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The magnetoelectric (ME) coupling of CoFeB/Ru/CoFeB synthetic antiferromagnetic (SAF)

structure is studied at room-temperature when the SAF structure was deposited on the ð011Þ �
PbðMg1=3Nb2=3ÞO3�PbTiO3 piezoelectric substrate. It was found that the magnetoelectric

coupling showed butterfly like curve when measured in the absence of magnetic field but it showed

hysteresis loop-like behavior as well as the exchange-bias like shift of the ME hysteresis under

fixed magnetic fields of þ250 Oe and þ500 Oe. This exchange-bias like hysteretic ME coupling is

attributed to the direct coupling of CoFeB layer with the substrate ferroelectric domain, the

absence of magnetocrystalline anisotropy and the switching of 109� ferroelastic domains of the

substrate. We have also measured the magnetoelectric coupling of CoFe/Ru/CoFe SAF structure

but observed no exchange-bias like hysteresis behavior. Our results establish another way of

obtaining the non-volatile memory devices based on magnetoelectric systems. VC 2012 American
Institute of Physics. [http://dx.doi.org/10.1063/1.4748304]

Since the discovery of magnetoresistance effect by Fert

et al.1 and Grunberg et al.,2 much of the research has been

focused on achieving non-volatile random access memory,

low energy consumption, and large integration density in

practical spintronics devices.3–5 In order to achieve these

goals, at present, efforts are underway to build a parallel

electric-field based memory devices such as multilayered

spin-valve, magnetic tunnel junctions (MTJs), etc. In MTJs,

two ferromagnetic (FM) layers are separated through a

spacer layer and one of the FM layer is pinned through a pin-

ning layer. The low field excursion for changing the mag-

netic orientation of the free magnetic layer can produce

permanent reversal of small domains of the pinned layer

resulting in degradation of device performance.6,7 Further-

more, the use of antiferromagnetic (AFM) layer adjacent to

the FM layer can solve the problem but may cause the exis-

tence of non-zero magnetic bias on the free layer, which

would affect the device operation in the absence of magnetic

field.8 The pinned layer without magnetic bias on free layer

can be produced by using the so called synthetic antiferro-

magnetic (SAF) structure consisting of ferromagnet/nonmag-

net/ferromagnet trilayers. The non-magnetic Ru layer with

nominal thickness range of 0.7–0.9 nm is normally used in

the SAF structure owing to the strongest coupling reported.9

Recent reports including electric-field modulation of

magnetic anisotropy and the modification of ferroelectric

properties via strain effect propose that the devices such as

magnetic (ferroelectric) tunnel junctions can be controlled

through electric-field (or strain) in order to build the strain-

mediated magnetoelectric (ME) random access memory.10–15

Since in today’s technology, synthetic antiferromagnets are

necessary part of the MTJ device, therefore a report for mag-

netoelectric coupling of such SAF structures fabricated on pie-

zoelectric substrates like PbðMg1=3Nb2=3ÞO3�PbTiO3 (PMN-

PT) is needed.

In this Letter, we present the room-temperature magne-

toelectric coupling for CoFeB/Ru/CoFeB based synthetic

antiferromagnetic structure when deposited on the ð011Þ �
PbðMg1=3Nb2=3ÞO3�PbTiO3 piezoelectric substrate. The

exchange-bias like hysteresis loops are observed under fixed

magnetic fields. Moreover, the magnetoelectric coupling of

PMN-PT(sub)/CoFe/Ru/CoFe/cap SAF structure is also

investigated in order to compare the ME coupling for the

two structures and to see whether the exchange-bias like ME

effect is specific to the CoFeB-based structure.

The standard synthetic antiferromagnetic sample with the

structure S1: PMN-PT(sub.)/CoFeB (4)/Ru (0.8)/CoFeB (3)/

Ta (6); all thicknesses are measured in nm, was fabricated by

using the TMR (R&D) and ULVAC magnetron sputtering

system under the base pressure of 10�8 mbar. First, the CoFeB

(4)/Ru (0.8)/CoFeB (3) trilayer structure was in situ deposited

on the piezoelectric (011)-cut PMN-PT substrate, and then the

films were covered by 6 nm thick Ta layer. Since for the

PMN-PT substrate, the maximum converse piezoelectric is

observed at room-temperature16 due to the addition of large

thermal energy factor at high temperatures and also keeping

in mind the room-temperature device application, we have

performed all the measurements at room temperature. In order

to in situ apply voltage across the sample, one conducting

point of silver paste was made at the top of the sample surface

and the other conducting point was made at the bottom sur-

face of the substrate. The top and bottom surfaces of the sam-

ple were connected through a high series resistance during

measurement in the superconducting quantum interference
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(SQUID) device operating in I-source mode for measurement.

The detail of the measurement and sample preparation can be

found elsewhere.17 Here, the CoFeB layer is used mainly due

to the following reasons: (i) CoFeB is a soft ferromagnet, (ii)

the highest tunneling magnetoresistance (TMR) ratio is found

in MTJs with CoFeB as the magnetic layers18 and since the

SAF structure is an essential part of MTJ device so, the mag-

netoelectric study for the SAF structure with CoFeB layer is

needed in order to achieve efficiently the electric-control of

MTJs, (iii) the largest magnetoelectric coupling is found and

reported for the as-grown CoFeB layer deposited on the

(011)-cut PMN-PT substrate.17

Figure 1(a) is a standard magnetic hysteresis loop for

the synthetic antiferromagnetic structure showing the good

quality of our sample, whereas Figures 1(b)–1(d) shows the

ME coupling of such a structure under various magnetic

fields of 0 Oe, þ250 Oe, and þ500 Oe shown, respectively.

In Figure 1(b), the regular and symmetric butterfly like M(E)

curve can be seen, which corresponds well to the substrate

strain effect.19 It is interesting to note that under an applied

magnetic field of þ250 Oe or even þ500 Oe, the magneto

electric coupling is changed and shows an exchange-bias

like magnetoelectric hysteresis loop. The magnetic field is

kept fixed in this small field range in order to measure the

magnetoelectric effect in the regime where the magnetic

moments of the two magnetic layers are antiferromagneti-

cally coupled with each other. The ME coupling was also

measured at higher magnetic fields but we found that the tun-

ing of magnetic domains was almost impossible via converse

piezoelectric effect and keep magnetizations fixed in its own

direction.

From Figures 1(c) and 1(d), it can be seen that the cen-

ters of the magnetoelctric hysteresis loops are shifted

towards right and left at positive and negative electric fields,

respectively. For example, in Fig. 1(c), it seems that there

exist two hysteresis loops, which are coupled together under

positive and negative cycles of electric-field, the centers of

each loop are shifted away from E¼ 0. The present hyste-

retic effect is similar to the exchange-bias effect in which the

center of the magnetic hysteresis loop is displaced to one

side of the loop due to the exchange interactions at the ferro-

magnetic/antiferromagnetic interface. Zhang et al.17 have

recently reported the large non-volatile and hysteretic mag-

netoelectric coupling for the as-grown CoFeB magnetic layer

deposited on the PMN-PT substrate at room temperature.

The author emphasized that the lack of magnetocrystalline

anisotropy of the as-grown CoFeB layer and its direct cou-

pling with the piezoelectric substrate as well as the 109�

rotation of the ferroelastic domains of the substrate causes

this hysteretic magnetoelectric coupling.

The present observation of the exchange-bias like hyste-

retic magnetoelectric coupling effect in CoFeB/Ru/CoFeB

synthetic antiferromagnetic structure can be explained as fol-

lows. When the electric-field is applied across the sample,

due to converse piezoelectric effect, the magnetic anisotropy

FIG. 1. (a) The magnetic hysteresis for the PMN-PT/CoFeB/Ru/CoFeB SAF

structure under zero electric-field, (b)–(d) Magnetoelectric hysteresis loops

measured under different magnetic fields of 0, þ250 Oe, and þ500 Oe,

respectively, at room-temperature.

FIG. 2. The magnetoelectric coupling for PMN-PT/CoFe/Ru/CoFe SAF

structure measured at room-temperature.
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of the CoFeB layer changes and rotates in-plane of the layer

as a result of the substrate strain effect. Since the strain

behavior is a butterfly like curve, so the ME coupling shows

the butterfly like behavior at H¼ 0. When the magnetic field

of þ250 Oe is applied, the magnetic moments of the top and

bottom CoFeB layers, connected through a very thin Ru

spacer layer, are aligned in antiparallel direction with respect

to each other. When the electric-field is turned on, the non-

volatile hysteretic loop is observed due to the intrinsic ME

coupling of CoFeB with the piezoelectric substrate and the

shift of the hysteresis loop is originated due to the antiferro-

magnetic orientation of the magnetic moments for the two

magnetic layers causing pinning of the magnetic moments.

This behavior is reversible and reproducible as the similar

ME coupling can be seen in Figure 1(d) measured at

H¼þ500 Oe. Here, the magnetic field still lies within the

antiferromagnetic region of the structure.

In order to verify further that the observed hysteretic

ME effect is due to CoFeB layer, we fabricated the CoFe/

Ru/CoFe based synthetic antiferromagnetic structure and

measured the magnetoelectric coupling; the CoFe layer is

used because the intrinsic ME coupling of this layer is non-

hysteretic and follows perfectly the substrate butterfly like

behavior.19 The magnetoelectric coupling for this structure is

shown in Figures 2(a) and 2(b) measured under magnetic

fields of 0 Oe and þ500 Oe, respectively. It is obvious from

the figure that the ME coupling is non-hysteretic following

perfectly the substrate butterfly like curve with and without

the presence of magnetic field. This shows that the earlier

exchange-bias like magnetoelectric coupling for CoFeB/Ru/

CoFeB structure is specific to the CoFeB layer and cannot be

generalized for any SAF structure. Figure 3 presents the

magnetization and electric-field as a function of time. The

curve verifies that the electric-field was applied across the

sample and the change of magnetization corresponds to the

complete signal of electric-field.

In summary, we have studied the ME coupling for the

two synthetic antiferromagnetic structures namely; (1) PMN-

PT/CoFeB/Ru/CoFeB and (2) PMN-PT/CoFe/Ru/CoFe. For

sample 1, exchange-bias like hysteretic ME curves were

obtained when measured under fixed magnetic fields at

room temperature whereas for the sample 2, these features

were absent and the ME curves follow the typical substrate

butterfly like strain curves with and without the presence of

magnetic field. The exchange-bias like hysteretic ME curves

for sample 1 was attributed to the intrinsic property of

as-grown CoFeB layer as well as the antiferromagnetic cou-

pling of magnetic moments for the two CoFeB layers under

small fixed magnetic fields. The present report is an advance-

ment in practically realizing the electric-control of magnetic

tunnel junctions and establishes new ways to control the

spintronics devices via electric-field.
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