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An outstanding problem in nano-magnetism is to stabilize the magnetic order in nanoparticles at
room temperatures. For ordinary ferromagnetic materials, reduction in size leads to a decrease in
the magnetic anisotropy resulting in superparamagnetic relaxations at nanoscopic sizes. In this
work, we demonstrate that using wet chemical synthesis, it is possible to stabilize cobalt carbide
nanoparticles which have blocking temperatures exceeding 570 K even for particles with magnetic
domains of 8nm. First principles theoretical investigations show that the observed behavior is
rooted in the giant magnetocrystalline anisotropies due to controlled mixing between C p- and Co
d-states. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4862260]

Magnetic nanoparticles are key to the high-density
memory storage, targeted drug delivery, and a variety of
other industrial and medical applications, including compo-
nents in nano-electronic circuits.'® Starting from the bulk
magnetic material, the decrease in size smaller than the typi-
cal domain size results in a nanomagnet where the atomic
moments are exchange coupled. This causes the particle to
behave like a giant magnet with a moment Ny, where N is
the number of atoms while u is the moment per atom. In the
ultrafine particles, however, the magnetic anisotropy energy
responsible for holding the magnetic moment along certain
directions becomes comparable to the thermal energy.”®
This allows for thermal fluctuations which produce random
flipping of the magnetic moment with time leading to ther-
mal instability of the magnetization. The key to thermally
stable magnetic nanoparticles is then to enhance the anisot-
ropy. One approach proposed recently by Skumryev et al.”'°
is to generate core shell species where the central metallic
core is surrounded by an oxide material that can enhance ani-
sotropy through exchange bias. These authors synthesized
Co/CoO nanoparticles with exchange bias between the cen-
tral ferromagnet and the surrounding antiferromagnetic ox-
ide. The particles have blocking temperatures of around
290K close to room temperature. Another approach has
been suggested, as well, to generate core/shell nanoalloys. In
that approach, the authors introduced an enhanced magneto-
crystalline anisotropy in the range of 0.3 to 2.6 x 10° J/m’
for §nm NiRu@C nanoalloy.11 However, the Tg was in
range from 50 to 200K which is below room temperature
showing a short magnetic range order. Radically, new
approaches are needed to increase the intrinsic anisotropy
that could lead to blocking temperatures much higher than
the room temperature as well as novel collective behaviors
when assembled into a material.

In the present work, we offer a possible alternative to
enhancing magnetic anisotropy in nanoparticles and to gen-
erate a rare earth free permanent magnet via their assembly.
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Through wet chemical methods, we have synthesized a
phase of transition metal carbides where the transition
metal layers are far more separated than in pure bulk and
embedded with intervening layers of the carbon atoms
allowing only partial mixing between C and Co states. The
separate layers result in large anisotropies, which are fur-
ther compounded by the mixing with the carbon states,
leading to materials with unusually large magneto-
crystalline anisotropies. More specifically, we synthesize a
biocompatible pure phase of cobalt carbide (Co;C) nano-
magnets with magnetic domains of size 8 nm that exhibit
thermal and time stable long range ferromagnetic order up
to 573 = 2K (the superparamagnetic limit), offering poten-
tial for novel magnetic materials. First principles theoreti-
cal investigations highlight the role of structure and
composition on the observed behavior. Assemblies of the
nanoparticles are found to behave as permanent magnets
with magnetic characteristics that rival those of rare earth
permanent magnets.

The magnetic behavior of the nanoparticles is best
rationalized within a model of uniaxial anisotropy. The mag-
netic anisotropy energy (MAE) of the particle is proportional
to sin’0, where 0 is the angle between the magnetization and
the easy axis. At absolute zero, the magnetization lies along
one of two energy minima (6 equals 0° or 180°). When the
temperature is raised above zero, the magnetization direction
can fluctuate depending on the thermal energy kgT and the
energy barrier K.V (K is the effective crystalline anisot-
ropy, and V is the particle volume), that exists at 6 = =90°.
Thus, given the ratio of the energy barrier to kgT and know-
ing the resonant frequency, one can compute the average
time between random reversals that are strongly dependent
on the particle size and temperature. As an example, a factor
of 2 change in the particle diameter can change the reversal
time from 100 years to 100 nanoseconds.

In this study, the Cos;C particles were synthesized using
polyol method described elsewhere'? and were characterized
using x-ray diffractometer to yield 100% of orthorombic-
Co3C nanomagnets (Figure 1). The x-ray diffraction (XRD)
exhibits distinct peaks showing single phase Co;C

© 2014 AIP Publishing LLC
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FIG. 1. XRD analysis for the synthesized Co;C.

nanoparticles. The observed peak broadening reveals a smaller
grain size of the particles which can be calculated using the
well-known Sherrer equation to be around 11 % 3nm. The
magnetization dependence on the external magnetic field was
measured for the prepared sample at different temperatures
ranging from 50 to 400 K (Figure 2(a)). The observed magnet-
ization shows ferromagnetic behavior for the Co;C nanomag-
net and there is no knee observed behind the remanence
magnetization M, proving the formation of the pure phase car-
bides in agreement with the result from XRD. The Co;C
shows high coercivity (Hc) which increases with decreasing
temperature.

The temperature dependent coercivity up to 650K can
be used to determine the blocking temperature by using

7000
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relations that have been established before in Ref. 13. To this
end, we have plotted the observed coercivity as a function of
T'? in Figure 2(b). The data reveal blocking temperature Ty
at Hc =0 to be 571K and the coercivity Hcg at 0K to be
9.5 kOe. From those results, the effective magnetocrystalline
anisotropy K. and the particle size can be determined using
Neel Brown equation13 and magnetization dependence on
domain size relation'! to be 7.5+ 1.0x 10°J/m’> and
8.1 £ 0.5 nm, respectively. The magnetic domain size can be
estimated from the magnetization studies by evaluating the
initial slopes of the M(H) curves. Note that the major contri-
bution to the initial slope arises from the largest magnetic
domains. Their larger magnetization vectors are more easily
oriented by the magnetic field, and thus, an upper limit to the
magnetic domain size can be estimated. Further, within a sin-
gle domain, the anisotropy is dominated by exchange inter-
actions. Theoretical studies can help elucidate the origins of
these interactions. The observed hysteresis curves were
showing a decrease in the Hc till 600K and an increase
thereafter while the Mg was decreasing even after 600 K.
Such a behavior indicates the presence of long range order
and reveals a Curie temperature T of around 650 K, further
indicating no change in the structure as a result of the high
temperature measurement at 650 K.

To further ascertain the accuracy of the size, we per-
formed the transmission electron microscope (TEM) meas-
urements on the sample. The resulting images reveal a
narrow distribution of rod nanoparticles with diameter
around 10 = 3 nm in good agreement with the magnetic do-
main size determined from the magnetic study (Figure 2(c)).
A blocking temperature of 571K and the effective anisot-
ropy of 7.5 = 1.0 x 10° J/m*® are both startling findings. This
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FIG. 2. Magnetic properties of the syn-
thesized Co;C. (a) The magnetic hyster-
esis loops at different temperatures. (b)
The Coercivity dependence on tempera-
ture to determine Ty and Hcy. (c) TEM
image for the Co;C nanoparticles.
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is particularly surprising since bulk Co is a soft magnetic ma-
terial with a magnetic anisotropy of 4.1 x 10° J/m>."* In par-
ticular, the anisotropy per Co atom in the carbide material is
much larger than bulk Co since the carbide has less number
of Co atoms per unit volume than pure Co. Further, carbon is
known to quench the magnetic moment. The observed values
are also much higher than previously reported values for par-
ticles of this size. As previously mentioned, it has recently
been proposed that the blocking temperature of cobalt nano-
particles can be enhanced by coating the nanoparticles with
an oxide layer. For example Skumryev et al. have reported
synthesizing Co@ CoO core-shell nanoparticles with a block-
ing temperature of 290 K.”'° These authors suggest that an
exchange bias between the core and outside shell leads to the
enhancement. However, the blocking temperatures in these
studies are around the room temperature. In the present
work, on the other hand, the blocking temperature tends to
be much higher values by mixing soft magnetic material
with a non-magnetic material. The results not only show
nanoparticles with a larger Ty but that the current phase of
Co;C nanoparticles is stable up to 571 K.

In order to probe the microscopic origin of the observed
large anisotropy, we undertook First principles density func-
tional theory investigations.'> Since the present phase con-
sists of cobalt layers separated via carbon layers, we
undertook investigations of the magneto crystalline anisot-
ropy in this phase, which was calculated by determining the
contribution from spin-orbit coupling to the total energy by
constraining the magnetic moment along various directions
characterized by the spherical angles 0 and ¢.'®'” The total
energy can then be divided into two parts, one is the
direction-independent contribution, and the other is the small
angular-dependent variation of energy. The second part
determines the so-called anisotropy energy, which can be
written down as follows:

AE(0, @) = E(0,0) + Vsin?(0 — 0p)
X {K 4 K'cos[2(¢ — @)1}

Here K and K’ are two magnetic anisotropy constants of the
nanoparticle, and the spherical angles 0, and ¢ correspond
to the easy axis directed along a minimum of anisotropy
energy. In order to determine K and K’, we first carried out
calculations of the AE(0,p) by constraining moment along
various directions, until a local minimum of the total energy
is reached. For Cos;C, we found an easy axis along [001]
direction with spherical angles 0y= ¢o=0° (Figure 3). As
shown in Figure 3, the AE(0,¢) was calculated at different 0
at constant ¢ =0° and ¢ = 90°. The above equation was then
fitted to the calculated energies to determine the anisotropy
constants. The calculated K and K’ were 8.4 x 10° J/m3 and
—0.61 x 10° J/m?, respectively. The fitting of the experimen-
tal data leads to an effective K ¢ that does not involve varia-
tion over ¢. Using the calculated constants, according to the
above equation, the theoretical K. lies between two values,
minimum (K +K') 7.8 x 10°J/m® at ¢ =0° and maximum
(K-K') 9.0 x 10°J/m’ at @ =90°. The calculated values are
in a good agreement with the experimental measurement of
7.4+ 1.0 x 10° J/m® noted above indicating that the primary
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FIG. 3. Magnetic anisotropy energy AE(f,p) at two angles ¢ =0° and
@ =90°.

contributor to the experimental anisotropy is the magneto-
crystalline energy. Further studies were undertaken to iden-
tify the microscopic origin for the large values.

In order to further quantify how such a mixing leads to
an increase in MAE, we examined the band structure and the
electronic states with large d-character in the carbide materi-
als. The MAE in transition metal systems is small, and, as
has been previously shown, a second order perturbation cal-
culation of the spin orbit interaction can provide the micro-
scopic picture.'®!” Within the second order model, the MAE
is determined by the matrix element of the spin orbit interac-
tion between the occupied and the unoccupied states. We
therefore proceeded to examine the location of the occupied
and unoccupied Co d-states close to Fermi energy for the
three interesting cases namely, pure bulk cobalt, structure of
the nanoparticles with cobalt layers without the carbon
layers, and the cobalt carbide with carbon layers. In Figure
1S of supplementary material,”® we show the energy bands
along I" to X for the actual carbide material and for the sepa-
rated cobalt layers alone. The states with larger d-component
are shown by the dark dots. To further quantify the change in
anisotropy, we examined the energy difference between the
states at the I' and X point for the nanostructures and the
pure hexagonal cobalt (Table I). The separation into layers
decreases the energy difference, thus increasing the anisot-
ropy. The mixing with carbon further reduces this difference
adding to the increase and resulting in giant anisotropic val-
ues. Similar enhancements in anisotropy through reduction
of the separation between occupied and unoccupied states
have been previously seen in other systems.'®

For practical applications of the current nanoparticles, it
is interesting to investigate the fluctuation time between two
magnetization directions known as Neel-relaxation time
(tn)- It is related to the anisotropy energy via ty=To
RetV/ABT Using the anisotropy values, we determined it as
a function of temperature, and the results are shown in
Figure 4. The inset shows the two minima of the anisotropy
energy at 0 =0° and 180° while the maximum anisotropy

TABLE I. MAE of bulk Co;C and CosE (E =empty sphere) in units of meV
per formula. The zero energy is set as the reference, and the corresponding
direction is the easy axis.

[100] [010] [001] [110] [111]
CosC 0.178 0.206 0 0.191 0.128
CosE 0.109 0.016 0 0.062 0.042
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FIG. 4. The fluctuation time dependence on temperature, inset plot is show-
ing the two minima of the E,,;; and the maximum value at 6 =90°.

energy occurs when the magnetic moment is 90° to the easy
axis. As shown in Figure 4, at low temperature where the
thermal energy is very small compared to the anisotropy
energy, the fluctuation time between two directions is very
long (107 years) revealing thermally stable magnetic order.
Then by increasing the temperature, the fluctuation time
stays longer till the temperature is close to 300 K, the time
drops to 434 years (thermal stable magnetic order). Upon
further raising the temperature close to Ty at 571 K, the fluc-
tuation time drops to 0.7 s, and the magnetic moments fluctu-
ate freely. As mentioned earlier, this occurs due to the
increase of the thermal energy that becomes larger than the
anisotropy energy. The magnetic order is then not thermally

Appl. Phys. Lett. 104, 023111 (2014)

stable, and superparamagnetic (SPM) behavior dominates.
We can also use the observed anisotropy to determine the
rate of change of the magnetic moment direction (df/dt) as a
function of temperature using the expression 25 kgT = K¢V
Sin? 6. The results are shown in Figure 5(a). From these, the
Tg and the Curie temperature T (threshold between SPM
and paramagnetic behavior) are determined to be 577 K and
641K, which is in a good agreement with the value deter-
mined from the Hc dependence of Temperature (Figure
2(b)). At low temperature, K.V > kgT, and the d6/dt is very
small indicating that the magnetic moment takes a long time
to fluctuate from one direction to another direction. Once the
temperature is close to Tg, the thermal energy is comparable
to the anisotropy energy K.V ~kgT and df/dt increases till
it reaches the maximum value, and the superparamagnetic
behavior dominates. Further increase in the temperature
beyond Tp results in a decrease of the df/dt that becomes
very small close to T¢ at 641 K. Once T¢ has been reached,
the temperature effect on df/dt is negligible, and the mag-
netic moments take random directions and behave as para-
magnetic. On the other hand, information regarding the
shape of the particles can be determined from the T depend-
ence on particle size by applying cohesive energy model to
our material (Figure 5(b)).% As seen from the plot, T¢ exhib-
its a linear relation with the number of atoms that is directly
proportional to the particle size for 3 different shapes, such
as sphere, cube, and cylinder. By comparing our result to the
plot, we have found that our experimentally obtained Tc lies
in the range of cylindrical shaped nanoparticles which is con-
sistent with our TEM image. Also by comparing our particle
size result to the plot, we have found that the calculated Tc
is around 645 K, which is in a good agreement with our ex-
perimental result based on M x H measurements.

@ 25} KV ~K.T 1 (b) 750[ = Sphete ' ]
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20 1 700+~ Cylinder i
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In order to use the Co;C nanomagnets for data storage
applications, we also determined the magnetic efficiency
loss. Figure 5(c) shows the remnant magnetization (M,) de-
pendence on time at zero magnetic fields and room tempera-
ture. The magnetic efficiency loss ({) at room temperature
amounts to around 14% after 65 years of using the materials.
This result opens a door for a new material for applications
in the data storage technology.

The above findings on the effect of the temperature and
the particle size on the direction and the fluctuation time of
the magnetic moment could be condensed into a single sim-
ple 3D figure that represents the effect of temperature on the
rotation of the magnetic moment. This is shown in Figure 2S
(see supplementary material’®). The color indicates the
change in the temperature range starting from the lower tem-
peratures (blue regions) up to the very high temperatures
(black regions). The effect of the thermal energy on change
of the magnetic moment direction has been implied from 0°
to 135° resulting in a magnetic moment rotation image of the
particle around its easy axis (Figure 2S).

To conclude, the present studies indicate that unusually
large MAE can be accomplished in cobalt carbide nanopar-
ticles consisting of cobalt layers separated by carbon atoms.
The increased anisotropy is mainly driven by spin orbit cou-
pling. The separation into layers increases the anisotropy,
and the effect is enhanced by the intervening carbon layers.
The carbon p-states partially mix with Co d-states to reduce
the separation between the occupied and unoccupied d-
states, leading to the large MAE, a superparamagnetic block-
ing temperature in excess of 571K, and a higher Hc and
Ker, even for particles with size less than 10 nm. The current
nanoparticles could be used for a new generation of thermal
stable data storage devices and when assembled, form strong
permanent magnets. Since the separation between occupied
and unoccupied states is sensitive to the composition and the
underlying atomic structure, the present work opens the pos-
sibility of further enhancing the MAE through control of the
composition and the size of the particles.'® Towards this end,
it will be interesting to examine if other transition metal car-
bides could also exhibit similar enhancements.
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