Homework #2
Spring 2016
Due date: February 10th in class (hard copy print out).
ECE 6307 – Nanomaterials and Solar Energy, CHEE6320 -Introduction Nanomaterials Engineering,
MTLS6320 - Nanomaterials Engineering, CHEE5320 – Introduction to Nanomaterials Engineering
ECE5320 - Introduction to Nanomaterials Engineering, MECE5320- Introduction to Nanomaterials
Engineering,

Student Name _____________________________________________________
Student ID _________________________________________________________

Instructions: The first page of this HW assignment has to be incorporated into your material HW. Make
sure this page is signed and has your information. Students, your work (hard copy) has to be handed to
the instructor at the indicated due date. Make sure your HW is typed in MS work or similar software.
Handwritten submission will not be accepted. Exceptions applies to sketches that should be explanatory
to your derivations or problem posting. Only independent work will be granted points. Work in the
group, consulting among the students, or other type of collaboration is strictly forbidden. Student who
violate this rule will be subject to the college academic honesty hearing. Problems with * marking
indicate also the question that could occur on your midterm/final exam. Bonus problems are not
mandatory, but could bring you extra points.

Student Signature ______________________________________________________

Points________________/_______________

Problem 1. (2)
The equilibrium vapor pressure of Hg at room temperature is 0.089 Torr. The equilibrium
electrochemical potential for Hg2+/Hg is 0.85 V. If nucleation of mercury occurs during electrochemical
deposition process at -0.1 V, find out what should be the corresponding growth pressure for mercury
from gas phase to achieve the same oversaturation.
Problem 2. (1)
Give an example of two applications of magnetic nanoparticles. Explain each application in few
sentences.
Problem 3. (1)
Read the supplemental material and HGST slides before this problem is considered. The magnetic media
is made of FePt and CoPt nanoparticles which are in L10 phase with same volume/size. Which media is
more stable for magnetic recording and why?
*Problem 4. (1) BONUS
For the problem above, if FePt and CoPt L10 particles have same total magnetic energy (stability) with
respect to magnetic fluctuations, what is their respective diameter ratio.
*Problem 5. (2)
The shape of the stable nucleus is cube. In a step by step process, derive the critical dimension (side of
the cube) of the smallest stable nucleus for this case. Use example from derivations in the class.
*Problem 6. (3) BONUS
Similar to the problem above consider Au nucleation from electrodeposition process with
supersaturation of -1 V (∆µ). In the energy balance of your derivations add the strain energy (always
positive) term U=½ (Kv)2*ε and derive the expression for the free energy of the smallest stable Au nuclei
with spherical shape. Kv is the compressibility constant [Pa], and ε is the strain on nanoparticle due to
Laplace pressure. The strain of the nanoparticle should be expressed in terms of Laplace pressure and
compressibility constant in your derivation. Make a statement of how this correction is important for
Au, Kv=300 MPa, γ=1 J/m2, and your conditions of supersaturation.
*Problem 7. (2)
Consider heterogeneous nucleation case of Pt on carbon support. If the wetting angle is 90 deg., how
many time is the free energy of nucleation on carbon smaller/larger than Pt homogenous nucleation
under identical supersaturation conditions. If the wetting angle changes from 90 to 180 deg, what you
expect to happen with free energy of nucleation. Explain.

*Problem 8. (1)
Consider cubic TiO2 nanoparticle which has a size of a smallest stable nucleus. Its side is 0. 6 nm. If γ=0.6
J/m2, what is the free energy of the TiO2 stable nucleus.
Problem 9. (2)
Take an example of one vapor phase NP synthesis method. In this method of your choice, increasing
temperature produces what effect on NP size?, Explain?
*Problem 10. (3)
Consider the non-charged Fe2O3 nanoparticle nucleation process. The smallest stable nucleus is 5 nm.
The process is driven on such a way that the growth stage of NP is negligible, and that most of the NP
synthesized are between 5-6 nm. i.e the growth attributes only to extra 20% of the NP size increase. For
this system there is a finite probability of NP agglomeration. If the conditions of the synthesis are
changed, and the size of stable nuclei decreases to 2 nm, while the NP growth attributes only to 10% of
the size increase, what happens with probability of NP agglomeration? How many times it
increases/decreases?
Problem 11 (2)
Same problem as above, but now we assume that Fe2O3 NP are charged. How many times probability for
agglomeration is increased/decreased?
*Problem 12 (2).
In 100-200 words describe the physical vapor synthesis of Fe2O3 NP. Use some sketches if necessary.
Problem 13 (1).
Name the chemicals below:
Fe(CO)5_________________________
Si(CH3)4_________________________
Problem 14 (1)
What is the main role of the laser in NP synthesis by Laser Ablation Process (Explain in two sentences).
Give one example of NP synthesis using LAP.
Problem 15(1)
Describe one advantage and one disadvantage of LAP NP synthesis.

Problem 16 (1)
For synthesis of Silica NP using flame aerosol process, stable flame is used. What we should expect to
happen to NP size if the oxygen flow rate is increased.
Problem 17. (1)
Describe the benefit of electrical filed in flame aerosol TiO2 NP synthesis. (100 words max).
Problem 18. (1)
If you have to synthesize core-shell NPs where core is TiO2, and shell is Pt as catalyst for photochemical
water splitting, what process would you use, explain? (100 words max,).
*Problem 19. (2)
Explain super paramagnetic limit for magnetic NP.
*Problem 20. (1)
What is the blocking temperature for superparamagnetic material?
*Problem 21 (1)
Describe magnetic anisotropy, main contributions when NP are considered.
Problem 22 (3) BONUS
Assume that the near surface region of CoFe NP has saturation magnetization which is 1/3 of the one for
the bulk (Ms=2.4 T). The thickness of near surface region is 0.5 nm. Assuming the cubic CoFe NP, Plot the
CoFe NP saturation magnetization as a function of the lateral NP size in the range from 0 to 15 nm.
Assume that the Ms of NP is volume average of Ms for bulk and near surface region.
*Problem 23 (3) BONUS
Assume that fluctuation of magnetization orientation in NP is described by relaxation time
τ=τoexp(KVnP/kT) where Vnp is the volume of NP, K is magnetic anisotropy constant, k is Boltzmann
constant, T is absolute temperature and το is of order of 1-10 s. For very small changes in the volume of
NP, show that relaxation time is linear function of Vnp
Problem 24 (2)
Describe one procedure for FePt nanoparticle synthesis using liquid phase approach. Use sketches if it
helps, do not go over 200 words.

Problem 25 (2)
Describe in 100 words main points of magnetic NP application for medical imaging.
Problem 26 (3) BONUS
Consider problem 22. Derive the formula for maximum radius of single domain magnetic NP as a
function of the thickness of near surface layer. Assume that the Ms-near surface =p*Ms-bulk. (p<1).
Problem 27 (1)
Considers first the problem 22. What is the coercivity of CoFe NP if the value of K is 105 J/m3
Problem 28 (1)
What is magnetic hyperthermia?
Problem 29 (2)
The value of magneto-crystalline anisotropy constant is Kc=105 J/m3. The value of the surface anisotropy
constant is Ks=0.1Kc. For spherical NP with diameter of 10 nm, find what is the value of effective
anisotropy constant, Keff?
Problem 30 (1)
What is the bit pattern media?, Explain what material and why, you would use for this application?
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3.1 Introduction
In 1956, IBM built the RAMAC, the first magnetic hard disk drive, featuring a total storage capacity of 5 MB at a recording density of 2 kbit/in.2 (Moser et al. 2002). The invention of the hard disk drive forever changed information storage, and major research and
development has since been concentrated in the area of improving the recording density
in hard disk drives. As a result of this mammoth effort, the areal density (number of
bits/area) of recording media has increased exponentially for more than 50 years. The
annual increase of the storage density has consistently been greater than 25%, at times
even outpacing Moore’s law with areal density increases of 100% per year in the 1990s
(Richter 2009). Even the projected limit of density storage has grown exponentially over
time, probably because engineering feats have overcome perceived obstacles in the design
of recording media.
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Until rather recently, increasing the recording density simply meant down-scaling all of
the components in a recording system. But what has become clear over the last 10 years or
so is that the design of magnetic media and the continued increase in density storage is
fast encroaching upon the fundamental physical limits imposed by the nature of magnetism on the nanoscale (Charap et al. 1997, Bertram et al. 1998, Richter 1999).
In this chapter, we first discuss the basics of magnetism and magnetic nanoparticles.
Then, we put the characteristics of magnetic nanoparticles into the context of magnetic
recording media and describe the process by which magnetic media is fabricated. Next,
we explain how magnetic nanoparticles can address the pressing issues concerning the
fundamental changes that must take place in the fabrication of magnetic media in order
to continue the shrinkage of magnetic storage components. Then, we go into a detailed
description of the synthesis and characterization of some of the most promising magnetic
nanoparticles for magnetic media, L10 phase FePt and CoPt. Then, we describe how the process of self-assembly can be used to implement the fabrication of magnetic nanoparticlebased media, and lastly, we look ahead at some other promising materials for high-density
magnetic recording.

3.2 Magnetic Materials and Nanomagnetism
A bulk ferromagnetic material displays a distinct nonlinear magnetic response to an
applied magnetic field, referred to as a hysteresis loop or M–H curve (Figure 3.1). Despite
a ferromagnet’s characteristic spontaneous internal magnetic moment, without an applied
field the magnetization is usually zero, that is, the M–H curve starts at the origin. This
is because in order to minimize the magnetostatic energy within a bulk ferromagnet,
magnetic domains—small regions of magnetic alignment—are formed. When a magnetic
field is applied, the energy of the field can overcome the magnetostatic energy associated
with the domain formation, and the magnetization of the material increases until all of
the moments are aligned with the field. The magnetic alignment with the field occurs in
two ways: (1) the walls that make up the domains can shift resulting in the “growth” of
domains already aligned with the field at the expense of those not aligned, and (2) the
rotation of the magnetization vector away from one crystallographic axis and toward the
field. The final magnetization associated with the complete alignment of the electronic
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Figure 3.1
Magnetization versus field (M–H) curves for (a) an assembly of ferromagnetic nanoparticles and (b) an assembly of superparamagnetic nanoparticles.
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spins is referred to as the saturation magnetization, or Ms. Once the magnetization is
saturated, if the field is decreased back to zero, the magnetization will not return to zero.
The material will maintain some net magnetization, called the remnant magnetization,
Mr. In order for the magnetization to return to zero, a field must be applied in the opposite
direction. The field at which the moments of the domains are again in different directions
and the magnetostatic energy is minimized is called the coercivity, Hc. The full cycle of the
magnetic field can be achieved by saturating the magnetization in the opposite direction,
−Ms, going through the zero field resulting in a remnant magnetization in the opposite
direction, −Mr, and increasing the field until M = 0, corresponding to −Hc. When the magnetization is once again saturated in the initial direction the hysteresis loop is complete
(Cullity 1972).
Materials used in magnetic information storage are chosen based on their values of the
parameters described above. The magnetic components of a disk drive are the read head,
the write head, and the media. The media, which is the focus of this chapter, stores data
based on the two stable magnetic configurations corresponding to Mr and −Mr on the hysteresis loop. The stability of the media can be evaluated based on the magnetic anisotropy
of the material used. The anisotropy energy, EA, describes the amount of energy required
to reverse the magnetization from one stable state to the other. This depends on several
factors, most importantly the effective anisotropy constant, K. The magnetic anisotropy is
positively correlated with the coercivity, which is often used to provide a qualitative estimate of the anisotropy of the material, since direct measurements of K can be difficult. In
terms of magnetic stability, the more energy that is required to randomize the electronic
spins either thermally or via an applied field, the less likely that the information stored in
the media will be erased due to stray magnetic fields or excess heat. Therefore, the quest to
find better-performing materials to make up hard disk media is centered upon the tailoring of the anisotropy, and thus, the coercivity of the candidate materials.
At odds with the search for high-coercivity materials is the concurrent desire for higherdensity data storage. Being able to store data in an ever-decreasing amount of space to
continue device miniaturization leads one correctly to conclude that the smaller the magnetic bit, the higher the density of data can be stored within a given amount of space. To
that end, it would seem that magnetic nanoparticles would be an obvious choice for the
next generation of magnetic data storage. However, analogous to nanoparticles of other
functional materials, the size of magnetic nanoparticles encroaches upon a fundamental
physical length scale in magnetism, namely the size of a magnetic domain. Like bulk ferromagnets, an array of magnetic nanoparticles containing only one domain (henceforth
“single domain”) can exhibit hysteresis in the magnetization versus field dependence as
well (Stoner and Wohlfarth 1949). The key difference between the magnetic behavior of
a bulk magnetic material and a collection of single-domain ferromagnetic nanoparticles
arises from the mechanism by which the magnetization is cycled through the hysteresis
loop. Since domain wall movement is not possible, only coherent magnetization rotation
can be used to overcome the effective anisotropy of the particle. Thus, the maximum coercivity of a given material as a function of particle diameter actually falls in the singledomain range.
The critical diameter for a magnetic particle to reach the single-domain limit is
expressed as
RSD =

36 AK
µ 0 Ms2
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where
A is the exchange constant
K is the effective anisotropy constant
Ms is the saturation magnetization
For most magnetic materials, this diameter is in the range 10–100 nm, though for some
high-anisotropy materials the single-domain limit can be several hundred nanometers
(Skomski and Coey 1999).
For a single-domain particle, the amount of energy required to reverse the magnetization over the energy barrier from one stable magnetic configuration to the other is proportional to KV/kBT, where V is the particle volume, kB is Boltzmann’s constant, and T is the
temperature. If the thermal energy is large enough to overcome the anisotropy energy,
the magnetization is no longer stable and the particle is said to be superparamagnetic.
That is, an array of nanoparticles each with its own moment can be easily saturated in
the presence of a field, but the magnetization returns to zero upon removal of the field
as a result of thermal fluctuations (i.e., both Mr and Hc are zero). Figure 3.1 is a schematic
of the typical shape of (a) an M–H curve for an array of single domain, ferromagnetic
nanoparticles (which is qualitatively similar to a bulk ferromagnet) and (b) an array of
superparamagnetic nanoparticles. This superparamagnetic behavior is analogous to conventional paramagnets, only, instead of individual electronic spins displaying this fluctuating response, it is the collective moment of the entire particle, and hence the term
“superparamagnetism.” The temperature at which the thermal energy can overcome the
anisotropy energy of a nanoparticle is referred to as the blocking temperature, TB. For an
array of nanoparticles with a distribution in volume, TB represents an average characteristic temperature and can be affected by interparticle interactions as well as the timescale
over which the measurement is performed due to the magnetic relaxation of the particles.
Keeping these caveats in mind, TB, as the general transition from ferromagnetism to superparamagnetism, is one of the most important quantities that define the magnetic behavior
of an assembly of particles.
So, while it is advantageous to try to use single domain, high-anisotropy magnetic
nanoparticles for magnetic recording, the crossover in volume at the working temperature
from ferromagnetic to superparamagnetic becomes problematic and has been the focus of
intense research interest.

3.3 Current Approaches to Magnetic Media for Information Storage
The standard design for hard disk drives, throughout the vast majority their existence
and until recently, has been the longitudinal recording system (Piramanayagam and
Srinivasan 2009). The media in longitudinal recording contains grains whose magnetic
moments lie in the plane of the disk. The system also contains a recording head composed of a separate read and write element, which flies in close proximity to a recording medium. The inductive write element records the data in horizontal magnetization
patterns (Figure 3.2a). The information is then read back with a giant magnetoresistive
(GMR) read element by measuring the stray magnetic field from the transitions between
regions of opposite magnetization. Finally, a signal processing unit transforms the analog read back signal into a stream of data bits. The media for these longitudinal systems
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Figure 3.2
Geometry of a hard disk drive. (a) The traditional longitudinal configuration with the read sensor and write
elements passing over a continuous film of magnetic media whose grains have magnetization vectors in the
plane of the media. (b) Perpendicular configuration with the magnetic media possessing magnetization vectors, which are orthogonal to the film plane. (Adapted from Moser, A. et al., J. Phys. D: Appl. Phys., 35, R157, 2002.
Copyright 2002, the Institute of Physics.)

is fabricated in the form of granular thin films, which are usually deposited by dc magnetron sputtering and consist of a CoPtCrX alloy (X = B, Ta). Along with the recording
layer, there are several other layers that make up the media and all are in a polycrystalline state. The extra layers help to nucleate grain growth, control grain size and shape,
and help in reducing stray magnetic fields and interactions from the read and write
elements.
As a result of the film growth process, the grains of the recording medium usually have
random orientations with respect to the film-plane and with respect to the track direction.
Because of this randomness, a group of grains are used for each bit or unit of storage. As
the signal-to-noise ratio (SNR) from such a medium depends on the number of grains in a
bit, optimizing the grain growth to reduce the need for multiple grains per bit is desired.
This means reducing the grain size, but more importantly the grain-size distribution,
which thus far has been achieved by the use of seed layers or underlayers with small grain
sizes or by optimizing the growth of the recording layer itself (Lee et al. 1995, Acharya
et al. 2001, Piramanayagam et al. 2002, Mikami et al. 2003). With high-density storage,
we also encounter the problem that as each grain is magnetized in one direction, its own
magnetic field can influence the surrounding grains, destabilizing them. Therefore, each
grain is surrounded by a thin boundary of oxide material to magnetically isolate it from
the surrounding grains (Moser et al. 2002).
When a write head passes over the magnetic medium, it records the information by
magnetizing the bits in either of the two stable magnetic states. Every disk drive has
a clocklike mechanism, which controls the timing at which the write head current is
reversed. If the clock interval is T, current reversals only occur at iT, where i is an integer. This means that the information is recorded as the medium response to a presence
or an absence of a write current reversal at times t = iT. If v is the linear velocity of the
medium at the time of recording, the minimum transition spacing B translates to B = vT.
It is important to note that no attempt is made to synchronize the rotation speed of the
disk with the clock, which means that the actual transition locations are not controlled
on a microscopic level (Richter 2009). However, the magnetic media consist of grains
that are neither of the same size nor are positioned regularly on the disk. And since the
grains are single domain, the transition boundary has to go around the grains. There
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are a finite number of grains across the width of the track and, hence, the location of
the transition (after averaging) will not exactly be at the intended location. Therefore,
deviations from the intended positions represent the main source for medium noise in
the recording system. This point becomes important once we explore other options for
magnetic recording.
As discussed in the previous section, a reduction of grain size eventually leads to thermal instabilities and one has to keep the magnetic energy barriers (KV) of the grains
sufficiently high. The mean KV value of current media is typically between 70 and 100
kBT, which ensures a sufficient stability margin for practical operation (Richter 2009).
Problematically, a recording medium is composed of grains with a size distribution, and
some of the smaller grains are more susceptible to thermal switching.
After over 50 years of grain-size reduction and magnetic-property optimization, longitudinal recording technology is now very close to its superparamagnetic limit. Therefore,
perpendicular recording technology was introduced in order to extend the life of hard
disk drives. In perpendicular recording, the granular media is grown in such as way that
the magnetization vectors of the grains point in the direction perpendicular to the film
plane. Figure 3.2 shows a schematic of the geometry of longitudinal versus perpendicular
recording. At this time, all companies have introduced perpendicular recording in their
hard disk drive products, and longitudinal recording media is being phased out. Iwasaki
et al. introduced almost all of the fundamentals of perpendicular magnetic recording in
the 1970s, in order to overcome the problem of large demagnetizing fields exhibited by the
transitions in longitudinal recording (Iwasaki and Takemura 1975, Iwasaki and Nakamura
1978, Iwasaki et al. 1979). This configuration has allowed grain sizes to shrink even further
as the stable magnetic configurations of the grains are in the orientation of the film thickness, allowing each grain to take up less space in the radial direction. However, the fundamental limits associated with the superparamagnetic limit still exist in perpendicular
media and it is estimated that as areal densities reach 500–1000 Gb/in.2, thermal instabilities in current CoCrPt:oxide will begin to set in (Piramanayagam and Srinivasan 2009).
Therefore, perpendicular media does little more than buy time for researchers to come
up with a new design and new recording principles, which do not depend on traditional
granular thin films.
An emerging technology that is being explored for increasing areal density is to use
patterned media recording, where each bit contains one grain (Ross 2003, Terris and
Thomson 2005, Service 2006). In principle, this would allow for larger grain volume than
is currently being used, as long as each grain is isolated by a lithographically patterned
void or nonmagnetic spacer while still resulting in smaller bit sizes. This approach would
result in much higher areal densities, but since each bit is one grain, the requirements
for minimizing the distributions of the physical and the magnetic properties of the dots
are extremely high. It is estimated that the standard deviations of the magnetic and the
structural distributions have to be of the order of 5% to achieve a reasonable system performance (Richter 2009). In addition, there is very little room for error in the intergranular
spacing as the reading and writing of the storage is dependent on the timing of the read
and write elements over the media and significant errors can occur if the heads are not
well aligned with the bits. Consequently, the internal clock of the hard disk drive would
have to match precisely with the intended grain, rather than writing to a random collective. The latter problem is more related to the engineering of the servo motor inside
the hard disk drive, and while it is beyond the scope of this discussion, it is well worth
keeping in mind.
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3.4 Magnetic Nanoparticles for High-Density Storage
3.4.1 Introduction to FePt
One of the most promising candidates for high-density magnetic recording is the facecentered tetragonal (fct) phase of FePt. The FePt alloy of near-equal atomic percentage of
Fe and Pt forms at low temperatures in the chemically disordered face-centered cubic (fcc)
phase, indicating that any atomic site in the fcc unit cell has an equal chance of being either
Fe or Pt (Figure 3.3a). This cubic phase has a very small magnetic anisotropy and displays
soft magnetic properties. A high-temperature annealing can result in a phase change to
the chemically ordered fct structure, which can be pictured as alternating atomic layers of
Fe and Pt stacked along the [001] direction (Figure 3.3b). This phase change from cubic to
tetragonal structure results in the breaking of the high symmetry of the cubic structure
to the lower symmetry tetragonal structure, causing a preferential magnetic alignment
along the c-axis. This is manifest as a high magnetic anisotropy with K values reaching as
high as 4–10 × 107 erg/cm3 (Weller and Doerner 2000), among the largest values observed
in all hard magnetic materials. Furthermore, the hybridization of the Fe 3d states and the
Pt 5d states renders FePt nanoparticles more chemically stable than many high-moment
ferromagnetic nanoparticles composed of Fe and Co, as well as the high-coercivity SmCo5
and Nd2Fe14B (Staunton et al. 2004) making them useful for myriad applications from biomedicine to catalysis (Sun 2006).
Weller et al. (1992) have calculated that FePt as a recording medium could be thermally
stable, even for grain sizes as small as 3 nm. If it is possible to make such small grains or
particles and if information could be successfully written onto these materials, the areal
density that can be achieved with FePt could easily surpass 1 Tb/in.2 Currently, the question is whether or how FePt media may be tailored to suit the requirements of recording
media. To support 1 Tb/in.2 and higher densities, the average grain size of FePt has to be
less than 4 nm. In addition, the standard deviation in the grain-size distribution has to be
less than 0.4 nm (Piramanayagam and Srinivasan 2009).
Because of its high anisotropy and chemical stability, arguments can be made for using
FePt in thin-film forms for perpendicular recording, using sputtering techniques similar
to those currently in use for longitudinal and perpendicular recording systems. The lowest achieved grain size reported thus far for FePt produced by sputtering is about 6.6 nm
(Shen et al. 2005). In this case, an underlayer, RuAl, with small grain size helps to minimize
Fe or Pt
Pt
Pt

(a)

a

Pt
(b)

Pt
Fe

Fe

c

c

Pt

Pt

Fe

Fe
Pt
a

Pt

Pt

Pt

Figure 3.3
Schematic of the unit cells of (a) chemically disordered fcc FePt and (b) chemically ordered fct FePt.
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the grain size in the recording layer. Therefore, reducing the grain size of the FePt media
by controlling the underlayer grains is one possible approach, which is similar to current
recording media fashioned from a recording layer with several underlayers (Kanbe et al.
2002, Piramanayagam et al. 2002, 2006). In addition, attempts have also been made to dope
FePt with additives such as C, Ag, and Cu to reduce the grain size and intergranular distance. Grain sizes of around 4 nm have been obtained by 50% carbon doping by Perumal et
al. (2003). However, it should be noted that compositional changes, while resulting in small
grain sizes, often lead to changes in magnetic anisotropy and magnetization direction as
well as increased intergranular interactions (Chen et al. 2007).
Considering that the future of magnetic recording appears to be moving in the direction of “one grain, one bit,” it seems advantageous to thoroughly explore the synthesis and
characterization of small, monodisperse FePt nanoparticles. In principle, FePt nanoparticles could be deposited as a thin granular film and used in longitudinal and perpendicular recording, or could be purposefully assembled in such a way as to form patterned
media for the next generation of magnetic media.
3.4.2 Chemical Synthesis of fcc-FePt Nanoparticles
Until recently, polydisperse FePt nanoparticles had been made by physical, top-down
approaches such as vacuum-deposition techniques (Coffey et al. 1995, Li and Lairson
1999, Ristau et al. 1999) and gas-phase evaporation (Liu et al. 2003, Stappert et al. 2003).
The as-deposited particles had the chemically disordered fcc structure and could be transformed to fct only after annealing, which resulted in particle aggregation. Subsequent
progress in preventing particle aggregation was made by embedding the nanoparticles
in a nonmagnetic matrix such as SiO2 or Al2O3. Though this results in particle isolation
and reduction of interparticle interactions, it is difficult to form arrays and superlattices
in this manner.
Solution-phase chemical synthesis of FePt nanoparticles has many advantages including a smaller size distribution and the ability to disperse the particles in organic solvents,
leading to better self-assembly. A common route to the chemical synthesis of monodisperse FePt nanoparticles is via the simultaneous thermal decomposition of iron pentacarbonyl (Fe(CO)5) and reduction of platinum acetylacetonate (Pt(acac)2) in the presence
of 1,2-alkanediol (Sun et al. 2000). Fe(CO)5 is thermally unstable and readily decomposes
at high temperature to CO and Fe. It is a common precursor for Fe nanoparticles and
Fe-based alloys (Huber 2005). Pt(acac)2 is easily reduced to Pt using a mild reducing
agent such as 1,2-alkanediol. During the reaction, a small group of Fe and Pt atoms bond
together to form FePt clusters, which act as nuclei for the subsequent nanoparticles. Longchain carboxylic acids and primary amines (such as oleic acid and oleyl amine) are used
to stabilize the nanoparticles and passivate the surface. In a typical synthesis (Sun et al.
2000), Pt(acac)2 (197 mg, 0.5 mmol), 1,2-hexadecanediol (390 mg, 1.5 mmol), and dioctyl ether
(20 mL) are first measured into a reaction flask and stirred using a magnetic stirring bar.
The mixture is heated to 100°C under a flow of N2 to remove oxygen and moisture. Oleic
acid (0.16 mL, 0.5 mmol) and oleyl amine (0.17 mL, 0.5 mmol) are added to the mixture, and
after 10 min the N2 outlet is closed and the reaction system is protected under a blanket
of N2 for the remainder of the reaction. Fe(CO)5 (0.13 mL, 1 mmol) is then injected into the
mixture, which is then further heated to reflux (297°C) for 30 min. The heat source is then
removed, and the reaction mixture is allowed to cool to room temperature. The inert gasprotected system is opened to ambient environment at this point. The black product is precipitated by adding ethanol (40 mL) and separated by centrifugation and the yellow-brown
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supernatant is discarded. The black precipitate is dispersed in hexane (25 mL) in the presence of oleic acid (0.05 mL) and oleyl amine (0.05 mL), and precipitated out by adding ethanol (20 mL) and centrifuging. The product is dispersed in hexane (20 mL), centrifuged to
remove any insoluble precipitate (almost no precipitation is usually found at this stage),
and precipitated out by adding ethanol (15 mL) and centrifuging. The FePt nanoparticles
can be dispersed in any alkane, arene, or chlorinated solvent.
In this reaction, the composition of the FePt particles is controlled by the Fe(CO)5/
Pt(acac)2 ratio, though it is to be noted that a consistent and predictable excess of Fe(CO)5
is required. It has been observed and documented that not all of the Fe(CO)5 contributes
to the FePt-alloy formation (Sun et al. 2001). As a result, in this recipe 0.5 mmol of Fe(CO)5
and 0.5 mmol of Pt(acac)2 yield Fe38Pt62, while 1.1 mmol of Fe(CO)5 and 0.5 mmol of Pt(acac)2
produce Fe56Pt44. However, it has been noted that allowing the solution to reflux for a
longer time does yield a higher Fe content, by as much as 15%, in the final composition
(Srivastava et al. 2008). Furthermore, the higher the starting ratio of Fe:Pt precursor, the
more pronounced the reflux time effect becomes. One hypothesis put forth to explain this
observation is the relatively slow decomposition of Fe(CO)5 and/or the slow kinetics of the
Fe atoms once released from the carbonyl compound.
It is believed that particle formation ultimately occurs via the following mechanism:
(1) Pt-rich nuclei are formed from the simultaneous reduction of Pt(acac)2 and partial
decomposition of Fe(CO)5 at temperatures less than 200°C. (2) More Fe atoms will then coat
the existing Pt-rich nuclei, forming larger clusters at a higher temperature. (3) Heating the
clusters to reflux at 300°C leads to atomic diffusion and formation of fcc-structured FePt
nanoparticles. (4) In the presence of excess of Fe(CO)5, the extra Fe will continue to coat the
particles, leading to core/shell structured FePt/Fe.
The size of the particles can be tuned by controlling the molar ratio of the stabilizers to
Pt(acac)2 and the heating conditions (Momose et al. 2005). A ratio of at least 8:1 is necessary
to make FePt nanoparticles larger than 6 nm. At a fixed ratio of 8:1, both heating rate and
an interim heating temperature are important in tuning the sizes of the FePt particles.
Applying a heating rate of ∼15°C/min and an interim heating temperature of 240°C leads
to 6 nm diameter FePt, while a slower rate of ∼5°C/min and a lower heating temperature of
225°C yields 9 nm diameter FePt. In this particular synthesis, the shape of the particles can
be controlled by sequential addition of the surfactants. By first mixing oleic acid, Fe(CO)5,
and Pt(acac)2 and heating the mixture at 130°C for about 5 min before oleyl amine is added,
cube-like FePt nanoparticles are obtained (Chen et al. 2004). Gaining control over particle
shape is an important aspect of nanoparticle synthesis that affects the self-assembly characteristics as well as magnetic properties of an array of magnetic particles. This topic will
be revisited in a later section.
Alternatively, to make larger FePt particles, a seed-mediated growth method can be
used (Sun et al. 2000). This is carried out by first making monodisperse 3–4 nm seed FePt
particles, and then adding more Fe and Pt precursors to enlarge the existing FePt particle
seeds to obtain the desired sizes. Still better control of the size of the FePt nanoparticles is
obtained via a one-step simultaneous thermal decomposition of Fe(CO)5 and reduction of
Pt(acac)2 in the absence of 1,2-alkanediol (Figure 3.4a) (Chen et al. 2004). It is believed that
1,2-alkanediol can lead to the rapid reduction of Pt(acac)2 to Pt, resulting in fast nucleation
of FePt and consumption of metal precursors, and, as a result, smaller particles. Exclusion
of this reducing agent from the reaction mixture slows down the nucleation rate, allowing
more metal precursors to deposit around the nuclei, thus leading to a larger particle size.
Figure 3.4 shows transmission electron micrographs (TEM) of FePt nanoparticles of various sizes obtained by different methods.
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Figure 3.4
FePt nanoparticles of various sizes. (a) 6 nm (Reproduced and adapted from Chen, M. et al., J. Am. Chem. Soc.,
126, 8394, 2004. Copyright 2004, the American Chemical Society.), (b) 8 nm (Reproduced and adapted with permission from Nandwana, V. et al., J. Phys. Chem. C, 111, 4185, 2007. Copyright 2007, the American Chemical
Society.), and (c) 11 nm (Reproduced and adapted with permission from Zhao, F. et al., J. Am. Chem. Soc., 131,
5350, 2009. Copyright 2009, the American Chemical Society.)

Large FePt nanoparticles have also been produced by sequential reduction of Pt(acac)2
and thermal decomposition of Fe(CO)5, followed by oxidation and reductive annealing
(Teng and Yang 2003, Teng et al. 2003). In this synthesis, Pt nanoparticles are first made
via the polyol reduction of Pt(acac)2 in dioctyl ether. A layer of Fe2O3 is then coated over
the Pt nanoparticles via thermal decomposition of Fe(CO)5 and oxidation. The dimensions
of the Pt core and the Fe2O3 shell are controlled by the amount of Pt or Fe precursors,
respectively, used in the reaction. To make FePt nanoparticles, the FePt/Fe2O3 is further
annealed under a gas mixture of H2 (5%) and Ar at 550°C or above for 9 h. This hightemperature reductive annealing has two purposes: (1) to reduce Fe2O3 to Fe and (2) to
make Fe and Pt diffuse into FePt alloy particles. After reductive annealing, ∼17 nm diameter FePt nanoparticles are obtained. To gain better control over both the stoichiometry and
the internal structure of FePt nanoparticles, Na2Fe(CO)4 has been used to replace Fe(CO)5
in the FePt nanoparticle synthesis (Howard et al. 2005). Na2Fe(CO)4 acts as both a reducing agent and an Fe source. In this reaction, the anion Fe2− from Na2Fe(CO)4 transfers two
electrons to Pt2+. The Pt2+ is reduced to metallic Pt while the Fe2− is oxidized to metallic Fe,
which then combines with Pt to form FePt. This ensures the 1:1 stoichiometry of the final
alloy materials. If the reaction is run in high-boiling tetracosane (boiling point: 389°C),
partially ordered fct FePt nanoparticles are obtained. The room temperature coercivity of
the particles reaches 1300 Oe.
A slight modification of the decomposition/reduction method by replacement of Fe(CO)5
with Fe(acac)2 or Fe(acac)3 using the polyol method can also lead to monodisperse 2 to 3 nm
FePt nanoparticles (Elkins et al. 2003, Liu et al. 2004, Nakaya et al. 2004). The reaction of
Fe(acac)3 and Pt(acac)2 in ethylene glycol (Iwaki et al. 2003, Jeyadevan et al. 2003, Harpeness
and Gedanken 2005) or tetraethylene glycol (Kitamoto et al. 2005, Minami et al. 2005,
Sato et al. 2005) generates FePt nanoparticles that show partially ordered fct structures.
Recently, triiron dodecacarbonyl (Fe3(CO)12) has been used as a substitute precursor for
Fe(CO)5 because it occurs in a nonvolatile powder form (Kang et al. 2008). It was found that
using the polyol method with Fe3(CO)12 and Pt(acac)2 as precursors, ethylene glycol as the
solvent/reducing agent, and oleyl amine and oleic acid as surfactants yielded high-quality
monodisperse particles. Varying the precursor ratio allows for composition control while
an increase in total surfactant amount leads to an increase in particle size up to 8 nm.
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Alternatively, the stronger organic reducing agent hydrazine (N2H4) has been used
to reduce metal salts and form FePt nanoparticle in water at low temperature (Gibot
et al. 2005). In this synthesis, H 2PtCl6·H 2O and FeCl 2·H 2O, together with hydrazine
and a surfactant, such as sodium dodecyl sulfate (SDS) or cetyltrimethylammonium
bromide (CTAB), are mixed in water. The hydrazine reduces the metal cations at 70°C,
resulting in fcc-structured FePt nanoparticles. The reduction of FeCl 2 and Pt(acac)2
mixtures in diphenyl ether by LiBEt3H in the presence of oleic acid, oleyl amine, and
1,2-hexadecanediol at 200°C, followed by refluxing at 263°C, has led to ∼ 4 nm FePt
nanoparticles (Sun et al. 2003a,b). The initial molar ratio of the metal precursors is carried over to the final product, making control over the composition of the FePt much
easier than in the decomposition and reduction processes. The strong reducing power
of the borohydride also allows the reduction to proceed at room temperature in a predesigned environment.
Reverse micelles have also been used as nanoreactors to make FePt nanoparticles. The
micelles are formed using CTAB as a surfactant, 1-butanol as a cosurfactant, and octane
as an oil phase (Carpenter et al. 2000). Both an Fe salt and a Pt salt are dissolved in water
within the nanoreactors. Adding sodium borohydride leads to the quick reduction of the
salts and the formation of FePt nanoparticles. The FePt nanoparticles are also obtained by
borohydride reduction of metal salts on a peptide template (Reiss et al. 2004). In general,
using water as a solvent allows easy dissolution of various metal salts and application of a
well-controlled biological template to synthesize FePt nanoparticles. However, at present,
the quality of the particles prepared under these low-temperature conditions has not been
as high as those from the high-temperature solution phase syntheses; boron contamination of the final product, a common problem accompanied with borohydride reduction of
iron, cobalt, or nickel salts, could also be a concern.
Recently, the use of fatty acids such as a reducing agent as well as an alloy mediator has
been reported in the synthesis of FePt particles (Zhao et al. 2009). The air-stable and environmentally friendly iron stearate (Fe(St)3) was used as a precursor along with Pt(acac)2
in the presence of a large excess of stearic acid (HSt:Fe(St)3 of 8:1), octadecylamine, and a
high-boiling-point solvent such as tetracosane. While it is believed that Fe3O4 is formed as
an intermediary species after the decomposition of Fe(St)3, the HSt ensures its dissolution
at high temperatures and the carboxylate form of HSt acts as a reducing agent for the Fe3+
ions. The large excess of HSt also results in the dissolution of any metallic iron formed,
leaving FePt as the only stable compound as a final product. The as-synthesized particles
are single crystalline with a size up to 17 nm (Figure 3.4c), which is tuned by the ratio of
Pt(acac)2 to the solvent.
3.4.3 Shape Control of FePt Particles
Thus far, we have only discussed the synthesis of small, spherical FePt particles. However,
from the standpoint of magnetic media, FePt particles of different physical shapes are
advantageous for three reasons: (1) the magnetic anisotropy of nanoparticles has a shape
contribution. That is, elongated particles tend to have their easy axis of magnetization
lying preferentially along the long axis to reduce the magnetostatic energy of the particle.
This added shape anisotropy makes it even more difficult to destabilize the particle and
switch the magnetization from one stable configuration to the other. (2) The reduction in
symmetry that occurs from a faceted particle as opposed to a spherical particle makes the
manipulation of crystallographic axes easier so that when the particles are self-assembled
to form patterned media, the magnetic alignment of the [001] axis can be assured. Lastly
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(3), in order to maximize the areal density of an array of nanoparticles, a shape that allows
for a high packing density should be used. For instance, the packing density of an array
of spherical particles is only around 70%, making them less than ideal for high-density
applications.
Groups have reported the shape change from spherical to cubic nanoparticles while
changing several different parameters of the standard Fe(CO)5 decomposition/Pt(acac)2
reduction recipe (Shukla et al. 2006, 2009, Nandwana et al. 2007). In one report (Shukla
et al. 2006), the solvent was changed from dioctyl ether to 1,2-dicholobenzene, and the
 eating rate was slowed to 4°C/min to a lower reaction temperature of 170°C. However,
h
cubes have also been observed grown in octyl ether under similar conditions (Nandwana
et al. 2007). Cubes have also been obtained by the careful sequential addition of surfactants
during the growth phase of the nanoparticle synthesis (Figure 3.5a) (Chen et al. 2006). A
proposed explanation for this observed phenomenon is that –COOH does not have a strong
tendency to bind to Pt. It is known that the surface energy of crystallographic planes of the
fcc Pt crystal generally follow the trend of (111) < (100) (Wang 2000). In a kinetic growth
process, the Fe-rich species prefer to deposit on the (100) plane, leading to the formation of
a cube. If oleyl amine was added first, sphere-like FePt nanoparticles were separated. This
indicates that the amine reacts with Pt, forming a stable Pt-NH2– complex and hindering
the nucleation process. The resulting nuclei may contain more Fe in this case, producing
an amorphous spherical structure.
FePt nanorods have also been observed using benzyl ether as a solvent, using the sequential surfactant method (Figure 3.5b) (Nandwana et al. 2007). However, they were not seen
when octyl ether was the solvent. Rods were also obtained using dichlorobenzene as a
solvent and excess surfactant at high temperature under a pressure of 6 bar (Shukla et al.
2009). Even though the growth mechanism leading to the nanorod morphology is poorly
understood, the shape anisotropy associated with the high aspect ratio is especially promising for magnetic recording.
Interestingly, hexagonally-shaped particles can also be obtained using the high pressure method (22 bar) at high temperature (270°C) when toluene is the solvent (Figure 3.5c)
(Shukla et al. 2009). It is not entirely clear if it is the solvent itself or the unusual working
temperature of the toluene that is responsible for the hexagonal shape (under atmospheric
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Figure 3.5
FePt nanoparticles of different shapes. (a) Cubes. (From Chen, M. et al., J. Am. Chem. Soc., 128, 7132, 2006.
Copyright 2006, the American Chemical Society.) (b) Rods. (From Nandwana, V. et al., J. Phys. Chem. C, 111, 4185,
2007. Copyright 2007, the American Chemical Society.) (c) Hexagons. (From Shukla, N. et al., Nanotechnology, 20,
065602-1, 2009. Copyright 2009, the Institute of Physics.)
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pressure, toluene boils at 110°C); however, in this case, as well as other shape-controlled
syntheses of magnetic nanoparticles, there is much room for further study.
3.4.4 L10 Phase FePt Nanoparticles
The nanoparticle synthesis methods described above almost exclusively result in the soft
magnetic fcc phase of FePt or only partially ordered fct phase. In order to fully convert
the fcc FePt to magnetically anisotropic fct FePt, an extra annealing step must be incorporated into the process. The change in crystallographic structure upon annealing depends
on annealing temperature, time, and Fe and Pt composition. TEM (Dai et al. 2001), x-ray
diffraction (XRD) (Sun et al. 2001), and magnetization measurements (Weller et al. 2001)
on representative annealed samples of Fe52Pt48 particle assemblies show that the onset of
this structural transition occurs at around 500°C. Detailed XRD studies on FePt nanoparticle assemblies show that with respect to composition, the c-parameter changes mostly in
Pt-rich compositions and the a-parameter changes mostly in Fe-rich compositions. These
results imply that the magnetocrystalline anisotropy in the fct structure will be maximized near the Fe/Pt 50:50 compositions (Klemmer et al. 2002). Because of this known
correlation between composition and structure, it follows that the magnetic properties of
FePt are composition dependent as well, and are affected by Fe–Pt interactions within the
particles (Robach et al. 2003, Ulmeanu et al. 2004, Boyen et al. 2005). The extrapolation of a
Gaussian fit of the coercivity and the composition relation yields the best composition to
be Fe55Pt45 (Sun et al. 2001). This is consistent with what has been observed in physically
deposited FePt thin films (Weller et al. 2000). For small nanoparticles sizes, a relatively
large HC (∼4000 Oe) at 5 K may also indicate the strong anisotropy contribution from the
surface of the nanoparticles (Stahl et al. 2002, 2003). This occurs because the atoms on the
surface of the nanoparticles are lacking nearest neighbors, which affects their response
to an applied magnetic field. The room-temperature coercivities of the annealed FePt
nanoparticle assemblies increase with annealing time and temperature (Sun et al. 2000,
2001, Zeng et al. 2002), reaching a maximum value with the assembly annealed at ∼650°C.
Even higher annealing temperatures eventually destroy the nanocrystalline features of
the particles, leading to the formation of multidomain aggregates and a drop in the coercivity (Zeng et al. 2002).
Although thermal annealing provides FePt nanoparticles with desired magnetic properties, one serious side effect of this annealing is the deterioration of the monodispersity
of the particles. Previous in-situ TEM (Dai et al. 2001) and XRD experiments (Sun et al.
2003a,b) have clearly shown the coalescence of the FePt particles annealed at 600°C or
above. To prevent this uncontrolled agglomeration, FePt nanoparticles can be embedded
in thick organic (Momose et al. 2003) or robust inorganic (Chen et al. 2004, 2005, Zeng
et al. 2004a,b, Elkins et al. 2005, Liu et al. 2005) matrices, or assembled on the surface of
a robust Si–O network to limit the mobility of the particles at high temperature (Mizuno
et al. 2004). An alternative solution to the sintering problem is to dope FePt with another
e lement to lower the structural transition temperature. It is known that the addition of Cu
to a FePt film can reduce the transition temperature (Maeda et al. 2002). Both the experimental evidence and the first-principles band calculation indicate that Cu in CuFePt substitutes into the Fe site in the FePt alloy (Kai et al. 2004). The difference in free energy
between the ordered and disordered phases is enhanced, and the driving force in the
disorder–order transformation increases. In spherical FePt particles, alloying 4 atomic
percent Cu into the system has reduced the ordering temperature from 500°C to 400°C
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(Takahashi et al. 2002). The same strategy can be applied to chemically made monodisperse FePt nanoparticles. Several classes of monodisperse ternary nanoparticles of FePtCu
(Sun et al. 2003a,b), FePtAg (Kang et al. 2003), FePtAu (Kang et al. 2003), and FePtSb (Yan
et al. 2005) have been successfully synthesized by a thermal decomposition and reduction
method. The fcc-to-fct structural transformation temperature can be decreased to as low
as 300°C (Yan et al. 2005).
One promising method for obtaining nonaggregated, dispersible fct-FePt nanoparticles
is to follow one of the chemical synthesis procedures outlined in the previous section and
perform an extra step to coat the particles individually with an oxide shell during annealing. The particles undergo their phase transformation at the required temperature under
the protection of the oxide coating and then another chemical procedure is carried out to
remove the shell and redisperse the L10 FePt nanoparticles back into an organic solvent.
The first reports of using an oxide nanoreactor to keep the FePt particles isolated used
a SiO2 coating (Yamamoto et al. 2005, Tamada et al. 2007a,b). The effect was to use hightemperature annealing to allow the thermal diffusion of the Fe and Pt atoms during the
heat treatment, which can be confined inside the SiO2 nanoreactor. Just as important, the
L10 nanoparticles could be recovered using a solvent-dispersible manner for enabling
the ease of handling. In this experiment, precursor 6.5 nm fcc-FePt nanoparticles were prepared using the combination reduction of Pt(acac)2 and decomposition of Fe(CO)5 method,
as described in the previous section, to obtain a composition of Fe55Pt45. The FePt particles
were made water soluble by encapsulation in HTAB using an oil-in-water encapsulation
technique outlined by Fan et al. (2004). The surfaces of the particles were coated with
SiO2 by addition of tetraethylorthosilicate (TEOS) to the emulsion with subsequent stirring for several hours. The addition of sodium hydroxide (NaOH) and continued stirring
caused the particles to precipitate out for subsequent experiments. The SiO2-coated fccFePt nanoparticles were annealed at 900°C for 9 h in flowing Ar + 5% H2 gas to convert
them to the L10 structure. Finally, the SiO2 shell was dissolved in a tetramethylammonium
(TMA) hydroxide solution (10 wt.% aqueous solution) by simply stirring the suspension
at room temperature for 24 h. These particles displayed a coercivity as high as 28 kOe at
300 K. It was also determined that annealing time played an important role as those particles annealed for shorter periods of times yielded a smaller HC with a kink in the hysteresis loop, indicative of an incomplete fcc–fct transition in the array (Yamamoto et al. 2005).
Since the initial reports of silica-coated FePt, a somewhat simpler method of coating FePt
with MgO has been reported (Kim et al. 2008a,b). As mentioned above, FePt particles were
synthesized using the simultaneous reduction of Pt(acac)2 and thermal decomposition of
Fe(CO)5 method. The MgO coating was prepared by decomposition of Mg(acac)2 in the
presence of FePt nanoparticles, 1,2-tetradecanediol, oleic acid, and oleyl amine in benzyl
ether, and heated to 298°C. This coats the FePt particles with a flower-like structure of
MgO (Figure 3.7a). Thermal annealing of the fcc FePt/MgO nanoparticles was performed
under Ar + 5% H2 at various temperatures. The TEM analysis indicated that for particles
annealed below 800°C for less than 4 h, there was no obvious FePt morphology change in
the FePt/MgO structure. However, upon annealing at 800°C for over 6 h, the FePt/MgO
nanoparticles sintered. XRD analyses of the annealed FePt/MgO particles revealed that
an fcc-to-fct structural transformation in the FePt nanoparticles is not readily characterized until the annealing temperature reaches above 700°C. This structural transformation temperature is much higher than the 550°C needed for the as-synthesized fcc-FePt
nanoparticles, as previously reported (Sun et al. 2000, 2001). XRD peak width measurements confirmed that FePt in the nanoparticles does not experience grain growth during
the high-temperature annealing process. Interestingly, the XRD diffraction peaks for the
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FePt in the FePt/MgO appeared at lower angles than the corresponding peaks from the
FePt nanoparticles without coating, indicating that the nanostructured FePt in FePt/MgO
has a slightly larger crystal-lattice spacing than bulk fct-FePt, which is most likely a result
of an imperfect fcc-to-fct transformation and/or FePt nanoparticle surface effects. It was
hypothesized that the fcc-to-fct transition could be hindered by the limited mobility of the
Fe and Pt within the constrained MgO structure.
Magnetic measurements show that the as-synthesized fcc-FePt and fcc-FePt/MgO
nanoparticles were superparamagnetic at room temperature. After thermal annealing at
650°C under Ar + 5% H2, the uncoated FePt assembly became ferromagnetic, and the room
temperature coercivity reached 20 kOe. Under the same annealing conditions, the FePt/
MgO nanoparticles showed only weak ferromagnetism at room temperature. Evidently,
the annealing at 650°C for 6 h did not completely convert the fcc-FePt into fct-FePt in the
FePt/MgO structure, which is also indicated by the XRD studies. The fct-FePt/MgO was
obtained by annealing the fcc-FePt/MgO at 750°C for 6 h. Those fct-FePt/MgO nanoparticles were ferromagnetic, with HC reaching 10 kOe. By comparing the structural transformation and magnetic property change between the uncoated FePt and the coated FePt/
MgO, it was concluded that: (1) MgO in FePt/MgO protects FePt from sintering in a manner similar to SiO2 at annealing temperatures up to 800°C, and (2) in a constrained MgO
structure, where atom mobility is limited because of the robust MgO coating, the fcc-to-fct
conversion is still possible, but is much more difficult and requires a higher annealing
temperature (150°C higher than that for the 7 nm FePt nanoparticles in the same work) and
longer annealing time.
A solution proposed to the mobility problem was to slightly alter the Fe and Pt composition of the nanoparticle such that the final nanoparticle product before MgO coating was
actually a Pt-rich core and an Fe3O4 shell (Kim et al. 2008a). The mechanism for the formation of the Pt-rich FePt/Fe3O4 nanoparticles under the current reaction conditions is similar to what has been proposed for the formation of fcc-FePt/Fe3O4 (Chen et al. 2004), but
the process is controlled so that there is no significant diffusion of Fe into Pt in the reaction condition. The Pt-rich FePt nanoparticles are formed from the familiar simultaneous
reduction of Pt(acac)2 and partial decomposition of Fe(CO)5 at temperature <240°C. At a
higher reaction temperature, more Fe atoms coat over the existing Pt-rich FePt nanoparticles, forming Pt-rich FePt/Fe nanoparticles that are further oxidized to Pt-rich FePt/
Fe3O4 nanoparticles. The amount of Fe(CO)5 is optimized so that the ratio of Fe/Pt is close
to 1:1. MgO is coated over the FePt-Fe3O4 nanoparticle surface in the condition described
above. Hydrogen in the Ar + 5% H2 forming gas reduces Fe3O4 to Fe, releasing H2O and
causing defects in oxygen sites. Such defects may promote interdiffusion between the Fe
shell and Pt-rich FePt core, facilitating the formation of fct-FePt. This easy fct structure
formation may be compared with what is observed in the ternary FePtM nanoparticles,
discussed in the previous section, in which different Ms are doped into the FePt matrix
for decreasing the fcc-to-fct conversion temperature (Kang et al. 2003, Sun et al. 2003a,b,
Yan et al. 2005). In this way, well-ordered fct FePt nanoparticles were obtained at 650°C for
6 h (Figure 3.6c), 100°C lower than that for the formation of fct FePt from the fcc-FePt/MgO
nanoparticles. In the FePt/Fe3O4/MgO structure, the Fe3O4 shell thickness was used to
control the final FePt composition. For example, 12 nm fct Fe52Pt48 nanoparticles were synthesized by annealing 7 nm/2.5 nm fcc-FePt/Fe3O4/MgO NPs. Their coercivity reached
32 kOe at 5 K and 20 kOe at 300 K (Figure 3.6b) (Kim et al. 2008a).
The fct-FePt/MgO nanoparticles prepared from the thermal annealing of fcc-FePt/
MgO nanoparticles are not easily dispersed in any solvent. Although the MgO in the
FePt/MgO structure can be removed by washing with dilute HCl (0.5 M), the bare fct-FePt
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Figure 3.6
(a) TEM image of the FePt/MgO nanoparticles obtained from the reductive annealing of FePt/Fe3O 4/MgO
nanoparticles. (b) Hysteresis loops of the FePt/MgO nanoparticles obtained after the thermal annealing.
(c) XRD patterns of (i) the as-synthesized FePt/Fe3O 4 nanoparticles and (ii) the FePt/Fe3O 4/MgO nanoparticles before annealing and the FePt/MgO nanoparticles obtained from annealing the MgO coated NPs
at (iii) 600°C and (iv) 650°C for 6 h under Ar + H 2 (5%). (d) TEM image of the fct-FePt nanoparticles from
their hexane dispersion. (Reproduced from Kim, J. et al., Chem. Mater., 20, 7242, 2008a. Copyright 2008, The
American Chemical Society.)

nanoparticles quickly aggregate. To protect the fct-FePt nanoparticles from aggregation
upon MgO removal, it was necessary to extract them from their aqueous phase into an
organic phase by a phase transfer process. Fct-FePt/MgO nanoparticles were added to a
mixture of aqueous 0.5 M HCl and surfactant-containing hexane, to extract the fct-FePt
nanoparticles into hexane with their surface protected by the surfactant. Several different surfactant combinations were tested, which included oleic acid/oleyl amine/hexane,
hexadecanethiol (HDT)/hexane, and HDT/oleic acid/hexane. It was found that oleic acid/
oleyl amine could not stabilize the fct-FePt nanoparticles under the current extraction
conditions. HDT alone offered only temporary stabilization—the nanoparticle dispersion
became unstable and aggregated after 2 h. The HDT/oleic acid produced the most efficient
protection to the fct-FePt nanoparticles. The stabilization difference between HDT and
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HDT/oleic acid seems to indicate that thiol (–SH) reacts with Pt, while –COOH binds to
Fe, on the surface of the FePt nanoparticle, and the double bond in oleic acid is essential
for the stabilization, as the saturated hydrocarbon chain tends to fold on the nanoparticle
surface, which leads to strong nanoparticle interactions and aggregation. Figure 3.6d is a
TEM image of the particles after annealing and redispersing in hexane.
An in-depth study comparing SiO2 and MgO coatings on FePt particles found that SiO2
coatings resulted in a higher coercivity of the L10 particles, but the MgO coatings provided
better physical and magnetic isolation between particles (Tomou et al. 2007). However,
the MgO coated the traditional FePt particles and not the FePt/Fe3O4 particles, described
above, which in general give better results post-annealing.
3.4.5 CoPt Nanoparticles and fcc Nanoparticle Synthesis
The cobalt-platinum alloy system (CoPt) has been explored extensively for magnetic
recording in thin-film form (Stavroyiannis et al. 1998, Yu et al. 2000, Moser et al. 2002,
Piramanayagam and Srinivasan 2009, Richter 2009). It is extremely attractive because, like
the L10 phase of FePt, CoPt also shows an L10 chemically ordered phase with an anisotropy
constant of K = 2−4 × 107 erg/cm3 (Bolzoni et al. 1984).
The evolution of CoPt synthesis techniques yielding robust magnetic properties has
been noticeably slower than that of L10 FePt nanoparticles. While coercivity values exceeding 10 kOe have been observed in small-grained CoPt thin films (Stavroyiannis et al. 1998,
Yu et al. 2000), coercivity values in analogous, chemically synthesized particles have been,
in general, disappointingly low. One reason for this could be that high quality, reproducible CoPt nanoparticles are relatively difficult to synthesize chemically. Since the reduction
potentials of Co and Pt are 20.28 and 1.2 V, respectively (Lide 1995), Pt is easily reduced
compared to Co, making the simultaneous reduction/decomposition of organometallic
precursors prohibitive, and hence one cannot simply modify the well-established FePt recipe to fit CoPt. For example, it has been reported that substitution of dicobalt octacarbonyl
(CO2(CO)8) for Fe(CO)5 results in a broad range of particle compositions manifest magnetically as a mixture of weakly ferromagnetic Co-rich particles and superparamagnetic Pt-rich
particles. On the other hand, the use of cobalt tricarbonyl nitrosyl (Co(CO)3NO) instead of
CO2(CO)8 has been used to yield high-quality monodisperse 8 nm Co48Pt52 nanoparticles
(Chen and Nikles 2002). However, after annealing at 700°C for 3 h, XRD showed that while
the fcc-to-fct transition did occur, the particles still did not display an appreciable coercivity (Hc ∼ 630 Oe). Compound the large difference in reduction potential with the observation that the coercivity of CoPt seems to be highly sensitive to composition and one has
an extremely challenging chemical synthesis problem. For instance, it is believed that a
deviation as small as 5% from the 50:50 composition can result in a large fraction of fcc
CoPt persisting in particles even after high temperature and long duration of annealing
(Weller and Moser 1999, Yu et al. 2000). This soft phase can then be easily converted to the
L12 phase of either Co3Pt or CoPt3, both of which are highly thermodynamically stable
with much lower anisotropy constants (Harp et al. 1993, Rooney et al. 1995, Maret et al.
1997, Albrecht et al. 2002). In this section, we discuss the most promising routes to chemical synthesis of L10 CoPt particles while pointing out the ample room for optimizing the
structural and magnetic properties of this system.
One of the earliest and most compelling reports of CoPt nanoparticle synthesis was via
the reaction of organometallic precursors with dihydrogen (Ould Ely et al. 2000). First,
three solutions were prepared: 764 mg of poly(vinylpyrrolidone) (PVP) in 35 mL of tetrahydrofuran (THF), 60 mg of cobalt (1,5-cyclooctadiene) (cyclooctadienyl) (Co(η3-C8H13)
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(η4-C8H12)) (0.212 mol of Co) in 5 mL of THF and 110 mg of platinum bis-dibenzylidene
acetone (Pt2(dba)3) (0.201 mol of Pt) in 17 mL of THF. These three solutions were transferred
into a bottle that was then pressurized with 3 bar of dihydrogen. After 64 h at room temperature under vigorous stirring, the resulting black precipitate was isolated by filtration,
redissolved in 20 mL of methanol, filtered through a 10 μm membrane, and the filtrate
precipitated with 40 mL of pentane. The resulting powder was isolated by filtration and
evaporated to dryness under vacuum yielding 270 mg of a dark solid. This procedure
yielded small (mean diameter 1 nm) monodisperse nanoparticles with a Co:Pt of 1:0.9.
The product showed superparamagnetic behavior at room temperature with a very low
blocking temperature of around 15 K. The particles were not annealed further to try to
facilitate an fcc-to-fct transition, though it is unknown if such small L10 phase CoPt would
be magnetically stable. There have not been many reports utilizing these precursors since
the publication of this recipe, probably due to the two-step process involved when one
considers the additional reaction reported in order to produce the Co(η3-C8H13)(η4-C8H12)
and Pt2(dba)3. However, since the publication of this recipe, both organometallic precursors have become commercially available and this type of reaction is a good candidate
for optimization for larger particles, due to the high quality and monodispersity of the
product produced.
Due to the differences in reduction potential between Co and Pt, the most common synthesis route for CoPt nanoparticles is the reduction of metal salts in aqueous solutions
using very strong reducing agents trying to force the simultaneous coreduction of the
two metals. Microemulsion techniques have been used to successfully synthesize CoPt
nanoparticles (Kumbhar et al. 2001, Yu et al. 2002, Mandal et al. 2009). Reverse micelles of
either CTAB (Kumbhar et al. 2001) or sodium bis(2-ethylhexyl)-sulfosuccinate, Na(AOT)
(Yu et al. 2002) were made, using 1-butanol as the cosurfactant and octane as the oil phase.
To this solution, an aqueous solution containing the metal ions was added. The molar
ratio of water to surfactant governs the size of the reverse micelle, and subsequently the
resulting particle diameter, though for the CoPt system mostly small particles (<5 nm), are
still observed. The molar ratios of the metallic salts were prepared in the aqueous phase
in the same proportions as the desired molar ratio, e.g., 50:50 ratio for CoPt, 3:1 for Co3Pt.
The metal and alloy nanoparticles are formed within the reverse micelle by the reduction
of the metallic salts using sodium borohydride (NaBH4) as a reducing agent with an excess
added to suppress oxidation of cobalt by water. The solution is then mixed and stirred
for several hours. For a colloidal suspension, particles can be extracted from the reverse
micelles by covalent attachment of oleic acid and oleyl amine, washed and centrifuged
with ethanol, and dispersed in hexane. Alternatively, the CoPt powder alone can simply
be isolated using magnetic decantation, and the micellar surfactant can be removed by
successive washing with chloroform/methanol (1:1) and drying in vacuum.
Room temperature reduction of Co and Pt salts in aqueous media without the use of
micelles had also been reported (Sun et al. 2004, Wang et al. 2004, Gibot et al. 2005). In one
method (Wang et al. 2004), aqueous and alcohol NaBH4 solution (molarity range 0.006–
0.06 M) were added into a mixture solution of CoCl2–6H2O and PtCl4 (0.002–0.02 M) with
equal molarity of oleic acid and oleyl amine added to both solutions. CoPt nanoparticles of
varying composition were produced by controlling the density of the precursor solutions.
Magnetic decantation was used to collect the particles into mineral oil to stop particle
growth. The particles were collected by centrifugation and washed with acetone. They
were then dispersed in 2 mL of a 1:1 mixture of hexane and octane, containing 0.025 mL
of oleic acid and 0.005 mL of oleyl amine to produce a stable colloid. TEM and HRTEM
analyses revealed that particles were formed in two morphologies: small 1–2 nm spheres
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and 1 × 2 nm rods. Though a full shape control was not pursued with this recipe, the possibility of increasing the aspect ratio to further enhance the effective anisotropy via the
shape contribution is intriguing.
Evidence has been found that the reduction of Co and Pt salts using NaBH4 can lead to
boron impurities in the particles (Gibot et al. 2005), thus superhydride (LiBEt3H) (Sun et al.
2004) and hydrazine (Gibot et al. 2005) have both been used as alternative reducing agents.
To a length of 8 nm rodlike CoPt nanoparticles were synthesized by the superhydride
reduction of anhydrous CoCl2 and Pt(acac)2 at 200°C in the presence of oleic acid, oleyl
amine, and 1,2-hexadecanediol, followed by refluxing at 260°C. The initial molar ratio of the
metal precursors is equal to the final molar composition ratio of the product, and the CoPt
composition is easily tuned. As an example, Co50Pt50 particles were prepared with 197 mg
of Pt(acac)2 (0.5 mmol), 65 mg CoCl2 (0.50 mmol), 520 mg of 1,2-hexadecanediol (2 mmol),
and 25 mL of phenyl ether. The reaction was performed under an inert flowing nitrogen
atmosphere, where it was heated to 100°C for 10 min. To this, 0.16 mL oleic acid (0.5 mmol)
and 0.17 mL oleyl amine (0.5 mmol) were added, and the mixture was continuously heated
to 200°C for 20 min. A solution of 1 M LiBEt3H in THF solution (2.5 mL) was slowly injected
into the mixture. The dispersion was then heated to reflux at 260°C for 30 min under flowing nitrogen gas. After the heating source was removed, the reaction mixture was cooled
to room temperature. Ethanol was then added, and the particles were precipitated and
separated by centrifugation. The final black product, Co50Pt50, was dispersed in 10 mL of
hexane in the presence of oleic acid (∼0.05 mL) and oleyl amine (∼0.05 mL).
Despite these advances in CoPt nanoparticle synthesis, handling metal particles in aqueous media can be difficult due to unwanted hydrolysis or oxidation, and using such strong
reducing agents can be extremely dangerous. Hence, much effort has been put into developing one-step polyol-derived processes to synthesize CoPt nanoparticles in an organic
medium (Chinnasamy et al. 2003, Tzitzios et al. 2005). In the polyol technique, the solvent
acts as a reducing and oxidation preventing agent without compromising molecular or
atomic level control. The basis for using the polyol technique for CoPt is the observation
that the reduction rate of Co could be enhanced by introducing an appropriate amount of
OH ions in polyol (Chinnasamy et al. 2003). In one example, cobalt acetylacetonate (0.01 M)
and platinum acetylacetonate (0.01 M) were dissolved in trimethylene glycol (TMEG,
200 mL) in a three-neck flask. The appropriate amounts of NaOH were then dissolved in
this solution. The solution was placed in an oil bath and heated to 195°C with constant
mechanical stirring and allowed to reflux for a maximum period of 3.5 h at this temperature. Intermediate samples were also collected for composition analysis. After refluxing
for 3.5 h, the suspension was allowed to cool to room temperature. The precipitated particles were isolated by centrifuging, and were then washed three times with ethanol to
remove the by-products.
Even though the individual Co and Pt reduction time was shortened in the presence of
OH ions, the reaction was allowed to continue for 3.5 h. Composition analyses of the intermediate samples demonstrated that the release of Co ions increased with reaction time.
TEM-EDX analysis of the 1 and 2 h refluxed samples showed the average compositions of
Co30Pt70 and Co35Pt65, respectively. After 3.5 h, the average composition of the nanoparticle
was found to be almost equiatomic.
In an alternative polyol approach, CoPt nanoparticles were prepared by the simultaneous reduction of Pt(acac)2 and Co(ac)2 by PEG-200 in diphenyl ether, an organophilic
and high-boiling-point solvent (260°C) (Tzitzios et al. 2005). It is reported that the PEG-200
allows for a much quicker reduction of the Co(ac)2 without the need for an alkaline environment. However, because bonding of the organophilic capping molecules to the surface
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Figure 3.7
High-resolution TEM images of CoPt core–shell nanoparticles which after annealing become fct-CoPt nanoparticles via interdiffusion. Top inset: TEM image of as-synthesized particles. Bottom inset: Close-up of a particle
with Pt lattice spacing indicated. (From Park, J.-I. et al., J. Am. Chem. Soc., 126, 9072, 2004. Copyright 2004, the
American Chemical Society.)

of the particles in pure PEG-200 is poor, the reaction is conducted in the organophilic
diphenyl ether as a solvent between 200°C and 220°C. The presence of a binary mixture of
oleic acid and oleyl amine is also necessary to control and stabilize the growth of the particles. The resulting surface-protected CoPt nanoparticles are air-stable and can be stored
under air for months without signs of decomposition.
Lastly, an interesting hybrid approach to the synthesis and annealing of CoPt
nanoparticles has been reported (Park et al. 2004). In this synthesis procedure, first Co
nanoparticles alone were formed via the thermal decomposition of Co2(CO)8 in a toluene
solution of NaAOT (Figure 3.7). CocorePtshell nanoparticles were synthesized by transmetalation between platinum hexafluoroacetylacetonate (Pt(hfac)2, 0.375 mmol) and 6.3 nm Co
nanoparticles (0.75 mmol) in a nonane solution containing 0.09 mL of dodecyl isocyanide
(C12H25NC) as a stabilizer. After refluxing for 6 h, the colloidal CocorePtshell nanoparticles
are separated after adding ethanol and centrifugation. Figure 3.7 shows TEM images of
the CocorePtshell particles obtained before annealing. In the main image as well as the bottom inset, the core/shell structure can clearly be seen. During the reaction, the Pt2+ of
Pt(hfac)2 is reduced to Pt, while the surface Co atom of the Co nanoparticles is oxidized via
hfac ligand migration to form Co(hfac)2 as a reaction by-product. The CocorePtshell nanoparticles were annealed at 700°C for 12 h. The annealed particles had an HC of 5300 Oe at room
temperature.
3.4.6 Fcc-to-Fct Transition in CoPt Nanoparticles
Like the FePt system, as-synthesized particles obtained from all of the above-mentioned
techniques show superparamagnetism. However, the fcc-to-fct transition in CoPt
nanoparticles is not as straightforward, often times yielding frustrating results making
high-quality, high-anisotropy CoPt nanoparticles still an elusive goal.
Small (<5 nm) particles synthesized via microemulsion and annealed at only 400°C
for 4 h shows only a modest increase in coercivity (up to 500 Oe) (Kumbhar et al. 2001),
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which indicates that temperature in excess of 400°C are likely needed to make the full
f cc-to-fct transition. However, an increased annealing temperature of 550°C allowed particles made with a similar technique (Yu et al. 2002) to show a coercivity of 5500 Oe, a
dramatic improvement; however, the same report noted no increase in coercivity with
increasing temperature.
A coercivity of 6 kOe was measured after annealing Sb-doped CoPt particles at 650°C
for only 1 h (Gibot et al. 2005). The estimated effective anisotropy was K = 1.7 × 107 erg/cm3.
Originally, the Sb was substituted for Co in order to lower the transition temperature and/
or maintain better dispersibility in the organic solvent. While the coercivity was the same
with or without the addition of Sb, there is evidence that the magnetic switching was
affected, which could be worth pursuing in other CoPt studies.
Still, it seems that even higher annealing temperatures are needed to facilitate the transition to L10 phase CoPt. Particles synthesized using the polyol method and annealed for
60 min at 700°C exhibit coercivity as high as 7.57 kOe (Chinnasamy et al. 2003). Particles
synthesized in a similar fashion and annealed at 700°C for 4 h only displayed a coercivity of 600 kOe, despite the fact that both methods yielded similar particle size. But what
is more troubling is that Rietveld analysis on the latter samples showed that a complete
transformation from the fcc phase to the fct phase occurred (Tzitzios et al. 2005), which
confirms the suspicion that incomplete conversion alone cannot account for the unexpectedly small coercivities measured in some of these experiments. It is likely that Co:Pt in the
alloy nanoparticles plays a crucial role, and homogeneity both within the same particle
and from particle to particle is more difficult than anticipated.
The best magnetic measurements to date come from annealing the mixture of 1–2 nm
spheres and 1 × 2 nm rod-shaped particles obtained by microemulsion (Wang et al. 2004)
at 665°C for 30 min. This caused the particles to go from superparamagnetic to having
a coercivity of 9 kOe. While there is admittedly particle aggregation after annealing the
unprotected particles at this temperature, the coercivity increase cannot be due to aggregation alone. But what is not clear from this study is if the main coercivity contribution
comes from all the particles, or predominantly from the high aspect ratio particles. If this
question can be answered, it may become clear that gaining control over the shape and
aspect ratio of CoPt particles might be the key to optimizing their magnetic properties for
data storage applications.

3.5 Self-Assembled Nanomagnet Arrays for Magnetic Recording
3.5.1 Self-Assembly Techniques
If nanoparticles are to be used to form the bits in patterned magnetic media, fine control
has to be gained over the assembly of the nanoparticles onto the substrate, making the
understanding of the self-assembly process itself imperative. Self-assembly is a naturally
occurring process, generally referring to building blocks forming a structure spontaneously without an additional source of energy (Ulman 1990, Whitesides et al. 1991, Stupp
et al. 1997). The structure in either 2D or 3D is usually determined by van der Waals,
hydrogen bonding, and electromagnetic dipolar interactions. Self-assembly occurs when
the building blocks interact with one another through a balance of attractive and repulsive interactions. The strength of the interactions between the components, therefore,
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must be comparable to the forces tending to disrupt them. For nanoparticles, the disrupting forces are generated by thermal motion. Self-assembly is normally carried out in
solution or at an interface to allow the required motion of the components. Therefore, the
interaction of the components with their environment can strongly influence the course
of the process.
Magnetic nanoparticles contain hundreds to thousands of single atoms and have
extremely large surface energy and magnetic interactions. As a result, they tend to undergo
uncontrolled aggregation under common preparation conditions. To stabilize magnetic
nanoparticles, repulsive forces must be present to counteract the magnetic and surfacerelated attractions (Everett 1988). This stabilization can be achieved via electrostatic and
steric repulsion. Coating the particles with large molecules, such as polymers or surfactants containing long-chain hydrocarbons, offers efficient stabilization. The presence of
a hydrocarbon coating layer will greatly enhance the stability of the particles due to the
increased steric interactions when two particles come close. The hydrocarbon coating further facilitates the formation of magnetic nanoparticle dispersions in various hydrocarbon
solvents, leading to stable magnetic fluids, known as ferrofluids.
Monodisperse nanoparticles can form close-packed arrays on a variety of substrates as
the solvent from the particle dispersion is allowed to evaporate. Preparing particles with
narrow size distributions is critical to achieving long-range order in the assemblies: for
size distributions σ ∼ 7% short to medium range order is usually observed, reducing σ to
∼5% enables the formation of assemblies with long-range order known as colloidal crystals or superlattices (Murray et al. 2001). However, even a sample with σ ∼ 5% can yield
disordered particle films if the deposition conditions are not appropriately tailored and
the solvent evaporation rate is too high. To form well-ordered nanostructures using the
self-assembly method, three factors have to be considered: (1) the interactions between the
solvent and the substrate, (2) the interactions between the particles and the substrate, and
(3) the interactions between neighboring particles.
A nanoparticle surrounded by hydrocarbon molecules is hydrophobic and can be dispersed only in nonpolar solvents. Such dispersions can spread well over a hydrophobic
surface such as carbon or H–Si. By controlling the concentration of the particle dispersion
and solvent evaporation rate, large area 2D or 3D nanoparticle superlattices can be readily formed (Figure 3.8). If the substrate (such as glass or silicon oxide) is hydrophilic, then
the dewetting nature of the hydrocarbon dispersion of the particles will result in the formation of percolating domains—isolated islands of particles with each island containing
either 2D or 3D assemblies.
The interparticle interactions can also affect the particle assembly. During the liquid
drying process, attractive molecular interactions between two particles dominate the
Brownian motion and gravitational precipitation of the particles, causing particles to form
percolating domains. This could be a key reason that local disorder and voids are often
present in a compacted monolayer assembly. To maintain a wetting layer on the surface

Solvent
evaporation

Figure 3.8
Schematic illustration of self-assembly taking place after the slow evaporation of solvent from a nanoparticle
solution.
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so that nanoparticles can self-assemble into large periodical structures, the evaporation
rate of the solvent must be slowed down, similar to a crystallization process. Controlled
solvent evaporation can be performed by covering the substrate with a small container, or
by increasing the portion of the high-boiling-point solvent in the dispersion. If the evaporation is performed under a covered environment, the evaporation of hexane under the
ambient conditions is slowed down to over 5–10 min. As a result, a well-ordered nanoparticle superlattice structure can be obtained. Depositing nanoparticles from 80% hexane
and 20% octane under normal ambient conditions can yield similar nanoparticle superlattices. Here, the higher boiling point octane (boiling point: 126°C) slows the evaporation rate of the dispersion and contributes to the formation of superlattice. The use of a
concentrated dispersion of nanoparticles in higher boiling solvents like dodecane (boiling
point: 216°C) allows slower evaporation of the solvent at higher temperatures, facilitating
the formation of long-range ordered 3D superlattice (Sun and Murray 1999). The added
thermal energy permits the particles to diffuse into their lowest energy superlattice sites
during the solvent evaporation, producing a well-defined 3D hexagonally closed packed
superlattice structure.
Since the nanoparticles are coated with a layer of surfactants, the separation of any two
particles in a self-assembled superlattice is dependent on the thickness of the coating layer.
However, the interparticle distance is not a simple addition of two thicknesses, as a certain
degree of intercalation between the particles is present. Nevertheless, by controlling the
length of the surfactant, interparticle spacing can be adjusted. Chemically, the surfactant
length can be varied by attaching different surfactant molecules to the particle surface
during the synthesis, or by replacing the original surfactant molecules with the new ones
via surfactant exchange reaction.
FePt nanoparticles stabilized by oleic acid and oleyl amine have been successfully selfassembled into superlattices using these methods alone (Zeng et al. 2002, Chen et al. 2006,
Shukla et al. 2006). For instance, colloidal crystals of monodisperse FePt nanoparticles have
been grown by a three-layer technique based on slow diffusion of a nonsolvent (methanol)
into the bulk of a concentrated FePt nanoparticle dispersion through a buffer layer of a
third component (2-propanol) (Shevchenko et al. 2002). To control the interparticle spacing
within the superlattice, surfactant exchange on the surface of the particles is performed
before the self-assembly. Figure 3.9 shows two TEM images of 6 nm FePt nanoparticle
superlattices assembled on amorphous carbon surfaces (Sun et al. 2000). Figure 3.9a shows
(a)

(b)

18 nm

30 nm

Figure 3.9
TEM images of (a) oleate/oleylamine coated 6 nm FePt and (b) hexanoate/hexylamine coated 6 nm FePt
nanoparticle superlattices. The particles in (b) are obtained by replacing oleate/oleylamine on the surface of the
particles in (a) by hexanoate/hexylamine. (Reprinted with permission from Sun, S. et al., Science, 287, 1989, 2000.
Copyright 2000, the American Association for the Advancement of Science.)
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Figure 3.10
Left: TEM images of superlattices of (a) 12 nm cube-like and (b) 12 nm polyhedron-shaped MnFe2O4 nanoparticles. Right: XRD of (c) cube-like and (d) polyhedron-shaped nanoparticle superlattice on Si (100) substrates.
(Adapted and reproduced from Zeng, H. et al., J. Am. Chem. Soc., 126, 11458, 2004b. Copyright 2004, the American
Chemical Society.)

the assembly of particles coated with oleate and oleyl amine, while Figure 3.9b shows the
particles coated with hexanoate/hexyl amine. The interparticle spacing in Figure 3.10a is
around 5 nm. That is twice as wide as the distance given by the C18 chain (∼2.5 nm) in the
oleate and oleyl amine molecules, while in Figure 3.10b the spacing is closer to 1 nm due to
the thin-layer coating on the particles.
As the structure of a nanoparticle assembly depends mostly on interparticle interactions,
the shape of a particle will alter such interactions and affect the position of the nanoparticles in a superlattice structure. However, if the shape of the particles can be controlled,
self-assembly of faceted particles can lead to higher packing densities as well as crystal orientation of each particle in a self-assembled superlattice. For example, MnFe2O4 nanoparticles have been made in cube-like and polyhedron shapes, as shown in Figure 3.10 (Zeng
et al. 2004a,b). Controlled evaporation of the carrier solvent from the hexane dispersion
(∼2 mg/mL) of the particles led to MnFe2O4 nanoparticle superlattices. Figure 3.10a shows
the superlattice assembly from the cube-like particles, while Figure 3.10b is the assembly
from the polyhedron-shaped particles. The fast Fourier transformation (FFT) of these two
images reveals that both assemblies have cubic packing. But the different shapes possessed
by each group of particles affect the crystal orientation of individual particles within the
superlattices. XRD of the self-assembled cube-like particles on Si (100) substrate shows
the intensified (400) peak (Figure 3.10c) and that of polyhedron-shaped particles reveals
the strong reflections of (220) (Figure 3.10d). These are markedly different from that of a
3D randomly oriented spinel structured MnFe2O4 nanoparticle assembly, which shows a
strong (311) peak. These indicate that each of the cube-like particles in the cubic assembly
has preferred crystal orientation with {100} planes parallel to the Si substrate, while for the
polyhedron-shaped particle assembly, the {110} planes are parallel to the substrate.
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Figure 3.11
(a) Schematic illustration of PEI-mediated self-assembly of FePt nanoparticles by alternately adsorbing a layer
of PEI and a layer of nanoparticles on a solid surface. (b) TEM image of PEI-mediated assembly of 4 nm Fe58Pt42
nanoparticles on silicon oxide surface. (Reproduced with permission from Sun, S. et al., J. Am. Phys. Soc., 124,
2884, 2002. Copyright 2002, the American Chemical Society.)

An alternative approach to the control of interparticle spacing is via thermal annealing
(Sun et al. 1999). Organic molecules around each nanoparticle are thermally unstable, subject to decomposition and/or evaporation under high-temperature annealing conditions.
By controlling the decomposition and evaporation, interparticle spacing can be tuned. It is
worth noting that excessive heating can remove all organic coating, making the particles
sinter into a larger aggregate.
A substrate functionalized with proper molecules can be used to anchor particles on
its surface via surface exchange reaction, leading to controlled assembly of the particles.
This self-assembly technique is known as molecule-mediated self-assembly and is commonly used for constructing various composite nanostructures (Decher 1997, Liu et al.
1997, Cassagneau et al. 1998, Hicks et al. 2002). Due to their excellent adhesion capability to various substrates, multifunctional polymers are routinely applied as templates to
mediate the assembly of the particles. The assembly is carried out as follows: a substrate is
immersed into a polymer solution, and then rinsed, leading to a functionalized substrate.
Subsequently, this substrate is dipped into the nanoparticle dispersion and then rinsed,
leaving one layer of nanoparticles on the substrate surface. By repeating this simple twostep process in a cyclic fashion, a layer-by-layer assembled polymer/nanoparticle multilayer can be obtained.
One assembly example is polyethylenimine (PEI)-mediated self-assembly of FePt
nanoparticles (Sun et al. 2002). PEI is an all-NH-based polymer that can replace oleate/
oleyl amine molecules around FePt nanoparticles and attach to hydrophilic glass or silicon oxide surface through ionic interactions (Schmitt et al. 1999). A PEI/FePt assembly
is readily fabricated by dipping the substrate alternately into a PEI solution and a FePt
nanoparticle dispersion. Figure 3.11 shows (a) the assembly process and (b) TEM images of
the 4 nm Fe58Pt42 nanoparticle self-assemblies on silicon oxide surfaces. Characterizations
of the layered structures with x-ray reflectivity and atomic force microscopy indicate that
PEI-mediated FePt assemblies have controlled thickness and the surfaces of the assemblies
are smooth with root mean square roughness less than 2 nm.
3.5.2 Magnetism in FePt Nanoparticle Assemblies
Interparticle interactions can also influence the magnetic properties of the particles in
a self-assembled array. In such an array, each particle is capped with a surfactant layer,
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and the interparticle spacing separated by the surfactant layer essentially eliminates the
exchange interactions, leaving the magnetic dipole interactions a dominant factor. As the
magnetic dipole interaction energy is proportional to the (moment)2 and 1/(distance)3,
the magnetic dipole interaction energy in a close-packed magnetic nanoparticle array
with small interparticle distance can have a dramatic effect on the magnetic properties
of the array (Vos et al. 1993, Allia et al. 1999, Malkinski et al. 1999, Rubio and Suárez
2000).
The FePt nanoparticle assembly is an ideal system to demonstrate interaction effects
on magnetization process of the particles in the assembly (Zeng et al. 2002). Annealed at
550°C, the 4 nm Fe58Pt42 nanoparticle assembly consists of well-isolated particles. Its hysteresis loop has a remanence ratio (Mr/Ms) of 0.55 (Figure 3.12a), which is close to the value
of 0.5 predicted for randomly oriented, noninteracting single-domain particles (Stoner
and Wholfarth 1949). The hysteresis loop of the 600°C annealed assembly shows a much
higher remanence ratio and steeper slope near the coercivity (Figure 3.12b). This is typically attributed to the cooperative switching behavior, indicating that the dominant interparticle interaction is exchange coupling. For the 800°C annealed assembly, however, the
initial curve rises steeply at small fields, tends to saturate at lower fields (Figure 3.12c),
indicating that the magnetization reversal is controlled mainly by domain nucleation processes. This further reveals that aggregated particles grow into a large single crystal showing a multidomain behavior.
This example provides excellent evidence that the problem of FePt aggregation cannot
be solved simply by annealing arrays of FePT nanoparticles that are self-assembled onto a
substrate as a means of creating patterned media for next-generation information storage.
While many papers have reported high-temperature annealing of FePt arrays without visible aggregation, the magnetization dynamics of the particles have likely changed leading
to arrays of nanoparticles that are no longer magnetically isolated. Furthermore, the fine
control over interparticle spacing, which is necessary for patterned media to be integrated
into a hard disk design afforded by the techniques mentioned above, are lost due to particle motion during annealing, which is provided by the thermal energy present at high
temperatures. Therefore, annealing of the particles in a robust ceramic shell to achieve the
L10 phase and being able to recoat them with surfactant and redisperse them in an organic
solvent for self-assembly purposes is the best path for monodisperse, magnetically isolated, organized arrays of nanoparticles for data storage.
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Figure 3.12
Initial magnetization curves and hysteresis loops for self-assembled Fe58Pt42 assemblies annealed at (a) 550°C,
(b) 600°C, and (c) 800°C, respectively. (Reproduced from Zeng, H. et al., Appl. Phys. Lett., 80, 2583, 2002. Copyright
2002, American Institute of Physics.)
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3.6 Future Outlook
3.6.1 Future of FePt and CoPt Nanoparticles
It is clear that even after the astounding progress of FePt nanoparticles including synthesis, shape control, oxide-coated protective annealing, and self-assembly, work still needs to
be done to make FePt nanoparticles feasible for the next generation of magnetic recording
media. While the simultaneous decomposition of Fe(CO)5 and reduction of Pt(acac)3 has
led over the years to extremely high-quality particles, by shrinking the size the distribution has even further rendered completely uniform magnetic properties of the particles
and facilitated the accompanying technology associated with hard disk drives and proposed components of patterned media. Optimizing the self-assembly properties of the
nanoparticles is also necessary. While the simultaneous decomposition of Fe(CO)5 and
reduction of Pt(acac)3 has led over the years to extremely high quality particles, shrinking
the size distribution even further to render completely uniform the magnetic properties of
the particles and facilitate the accompanying technology associated with hard disk drives
and proposed components of patterned media. This will require precise control over the
kinetics of the particles with respect to the interplay between the steric forces of the stabilizers and the magnetic interactions between particles. Besides being able to assemble
them, FePt nanoparticles should also be crystallographically aligned such that the easy
and hard axes of magnetization are consistent and predictable.
Progress in making CoPt has been a little slower due to the challenges posed in this synthesis, namely the large difference in reduction potential between Co and Pt. Since the current hard drive media is also composed of Co and Pt alloys, the natural transition would
be to their nanoparticle counterparts, which drives advances in synthesis of CoPt nanoparticles. It seems that despite the differences in synthesis necessary to make CoPt nanoparticles, the handling after the synthesis of the particles should, in principle, be similar to
FePt. For instance, it seems possible that SiO2 or MgO can be used as a protective coating
for annealing CoPt to achieve full conversion to the L10 phase without sintering. If necessary this step could be facilitated in an analogous reaction to the FePt/Fe3O4 technique by
forming a Pt-rich CoPt core coated with a CoO shell. While progress is admittedly behind
in shape control of CoPt, once a polyol process is perfected, shape control seems inevitable.

3.6.2 High-Anisotropy Rare Earth Transition Metal Nanoparticles
Even if nanoparticle arrays are implemented into hard disk drives in the next 10 years
as a result of the progress made in the area of FePt nanoparticles, scientists will still be
looking for materials to form nanostructures of even harder magnets. Alloys composed of
rare earth and transition metals (RE-TM) have the highest magnetic anisotropy constants
known (Skomski and Coey 1999). In the RE-TM intermetallic compounds, the RE unpaired
4f electrons provide the magnetocrystalline anisotropy, whereas the TM 3d electrons provide most of the magnetization and determine the Curie temperature. They are currently
being explored for use in permanent magnets, though any synthesis of RE-TM nanoparticles for permanent magnets could conceivably have a significant impact on the magnetic
recording industry.
SmCo5 is one of the most promising hard magnetic materials being studied for permanent magnets and might also become a contender for magnetic storage. It has a hexagonal
close-packed (hcp) structure with Co and Co + Sm present in alternating layers along the
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c-axis. The easy magnetization direction of SmCo5 is aligned along the c-direction of the
lattice, and the magnetocrystalline anisotropy constant ranges from 1.1–2.0 × 108 erg/cm3,
among the highest known for hard magnetic materials thus giving the lowest thermal
limit of grain size, down to 2.2 nm for magnetic recording (Majetich and Kirkpatrick 1997,
Gu et al. 2003, Larson et al. 2003, Fidler et al. 2004). Furthermore, this alloy exhibits a very
high Curie temperature (Tc = 1020 K), giving it excellent magnetic stability at elevated temperatures (Schrefl et al. 2000). Compared to FePt nanoparticles, it is estimated that while
SmCo5 nanoparticles have an effective anisotropy that is 1.5 times larger, the cost for preparation is 25 times lower (Ono et al. 2002), making pursuit of SmCo5 nanoparticles even
more advantageous. However, as with other rare earth metal materials, metallic SmCo5
nanoparticles are prone to fast oxidation. This chemical instability has made the synthesis
of nanostructured SmCo5 extremely difficult, and despite the advances in SmCo5 nanoparticle synthesis, much work will need to be done to stabilize SmCo5 chemically for future
applications. Ball milling and melt spinning, the two standard physical methods used
for the fabrication of nanostructured SmCo5 magnets, provide only limited control of the
sizes of the final magnetic grains (Ding et al. 1995, Chen et al. 1996, Kirkpatrick and LesliePelecky 2000, Zhou et al. 2003, Chakka et al. 2006). For this reason, chemical synthesis of
SmCo5 is attractive to get the small size distributions necessary for patterned media.
The most frequently attempted synthesis route for SmCo5 is that inspired by the FePt
recipe, that is, by reducing Sm(acac)3 using a 1,2-alkanediol, while decomposing Co2(CO)8
in the presence of oleic acid and oleyl amine in an organic solvent such as dioctyl ether
(Ono et al. 2002, Gu et al. 2003, Hong et al. 2007). In all cases, the as-synthesized particles
are superparamagnetic at room temperature, and it seems that chemically synthesized
SmCo5 takes on an fcc structure rather than the desirable hcp structure (Ono et al. 2002).
For this synthetic strategy, no further reports of attempts at annealing to obtain the correct
phase have been made.
In an attempt to stabilize SmCo5 nanoparticles and make a bimagnetic composite nanostructure for permanent magnetic applications, SmCo5 nanoparticles have been synthesized with a Fe3O4 shell. SmCo5(1−x) (x ∼ 0.1) nanoparticles were first prepared by the reaction
of Sm(acac)3 and Co2(CO)8 in the presence of 1,2-hexadecandiol (Hong et al. 2007). The resulting nanoparticles were then used as seeds for the magnetite coating via a second polyol
process, which involved thermal decomposition of Fe(CO)5. Thickness of the shell was carefully tuned by adjusting the stoichiometric ratio of SmCo5(1−x) nanoparticles to Fe(CO)5. The
final core/shell composites were stable in air for several days. The as-prepared SmCo5(1−x)
sample shows typical superparamagnetic behavior, but, on the other hand, the M(H) curve
of the Sm(Co1−xFex)5/Fe3O4 composite exhibits an enhanced coercivity of 2.5 kOe. While this
report clearly demonstrated the feasibility of protecting SmCo5 particles from oxidation
using an oxide shell, the Fe3O4 as the coating material is not optimal for magnetic recording simply because it does not provide magnetic isolation. Similarly concerning is that it
is unclear what role the Fe3O4 plays magnetically in the nanostructure. That the SmCo5
nanoparticles alone are superparamagnetic hints that the phase might not be completely
hcp (XRD confirms the presence of some hcp structure), though it is noted that there are
consistent vacancies in the Co(2c) sites. While there is speculation that the Fe occupies those
sites causing the phase to be modified, thus giving better hard magnetic properties, it is
also possible that the core/shell coupling gives rise to the onset of coercivity.
Progress was made using a similar recipe to those mentioned above, this time making
Co/Sm2O3 core/shell nanoparticles that were reductively annealed to get the highest coercivity to date of SmCo5 nanoparticles (Hou et al. 2007). Co nanoparticles were first synthesized by the decomposition of Co2(CO)8 in the presence of oleic acid and dioctylamine
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Figure 3.13
Left: XRD patterns of (a) Co/Sm2O3 nanoparticles and particles annealed under Ar at (b) 450°C, (c) 600°C, (d)
750°C, and (e) 900°C for 2 h. The Co and Sm 2O3 phases in (e) match well with the standard fcc pattern of Co
(Joint Committee on Powder Diffraction Standards (JCPDS) No. 89-4307) and bcm structure of Sm2O3 (JCPDS
No. 25-0749). Right: Hysteresis loop of particles after annealing. Inset shows core–shell particles as-synthesized.
(Adapted and reproduced from Hou, Y. et al., Adv. Mater., 19, 3349, 2007. Copyright 2007, Wiley InterScience.)

in 1,2,3,4-tetrahydronaphthalene (tetralin) at 210°C (Puntes et al. 2001, Bao et al. 2005).
Monodisperse 8 nm Co nanoparticles with a polycrystalline structure are obtained and
dispersed in hexane. The core/shell-structured Co/Sm2O3 nanoparticles were prepared
by the decomposition of Sm(acac)3 over the surface of the Co nanoparticles. In this coating
process, Sm(acac)3 was first dissolved in oleyl amine and oleic acid at 100°C. Subsequently,
a hexane dispersion of Co nanoparticles is added into the Sm(acac)3 solution. The core/shell
Co/Sm2O3 nanoparticles are prepared by heating the mixture to 250°C at a rate of 2°C/min.
By adjusting the relative amounts of Sm(acac)3 (1, 0.5, and 0.25 mmol) and Co nanoparticles
(80 mg), Sm/Co molar ratios of 1:4.3, 1:5.2, and 1:7.5, respectively, were obtained for the Co/
Sm2O3 nanoparticles. Co/Sm2O3 nanoparticles with a Sm/Co molar ratio of 1:4.3 had an
average Sm2O3 shell thickness of 2 nm (Figure 3.13).
The core/shell-structured Co/Sm2O3 nanoparticles served as the starting materials for
the synthesis of SmCo5 nanomagnets under reductive annealing conditions. The reductive annealing was performed under Ar + 5% H2 at a temperature of 900°C in the presence
of metallic Ca. KCl with a melting point of 771°C was used as an inorganic solvent to
ensure the complete reduction of Sm2O3 in the core/shell structure and to promote interface diffusion between Sm and Co. KCl may also act as a physical barrier to prevent the
SmCo5 magnets from aggregating too much. After reductive annealing at 900°C for 1.5 h,
the nanocrystalline SmCo5 became strongly ferromagnetic. The coercivity of the magnets
reached 8 kOe at room temperature. Figure 3.13a shows the evolution of the XRD peaks
of SmCo5 annealed at different temperatures. While there is a broad peak for Co before
annealing, the Sm2O3 is amorphous. Figure 3.13b shows the hysteresis loop obtained after
annealing, with the pre-annealed TEM image as an inset. Although the high annealing
temperatures used probably still caused sintering and rendered the particles unable to
be dispersed in solvent, this is clearly a promising route to eventually obtaining highanisotropy nanoparticles.
There is still much work needed to be done to get SmCo5 nanoparticles close to being
useful for magnetic storage, but the results thus far are promising. Like the FePt system, it
seems likely that the correct phase can be obtained by annealing under protection, though
chemical stability definitely needs to be controlled to prevent oxidation.
Perhaps the most challenging to synthesize will be the RE-TM ternary compounds
such as Nd2Fe14B and Sm2Fe17N3. Like SmCo5, they have very high-anisotropy constants
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(K = 4.5 × 107 erg/cm3 for Nd2Fe14B; K = 8.6 × 107 erg/cm3 for Sm2Fe17N3) but display somewhat
better chemical stability. Because they are iron-based, the binary compounds Nd2Fe14 and
Sm2Fe17 have low Curie temperatures and low in-plane magnetic anisotropy. The addition of the interstitial gas (B or N) causes the lattice distortion that transforms the structures from cubic to rhombohedral and causes the magnetic easy axis to prefer the c-axis
(Skomski and Coey 1999). However, the small interstitial atoms also pose a great challenge
for chemical synthesis methods. Though no reports have been made of the successful synthesis of high-anisotropy Sm2Fe17N3 nanoparticles, there are hints that chemical synthesis can be used to obtain nanoparticles of Nd2Fe14B in aqueous solution using FeCl2 and
NdCl3 salts and using NaBH4 as a reducing agent (Km et al. 2007), while capitalizing on
the known tendency for B-impurities when used as a reducing agent. So far this technique
yields only amorphous particles, which after reductive annealing becomes mixed phases
of Nd2Fe14B, α-Fe, and Fe-B species.

3.7 Conclusion
In summary, high-quality monodisperse magnetic nanoparticles with high coercivity can
be made from various chemical synthesis routes. These particles provide a way around the
superparamagnetic limit that is currently encroaching upon granular media that is used
in hard disk drives today. As-synthesized nanoparticles are usually superparamagnetic,
but some novel approaches have been used to anneal the particles at high temperature,
facilitating the fcc-to-fct transition in FePt nanoparticles while keeping the particles from
sintering and allowing the particles to again be dispersed in organic solvents. In order to
increase the packing density to maximize areal density for media, the shapes can be controlled and self-assembly can be employed to control interparticle spacing, which in turn
provides control over magnetic interactions.
While chemical synthesis and annealing parameters have not yet been perfected for the
CoPt system, indications are that the same level of monodispersity, shape control, phase
transitions, and self-assembly will be achieved in time.
Even higher anisotropic nanoparticles are being synthesized of the rare earth transition
metal species, though the challenges associated with their syntheses are significant. In the
case of SmCo5, nanoscale powders with high coercivity have been made after reductively
annealing core–shell structures. More needs to be done to protect these particles from sintering during the annealing process and the issue of chemical stability needs to be addressed.
Undoubtedly, further work needs to be done to perfect the processes involved in all syntheses before implementation into hard disk media, but the results presented here paint a
promising picture for the future of magnetic nanoparticles in recording technology.
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