechanisms to be dominant in our system.

In a recent work, Gao et al. reported the modulation of

the magnetic coercive field of Co in an exchange coupled

Co/BFO structure.17 Owing to the parallelism between the

projection of the polarization and the projection of the canted

antiferromagnetic moments of BFO, as well as the presence

of ferroelectric stripe domains, a magnetic anisotropy was

induced in the system and was reversibly rotated by 45�

when switching the ferroelectric polarization back and forth.

The PFM images of our BFMO films in the as-deposited

state show a mosaic-like structure with no preferential in-

plane orientation of the polarization [Fig. 4(a)]. As a result,

no anisotropy axis could be induced in the Ni film due to

exchange coupling. Furthermore, the electric field does not

modify the isotropic state of the Ni film, as indicated by the

polar plots of Mr/Ms and Hc presented in Fig. 4(b). We can

thus conclude that Hc modulation in the studied system is not

generated by a magnetic anisotropy axis rotation but could

correlate with the intrinsic magnetoelectric effect in BFO at

the ferroelectric polarization reversal, transferred to Ni by

interface exchange coupling.19 Note that similar results to

the work of Gao et al. were also found in one of our samples

presenting ferroelectric stripe domains (not shown here) so

that exchange coupling is also present in our system.

Since we established that the Hc modulation is related to

the ferroelectric polarization reversal, the contribution of the

spin-polarized screening charges to the studied magnetoelec-

tric effect should be considered. This mechanism was dem-

onstrated up to now only in ultrathin samples20–22 as the

Thomas-Fermi screening length is only a few monolayers for

metals. A new type of charge mediated coupling effect was

recently demonstrated using ferromagnetic resonance

FIG. 2. (a) Magnetic coercive field as a function of voltage for different

BFMO thicknesses along the wedge. (b) The variation of the electric field

necessary to change the magnetic state as a function of the BFMO thickness

(circles) and the coercive field measured at 10 V as a function of the BFMO

thickness (triangles).

FIG. 3. Top to bottom: coercive field, saturation magnetization, and applied

voltage as a function of the event number.
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experiments, defined as a magnon–driven magnetoelectric

coupling. Acting within the spin diffusion length, this cou-

pling can drive the magnetic dynamics on thicknesses much

larger than the screening length, as demonstrated in 20 nm in

the CoZr film23 or 14 nm in the Co film,24 both deposited on

PMN-Pt substrates. However, these results obtained from

dynamic measurements are not directly transposable to our

static experiments. The crystallinity of the magnetic film

could also play a role in the studied coupling mechanism. In

amorphous CoFeB, it was shown that interface induced

anisotropy propagates through the thickness of the film up to

20 nm (Ref. 25) and the same effect could occur in our nano-

crystalline Ni film.

Besides electron screening, ion migration (e.g., oxygen

vacancies) under the electric field could modify the composi-

tion of the BFMO film at the interface with the Ni film or

oxidize the Ni interface. Preliminary XPS measurements did

not indicate compositional differences between the poled

and unpoled states, but further in-depth chemical analysis is

necessary in order to detect any redox reaction or ionic

migration at the interface. Because Mn doping could be the

source of charged defects, an undoped BFO film was grown

and measured under the same conditions as for the Mn-

doped BFO samples. The same modulation of the magnetic

coercive state by the electric field was observed in this sam-

ple (not shown here), although with a 20% reduced ampli-

tude when compared with BFMO (averaged over 18 devices

for each sample). This result indicates that although it is not

at the origin of the magnetoelectric effect, Mn doping enhan-

ces it.

To conclude, we studied the effect of the electric field

on the magnetic properties in Ni/BiFe0.95Mn0.05O3 magneto-

electric heterostructures grown on single crystal (110) ori-

ented GdScO3 substrates. The magnetic coercive field and

the saturation of the Ni film are modulated using moderate

DC electric voltages. The intensity of the effect depends

linearly on the thickness of the BFMO layer at least up to

60 nm, and a critical thickness of 27 nm was identified for its

appearance. The Hc and Ms modulation is associated with

the ferroelectric polarization reversal and could be induced

by the coupling of the BFMO ferroelectric polarization with

the spin of the Ni film (charge effects) and by the coupling

of the antiferromagnetic structure of BFO with the ferromag-

netic Ni structure (exchange coupling effect). Further experi-

ments are needed in order to distinguish between these two

coupling mechanisms. The repeatability of the studied mag-

netoelectric effect was demonstrated up to 500 switching

events (250 cycles) at room temperature which is promising

for applications in the field of spintronics.

See supplementary material for the XRD and TEM

structural characterization of the films.
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