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Ultra high-density magnetic data storage requires magnetic grains of <5 nm diameters. Thermal

stability of such small magnetic grain demands materials with very large magneto-crystalline ani-

sotropy, which makes data write process almost impossible, even when Heat Assisted Magnetic

Recording (HAMR) technology is deployed. Here, we propose an alternative method of strengthen-

ing the thermal stability of the magnetic grains via elasto-mechanical coupling between the mag-

netic data storage layer and a piezo-ferroelectric substrate. Using Stoner-Wohlfarth single domain

model, we show that the correct tuning of this coupling can increase the effective magneto-

crystalline anisotropy of the magnetic grains making them stable beyond the super-paramagnetic

limit. However, the effective magnetic anisotropy can also be lowered or even switched off during

the write process by simply altering the applied voltage to the substrate. Based on these effects, we

propose two magnetic data storage protocols, one of which could potentially replace HAMR tech-

nology, with both schemes promising unprecedented increases in the data storage areal density

beyond the super-paramagnetic size limit. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4896129]

I. INTRODUCTION

Despite major advances in alternative data storage tech-

nologies such as solid state and optical data storage, mag-

netic recording remains the dominant information storage

technology today. However, further increases in magnetic

storage densities require additional shrinking of magnetic

grain size. Depending on the magnetic material, below a spe-

cific critical volume, a magnetic grain enters the super-

paramagnetic regime at room temperature (RT). Physically

this occurs when the thermal Boltzmann energy at RT (T �
300 K) is comparable to the magneto-crystalline energy KaV

� kbT � 25 meV, where Ka is the magneto-crystalline ani-

sotropy constant, V is the magnetic nano-grain volume, kb is

Boltzmann constant, and T is the temperature. In general, a

magnetic recording thin film medium is thermally stable for

10 yr, at RT when the ratio KaV/kbT� 40.1,2

Hence, as V decreases, the thermal stability condition is

met by increasing the Ka parameter.3 This has been success-

fully achieved by developing large magnetic anisotropy

materials and by changing the geometry of the magnetic re-

cording from longitudinal data storage to perpendicular data

storage. There are, however, two major obstacles hindering

further progress of this technology:

(i) Smaller grains made of very large magneto—crystal-

line magnetic materials are hard to magnetize using

standard write head technology and they require Heat

Assisted Magnetic Recording (HAMR) heads, as first

proposed by Fujitsu in 1996.2,4–6

(ii) Smaller grains made of weaker magneto—crystalline

materials are not thermally stable at room temperature

and the digital data gets thermally self-erased.

In order to overcome these issues, Skumryev et al. pro-

posed to use the exchange bias effect between ferromagnetic

and anti-ferromagnetic nano-structures to “beat” the super-

paramagnetic limit of Co nanoparticles,7 an idea also

endorsed by Eisenmenger and Schuller.8

The magnetic data storage industry has adopted a modi-

fied version of this idea, in which the super-paramagnetic limit

was overcome by developing anti-ferromagnetic coupled

(AFC) recording media instead of exchanged coupled media.9

This allowed considerable increases of areal density, but the

method is, unfortunately, effective only in the case of longitu-

dinal magnetic recording. With the introduction of perpendicu-

lar magnetic recording, the AFC media is no longer practical.

More recently, Kim et al. demonstrated experimentally a novel

concept of controlling super-paramagnetism via the magneto-

electric effect in multiferroics.10 In their study, the multiferroic

composite system consisted of Ni magnetic nanoparticles

strain coupled to a piezo-electric [Pb(Mg1/3Nb2/3)O3](1�x)-

[PbTiO3]x (PMN-PT, x¼ 0.3) substrate. Unpoled substrate left

the Ni nanoparticles in super-paramagnetic state, while the

application of 0.4 MV/m electric field switched the Ni par-

ticles to magnetic mono-domain state. These results were

interpreted through the occurrence of the strain-mediated mag-

neto-electric coupling between the Ni particles and the piezo-

substrate, which, according to the authors, contributes with an

additional voltage-induced magneto-elastic energy term to the

total energy.

In this paper, we follow up on this study and we propose

a multiferroic composite magnetic data storage medium for

areal densities beyond the super-paramagnetic limit. The
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0021-8979/2014/116(11)/113910/5/$30.00 VC 2014 AIP Publishing LLC116, 113910-1

JOURNAL OF APPLIED PHYSICS 116, 113910 (2014)

 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

148.197.60.168 On: Thu, 18 Sep 2014 15:34:18

http://dx.doi.org/10.1063/1.4896129
http://dx.doi.org/10.1063/1.4896129
http://dx.doi.org/10.1063/1.4896129
mailto:melvin.vopson@port.ac.uk
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4896129&domain=pdf&date_stamp=2014-09-18


potential of this concept has been investigated theoretically

using a Stoner-Wohlfarth (S-W) magnetization reversal

model, which has been modified to account for the additional

electric induced elasto-mechanical coupling in multiferroic

materials. The proposed structure (see Fig. 1) consists of a

thin film patterned magnetic data storage medium.11 The

novelty is to deposit the patterned grains onto an active

piezo-substrate. The system magnetic grain—piezo-substrate

forms a so-called multiferroic composite structure,12–15

which displays electrically induced elasto-mechanical cou-

pling.16 It is this electrically activated elasto-mechanical

coupling that can be utilized to alter the magnetic properties

of the magnetic grains, as demonstrated in Sec. II and also

recently published in similar studies.17,18 Although we refer

to a patterned magnetic recording medium, this approach is

also valid for polycrystalline magnetic thin films.

II. THEORY

We assume that each individual magnetic grain is a uni-

axial single domain particle and can be described well in the

S-W formalism. We also assume that the grains separation

distance is large enough to ensure that no exchange or

magneto-static inter-grain interactions are present. Hence,

analyzing the behavior of an individual constituent particle

we can get an insight of the overall mechanism governing

the entire sample.

If u is the angle between the applied field and the mag-

netic easy axis (EA), b is the angle between the applied

external stress and the EA, and h is the angle between the

magnetization and the EA (see Fig. 1(b), then for a magnetic

particle of volume V, the total energy under applied mag-

netic field and external stress is

Wtot ¼ KaV sin2h�HMSV cos u� hð Þ � 3

2
ksr1V sin2 b� hð Þ;

(1)

where the first term represents the magneto-crystalline ani-

sotropy energy and Ka is the anisotropy constant, the second

term represents the magnetic potential energy due to the

applied H magnetic field and Ms is the saturation magnetiza-

tion, and the third term is the magneto-elastic energy for a

uni-axial particle where ks is the saturation magneto-striction

coefficient.

The applied stress results from the deformation trans-

ferred to the magnetic grains by the piezo-substrate when

electrically activated by the application of an electric field/

voltage. Assuming that the ferroelectric substrate is poled in

the 3 directions (out of plane), a stress will result in the plane

of the magnetic film due to d31 piezo-electric coupling,

which is given by r1¼Yd31E3¼Yd31V3/te, where te is the

thickness of the substrate, d31 piezo-electric coefficient, Y is

the Young’s modulus of the ferromagnetic grain, and V3 is

the amplitude of the applied voltage. We now impose the

stress angle along 1 axis (b¼p/2) and the external magnetic

applied field at an angle p to the easy axis in order to produce

its reversal (u¼p). With these restrictions imposed, we

determine the equilibrium position of the magnetization vec-

tor by imposing the condition: dWtot/dh¼ 0. From this con-

dition, we determine the magnetic anisotropy field as the

field required to produce, at equilibrium, a p rotation of the

Ms from the EA direction. The following relation for the ani-

sotropy field is obtained:

Ha ¼
1

Ms
� 2Ka þ

3ksYd31V3

te

� �
: (2)

It can seen that in the case of a zero applied stress, the anisot-

ropy field is given by the well-known relation: Ha¼ 2Ka/Ms.

However, in the case of an active piezo-substrate inflicting a

longitudinal strain to the magnetic grains, we expect a

change of the magnetic anisotropy field when V3 6¼ 0. For a

given applied voltage polarity, which is predefined by the

poling procedure of the piezo-substrate, relation (2) indicates

that the anisotropy field can be both increased and decreased

depending on the materials parameters that dictate the signs

of ks and d31, as also shown by Streubel et al. in studies of

Ni/BaTiO3 composite multiferroics.19 Assuming a negative

applied voltage, a reduction in the anisotropy field can be

achieved when both magneto-striction coefficient and the

piezoelectric coefficient have the same sign (either negative

or positive). When the two parameters have opposing signs,

the effect is an increase in the anisotropy field. For a positive

applied voltage the effect is reversed. The propagation of

material parametric signs into the magnetic anisotropy field

of the magnetic nano-particles is well represented in Table I.

FIG. 1. (a) Schematic of a patterned magnetic recording medium in which

magnetic bits form a strain-mediated multiferroic system with the piezo-

electric substrate; (b) Uni-axial single domain magnetic particle in applied H

field and r stress induced by the piezo-substrate when electrically activated.

TABLE I. Expected trends in the effective magnetic anisotropy field for

positive and negative applied voltages as a function of the sign of the

magneto-striction and piezoelectric coefficient of the magnetic and electric

constituent phases of a laminated multiferroic composite, respectively.

ks þ þ � �
d31 þ � þ �
Ha at � V3 Decreases Increases Increases Decreases

Ha at þ V3 Increases Decreases Decreases Increases

113910-2 Vopson et al. J. Appl. Phys. 116, 113910 (2014)
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Obviously, thermal stabilization of a nano-structured

magnetic recording medium can be achieved when Ha

increases with the applied voltage, so according to Eq. (2)

and Table I, this requires piezoelectric and magneto-strictive

coefficients of opposite signs for negative applied voltage

and of the same signs for positive applied voltage,

respectively.

To better understand the physics behind this effect, let

us rewrite (2) in terms of an effective anisotropy field

constant

Ha ¼
2Ka

ef f

Ms
: (3)

From (2) and (3) we can deduce the effective anisotropy field

constant as

Ka
ef f ¼ Ka þ

3ksYd31V3

2te
: (4)

We now can attribute the anisotropy field variations to the

changes in the effective anisotropy field constant of the

coupled multiferroic system: magnetic grain-piezoelectric

substrate. Relation (4) shows that the effective magnetic ani-

sotropy constant can be either increased or decreased

depending on the choice of materials and voltage polarity.

This has a direct consequence on the thermal stability of the

magnetic medium and it can be utilized to thermally stabilize

super-paramagnetic particles for ultra high-density magnetic

data storage, as also proposed recently in other similar

studies.18,20–22

III. MODELING RESULTS AND DISCUSSIONS

At zero applied magnetic fields the relaxation time (s) is

given by the well known Arrhenius-Neel equation

1

s
ffi �0e

�Ka
ef f V

kbT ; (5)

where �0 is the magnetization attempt frequency to over-

come the energy barrier and it is approximately �0 � 109 Hz.

Hence, the magnetic relaxation time of a fixed volume mag-

netic nano-particle is strongly dependent on the temperature

as well as the effective magnetic anisotropy constant.

Thermal stability of the magnetic particle implies large val-

ues of the relaxation time. A typical value accepted by the

industry corresponds to a magnetic data storage medium

thermally stable for 10 yr, so s � 10 yr.1,2 This relaxation

time is obtained when the ratio Ka
effV/kbT in the exponent of

Eq. (5) is at least 40 or higher.1

We simulated RT thermal stability of multiferroic com-

posite magnetic data storage media consisting of ferromag-

netic nano-particles of sizes within the super-paramagnetic

range, deposited onto a piezoelectric substrate. The thermal

stability of super-paramagnetic nano-particles is established

by activating the elasto-mechanical coupling between the

nano-particles and the piezoelectric substrate through an

applied voltage. As discussed earlier, for a negative applied

voltage this has the effect of increasing the effective magneto-

crystalline anisotropy constant when the magneto-striction

and piezoelectric coefficients have opposite signs (see Table

I). Assuming negative applied voltages throughout and the

piezoelectric substrate PbZrTiO3 (PZT), which has typically

d31< 0, then the remaining choice of magnetic materials are

those with positive saturation magneto-striction coefficient,

ks> 0. Although there are many materials meeting this

requirement, we have identified two suitable magnetic materi-

als for the purpose of computational testing of this concept.

These are listed in Table II together with their main parame-

ters used in the calculations.

These materials have been have been selected because

both Fe and Co alloys are usually utilized in magnetic data

storage thin films. In addition to the parameters listed in

Table II, we assumed in the simulations a PZT piezo-

ferroelectric layer of te¼ 10 nm thickness with piezoelectric

parameter of d31¼�1.7� 10�10 m/V.

Figures 2 and 3 show the thermal stability ratio Ka
effV/

kbT at room temperature (T � 300 K) as a function of the

magnetic grain radius for FePt and CoFe grains on PZT sub-

strate, respectively.

Thermal stability ratio is plotted with and without elec-

trically induced elasto-mechanical coupling effect (negative

voltage). In the case of FePt, it can be seen that a magnetic

recording medium stable for 10 yr (Ka
effV/kbT � 40) is

obtained for a grain radius of about 1.9 nm.

When the system is electrically activated by �10 V

applied voltage, thermally stable medium is achieved for

grains as small as 1.5 nm radius. Calculations indicate that

the effective magneto-crystalline anisotropy is 70% larger

for FePt grains on PZT when �10 V electric field is applied

(see relation (4)).

TABLE II. Simulation parameters used for two different magnetic materials

with positive magneto-striction coefficients (ks> 0).

Material ks Ka (J/m3) Y (GPa) References

FePt 10� 10�5 6� 107 180 23

Co50Fe50 6.5� 10�5 1.5� 104 200 24

FIG. 2. Thermal stability ratio of a magnetic recording medium consisting

of FePt grains on PZT, with and without electrically induced magneto-

electric coupling.

113910-3 Vopson et al. J. Appl. Phys. 116, 113910 (2014)
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This increase in the effective magneto-crystalline anisot-

ropy is indeed responsible for the improvement of thermal

stability, which leads to further increases in the areal mag-

netic storage density.

Figure 3 shows the same data for CoFe nano-grains. In

this case, the effect of the electrically induced elasto-

mechanical coupling is more substantial than in the case of

FePt because of the lower magneto-crystalline anisotropy of

CoFe. Without electrical excitation, thermal stability criteria

require much larger CoFe grains of about 14 nm radius.

Quite remarkably, the application of �1 V electric field

equivalent is sufficient to achieve thermally stable grains as

small as 4.8 nm radius. The application of �1 V results in an

effective magneto-crystalline anisotropy 23 times larger than

that of the CoFe itself (Ka
eff � 23�Ka).

These results clearly indicate the huge potential of this

technology to push the boundaries of magnetic data storage

beyond the super-paramagnetic limit.

IV. MAGNETIC RECORDING PROCEDURE

Although we discussed this concept in the context of

increasing the effective magneto-crystalline anisotropy via

an applied voltage, the same effect can work in reverse (see

Table I). Hence, the effective magneto-crystalline anisotropy

can also be lowered by the application of a voltage (see

Table I). Interestingly, both possible cases of this effect are

applicable to magnetic data storage. The lowering of

magneto-crystalline anisotropy when a voltage is applied

could be used to replace HAMR technology, while the

increase of the effective magneto-crystalline anisotropy

could be used to further decrease the grain size of low anisot-

ropy magnetic materials without losing thermal stability.

In order to implement technologically this concept, two

possible recording protocols are proposed.

Figure 4 shows the magnetic recording “write” protocol

proposed for the replacement of HAMR technology when

ultra-high magneto-crystalline anisotropy materials are uti-

lized to store data.

This case requires the application of a suitable negative

voltage only during the “write” process, after which the re-

moval of the electric field will result in grains returning to

high anisotropy, highly stable state.

Figure 5 shows the opposite case, in which small

magneto-crystalline anisotropy materials are utilized. In this

case, very small grains become thermally unstable and the

present multiferroic-coupling scheme is used to artificially

increase the magneto-crystalline effective anisotropy.

The write protocol involves, in this case, the lowering or

removal of the applied negative voltage followed by the

“write” process and the return to the suitable applied nega-

tive voltage.

Unlike the previous scheme that requires the applied

voltage only during the write process, this second protocol

requires a voltage permanently applied.

The implementation of these protocols is very challeng-

ing and requires additional scientific and engineering work.

Although we take the view that the both protocols could

be implemented by addressing electrically the whole wafer/

disk rather than individual magnetic bits, this is particularly

more feasible for the protocol discussed in diagram 5, but

FIG. 3. Thermal stability ratio of a magnetic recording medium consisting

of CoFe grains on PZT, with and without electrically induced magneto-

electric coupling.

FIG. 4. Magnetic data storage “write” protocol for multiferroic coupled

magnetic recording medium with ultra high magnetic anisotropy. Scheme to

replace HAMR.

FIG. 5. Thermal stability ratio of a magnetic recording medium consisting

of CoFe grains on PZT, with and without electrically induced magneto-

electric coupling.
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less obvious for the scheme proposed to replace HAMR. We

therefore hope that this work will stimulate experimental

investigation of these concepts with possible far reaching

consequences for magnetic data storage industry.

V. CONCLUSION

There is clear theoretical evidence that electrically

induced elasto-mechanical coupling could be effectively

applied to develop multiferroic composite magnetic record-

ing media. We demonstrated that the elasto-mechanical cou-

pling significantly alters the effective magneto-crystalline

anisotropy of magnetic grains when they are coupled to a

piezo-electric substrate. A formula describing the effective

magneto-crystalline anisotropy of a multiferroic coupled

magnetic particle has been derived. The theory predicts that,

for negative applied voltages, when ks and d31 have the same

sign, a decrease in the magneto-crystalline anisotropy is

observed. When ks and d31 have opposite signs, an increase

in the effective magneto-crystalline anisotropy is achieved.

At positive applied voltages, the effect is fully reversed giv-

ing additional versatility in choosing suitable materials.

These two cases could be potentially utilized either as an al-

ternative to HAMR technology, or to further increase the

magnetic storage density beyond the super-paramagnetic

limit.
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