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Magnetic micro and nanoparticles are increasingly used in biotechnological applications due to the

ability to control their behavior through an externally applied field. We demonstrate the fabrication

of particles made from ultrathin perpendicularly magnetized CoFeB/Pt layers with antiferromagnetic

interlayer coupling. The particles are characterized by zero moment at remanence, low susceptibility

at low fields, and a large saturated moment created by the stacking of the basic coupled bilayer motif.

We demonstrate the transfer of magnetic properties from thin films to lithographically defined 2 lm

particles which have been lifted off into solution. We simulate the minimum energy state of a

synthetic antiferromagnetic bilayer system that is free to rotate in an applied field and show that the

low field susceptibility of the system is equal to the magnetic hard axis followed by a sharp switch to

full magnetization as the field is increased. This agrees with the experimental results and explains the

behaviour of the particles in solution. VC 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4926336]

Controlled actuation of magnetic particles in an applied

magnetic field in order to locally exert mechanical forces has

been leveraged in a large number of biotechnology applica-

tions.1 Magnetic particles have been investigated as a mecha-

nism for cancer therapy via mechanical destruction of cancer

cells and cellular components,2–4 in immunomagnetic cell

separation,5,6 in the isolation and purification process of vari-

ous biological molecules,7,8 for probing mechanical properties

of individual cells and cellular components,9,10 for targeted

activation of mechanosensitive ion channel signalling path-

ways,1 and as carriers for targeted delivery of genes and

drugs.11,12 Careful optimization of the magnetic properties of

the particles for the desired application is crucial.13,14 This pa-

per is dedicated to the optimization of the magnetic properties

of particles for the genre of applications listed above.

A crucial property for such biological applications is a

zero magnetization remanent state. This prevents the mag-

netic particles from agglomerating via the interaction of their

remanent moments, thus maintaining the stability of the par-

ticle suspension. To ensure that small magnetic fields from

the environment cannot cause agglomeration by inducing a

moment in the particle, they should also have a low suscepti-

bility at small fields. Furthermore, a high susceptibility may

also lead to particles staying agglomerated once an applied

field is removed.13,14 The ability to vary the total moment of

the particle without varying its remanent state and other key

magnetic properties is also desirable. A sharp switch to full

magnetization at a desired applied field HSW would allow ef-

ficient access to the saturation moment of the particle, and

the ability to tune HSW would allow greater flexibility for

applications such as sorting and purification.17 A particle

with a high anisotropy, and finally, an easy magnetization

axis would transduce torque from an applied field more

effectively than a particle with an easy magnetization plane.

We show here the fabrication of a magnetic particle that is

optimized to have these properties and is hence best suited

for the applications described above. It has zero remanent

magnetization, a low susceptibility around zero field, a dis-

tinct, tunable switch to full magnetization, a highly aniso-

tropic easy axis of magnetization, and the ability to vary the

total magnetic moment without significantly affecting any of

these characteristics. We fabricate these particles via the pat-

terning and lift-off into solution of synthetic antiferromag-

netic (SAF) thin films using perpendicularly magnetized

layers antiferromagnetically (AF) coupled through

Ruderman-Kittel-Kasuya-Yosida (RKKY) interactions using

Ru interlayers.

From the considerations above, we can sketch the shape

of the hysteresis loop of an ideal particle, which is shown in

Figure 1(a). The horizontal line at zero magnetization that

passes through zero applied field shows both the zero rema-

nence state as well as the vanishing low field susceptibility.

The particle is magnetized via the application of a magnetic

field of magnitude HSW, with the particle reaching its satura-

tion magnetization through a sharp switch. Sketches of typi-

cal hysteresis loops for two commonly used particles for

biomedical applications are also shown in Figure 1 and cer-

tain key differences compared to Figure 1(a) are readily

observable. Superparamagnetic particles (Figure 2(b)) have

FIG. 1. Sketch of the magnetization as a function of applied field for (a) an

idealized particle, (b) a superparamagnetic particle, (c) a magnetic vortex

microdisc.a)Electronic mail: tv243@cam.ac.uk
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been very widely used, particularly in cancer therapy such as

hyperthermia,15,16 as well as various other biological appli-

cations.7 Superparamagnetic particles have zero moment at

zero field, although will show substantial coercivity at high

enough field sweep rates. They offer no tunability in switch-

ing field, and controlling the magnetic properties of the parti-

cle can be challenging as increasing the moment may lead to

the particle becoming ferromagnetic and gaining a signifi-

cant remanent moment. Magnetic vortex microdiscs have

also been used in biological applications.2,17,18 For magneti-

cally soft materials, constraints on the physical dimensions

of the particle may lead to the demagnetization field driving

the remanent state to one where the magnetization circulates

in a vortex pattern.19 The in-plane hysteresis loop of such a

particle is shown in Figure 1(c). It displays zero remanence

similar to our ideal loop; however, it also has a larger suscep-

tibility around zero field. It has been shown that such par-

ticles can agglomerate irreversibly under applied field.13 One

method to decrease the susceptibility is to couple vortex

discs together via RKKY interactions to create a SAF. The

added coupling has the effect of causing the hysteresis loop

to look similar to the superparamagnetic loop, but allows the

low field susceptibility to be controlled through the number

and thickness of the magnetic layers.13,20

Perpendicularly magnetized layers have become an im-

portant area of research in magnetic materials because they

offer large data retention times and fast domain wall

speeds21 for data storage applications22 as well as the possi-

bility of novel logic applications through interacting multi-

layers via RKKY interactions.23 We demonstrate that in a

SAF architecture they fulfil the key criteria desired here

with a significant degree of control and flexibility in the

engineered magnetic parameters. The motif of the magnetic

multilayer stack used here is shown in Figure 2(a) and

consists of Ta(2)/Pt(2)/CoFeB(0.9)/Pt(0.25)/Ru(0.9)/Pt(0.25)/

CoFeB(0.9)/Pt(2), with thicknesses in nm. We show the polar

magneto-optical Kerr effect (MOKE) hysteresis loop of a sin-

gle bilayer building block in Figure 2(b), with the arrows rep-

resenting the magnetization directions of the layers. This can

be seen to be similar to the ideal hysteresis loop in Figure 1.

The apparent non zero magnetization at remanence is due to

the depth dependence of the MOKE signal. The RKKY cou-

pling gives an antiparallel state at low magnetic field, with

zero susceptibility. The thickness of the Ru interlayer lies at

the first antiferromagnetic coupling peak.24 The switch to full

magnetization occurs abruptly at a field which can be con-

trolled by tuning the interlayer exchange coupling between

the CoFeB layers via the Pt layer thickness on either side of

the Ru layer.25 This effectively tunes the width of the low

field antiparallel region; the higher the antiferromagnetic

RKKY coupling, the higher the HSW. The SAF is also charac-

terized by high out of plane anisotropy, and hence an easy

axis of magnetization.

For applications which rely on the transduction of a me-

chanical force via the particles in an applied field, maximiz-

ing the magnetic moment of the particles is important.

Figure 2(a) schematically shows how the moment is

increased by stacking multiple repeats of this bilayer build-

ing block on top of each other. A vibrating sample magne-

tometry (VSM) hysteresis loop of the 12 times repeated

bilayer is shown in Figure 2(c). The Ta(2)/Pt(2) buffer layers

are included for each repeated bilayer system and are crucial

in decoupling consecutive blocks, and therefore obtaining a

field response in the 12 times repeated thin film that is simi-

lar to a single building block. The amorphous Ta layers in

the buffer also act to break up the microstructure of the

layers in an effort to minimize the degeneration of growth

properties higher up the stack as has been seen elsewhere in

similar multilayer coupled systems.28 Since each bilayer sys-

tem is nominally identical, the stack as a whole shows a field

response similar to a single bilayer. Increasing the number of

building blocks does not lead to a degradation in the satura-

tion magnetization or a significant change in the anisotropy

of the layers. The switch to saturation also occurs by a more

slanted transition. The average magnitude of RKKY cou-

pling, measured by the interlayer coupling field which was

taken to be the middle point of the transition of a minor loop

measurement,25 shows a slight reduction due to growth inho-

mogeneities over the height of the 12 times repeated struc-

ture. This is likely to be due to a combination of the slight

variation in RKKY coupling averaged over the 12 bilayer

blocks and the switching being characterized by the forma-

tion of multidomain states driven by interlayer dipole fields

during the switching process.26,27 A small spread in RKKY

coupling strength and coercivity over the lateral extent of the

thin film is also to be expected. The multilayer stack was

grown on a 5 nm Au underlayer and was capped with the

same to demonstrate the possibility of biological or surface

functionalization to sterically hinder particle agglomeration

via any non-magnetic effects such as Van der Waals

interactions.

The perpendicularly magnetized RKKY coupled thin

film has been shown to closely approximate the ideal proper-

ties we would require of a magnetic particle. However, the

lithography process must ensure a successful transfer of

FIG. 2. (a) The single coupled bilayer motif. (b) Polar MOKE hysteresis

loop of the single bilayer. The arrows show the magnetization direction of

each CoFeB layer perpendicular to the plane of the film. (c) The multilayer

stack used to create the magnetic particles, where the basic motif is stacked

12 times. (d) VSM easy axis hysteresis loop of the 12 repeat motif multi-

layer stack.
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these properties from the thin film to the particle. The sput-

tering of the multilayer thin film stack shown in Figure 2(a)

was carried out on silicon substrates with pre-patterned pil-

lars of photoresist. The multilayer stack grown on top of the

resist pillars was then lifted off into solution by dissolving

the resist pillars in acetone. The particles used here are 2 lm

across made using optical lithography. SEM images of par-

ticles made from the 12 times stacked bilayer building block

are shown in Figure 3(a). These are particles which have

been lifted off into solution and then recondensed onto a sub-

strate. Figure 3(b) shows the polar MOKE loop of a single

such particle. The magnetic response of the particle is very

similar to that of the nominally identical thin film.

We also used a VSM to characterise the magnetic prop-

erties of these perpendicular SAF particles suspended in

water in order to observe the effect of the particles being free

to rotate in a fluid as opposed to being fixed to a substrate.

Figure 4 shows that similar to the thin film, we see a zero net

remanence in the fluid suspension with a distinct switch to

saturation, which may be broadened due to a spread in prop-

erties in the particle ensemble. Significantly, the low field

susceptibility, indicated by the linear magnetization response

for fields below the switching field in Figure 4, is higher than

the easy axis low field susceptibility of the thin film or the

individual particle.

To further investigate this increased low field suscepti-

bility, we conducted simulations of the minimum energy

state for an RKKY coupled SAF bilayer system that is free

to rotate in an applied field. In Figure 5(a), we show the

minimized energy (black dots), the energy of the easy axis

switching process (blue line), and the energy of the hard axis

saturation process via the canting of antiferromagnetically

coupled layers along the hard axis direction29 (red line) (see

supplementary material for more information).30 Figure 5(a)

shows that for fields below HSW, the bilayer system will be

aligned with its hard axis in the field direction, and for fields

above HSW with its easy axis in the field direction. The com-

petition between these two processes means that the switch

to saturation occurs at a higher field than in the easy axis pro-

cess shown by HEA
SW . The magnetization in Figure 5(b) is

obtained from the energy minimization and we observe the

linear hard axis susceptibility below HSW, followed by a

sharp transition to saturation, which must be accompanied

by a rotation of the bilayer system. We see these characteris-

tics in the magnetization curve in Figure 4 and attribute a

similar behaviour to the SAF magnetic particles used here in

response to an applied field. This result may be of relevance

to magnetorheological fluids where the orientation of the

particles in the fluid under an applied field can change the

fluid viscosity.31 We ascribe the existence of the increased

hysteresis in the magnetization curve of the particle suspen-

sion to be due to the particle being pinned in a metastable

FIG. 3. (a) SEM images of 2 lm particles lifted off in solution and subse-

quently recondensed on a substrate. (b) Polar MOKE hysteresis loop of a

single particle such as the one shown in (a).

FIG. 4. VSM Hysteresis loop of particles in water.

FIG. 5. (a) The global minimum energy of a perpendicular SAF bilayer with

the energy of the magnetization processes along the easy and hard axes. (b)

Simulated M-H loop for a perpendicular SAF bilayer.
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energy minimum caused by the competition between the

easy and hard axis processes. Crucially, we demonstrate here

that the relevant low field susceptibility of these perpendicu-

larly magnetized SAF particles in a fluid is that of the hard

axis, which in this high anisotropy thin film stack, has a satu-

ration field of 7.2 kOe. This is significantly smaller low field

susceptibility than vortex based SAF particles where the low

field susceptibility is that of the easy magnetization axis and

corresponds to shifting the vortex core.

The flexibility of this design is apparent. It is possible to

tune the CoFeB layer thickness and hence the magnetic ani-

sotropy, the HSW via the RKKY coupling strength, and the

total magnetic moment via the number of repeats of the

motif. We can thus tailor these particles to the required appli-

cation and whilst we have shown results for 2 lm particles, a

reduction in size can be achieved via alternative patterning

techniques such as electron beam or nanoimprint lithogra-

phy. The magnetic behavior of an individual perpendicular

SAF particle is dominated by interfacial magneto-crystalline

and RKYY terms. Hence, particle width has only minor

effects on the magnetic properties of an individual particle

since the behavior of perpendicularly magnetized layers is

expected to be fairly constant down to around 40 nm at

which their reversal is no longer dominated by domain wall

movement.32 However, dipolar interactions between layers

will increase with size reduction. In perpendicular materials

dipolar interactions between two vertically stacked layers are

ferromagnetic. This will weaken the AF coupling within

each bilayer building block and lower HSW. Simulations

show that for the stack used here, the stray field from one

particle onto another adjacent particle, or from one magnetic

layer on the other within the same bilayer block, is less than

200 Oe, well below HSW. We therefore expect a stable mag-

netic particle suspension under size reduction with regards to

maintaining SAF behaviour within a single magnetic parti-

cle, as well as minimizing agglomeration between particles.

Hence, perpendicular SAF particles provide a robust system

with regards to maintaining key properties under size

reduction.

In conclusion, perpendicularly magnetized films with

RKKY coupling form a suitable basis for creating magnetic

particles for the biological applications. We have demon-

strated that the behavior of thin films can be transferred to

particles in solution. We show that the perpendicularly mag-

netized SAF particles in a liquid are characterized by zero

remanence, a low field susceptibility equal to their hard axis

susceptibility, and a distinct switch to full magnetization.

These particles have the advantage of precise tunability of a

number of key parameters making them ideal for tailoring to

specific applications. This result should allow a new genera-

tion of targeted magnetic particles to be developed, enhanc-

ing their numerous biotechnological applications.
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