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FePt nanoparticles have the potential to extend the data density of magnetic recording beyond 1 Tbit/in2. The phase transforma-
tion from low anisotropy, face-centered cubic to face-centered tetragonal with high anisotropy is essential and complex. The samples
measured in this paper were annealed in a mixture with fine ground ( 20 m) NaCl. The switching field distributions and activation
volumes of two different sizes of particles are presented, 4 and 15 nm. The samples exhibit complex structural behaviour, demonstrating
how difficult it is to obtain uniform nanoparticles. We find that the 4-nm particles reverse coherently whereas the 15 nm do not due to
inhomogeneous crystallinity.

Index Terms—FePt nanoparticle, L10 phase, phase transformation.

I. INTRODUCTION

T
HERMAL stability of data limits the density of infor-

mation that can be stored on a hard disk. Conventional

magnetic recording is quickly approaching the theoretical limit,

which has generated interest in novel materials such as FePt

nanoparticles [1]. The advantages of such particles include a

small ( 10 nm) and uniform grain size, high coercivities, and

the ability to self-assemble into a regular array.

In 2000, Sun et al. [1] introduced a method to synthesise FePt

nanoparticles in the face-centered cubic (fcc) phase that has a

low anisotropy. Subsequent annealing at high temperatures is

required to produce the high anisotropy (6.6 10 erg/cm ),

face-centered tetragonal (fct) phase. There are many problems

associated with this high-temperature anneal, such as agglom-

eration and sintering which prevents the subsequent formation

of a regular array [2].

A simple method to obtain fct FePt nanoparticles has been

developed recently by Elkins et al. [3]. The fcc particles were

mixed with fine ground salt (NaCl) powders and annealed. The

salt powders were ball milled for more than 24 h to make particle

sizes smaller then 20 m, which then act to separate the parti-

cles during the annealing process. This prevents sintering while

still allowing the phase change. The salt can then be washed out

of the mixture with water to leave only monodispersed fct FePt

nanoparticles. Li et al. found the key to obtaining monodisperse

fct FePt nanoparticles was the ratio of NaCl to FePt [4]. A high

ratio is required for larger particles at consistent annealing con-

ditions, but increased temperatures and times are required for

smaller particles.

In this paper, we investigate the magnetic properties of

the resultant fct FePt nanoparticle powders. In particular, the

switching field distribution (SFD) is an important parameter

in the sphere of magnetic recording because it represents a

measurement of the distribution of energy barriers in a material

and affects the transition width [5]. The SFD can be determined
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from measurements of the irreversible susceptibility .

The unnormalized differential of a dc demagnetisation rema-

nence curve (DCD) provides the irreversible susceptibility,

which, when normalized to unity, gives

the SFD.

Measurements of the time dependence of magnetisation

supplies the magnetic viscosity , as shown

in (1). In combination with the , the fluctuation field,

, can then be found using (2)

(1)

From the fluctuation field, the activation volume can

then be determined, where is Boltzmann’s constant, is

temperature, and is the saturation magnetisation, taken

as 1140 emu/cm for bulk FePt [6]. is a measure of the

volume of material that reverses during a single coherent

reversal event, i.e., the minimum bit size that could be written

to a disk [5]

(2)

II. EXPERIMENTAL PROCEDURES

Two samples of fct FePt nanoparticle powders with varying

particle diameter, 4 and 15 nm, have been studied. Each sample

was synthesized using the method of Sun et al. [1] and annealed

with fine ground ( 20- m particles) NaCl at 700 C for 4 h in

forming gas 95%Ar 5%H [3], [4]. The FePt powder was set

in an epoxy resin for containment and the measurements were

performed at 273 K on an Oxford Instruments Vibrating Sample

Magnetometer with a 90 kOe field range.

The DCD measurements were made by saturating the sample,

applying a negative field and measuring the remanent magneti-

sation. The sample was then resaturated, and the procedure was

repeated at fields over the SFD. The time dependence mea-

surements were made by saturating the sample, applying the

required negative field and measuring the resulting decay for

600 s. This process was also repeated at fields over the whole

SFD.
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Fig. 1. Hysteresis loops for 4- and 15-nm FePt nanoparticles (H = 7.3 and
7.2 kOe respectively).

III. RESULTS AND DISCUSSION

Fig. 1 shows the hysteresis loops for the 4- and 15-nm sam-

ples, with coercivities, 7.3 and 7.2 kOe, respectively.

From the loops, it can be seen that the reversal process is nonuni-

form. This is seen from the variations in gradient over the recoil

branch of the hysteresis loop. There are two possible origins of

this effect associated with either multlimodal particle size dis-

tributions or variations in the crystallographic structure of the

particles.

From previous work [3], it is believed that the salt annealing

process produces a uniform particle size distribution and,

hence, we conclude that this indicates that there are several

phases in the particles. However, the presence of a bimodal

distribution due to some small degree of sintering cannot be

completely excluded. Of course, given that the energy barrier

distribution which governs all magnetic measurements depends

on the product KV, it is not possible to distinguish the effect of

multimodal behavior in either from such measurements alone.

There is evidence of a soft phase reversing at small fields in

both samples. In the remainder of the loop there are several

more phases that can be seen. It is clear that the variations in

the loop are less pronounced for the larger particle size. This

indicates that the larger particles are of uniform phase.

Given that for the smallest particle size (4 nm) the apparent

multiphase behavior is more pronounced, we conclude that each

particle is most likely of a uniform phase and that the variation

must be occurring within different particles.

This would appear reasonable since the smallest particles

consist of only about 500 atoms of Fe and Pt, whereas the

larger particles consist of 32 000 atoms. Hence, the prospect

of atomic rearrangement to produce a more uniform fct struc-

ture is obviously more likely with a greater number of atoms.

For the smallest sizes there also exists the possibility of chem-

ical inhomogeneity from particle to particle.

The squareness and slope of the magnetization at coercivity

also increase with particle size. This arises due to the increased

particle diameter, but also the more consistent anisotropy within

the 15-nm nanoparticles.

Fig. 2. Irreversible susceptibility (� ) and magnetic viscosity (S) for 4- and
15-nm FePt nanoparticles.

Fig. 2 shows the irreversible susceptibility and

magnetic viscosity for the two particle sizes. The

multiple phases, which are so obvious in the loops, are less

obvious in . The reason why these curves do not show the

multiphase behavior seen in Fig. 1 is because of the spacing

of the field points. The Oxford Instruments magnetometer is

mounted in a superconducting solenoid which has a limited

sweep-rate due to the voltage available from the power supply.

This means that, within a reasonable time scale, only a limited

number of field values can be selected. This is particularly

true for measurements of irreversible magnetization carried

out in the second and third quadrants of the loop, due to the

necessity to resaturate the sample in a positive field between

each measurement.

It is interesting to note that the peak in the irreversible sus-

ceptibility occurs at higher fields for the smaller particle size

despite the fact that the values of are very similar. The peak

occurs near the coercivity (7.2 kOe) for the 15-nm particles,

whereas it is much closer to twice the coercivity, 14 kOe, for

the 4-nm particles. This is due not only to the variation in the

phases within each sample, but may also be due to the highly

complex and nonuniform crystallinity of the larger particles [3].

An example of this complex crystallinity is shown in Fig. 3,

where six crystallographic domains can be seen in an HRTEM

image of a 15-nm particle [3]. Over 50% of the particles have

been observed to contain crystallographic domains. The effect

of such domains on magnetisation reversal in particles of this

size is not known but the resulting dispersion in the anisotropy

directions would be expected to lead to incoherent reversal. One

method to examine reversal mechanisms is via studies of the

activation volume determined from magnetic viscosity [7].

The magnetic viscosity for both systems was found to be

linear with ln(t) as expected for a randomly oriented system,

allowing the determination of S from (1). The variation of S(H)

is also shown in Fig. 2.

The magnitudes of the magnetic viscosity peaks are vastly

different for the two sizes of nanoparticles. The magnetisation

of the 4-nm nanoparticles is more susceptible to thermal fluctu-

ations, which is to be expected for smaller volumes. However

the measured coercivities for the two systems are very similar



3068 IEEE TRANSACTIONS ON MAGNETICS, VOL. 42, NO. 10, OCTOBER 2006

Fig. 3. HRTEM image of an annealed fct FePt nanoparticle showing the
polycrystalline morphology [3].

Fig. 4. Activation volumes (Vact) for 4- and 15-nm FePt nanoparticles.

despite the factor 4 difference in diameter (factor 64 in volume).

This is due to the well-known superparamagnetic criterion for

the coercivity, (3), where is the anisotropy field

(3)

This gives a dependence for the variation of

coercivity with particle diameter, . In the case of our high

anisotropy FePt particles both the 4- and 15-nm particles are

on the flat part of the curve, hence giving little variation in .

was calculated from and , from which was

calculated, using (2). Fig. 4 shows the variation of for

both particle sizes, where a value of 1140 emu/cc has been used

in (2) and [6]. For both samples there is a slight variation in

with field. Taking volumes in the region of the coercivity

we would expect that the would correlate with the average

particle size. For the 4-nm particles, this is indeed the case with

corresponding to a particle diameter of 4.6 nm. However,

the value of the equivalent diameter for the 15-nm system is only

8.2 nm. This is a surprising result and is indicative of incoherent

reversal in these particles [7].

We believe that the origin of the incoherent reversal may be

in the crystallographic domains in the 15-nm particles and the

resulting anisotropy dispersion. This in turn will lead to regions

within the particle having different effective switching fields

and, hence, activation volumes. However, the exchange cou-

pling within the grain will lead to single step reversal but via

an incoherent mode.

In conclusion, we have shown that magnetisation reversal in

highly uniform FePt nanoparticles can be complex due to in-

coherent modes resulting from a complex crystallographic fea-

tures. Advanced magnetic measurement techniques have shown

a remarkable agreement between the typical number of crystal-

lographic domains and the activation volume of reversal.

ACKNOWLEDGMENT

This work was supported in part by Seagate Research, Pitts-

burgh, PA, and EPSRC. The production of the particles was

supported by the U.S. DoD/DARPA through ARO under Grant

DAAD19-03-1-0038.

REFERENCES

[1] S. Sun, C. B. Murray, D. Weller, L. Folks, and A. Moser, “Monodisperse
FePt nanoparticles and ferromagnetic FePt nanocrystal superlattices,”
Science, vol. 287, pp. 1989–1992, 2000.

[2] T. J. Klemmer, C. Liu, N. Shukla, X. Wu, D. Weller, M. Tanase, D. E.
Laughlin, and W. A. Soffa, “Combined reactions associated with L1
ordering,” J. Magn. Magn. Mat., vol. 266, pp. 79–87, 2003.

[3] K. Elkins, D. Li, N. Poudyal, V. Nandwana, Z. Jin, K. Chen, and J. P. Liu,
“Monodisperse face-centred tetragonal FePt nanoparticles with giant co-
ercivity,” J. Phys. D, vol. 38, pp. 2306–2309, 2005.

[4] D. Li, N. Poudyal, V. Nandwana, Z. Jin, K. Elkins, and J. P. Liu, “Hard
magnetic FePt nanoparticles by salt-matrix annealing,” J. Appl. Phys.,
vol. 99, no. 8, 2006. 08E911.

[5] K. O’Grady, P. Dova, and H. Laidler, “Determination of critical vol-
umes in recording media,” Mater. Res. Soc. Symp. Proc., vol. 517, pp.
231–242, 1998.

[6] T. J. Klemmer, D. Hoydick, H. Okumura, B. Zhang, and W. A. Soffa,
“Magnetic hardening and coercivity mechanisms in L1 ordered FePd
ferromagnets,” Scr. Metall. Mater., vol. 33, pp. 1793–1805, 1995.

[7] M. P. Morales, S. A. Walton, L. S. Prichard, C. J. Serna, D. P. E. Dickson,
and K. O’Grady, “Characterisation of advanced metal particle recording
media pigmets,” J. Magn. Magn. Mat., vol. 190, pp. 357–370, 1998.

Manuscript received March 13, 2006 (e-mail: kog1@york.ac.uk).


	toc
	Magnetic Properties of FePt Nanoparticles Annealed With NaCl
	B. A. Jones ${}^1$, J. D. Dutson ${}^1$, K. O'Grady ${}^1$, Fell
	${}^1$ Department of Physics, The University of York, Heslington
	I. I NTRODUCTION
	II. E XPERIMENTAL P ROCEDURES

	Fig.€1. Hysteresis loops for 4- and 15-nm FePt nanoparticles ( $
	III. R ESULTS AND D ISCUSSION

	Fig. 2. Irreversible susceptibility $(\eta_{\rm irr})$ and magne
	Fig.€3. HRTEM image of an annealed fct FePt nanoparticle showing
	Fig.€4. Activation volumes (Vact) for 4- and 15-nm FePt nanopart
	S. Sun, C. B. Murray, D. Weller, L. Folks, and A. Moser, Monodis
	T. J. Klemmer, C. Liu, N. Shukla, X. Wu, D. Weller, M. Tanase, D
	K. Elkins, D. Li, N. Poudyal, V. Nandwana, Z. Jin, K. Chen, and 
	D. Li, N. Poudyal, V. Nandwana, Z. Jin, K. Elkins, and J. P. Liu
	K. O'Grady, P. Dova, and H. Laidler, Determination of critical v
	T. J. Klemmer, D. Hoydick, H. Okumura, B. Zhang, and W. A. Soffa
	M. P. Morales, S. A. Walton, L. S. Prichard, C. J. Serna, D. P. 



