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Electric-field control of the anomalous Hall effect (AHE) was investigated in Fe40Pt60/(001)-

Pb(Mg1/3Nb2/3)0.67Ti0.33O3 (FePt/PMN-PT) multiferroic heterostructures at room temperature. It

was observed that a very large Hall resistivity change of up to 23.9% was produced using electric

fields under a magnetic field bias of 100 Oe. A pulsed electric field sequence was used to generate

nonvolatile strain to manipulate the Hall resistivity. Two corresponding nonvolatile states with

distinct Hall resistivities were achieved after the electric fields were removed, thus enabling the

encoding of binary information for memory applications. These results demonstrate that the Hall

resistivity can be reversibly switched in a nonvolatile manner using programmable electric fields.

Two remanent magnetic states that were created by electric-field-induced piezo-strain from the

PMN-PT were attributed to the nonvolatile and reversible properties of the AHE. This work sug-

gests that a low-energy-consumption-based approach can be used to create nonvolatile resistance

states for spintronic devices based on electric-field control of the AHE. Published by AIP
Publishing. https://doi.org/10.1063/1.5008591

One of the benefits of spintronics is low power con-

sumption. For this purpose, there has been active research in

the manipulation of magnetic states using an electric field

(EF). Here, the magnetic states include in-plane and perpen-

dicular magnetic anisotropies in thin films,1 magnetic

domain wall (DW) propagation,2 magnetic phase transi-

tions,3 and magnetic exchange interaction.4 Additionally, EF

control of the Hall effect offers a new prospect for the appli-

cations of spintronics, particularly, in magnetic memory

devices. Insulated-gate field-effect transistor structures have

been used to control the Hall effect to sense the magnetic

states of some multilayers.5–7 However, the short charge-

penetration depth cannot control the magnetic states inside

ferromagnetic films effectively.8 Increasing the EF strength

is not an option due to the potential breakdown of gate

dielectrics.9 Another approach to the EF control of magnetic

properties is to rely on the interfacial mechanical strain cou-

pling between a ferromagnetic and a ferroelectric film in

multiferroic hybrid structures.10–13 This method is much

more effective because one can select highly responsive fer-

romagnetic (via piezomagnetism) and ferroelectric compo-

nents.14,15 Carman et al. reported strain-mediated domain

wall (DW) rotation in ferromagnetic Ni rings formed on

Pb(Mg1/3Nb2/3)0.66Ti0.34O3 single crystals.15 An experimental

demonstration of a complete 180� reversal of magnetization

was also produced in nanomagnetic Co/Pb(Mg1/3Nb2/3)0.7

Ti0.3O3 multiferroic heterostructures via strain-mediated

magnetoelectric coupling.16 Qiu et al. were able to electrically

switch the magnetic vortex circulation in an artificial multifer-

roic Co/Cu/PMN-PT structure.13

Indeed, in recent years, there has been increasing

research into EF control of the Hall effect using multiferroic

heterostructures.7,17–19 Wang et al. observed that EF control

of the anomalous Hall effect (AHE) can enable the direct

probing of magnetization reversal in heavy metal/ferromag-

netic structures composed of Pt/Co/Ni/Co/Pt layers on

PMN-PT substrates.17 The AHE was also modulated by EF-

induced strain in multiferroic Ni43Mn41Co5Sn11/PMN-PT

heterostructures,18 indicating the possibility of an additional

degree of freedom in the design of spintronic devices

through EF control of the Hall effect. EF control of the AHE

was also reported in Pt/Bi0.9La0.1FeO3 multiferroic hetero-

structures.7 However, in these studies, the EF control of

AHE was volatile, which limits its utility in spintronics.17

Nonvolatile control of the AHE within the framework of

strain-mediated multiferroic structures has not been fully

explored to date.
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However, heavy metal/ferromagnetic structures, such as

those based on Pt/Co/Ni/Co/Pt layers, (Co/Pt)n, and (Fe/Pt)n

multilayers or alloys of Fe, Co, and Pt, have been studied

extensively because of their controllable magnetic anisotropy

and spin reorientation properties.14,20 Xiao et al. observed

that the AHE is more than three orders of magnitude higher

than the normal Hall effect in FexPt100�x and CoxPt100�x thin

films, indicating that they are good candidate materials for

spintronic applications.21,22 Yu et al. fabricated L10-FePt thin

films on NiTi shape memory alloy substrates and achieved

nonvolatile modulation of the magnetic anisotropy and

magnetization reversal characteristics of these films.20

Deterministic switching of the perpendicular magnetic anisot-

ropy using electric fields was also demonstrated in (Co/Pt)3/

Pb(Mg1/3Nb2/3)O3-PbTiO3 multiferroic heterostructures.14

In this work, with the motivation of realizing EF control

of the magnetic effects and the giant Hall effect in Fe-Pt

alloys, all-electrical programmable manipulations of AHE

were studied in Fe40Pt60/(001)-Pb(Mg1/3Nb2/3)0.67Ti0.33O3

(FePt/PMN-PT) multiferroic heterostructures. We have

observed that AHE can be reversibly switched in a nonvola-

tile manner using a sequence of pulsed electric fields at room

temperature. We will explain these switching results based

on the strain-mediated magnetoelectric coupling mechanism.

One Pt target and one Fe target were used to deposit the

thin films on glass substrates (�50 lm thick) via high-vacuum

magnetron sputtering techniques. We were able to achieve the

desired compositions and thicknesses by precise control of the

sputtering rates and times on each target. The FePt thin film

thickness used in this work was approximately 30 nm. Full

details of the thin film growth process can be found in Refs. 22

and 23. Standard lift-off optical lithography procedures yielded

the Hall bar structures, which have 150� 1300 lm2 main

channels. We used the standard four-probe technique to per-

form transport measurements at room temperature while taking

suitable precautions to eliminate any errors caused by thermo-

electric voltages and Hall probe misalignment. The multifer-

roic heterostructure was subsequently fabricated by epoxy

bonding of the polarized (001)-Pb(Mg1/3Nb2/3)0.67Ti0.33O3 sin-

gle crystal to the Cr/Au electrodes and the glass substrate.24

After the epoxy had fully cured, the Hall bar devices were then

installed on a probe station with in situ magnetic fields that

were generated using a pair of electromagnets.25 The strain

versus electric field curves were then measured by the strain

gauge method, as demonstrated in our previous work.26,27

Figure 1(a) shows a schematic illustration of the FePt/

PMN-PT multiferroic heterostructures. The positive electric

field is defined in the direction from the bottom electrode to

the top electrode, as indicated by the dotted arrows. The exter-

nal magnetic field H is applied perpendicular to the Hall bar

structure. The positive magnetic field is directed upwards, as

indicated by the bold arrow. The Hall channel lies along the

[100] direction of the PMN-PT single crystal. An optical

image of the Hall bar is shown in Fig. 1(b). Rxy is the Hall

resistance, which is determined based on the Hall voltage and

the applied current Is. The Hall resistivity qH is then calculated

while considering the FePt channel thickness. One typical cal-

culation result is plotted in Fig. 1(c). The Hall resistivity of

the FePt thin film was 1.09� 10�7 X cm after positive full

polarization, which is consistent with previously reported

values.21–23 The FePt thin films in this work have an A1-type

structure with a face-centered cubic (fcc) symmetry as shown

in Fig. S1 (for more details, see supplementary material).

It is well known that electric-field control of the mag-

netic properties of materials is a result of strain-mediated

magnetoelectric coupling.1,9–11 We must therefore turn to a

study of the strain states, which are transferred from the

PMN-PT substrate to the FePt thin film through the converse

piezoelectric effect. First, the cycle of applied electric fields

in the continuous mode shown in Fig. 2(a) was used to mea-

sure the strain along the [100] direction of the PMN-PT. This

method has been commonly used in the literature.26–28 The

corresponding results are plotted in Fig. 2(b). The observed

butterfly-like behavior can be expected when using this

mode. Consequently, there was no remanent strain upon

removal of the applied electric fields.26 Second, a sequence

of electric fields in the pulsed mode shown in Fig. 2(c) was

used to perform the strain measurements, in the manner

reported by Zhao et al.28 In both modes, the strain was mea-

sured at the end of the interval, as indicated by the arrows in

both Figs. 2(a) and 2(c). The difference between these modes

is that the electric voltage (field) is constantly applied to the

PMN-PT in the continuous mode, whereas no electric volt-

age (field) is applied during the interval in the pulsed mode.

In the pulsed mode, the strain is actually measured under

zero electric field bias and thus reflects the remanent strain

states within the PMN-PT substrate. The resulting strain ver-

sus electric field curve is presented in Fig. 2(d) and shows

bipolar loop-like behavior. Removal of the pulsed electric

field fromþ5.5 kV/cm to a zero field sets the remanent strain

state “A,” and removal of the pulsed electric field

from�5.5 kV/cm to a zero field sets up another remanent

strain state “B.” These two distinct remanent strain states are

both stable, indicating the possibility of control of the non-

volatile Hall effect using electric fields. It is generally recog-

nized that the magnetoelectric coupling effect through strain

FIG. 1. (a) Schematic of the FePt/PMN-PT multiferroic heterostructure. (b)

An optical image of the Hall bar. (c) A typical Hall resistivity curve shown

as a function of the sweeping magnetic fields. The insets show the FePt Hall

bar and the magnetic field configuration in accordance with (a).
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transfer from the ferroelectric layer to the ferromagnetic

layer will induce a remarkable modulation in magnetic

anisotropy.1,4,9 Hence, the electric-field-control of the AHE

in the FePt/PMN-PT heterostructures can be realized indi-

rectly via strain-mediated magnetoelectric coupling. Here,

the remanent strain state “B” is referenced as having a value

of 0 ppm. The remanent strain state “A” is then given a strain

value of up toþ120 ppm, which is of the same order of mag-

nitude as that in Ref. 28 (ca. �þ400 ppm). It should also be

mentioned that the strain is tensile after depolarization

fromþ5.5 kV/cm to the zero field, which is in agreement

with previously reported results.28 This behavior is closely

related to the ferroelectric polarization switching of the

PMN-PT substrate under pulsed electric fields.27,28

However, Fig. 2(b) shows that the remanent strain is negligi-

ble after the removal of the electric fields in the continuous

mode. This therefore suggests that one can easily obtain con-

siderable remanent strain using the pulsed mode and that fur-

ther nonvolatile control of the magnetic properties can be

obtained through strain-mediated magnetoelectric coupling.

We then used the pulsed mode shown in Fig. 2(c) to

control the AHE electrically. Under the optimum magnetic

field bias of 100 Oe, the Hall resistivity versus pulsed electric

field was measured as shown in Fig. 3(a). The criterion for

the optimum bias magnetic field can be found in Fig. S2 (see

supplementary material). At first, the Hall resistivity was

approximately 1.35� 10�7 X cm at 0 kV/cm after negative

full polarization (approximately�5.5 kV/cm). The Hall

resistivity then decreased to 1.09� 10�7 X cm at 0 kV/cm

after positive full polarization (approximatelyþ5.5 kV/cm).

The Hall resistivity change, which is defined as [qH(E)

�qH(0, low)]/qH(0, low), ranges up to �23.9% under elec-

tric fields at a magnetic field of 100 Oe. Here, qH(E) is the

Hall resistivity at the electric field E and qH(0, low) repre-

sents the lower resistivity at 0 kV/cm. This change is

FIG. 2. (a) and (c) Schematic diagrams

of the continuous and pulsed modes

used for the strain-electric-field curve

measurements, respectively. The strain

measurement begins at the end of the

interval indicated by the arrows in

each case. (b) and (d) Corresponding

in-plane strain vs. electric field curves

for the continuous and pulsed modes,

respectively. The dotted lines with

arrows show the cycling directions of

the electric fields.

FIG. 3. (a) Electric-field control of the Hall voltage in the FePt-PMN-PT

multiferroic heterostructure at 100 Oe using electric field amplitudes ofþ5.5

and�5.5 kV/cm. (b) Reversible electric-field control of the nonvolatile Hall

resistivity using a sequence of pulsed electric fields under 100 Oe magnetic

field bias.
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comparable with that (�45%) obtained in Ni43Mn41Co5Sn11/

PMN-PT multiferroic heterostructures at 3 kV/cm and

5 kOe.18 Second, remanent Hall resistivities are also

expected based on the remanent strain states that occur in the

FePt thin films, as noted above. The low and high Hall resis-

tance states are labeled “0” and “1” in Fig. 3(a) and corre-

spond to the remanent strain states “A” and “B” shown in

Fig. 2(d), respectively. The Hall resistivity can thus be mod-

ulated in a nonvolatile manner using pulsed electric fields.

To encode binary information via electric-field control

of the AHE, a sequence of pulsed fields with amplitudes of

þ5.5 kV/cm and�5.5 kV/cm is used as shown at the top of

Fig. 3(b). On the one hand, the low Hall resistance state

(encoded as “0”) and the high Hall resistance state (encoded

as “1”), as labeled at the bottom of Fig. 3(b), are synchro-

nously and reversibly switched during the repeated applica-

tion of the electric field pulses ofþ5.5 and�5.5 kV/cm. On

the other hand, both the low and high Hall resistance states

are nonvolatile and remain upon removal of the pulsed elec-

tric fields because of the nonvolatile remanent strains that

are present in the FePt thin films, in a manner similar to the

nonvolatile resistance states that occur in (011)-La2/3Sr1/3

MnO3/0.7Pb(Mg1/3Nb2/3)O3–0.3PbTiO3 multiferroic hetero-

structures.27 Consequently, using a sequence of pulsed elec-

tric fields, the Hall resistivity can be reversibly modulated in

a nonvolatile manner at room temperature, which indicates a

promising approach for the development of memory devices.

To illustrate the strain-mediated magnetoelectric coupling

mechanism in the FePt/PMN-PT multiferroic heterostructures,

the magnetic states under the application of electrical (or

strain) and magnetic fields are illustrated in Fig. 4. Based on

the magnetic hysteresis loop measurements of the unpatterned

FePt thin films [see Fig. S3(a) and S3(b) in the supplementary

material and our previous work21], the FePt thin films are

known to have in-plane magnetocrystalline anisotropy (inde-

pendent of the in-plane direction in the polycrystal FePt thin

film), while the out-of-plane axis is the magnetic hard axis

due to the demagnetization field. In the patterned FePt thin

films with a Hall bar geometry, the shape anisotropy or

demagnetization field introduces an easy axis along the length

direction of the Hall bar (see Fig. S3(c) in the supplementary

material). Thus, the magnetization (or moment) favors align-

ment along the channel direction28,29 (or mainly along the

x-axis, as shown in Fig. 4) in the absence of an external mag-

netic field (see Fig. S3(d) in the supplementary material).

Figure 4(a) shows the magnetic state of the FePt Hall channel

when it is depolarized from�5.5 kV/cm to 0 kV/cm at a bias

of 100 Oe. The bias magnetic field H tilts the magnetization

M towards the out-of-plane direction, as shown in Fig. 4(a).

The resulting magnetization component Mz is thus oriented

along the H direction. Under the application of a þ5.5 kV/cm

pulsed electric field, the remanent strain is induced in the FePt

thin films as shown in Fig. 4(b), and this introduces an addi-

tional magnetoelastic energy Fme. Since the piezo-strain in the

(001)-oriented PMN-PT substrate is uniformly biaxial, the

shear strain is neglected here. Thus, Fme can be determined as

follows:30,31

Fme ¼ �
3

2
ksYexx cos2 u sin2 h; (1)

where ks is the magnetostriction constant (approximately

þ70 ppm),32 exx is the in-plane strain, and Y is the Young’s

modulus (>0) of the FePt thin film. When the electric field is

reduced from�5.5 kV/cm to 0 kV/cm, the remanent strain is

approximatelyþ120 ppm, and thus, Fme is negative. This

means that magnetization M is not favorable along the out-

of-plane direction from the free energy viewpoint of Eq. (1).

Therefore, the magnetization M will rotate from the out-

of-plane direction towards the in-plane direction, as shown

in Fig. 4(b). Consequently, Mz is weakened by the pulsed

electric field, and this is in good agreement with previously

reported results.14,29,33 �Alvarez et al. demonstrated experi-

mentally that the in-plane magnetization is enhanced by

internal strain in the FePt thin films within a specific thick-

ness range.29 Magnetization reversal from the out-of-plane

direction towards the in-plane direction under the application

of electric fields was also observed to occur in (Co/Pt)3/

Pb(Mg1/3Nb2/3)O3-PbTiO3 multiferroic heterostructures

through strain-mediated magnetoelectric coupling.14,33 The

magnetic anisotropy of the FePt/PMN-PT multiferroic heter-

ostructures under pulse electric fields is shown in Fig. S4

(see supplementary material).

We now consider how the AHE can be controlled using

electric fields. It is well known that the empirical relationship

among qH, Hz, and Mz for the AHE is given by34

qH ¼ R0Hz þ RsMz; (2)

FIG. 4. Schematic illustration of the mechanism for electric-field control of

the Hall effect via strain-mediated magnetoelectric coupling. (a) and (b) The

magnetization states after depolarization from�5.5 kV/cm andþ5.5 kV/cm,

respectively. The magnetic field H was set at 100 Oe. Tensile strain was

formed as indicated by the blue arrows.
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where R0 is the ordinary Hall coefficient, while Rs is the

spontaneous anomalous Hall coefficient, which is dependent

on various material-specific parameters.34 Mz is the magneti-

zation along the Hz direction. The term R0Hz is usually

several orders of magnitude smaller than the term RsMz and

can thus be neglected. The AHE resistivity is therefore

mainly dependent on the term RsMz and is thus proportional

to Mz.
21,22 In the remanent strain state “A,” as shown in

Fig. 4(b), the out-of-plane magnetization Mz (marked in red)

is weakened by the application of the positive pulsed electric

fields. Consequently, the AHE resistivity is reduced and the

low Hall resistance state of “0” is created by the positive

electric fields. Using similar reasoning, it is possible to

switch to the high Hall resistance state of “1” from the lower

state by the application of negative electric fields. It should

be mentioned that the electric field is an indirect approach

here to control the AHE. Actually, the electric-field-induced

piezo-strain from the ferroelectric PMN-PT modulates the

magnetic states in the FePt thin film, and thus, the AHE is

controlled indirectly by an electric field.

In summary, we have used electric fields to control the

anomalous Hall effect in multiferroic FePt/PMN-PT hybrid

heterostructures at room temperature. Using a sequence of

pulsed electric fields, we first achieved the nonvolatile rema-

nent strain states. Then, we observed a very high AHE tun-

ability of up to 23.9% under the application of pulsed

electric fields. The corresponding low- and high-Hall resis-

tance states were created, and they were shown to be nonvol-

atile upon removal of the applied electric fields. A

programmed pulsed electric field sequence can deterministi-

cally switch between the low- and high-Hall resistance states

reversibly in a nonvolatile manner, thus enabling encoding

of binary information. The observed behavior is the result

of strain-mediated magnetoelectric coupling in the FePt/

PMN-PT multiferroic heterostructures. Our approach is sim-

ple, effective, and nonvolatile and consumes little power.

Therefore, EF controlled AHE using multiferroic hetero-

structures is another potentially viable implementation of

spintronic random-access memory technologies.

See supplementary material for the crystalline phase of

the FePt thin films, magnetic hysteresis curves of the FePt

thin films, the criterion for the optimum magnetic field used

in this work, and qualitative results for the magnetic anisot-

ropy of the FePt thin films under pulse electric fields.
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