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Abstract: Electric field manipulation of magnetism and 180° magnetization reversal are crucial for
realizing magnetic storage devices with low-power consumption. Here, we demonstrate that electric-
field manipulation of magnetic anisotropy rotation is achieved by the strain-mediated magnetoelec-
tric effect in a FesoPts5/(011)0.7Pb(Mg; /3Nb,/3)03-0.3PbTiO3/Au. The remanent magnetization
and magnetic coercivity of the FesyPtsg film exhibit an obvious response with the change of the
electric fields. Moreover, the reversible in-plane 180° magnetization reversal can be controlled by
alternating on or off the electric field under a small bias magnetic field. These results suggest a
promising application for realizing magnetoelectric random access memory (MeRAM) devices with

low—power COI’lSl.lmptiOI’l.

Keywords: magnetoelectric effect; PMN-PT; electric field manipulation of magnetism; magnetic
anisotropy rotation; reversible 180° magnetization reversal

1. Introduction

With the rapid development of electronic information, the demand for information
memory devices with high speed, high density, and low power consumption is increas-
ingly urgent. At present, many kinds of memory devices are widely concerned, such as
magnetoresistive random access memory (MRAM) [1], resistance random access memory
(RRAM) [2-5], ferroelectric random access memory (FRAM) [6], based on the spin-orbit
torque MRAM or spin-transfer torque MRAM [1,7-9], etc. The control of magnetism is a
fundamental process for current MRAM devices, which encode two different magnetic
states for the recording media corresponding to “0” and “1”, respectively [10,11]. The two
magnetic states can be tuned and reversed by magnetic fields, which require coils with
electric current, making the system bulky and consuming a lot of energy [10,12]. Thus,
it is a pressing need to modulate and switch magnetization by nonmagnetic means. Com-
pared to the magnetic field tunable devices, electric field control of devices are much more
compact, lightweight, and energy efficient [12,13]. Therefore, the electric-field control of
magnetism is extensively investigated and has great potential in magnetoelectric random
access memory (MeRAM), which combines the advantages of MRAM and FRAM [14].
In the magnetoelectric (ME) heterostructures with a ferromagnetic (FM) thin film growing
on a ferroelectric (FE) substrate (for example, metal/[Pb(Mg; ;3Nb;,3)O3](1-x)-[PbTiO3]x),
the strain-mediated converse ME effect acts as a main mechanism [15-20], i.e., using the
electric-field-induced strain from the FE layer, the magnetism of the FM thin film can be con-
trolled by modifying magnetic anisotropy [21-27], altering the exchange coupling [28-30]
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or driving magnetic phase transition [31-33]. Thus, using an electric field instead of a tradi-
tional magnetic field is feasible to manipulate the magnetism in the design of low-power
consumption MeRAM devices [21,23,24,34-40].

Large magnetic response and reversible 180° magnetization reversal driven by the
electric fields ensure the stability and signal-to-noise ratio of the magnetic signals, which
have great significance for realizing MeRAM [21,24,29]. Many experiments and theoretical
predictions have demonstrated that the 180° magnetization reversal can be realized by
electric-fields-manipulated magnetic anisotropy rotation in a number of ME heterostruc-
tures [26,29,30,41-43]. For example, in the CoPt or FePd/(001)Pb(Mg;/3Nb;/3)O3-PbTiO3
heterostructure, the magnetization vector reversal of the film can be switched by the
variation of magnetic coercivity (H¢), which is caused by turning on or off the electric
field [39,40]. However, large saturated magnetic fields are necessary for achieving the
reversible 180° magnetization reversal in the aforementioned reports, which leads to high
energy consumption. Therefore, realizing electric fields manipulating 180° magnetization
reversal in a small bias magnetic field is greatly desirable.

In this paper, a FesoPtsy (FePt) film is chosen as the FM layer due to its large magnetic
anisotropy [36]. A relaxor ferroelectrics (011) oriented 0.7Pb(Mg; ;3Nb; /3)O03-0.3PbTiO3 (PMN-
PT) single crystal is selected as the FE substrate, which has a large in-plane anisotropic
piezoelectric response [44—46]. We demonstrate that electric-field control of magnetic anisotropy
rotation, accompanied by a large ME effect, can be obtained in this FePt/(011)PMN-PT/Au.
The remanent magnetization (M;) and H. of the FePt film along the [100] or [01—1] direction
exhibit an obvious anisotropic response with the applying electric fields. Taking advantage
of these properties, the 180° magnetization reversal can be controlled reversibly in this
ME composite by alternating on or off the electric field around a bias magnetic field of
150 Oe. More importantly, this bias magnetic field is obviously smaller than the saturation
magnetic field (750 Oe), which is meaningful for the design of low-power consumption
MeRAM devices.

2. Experimental Section

A (011)-oriented PMN-PT single crystal substrate, which was prepared with the
Bridgman method was commercially provided by Hefei Kejing Material Technology Co.,
Ltd. (Hefei, An Hui, China). The Fe (99.99%) and Pt (99.99%) targets were co-deposited
on the commercial 10 mm x 5 mm x 0.5 mm (011)-oriented PMN-PT substrate to obtain
the FePt film by using a magnetron sputtering system (JZCK-400DJ, Shenyang, Liao Ning,
China). The distance between the Fe, Pt targets and the PMN-PT substrate was 10 cm.
The base vacuum of the magnetron sputtering chamber was below 10~* Pa. During the
FePt film deposition, the PMN-PT substrate temperature was kept at 450 °C and the
working Ar pressure was 0.6 Pa. The deposited power of Fe target and Pt target was
20 and 30 W, respectively. The composition of the co-deposited FePt film was FesyPts,
which was confirmed by scanning electron microscopy (SEM, JEOL 6500, Tokyo, Japan)
equipped with energy dispersive spectroscopy (EDS). The FePt film with a thickness of
20 nm was determined by the stylus profiler (Veeco Dektak 150, New York, NY, USA).
The 150 nm Au film was grown on the backside of the FePt/(011)PMN-PT as an electrode,
which constructed the FePt/PMN-PT/Au. The surface morphology of FePt film was
measured with scanning probe microscopy (SPM, Veeco, Dimension V, New York, NY, USA).
A voltage source meter (Keithley, model 2410, Beaverton, OG, USA) was used to provide
the electric fields applied between the FePt film and Au electrode. The strain properties
of the FePt/PMN-PT/Au along in-plane [100] and [01—1] directions were recorded by
the resistance strain gauge technique, respectively. The polarization hysteresis loop of the
FePt/PMN-PT/Au was measured by a standard ferroelectric test unit (TF-2000, aix-ACCT,
Aachen, Nordrhein-Westfalen, Germany). The magnetic properties of the FePt/PMN-
PT/Au were characterized by a vibrating sample magnetometer (VSM, Microsense EV7,
Lowell, MA, USA). The detailed measurement conditions for the FePt/PMN-PT/Au were
reported in our earlier work [36].
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3. Results and Discussion

Figure 1a shows the schematic diagram of strain measurement for the FePt/PMN-
PT/Au. The strain gauges are adhered to the surface of FePt film along the in-plane
[100] and [01—1] directions, respectively. The electric fields are applied along the [011]
direction of the FePt/PMN-PT/Au. The electric field dependence of strain (S-E) curves
along the in-plane two directions are shown in Figure 1b. With a symmetric electric-field
sweeping from —10 to 10 kV/cm, the in-plane S-E curves exhibit symmetrical butterfly
shaped behavior along the in-plane [100] and [01—1] directions, respectively. Meanwhile,
the in-plane S-E curves of the FePt/PMN-PT/Au show highly anisotropic behavior due to
its large anisotropic piezoelectric coefficients [21], leading to a compressive strain along the
in-plane [100] direction and a tensile strain along the in-plane [01—1] direction [25,45,46].
The polarization hysteresis loop of the FePt/PMN-PT/Au is shown in Figure 1c, which
exhibits ferroelectric performance with the remnant polarization of 32 uC/cm? and coercive
field of 2 kV/cm. Figure 1d exhibits the surface morphology of FePt film deposited on the
PMN-PT substrate, in which a smooth surface is observed. The aforementioned features
provide a favorable condition for the following ME coupling measurements.
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Figure 1. (a) Schematic diagram of strain measurement for the FePt/PMN-PT/Au under applied electric fields; (b) the
electric field dependence of in-plane strain curves along the [100] and [01—1] directions, respectively; (c) the polarization

hysteresis loop of the FePt/PMN-PT/Au at room temperature; (d) the surface morphology image of the FePt film with an
area of 2 x 2 um?.

Schematic images for magnetic hysteresis (M—H) loops measured under electric fields
along both the in-plane [100] and [01—1] directions are shown in Figure 2a,b, respectively.
The M-H loops of the FePt/PMN-PT/Au are characterized along the [100] and [01—1] di-
rections with in situ electric fields of 0 kV/cm, 2 kV/em, 4 kV/em, 8 kV/cm, and 10 kV/cm,
respectively. With the increase in the electric field, the magnetization process of the FePt
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film along the in-plane [100] direction becomes harder and displays a reduction in square-
ness ratio (M /M), which is shown in Figure 2c. However, the magnetic change along the
in-plane [01—1] direction is just the converse, which has an increment of the squareness
ratio under the same electric fields as shown in Figure 2d. An obvious electric-fields-driven
in-plane magnetic anisotropy rotation behavior is observed, leading to the reorientation
of the magnetic easy axis from the in-plane [100] direction to [01—1] direction. For fur-
ther characterizing the ME effect in the FePt/PMN-PT/Au, the variation of M; and H,
of the FePt film as a function of applying electric fields along both the in-plane [100] and
[01—1] directions are shown in Figure 2e,f, respectively. When the electric field is 0 kV/cm,
the magnetic easy axis is initially along the in-plane [100] direction, which reveals high
M/Ms along the in-plane [100] direction and low M /Ms along the in-plane [01—1] direction.
As shown in Figure 2e, the Mr changes remarkably with the electric field increasing to
10 kV/cm. The magnetization changing rate defined as (M(E) — M(0))/M(0) x 100% is
about +190% and —41% for the magnetic field applied along the in-plane [100] and [01—1]
directions, respectively. Meanwhile, the H. also shows an obviously response with the
increase of electric field, which is shown in Figure 2f. Similarly, the change rate of H. (H(E)
— Hc(0))/Hc(0) x 100% is about +137% along [01—1] direction, while the change rate along
[100] direction is about —-52% under the 10 kV/cm. This giant anisotropic rotation ability
can be understood as the ultra-high in-plane anisotropic strain mediated ME effect, which
leads to a rotation of the magnetic easy axis from the in-plane [100] direction to [01—1]
direction [10,27]. Thus, the magnetization of FePt film along the two in-plane directions can
be effectively manipulated by the electric-field-induced strains (compressive and tensile
stress) so that M; and H. show an opposite behavior along in-plane [100] direction and
[01—1] direction, respectively. The M, and H. with obvious changes along the two in-plane
directions provide a potential opportunity to obtain reversible 180° magnetization reversal.

According to the earlier reports, the electric-field-induced magnetization reversal
can be realized in the FePt film with the change of electric fields due to the variation
of Hc [39,40]. We take the magnetization curve along [01—1] direction as an example
to demonstrate this reversal process. First, the FePt/PMN-PT/Au is magnetized by a
saturation magnetic field (750 Oe) along the [01—1] direction with an electric field applied
on the substrate. Then, the magnetic field gradually reduces and goes through zero to a
negative field Hc(X) = 150 Oe, which locates between H(0) and H,(E). If the applied electric
field is removed at this time, the magnetization of FePt film would correspondingly drop
from point A to point B and accompany with the change in sign of magnetization from +M
to —M due to the different magnetization states under the electric fields of 10 kV/cm and
0kV/cm [38—40]. It is worth noting that the magnetization vector is not fully reversed at
this condition, which results in a relatively small signal-to-noise ratio. Now;, if the magnetic
field is switched off to 0 Oe, the sign of magnetization vector cannot be changed. In order to
realize the reversible magnetization reversal, based on the earlier reports [39,40], the FePt
film should be magnetized under a reverse saturation magnetic field, which corresponds
to the movement from B to F. The switching back of magnetization from C to D can be
achieved by analogous method, which is shown in detail in Figure 3a. Based on this
mechanism, a relatively large saturation magnetic field is required to realize the reversible
magnetization reversal [38—40].

In the following, we demonstrate that the 180° magnetization reversal can be achieved
in this ME composite with a small bias magnetic field by alternating on or off the electric
field. As shown in Figure 3b, after the magnetization vector changes from A to B by
switching off the electric field, the magnetization vector can further drop to point H by
switching on the electric field again, which just follows the magnetization curve under
the electric field (green magnetization curve in Figure 3b). Keeping on the applying of
this electric field, the magnetization vector would switch to point C as the magnetic field
reverses from —150 Oe to 150 Oe. Based on the magnetization curves without and with
the electric field, the magnetization vector would jump to point D and G by switching
off and on the electric fields, respectively. It is worth pointing out that, from point H to
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point G, a 180° magnetization reversal is obtained in this FePt/PMN-PT/Au by alternating
on or off the electric field. More importantly, unlike the earlier reports, the realization of
this reversal process does not require the saturation magnetic field, which is shown in the
loop of A-B-H-C-D-G. In the current operation, a relatively small bias magnetic field of
150 Oe instead of a saturation magnetic field of 750 Oe is used, which remarkably decreases
energy consumption.

Figure 4 shows the repeatability of 180° magnetization reversal in the FePt/PMN-
PT/Au. Under a small bias magnetic field of 150 Oe, by alternating on or off the electric
field, the magnetization vector can switch from the positive to negative states again and
again (loop of A-B-H-C-D-G), indicating good stability and repeatability, which is mean-
ingful for realizing the MeRAM devices with lower power consumption.
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Figure 2. Schematic images for M-H loops measured under electric fields along the [100] direction (a) and [01—1] directions (b),
respectively; the M-H loops measured under different electric fields along the [100] (c) and [01—1] (d) directions, respectively;
electric-field controlled Mr and Hc along the [100] (e) and [01—1] (f) directions, respectively.



Coatings 2021, 11, 730 60f8

(@) 1ol =% -0 xviem ) P (b) 10" ——E=0xviem ) S —
——E=10kV/em |/ Son| ---E=10kV/em i 44 -7
x 7
27 7
0.5- Adm+ 0.5- " 5y
) . AYoff |, 2 /
15 ol
. ! D
Ew H.(E |m » I // nn/I ,'
< 0o . Z 0.0 AV x 3
= s Y7/ 7
| 1Y / !
| 1B X !
,,Ir)n/ |
0.5 | 0.5 vy
C /I' It/ off, C
/ s /, o /§ /
F 4 7/ e F - // ’ T g
-1.0 e e oo i H//[01-1] -1-0-——--~""""————-——“~"| H//[01-1]
. T v T T T T T ¥ T ¥
750 -500 250 0 250 500 750 750  -500  -250 0 250 500 750
Magnetic Field (Oe) Magnetic Field (Oe)

Figure 3. (a) The process of electric-field-manipulated magnetization vector switching by manipulating two magnetization states
in the FePt/PMN-PT/ Au; (b) the 180° magnetization reversal with a small bias magnetic field by alternating on or off electric field.
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4. Conclusions

We demonstrate that electric-field-control of magnetic anisotropy rotation can be
achieved by the strain-mediated ME effect in a FePt/(011)PMN-PT/Au. The M, and H,
of the FePt film along in-plane [100] and [01—1] directions exhibit an obvious anisotropic
response with the increase in the electric field. Furthermore, taking advantage of the
magnetic changes caused by the electric field, the reversible 180° magnetization reversal
can be controlled by alternating on and off the electric fields under a small bias magnetic
field of 150 Oe, which is obviously smaller than the saturation magnetic field (750 Oe).
This 180° magnetization reversal recording process in the FePt/PMN-PT/Au is a promising
approach for developing strain-mediated MeRAM devices with lower power consumption.
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