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The FeCo material was synthesized in nanoparticle form in a TiN/FeCo/TiN sandwich structure using a pulsed
laser deposition (PLD) method. FeCo is significantly cheaper than noble metal based bimetallic materials such
as Fe–Pt, Ni–Pd, etc. A Fe0.5 Co0.5 composition was chosen in this study which is based on the local spin-
density electronic-structure calculations. The advantage of this structure is in-situ passivation of FeCo
nanoparticles by TiN thin films which is highly stable against atmospheric ambient conditions. TiN/FeCo/TiN
samples with variable FeCo nanoparticle size were made by changing the number of laser pulses impinging on
a chemically synthesized composite FeCo target. By controlling the particle size in the confined layers, it was
possible to tune themagnetic properties from superparamagnetic to ferromagnetic in a controlledway.Magnetic
hysteresis characteristics below the blocking temperature are consistent with single-domain behavior.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

The ever-increasing demand for information storage has pushed re-
search and development of nonvolatile memories, particularly magnetic
disk drives and silicon based memories, to areal densities where bit
sizes are approaching nanometer dimensions [1–7]. Currently per-
pendicularly oriented magnetic media disk drive with a typical
areal density of 250 Gb/in2 is available in themarketwhile the laboratory
demonstrations are in the range of 420 to 600 Gb/in2. The area corre-
sponding to one bit is typically 80 nm×20 nm or smaller. Further
increase in storage capacity requirements is likely to push bit sizes even
smaller, to the point where further scaling of either magnetic thin film
or silicon based storage devices becomes very difficult or impossible. A
common example is the scaling of magnetic media bits in magnetic
hard-disk drives. This scaling is limited by the superparamagnetic
phenomenon where the energy required to switch to orientation of a
particle's magnetic moment becomes comparable to the particle's
thermal energy. The area corresponding to one bit of information
is presently approximately 100 nm×20 nmand contains approximate-
ly 50–100 grains with an average diameter of 8 nm. The size of the
grains determines the effective signal-to-noise ratio, as the line rough-
ness of the transition between two bits depends on the size of the
grains. A reduction of the bit size (and an increase of the areal density)
therefore requires a reduction of the average grain size [8]. However,
grain volume cannot be reduced arbitrarily; the superparamagnetic
rights reserved.
limit is reached at the pointwhen a grain becomes so small that thermal
energy alone can flip itsmagnetization. The critical grain volume, V, that
determines the onset of superparamagnetic limit is determined by the
condition that the stored magnetic energy, KV, remains about 40–60
times larger than kBT, where K and kB are the magnetic anisotropy and
Boltzmann constants, respectively, and T is the temperature. This
implies that size of the thermally stable grains should be larger than
approximately 8 nm.

Due to size limitation of nanoparticles in a device that is stable
at higher temperatures, efforts are underway to develop and explore
materials with larger value of magnetic anisotropy [9–21]. Bimetallic
nanomaterials such as Fe–Pt [9,10], Ni–Pt [11,12], Ni–Pd [13], Fe–Ag
[14], Au–Co [15], Ag–Ni [16], Ag–Co [16], and Fe–Co [17] have shown
promising characteristics in this respect. Fe–Co is significantly cheaper
than noblemetal based bimetallicmaterials due to the absence of costly
noble metals. Over a wide composition range Fe–Co alloys exist in the
bcc-based phase. We have selected Fe0.5 Co0.5 (FeCo) composition in
this study. The selection of these compositions is based on the local
spin-density electronic-structure calculations via the layer Korringa–
Kohn–Rostoker (LKKR) method [18–20]. The LKKR method, which lies
within the atomic sphere approximation and Slater–Pauling curve,
suggests that the interatomic exchange coupling and saturationmagne-
tization are nearly at a maximum for the equiatomic FeCo composition.
The previous works on bimetallic FeCo magnetic system have focused
primarily on nanoparticles in bulk from [20–22]. In the present study,
the FeCo material was synthesized in a nanoparticle form in a thin
film based sandwich structure viz. TiN/FeCo/TiN using a pulsed laser
deposition method. The thickness of TiN layers separating the FeCo
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nanoparticle layers has been kept purposely high to prevent interparticle
separation. The magnetic interactions are thus only within the interlayer.
Another advantage of this structure is in-situ passivation of FeCo by TiN
which is highly stable against atmospheric ambient conditions. The laser
target to fabricate FeCo nanoparticles was synthesized using a chemical
method as opposed to using Fe and Co targets and ablating them alterna-
tively. A chemically synthesized composite FeCo yields nanoparticleswith
very homogenous elemental distributions.
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2. Experimental details

FeCo target was prepared using in-house chemically synthesized
FeCo nanoparticle powders. FeCo nanoparticle powders were prepared
using a sol gel method where a mixture of aqueous 0.05 M Co(NO3)2
(1.46 g) and 0.05 M FeSO4 (1.39 g) was reacted with 0.50 M NaBH4

aqueous solution. The reaction was as follows:

FeSO4ðaqÞ þ CoðNO3Þ2ðaqÞ þ NaBH4ðaqÞ→FeCoðsÞ þ BðOHÞ3ðaqÞ
þ H2ðgÞ: ð1Þ
The FeCo nanoparticle, after filtering and drying for elongated period

of time at ~100 °C was pelletized using stainless steel dye at room
temperature. The compacted pellet was sintered at 850 °C for 20 h in
the H2+Ar ambient. All the PLD experiments were carried out on
(0001) sapphire substrates in high vacuum condition (base pres-
sure≤10−7 Torr). The other deposition parameters during laser deposi-
tion were: laser fluence=2–4 J/cm2, laser pulse repletion rate=10 Hz,
and substrate heater temperature=600 °C. The TiN target usedwas com-
mercially available. The TiN/FeCo/TiN sampleswere fabricated in a bilayer
structurewhich could bewritten as TiN/FeCo/TiN/FeCo/TiN. This configu-
rationwas createdwithout breaking vacuumusing themultitarget carou-
sel feature of our PLD set-up. Fig. 1 shows the schematic of TiN/FeCo/TiN/
FeCo/TiN bilayer structure of the samples used in the present study. The
bottom TiN layer, serving as a barrier layer between the substrate and
FeCo, was made using 1000 laser pulses on TiN target and the top TiN
layer, serving as passive/protective layer, was made using fewer number
of laser pulses on TiN target (500 pulse). The two layers of FeCo
nanoparticles were separated from each other by TiN layer (also made
using 500 pulses of laser on TiN target) which serves as spacer layer be-
tween the nanoparticles layers. The thicknesses of TiN layers made
using 1000 and 500 pulses correspond to 30 and 15 nm, respectively.
These thicknesses were determined using surface profilometer in a sepa-
rate calibration experiment. TiN/FeCo/TiN/FeCo/TiN samples with vari-
able FeCo nanoparticle size were made by changing the number of
pulses impinging on FeCo target and keeping the thickness of TiN layers
(barrier layer, spacer layer, and passive layer) fixed. After deposition
was complete, the film was left in the chamber until the temperature
dropped down to room temperature. Once the temperature reached
room temperature, the sample was taken out and characterized for
their structural andmagnetic properties. The FeCo powderwas palletized
and sintered at 850 °C for 12 h in Ar+H2 ambient. Single crystal sapphire
(1000) was used as a substrate material. A Bruker AXS D8 discover X-ray
diffractometer with a monochromatic CuKα source of wavelength
0.1545 nm was used to record the X-ray diffraction (XRD) patterns of
the samples. Most of the XRD patterns were obtained in thin film mode
Fig. 1. Schematic FeCo nanoparticle inclusion in TiN thin filmmatrix in a bilayer config-
uration represented as TiN/FeCo/TiN/FeCo/TiN. The dimensions of the substrate, TiN
film and FeCo nanoparticles are not to the scale.
by sweeping the sample in θ-space,while keeping χfixed at 90°.Magnetic
properties of the samplesweremeasured using aQuantumDesign vibrat-
ing samplemagnetometer (VSM). The zero field cooled (ZFC)magnetiza-
tion was achieved by applying a small field ranging from 50 to 500 Oe to
the sample at 10 K and then warming the sample in the constant field
with the magnetization being measured as a function of temperature.
The field cooled (FC)magnetizationwasmeasured by cooling the sample
to 10 K in the presence of 0.4×104 to 4×104 A/m field and taking the
datawhile heating the samples up to 300 K. The coercivity of each sam-
ple wasmeasured at different temperatures by recordingmagnetiza-
tion versus field loops at different temperatures.
3. Results and discussion

FeCo nanoparticles embedded in TiN thin filmmatrix were structur-
ally characterized using XRD. The results obtained are shown in Fig. 2.
The diffraction pattern shows that TiNfilm aswell as FeCo nanoparticles
are highly texturedwith both thematerials having the same set of Mill-
er indices, namely (111). Matching the peek positions of (111) planes
for TiN and FeCo in the present study with the standard X-ray JSPD
data, both the materials were confirmed to have cubic structures. The
broad nature of FeCo (111) peak indicates the presence of FeCo system
in nanodimensional particle range. Using theDebye–Scherrer's formula,
D=Kλ/(Δ(2θ) cos θ), the size of FeCo particle (D) was measured to be
9.3, 6.4, and 4.6 nm corresponding to 1000, 750 and 500 pulses. In this
formula, K=180/Π, Δ(2θ) is the full width at half maximum (FWHM),
and θ is half of the diffraction angle. The particle size could not be
estimated for the FeCo 250 pulse sample because the intensity of FeCo
was too low to be meaningful. It should be noted that since the values
of FWHM of (111) peak of FeCo are significantly higher (1–2˚) than
the validity range of the Debye–Scherrer's formula, the estimation of
particle size using XRD data is quite reasonable. The estimation of parti-
cle size by XRD has been confirmed by transmission electron microsco-
py data of nanoparticle data in our previous studies [23,24]. The peak at
38.2º has been marked with a star sign. This peak arises from the XRD
sample stage which is made of Al (JCPDS File No. 00-004-0787). The
absence and the presence of this peak depend on the location and
physical size of the sample. If the XRD beam is blocked from reaching
the samples stage, this peak will be absent.

Fig. 3 shows typical magnetization (M) versus field (H) loops for
TiN/FeCo/TiN/FeCo/TiN samples made using 250 laser pulses on FeCo
target. M–H loops were also recorded for TiN/FeCo/TiN samples made
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Fig. 2. X-ray diffraction patterns recorded from TiN/FeCo/TiN/FeCo/TiN samples with
different nanoparticle sizes. The peak at 38.2º, marked with star sign, comes from the
XRD sample stage made of aluminum (JCPDS File No. 00-004-0787).
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Fig. 3. Magnetization (M) versus field (H) plots for FeCo nanoparticles prepared using
250 laser pulses in a bilayer TiN/FeCo/TiN/FeCo/TiN structure.
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using 50, 750, and 1000 laser pulses on FeCo target with fixed thickness
(15 nm) of a spacer layer of TiN. All the samples show a similar M–H
behavior. According to our previous study on Fe particles embedded
in alumina thin film matrix, the possibility of interlayer Fe particle
contacts is highly improbablewhen the spacer layer thickness is beyond
12 nm [24]. Thus, the presence of a 15 nm TiN spacer layer in the
present study is logically expected to repudiate the interlayer coupling
between the Fe–Co particles in the two layers. The values of coercivity
extracted from the MH loops for each sample are plotted in Fig. 4 as a
function of number of laser pulses. The solid curves in this figure are
just guide to the eyes. As stated earlier, the number of laser pulses
directly corresponds to the particle size as found by XRD data and
applying Debye–Scherrer's formula. It is clear from Fig. 4 that there is
a distinct maximum in coercivity vs. particle size which is different at
different temperatures. These maxima seem to be shifting to higher
temperatures. The existence of maxima in coercivity vs. particle
size is a well observed phenomenon and has been attributed to
transition from single domain to multi domain regions, shown schemati-
cally on the two sides of hill. In single domain region, TiN/FeCo (250
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Fig. 4. Coercivity of FeCo nanoparticles prepared using different numbers of laser
pulses in a bilayer TiN/FeCo/TiN/FeCo/TiN structure.
pulses)/TiN sample loses hysteretic response around 250 K and above
this temperature. The loss in hysteresis suggests that energy barrier
(=25kBT) for spin flip for this sample is 48×103 J/m3 at 250 K corre-
sponding to particle size of 3.5 nm, whichwas estimated by extrapolat-
ing the measured particle size and number of laser pulses.

The coercivity values at different temperatures, extracted from the
M–H loops of the TiN/FeCo/TiN, are plotted in Fig. 5. It is apparent
from this figure that the coercivity is strongly dependent on tempera-
ture. This is because in order for a particle to reverse its spin, it should
have enough thermal energy to surmount the energy barrier ΔE=KV
for the reversal. The energy barrier for the reversal is the difference
the maximum and minimum values of the total energy (E). At higher
temperature, the particles have higher thermal energy, and hence,
they require smaller field to reverse the magnetization. This field is
equal to Hc and is given by

Hc ¼ 2 k=Ms 1− 25kBT=KVð Þ1=2
h i

: ð2Þ

When T approaches zero, Hc approaches 2 K/Ms i.e.,Hc,0=2 K/Ms.
For particles of constant size there is a temperature, called the blocking
temperature, TB, at which themetastable hysteretic response is lost for a
particular experimental time. For uniaxial particles TB can be taken as
KV/25kB. Substituting the value of TB and Hc,0 in Eq. (1), we get

Hc ¼ Hc;0 1−T=TBð Þ1=2
h i

: ð3Þ

As shown in the inset of Fig. 6, the FeCo particles, for example, in
sample TiN/FeCo (500 pulses)/TiN/FeCo (500 pulses)/TiN follow closely
this relationship. It is clear from this figure that the fitting is pretty
satisfactory and the values of parameters such asHc,0 and TB are very rea-
sonable. For example, the value of Hc,0 and TB from this fit are found to be
1225 and 400 K, respectively for FeCo (500 pulses) sample. Substituting
the values of TB (400 K), magnetic anisotropy K (48×103 J/m3) for
FeCo, and the Boltzmann constant kB (1.38×10−23 J/K) in the expression
for TB=KV/25kB, we find the mean radius of FeCo particles to be 3.6 nm
in TiN/FeCo (500 pulses)/TiN sample. This is in good agreement with the
particle sizemeasured using XRD studies (4.6 nm). In all the samples, the
values of particle sizemeasured and calculated also agreewith each other
reasonably well. The superior properties of FeCo system over individual
metals is attributed to substitution of 50% of Fe atoms by Co atoms in
the unit cell, say, bcc. This substitution leads to modification in crystal
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Fig. 5. Plots of coercivity as a function of temperature for TiN/FeCo/TiN/FeCo/TiN bilay-
er samples with variable FeCo particle sizes made using 250, 500, 750, and 1000 pulses
on FeCo target.
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Fig. 6. A linear fit of coercivity versus square root of temperature data for TiN/FeCo
(500 pulses)/TiN/FeCo (500 pulses)/TiN samples.

564 D. Kumar et al. / Thin Solid Films 534 (2013) 561–565
field splitting of d-orbital, and hence, there is change in the occupancy of
both majority and minority states. Assuming both Fe (3d6) and Co (3d7)
to be in high spin state (i.e. paring energy is more than crystal field
splitting), the hybridization of d(Fe) and d(Co) atomic orbitals
leads to formation of bonding and antiboding molecular orbitals.
Due to repulsion between Fe d and Co d electrons, the separation
between the bonding (eg) and antibonding (t2g⁎) molecular orbitals
is larger than the crystal field splitting in pure metals which is
shown schematically in Fig. 7. Due to larger separation eg and t2g⁎,
the electrons in eg first get paired and then the rest of electrons fill
the t2g⁎ orbitals singly. In this situation the number of unpaired elec-
trons (n) per Co molecule is 5 versus n=4 and n=3 per atom in Fe
and Co, respectively. The change in Fe properties upon substitution
by 50% Co can be explained by transformation from aweak ferromagnet
(i.e. both majority- and minority-spin d states, d ↑and d ↓, are only par-
tially occupied for pure Fe) to a strong ferromagnet (d ↑state becomes
fully occupied (Fig. 7). This transformation is progressive because
d(Fe)–d(Co) hybridization is weaker than d(Fe)–d(Fe) hybridization, as
the Co d-shell is more localized than the Fe d-shell due to one more
Fe(d6) 

eg 

nFe= 4

nFeCo = 

Fig. 7. Schematic of formation of bonding and antibonding (*) molecular orbitals in FeCo m
Solid line is for atomic orbital (black=iron, red=cobalt) and dotted line is for molecular o
proton in the Co nucleus and outer electron still being in the same energy
shell (3d).

4. Conclusions

Presently a wide spread of research activities is pursued in the
area of nanostructured materials in order to synthesize materials
with improved properties so that the performance of nanostruc-
tured components in actual devices could be improved. The key to
the effective fabrication of these nanostructured materials with im-
proved properties is the development of smart materials by material-
engineering and understanding the fundamentals of materials science.
In this context we have developed a smart thin film processing method
based upon pulsed laser deposition to process nanocrystallinematerials
with accurate size and interface control with improved magnetic prop-
erties. Using this method, single domain nanocrystalline FeCo particles
in 2–10 nm size range embedded in crystalline TiN have been pro-
duced. By controlling the particle size in the confined layers, it was
possible to tune the magnetic properties from superparamagnetic to
ferromagnetic in a controlled way. Magnetic hysteresis characteristics
below the blocking temperature are consistent with single-domain
behavior. The present results are important from fundamental as well
as a technological point of view. The fundamental understandings are
related to existence of single and multidomain domain regions as a
function of temperature. The improvement in magnetic properties has
been explained on the basis of availability of larger number of unpaired
electrons in accordancewith crystal field assisted filling of majority and
minority spin states. The precision in nanoparticle size control and their
inclusion in a crystalline and highly conductive medium could promote
integration of magnetic and electronic devices into one compact system.
This research has circumvented the scaling challenges of conventional
technologies by effectively exploiting the benefits of nanomaterials in
conjunction with a different method and a material (FeCo) which is
relatively cheaper than other bimetallic materials based on noble metal
such as Ni–Pt, Fe–Pt, Ni–Pd, Fe–Ag, Au–Co, and Ag–Ni.
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olecule, n is the number of unpaired electrons in pure Fe and Co metals and FeCo alloy.
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