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Abstract

We have studied the magnetic relaxation of monodispersed 4 nm cubic g-cobalt nanocrystals in both randomly
oriented and pre-aligned assemblies. The blocking temperature 77, for the closely packed Co nanocrystal assemblies, is
30% higher than that of the highly diluted and well-dispersed Co nanocrystal-organic composites. This increase is
attributed to the strong magnetic dipole interaction induced from the close packing of the nanocrystals. It is found that
the frequency-dependent susceptibility data, obtained from the diluted samples, can be fitted to the half-circle Argand
Diagrams, indicating a single barrier (or very narrow energy distribution) of the nanocrystals. This agrees well with the
physical observation from TEM that the nanocrystals are monodispersed. The long time magnetic relaxation
measurements reveal that energy barrier distribution in a pre-aligned nanocrystal assembly is significantly different

from that in a randomly oriented one.
© 2002 Elsevier Science B.V. All rights reserved.
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Controlled self-assembly of monodispersed
magnetic nanocrystals (ncs) has shown great
potential in fabricating functional magnetoelec-
tronic nanodevices [1,2] and ultra-high density
magnetic recording media [3,4]. In a self-assembled
NC array, NC size, shape, interparticle spacing,
and coating can have important effects on the
assembly structure and the physical properties of
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the NCs in an assembly [5-10]. We are interested
in the well-controlled single domain magnetic NC
assemblies, because important magnetic relaxation
information of the NCs can be extracted from the
magnetic properties of these assemblies. In the
past, irregular shapes and large size distribution
often impeded the observation of the intrinsic
magnetic relaxation phenomena [5,6,11-13]. On
the contrary, magnetic NCs with uniform shape
and narrow size distribution can offer an ideal
model system to test the physics of magnetic
relaxation in single-domain NC assemblies. Such
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basic magnetic understanding will also favor
future fabrication of highly efficient magneto-
nanoelectronic devices.

The monodispersed cobalt NCs were synthe-
sized in solution phase via superhydride reduction
of cobalt chloride in the presence of trialkylpho-
sphine and oleic acid [15]. The NCs have a cubic
structure, are encapsulated by the oleic acid and
can be dispersed readily in hexane or other non-
polar solvents. Spherical in shape, these NCs
behave like isolated and independent single-do-
main magnetic units in the solution phase. Once
dried, they can solidify into 2D or 3D magnetic
superlattices. Using the Quantum Design SQUID
magnetometer, we measured the magnetic proper-
ties of three NC samples (particle size of 4 nm).
Two liquid phase (diluted) samples were cooled
from room temperature at which both samples
were liquid to 5 K where the sample were frozen to
solid in zero and 5T magnetic field. To avoid the
dipole—dipole interaction and to have a signal
large enough for the magnetic measurements, we
prepared a magnetic fluid using hexane with a NC
volume concentration of ~0.3vol%. The Co NCs
had a random distribution of magnetic easy axis
(referred to as Sample Random) in zero field
cooling and aligned easy axes (Sample Aligned) in
a 5T field cooling. Fluid of 0.1 ml was sealed in
Teflon cage and cooled to 5K in a zero magnetic
field, then we made a solid sample. In this sample,
the easy axes of the NCs randomly distributed.
Before we finished the measurement, this sample
was always kept at solid state. This sample is
referred as Sample Random. After all the mea-
surement on the Sample Random was finished, the
sample was heated to room temperature and
melted into liquid completely. The sample was
cooled again to 5K in a 5T magnetic field, by
which the easy axes of the NCs were aligned and
fixed in the field direction. Again, the aligned
sample (referred as Sample aligned) was always
kept in solid state before the finishing all the
measurements. As a comparison to these two
diluted samples, we also prepared a third sample
composed of a self-assembled array of Co NCs
(Sample Array) by depositing the hexane disper-
sion of the Co NCs on a silicon (1 00) substrate via
slow evaporation of the hexane at room tempera-

ture. In this self-assembled NC array, interparticle
spacing is only about 4-5nm [15] and strong
magnetic dipole interaction is expected.

We have measured the temperature dependent
magnetic susceptibility in these three samples, as
shown in Fig. 1. The blocking phenomenon is
clearly seen in the zero-field-cooled and field-
cooled processes. While the blocking temperature
Tg is ~31.5K and ~33.5K for the Sample
Random and Aligned, respectively, T increases
to 40K in the Sample Array. In other words, the
close packed NCs yield a Tg~30% higher over
that of diluted ones. This increase of the blocking
temperature is likely due to the larger dipolar
interaction existing in the array [5—7] since the only
difference between the Sample Array and Sample
Random or Aligned is the packing density. This
observation is consistent with a Monte Carlo
simulation on randomly distributed ultrafine
particles [7]. Assuming that the dominant cause
is the emerging dipolar interaction, the simulation
shows an increasing Ty as particle concentration
increases.

Our analysis shows that, above Tpg, the suscept-
ibility is well described by the Curie—Weiss law
2(T) = C/(T — 0). The Curie-Weiss temperature
is small (6=~—5.2K) for the diluted nanocrystals
(in Sample Random and Aligned). However
for the arrayed NCs, 0 increases to ~—8.5K,
again a result of the larger dipolar interaction.
The increasingly negative 6 at higher particle
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Fig. 1. Temperature-dependent magnetization obtained in the
zero-field-cooled and field-cooled processes for Sample Ran-
dom and Sample Applied.
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concentrations was also predicted in the same
Monte Carlo simulation where the role of dipolar
interaction is assumed.

The temperature-dependent AC susceptibility
measured at different frequencies is commonly
used for obtaining the energy barrier in the single-
domain particles. The AC susceptibility is given as
(14]

2(o) = 7(w) —iz(w). (1)

The in-phase (real part) susceptibility y’and the
out-phase (imaginary part) susceptibility y”are
related by the following equations:
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where T is the relaxation time given by t =
1/T =v-'exp(U/kgT), yr is the isothermal sus-
ceptibility in the limit w—0 (or DC thermal
equilibrium susceptibility), and y, is the adiabatic
susceptibility in the limit w— co (or very high
frequency). It is well known that when wt =1, y”
shows a maximum according to relation (2b). For
a given temperature (7)), this maximum provides
the relaxation time ©(7") [14].

For a single domain particle, from low tem-
peratures (the blocked state) to high temperatures
(the superparamagnetic state), the relaxation time
7 changes from a very large number to a very small
one. Therefore, for a given ® (=2nf), wt will
decrease from ~ oo (at very low T) to ~0 (at very
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high T), consequently, both ¥'(T) and y"(T) will
show a maximum. A peak appears in y”'(T) at
wt=1, 1e.

olv ' exp(U/ksTy)] = 1, (3)

where T, denotes the peak temperature in x"(7).
With the change of the frequency, 7, will shift
accordingly, and Eq. (3) is often used to extract the
value of energy barrier, U, and the attempt
frequency v, by plotting the frequency against T,
using the following equation derived from Eq. (3):

In 27f = In(v) — v C))

kBTP.

Fig. 2 shows the y/(T) and y"(T) data at
different frequencies for the Sample Random. It
shows, with increasing frequency, the peaks in
both y/(T) and y”(T) shifting to higher tempera-
tures. Our analysis showed that T}, in x"(T) vs.
frequency follows Eq.(4) very well, with
v=10x10"s"" and Ulkp=733+6K. The ex-
tracted energy barrier corresponds to an aniso-
tropy constant K = 3.02 x 10°J/m> for our 4nm
particles, which is consistent with the
K=1.87 x 10° and 3.08 x 10° J/m? for 5 and 3 nm
cubic Co particles [9]. The latter anisotropy
constants were obtained by measuring the tem-
perature induced spontaneous magnetic noise of
self-assembled lattices of uniformed superpara-
magnetic nanoparticles. Some other values of K
for cubic Co have also been reported, for example,
2.7x10°J/m®> [l16], 1.2x10°J/m® [17] and
5% 10°J/m® to 3x 10°J/m® [18]. Thus, our K
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Fig. 2. Temperature dependent magnetic susceptibility obtained on Sample Random.
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value is in general agreement with the earlier
reported values.

We note that the fitted value of attempt
frequency, v = 1.0 x 10" s™!, is significantly larger
than reported values [19-22]. As a comparison, the
atomic spin flip rate, vy, is on the order of 10837
Obviously, the attempt frequency cannot be larger
than vs. This is an indication that the Arrhenius
law may not describe the physics of the relaxation
peak [5,6,23]. It is generally believed that two
factors in the nanoparticles will lead to non-
Arrhenius law behavior. The first factor is the size
distribution, which does not apply to our samples,
as it is composed of mono-dispersed particles with
a narrow particle distribution. The second factor is
the existing dipole—dipole interaction between the
particles, which can certainly change the magnetic
behavior of a nanoparticle system [7], even leading
to a spin-glass behavior in some cases with strong
interaction [5,6,24,25]. In our case, it is the second
factor is responsible for the unreasonable v value.
We are now analyzing our data by considering the
effect of interaction.

The dipole—dipole interaction can be estimated
[6] by using Eq—g/kp = (uy/4nkp)MZVe. With
Mg=1435emu/cm’® [26], V = 3.34x10*°m’ and
£=0.3% for our diluted samples, we estimated
the interaction is on the order of Eqy_q/kg=1.5K.
The extent of interaction can also be quantified by
the Curie-Weiss temperature in the equilibrium
susceptibility y, = C/(T — 6). As shown earlier, in
our diluted samples, 0 is —5.2 K, with the negative
sign indicating an antiferromagnetic interaction.

For an interacting systems, Vogel-Fulcher law,

U
T = 19 eXp {kB(T — To)} , (5)
is frequently used to describe the physics of the
relaxation peak, where T, is a measure of the
magnitude of interaction. By fitting the values of
Tp to Vogel-Fulcher law and taking T, =5.2K,
we obtained Ulkg=4.47 x 10°+20K, 69=1.9 x
10~"'s. This value of 6, (= v~!) is now physically
meaningful, and in agreement with those obtained
in other particle systems [5]. The value of energy
barrier, Ulkg =447 K, corresponds to an anisotro-
py constant of 1.85 x 10°J/m?, very close to that
obtained for Snm Co particles in the magnetic-

noise experiment [9]. The fact that the interaction
between the particles obtained from the AC
susceptibility (5.2K) is larger than the calculated
value (1.5 K) may suggest that the dilute sample is
not completely homogencous and may contain
small agglomerates of particles in this sample [5].

Another useful piece of information that can be
obtained from the AC susceptibility data is the
energy barrier distribution. For a single barrier
system, if the frequency range of AC-field is broad
enough, the so-called Argand diagram becomes a
half-circle [14,27]. It can be shown by rewriting
Egs. (2a) and (2b) as

O =10 + (=1, (6)

where 7o = (17 + 1,)/2 and 1* = (z7 — 1,)*/4.

If the barrier is independent of temperature, the
Argand diagrams measured at different tempera-
tures will collapse into one master curve. If there is
a distribution in energy barrier, either due to size
distribution or dipole-dipole interactions, the
Argand diagrams will deviate from a half-circle
[11]. Next we will look at Argand diagrams
obtained from our samples. We have performed
the AC susceptibility as a function of frequency at
different temperatures just below the blocking
temperature.

The Argand diagrams obtained at 7 = 26, 27,
28 K are shown in Fig. 3 for Sample Random. The
same diagrams obtained at same temperatures for
Sample Aligned are almost identical to that for
Samples Random except the values of the y, and
%s- The difference in y; and y, for both samples
should be expected. It is evident in Fig. 3 that all
the data collapse to a master curve and the Argand
diagrams can be fitted to a circle, indicating a
narrow distribution in energy barrier in our
samples. The non-full-half-circle in Fig. 3 could
be due to a non-single barrier property of the
system caused either by a narrow distribution in
volume [9] or by the interaction discussed above. It
could be also due to our frequency range being too
narrow.

So far, a perfect full-half-circle Argand diagram
has not been observed in nanoparticle systems, due
to the energy distribution caused either by size
distribution or by dipolar interactions. Although
the particles used in this study are already very
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Fig. 3. The Argand diagrams for Co particles. Symbols are the data obtained at different temperatures, Solid (Sample Aligned), Open

(Sample Random); the line is the fitted full-half-circle.

uniform and the magnetic fluid is very dilute, there
is still some distribution in energy barrier. The
only exceptions are the magnetic molecules, e.g.
Mn,, and Feg, that show a full-half-circle Argand
diagrams [27]. These magnetic molecules represent
ideal model systems with a single energy barrier.

Using the same method described above and AC
susceptibility data obtained from Sample Aligned,
we have also extracted the energy barrier (U/
ky=52x10*+2x 10K) and the value of B,
(~1.9%x 10 "'s). The energy barrier is slightly
larger than that in the Sample Random. This is
because the energy barrier is KV for the aligned
particles, whereas for particles with random easy
axes, the energy barrier is ~KVcos¢ for a
particle whose easy axis is at an angle ¢ with
respect to the applied AC field. The average energy
barrier in Sample Random should lower than that
in Sample Aligned.

Information on the energy distribution can also
be obtained by performing the magnetic relaxation
measurements below the blocking temperature. To
measure the magnetic relaxation at certain tem-
perature, we first cooled the sample down from
150K (> Tp, but it is still low enough to keep
the sample to be solid) to the measuring tempera-
ture in a field of 500 Oe. We then switched the field

to —5000e and started to record the time-
dependent magnetization. Shown in Fig. 4
are the magnetic relaxation results obtained for
the Sample Aligned. It is observed that the time
dependent magnetization is well described by the
logarithmic decay law,

M(1) = Mo + [M(10) — Mo][1 — SIn(7/10)], @)

where S = {1/[M(t) — My]} dM/d(In7) is the
magnetic viscosity. It is well known that magnetic
relaxation follows the exponential decay law only
when there exists a single barrier in a magnetic
particle system,

M(1) = Mo + [M(1) — Mole™ ", ®)

where M, is the magnetization associated with the
final equilibrium state, I' = v~'exp(—U/kgT) is
the relaxation rate.

By fitting the relaxation data to Eq. (7), the
viscosity and the slope dM/dIn¢ as a function of
temperature are obtained. In the calculation of
magnetic viscosity, M, is chosen as —Mpc at the
corresponding temperatures, since Mgc is a good
approximation to the equilibrium magnetization
[12]. A careful analysis on the low temperature
magnetic viscosity reveals that no plateau is
observed down to 1.8K, in agreement to the
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previous results [11]. Actually, if the relaxation is
caused only by thermal effect, all relaxation data
can be scaled by M(?)~ T In(t/7) [8.9,28]. This
analysis is based on the fact that most of the
magnetization change at temperature 7" and time ¢

600
Tin (thy) (K)

800 1000 1200

The time dependent magnetization (relaxation data) scales as a function of TIn(z/7).

is due to overcoming the barrier of order U, =
kpT In(t/79), which has been widely used to
interpret some aspect of the dynamics of spin
glass [29,30] and of random ferromagnets [11,31].
Since this plot consists of relaxation data obtained
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in a wide broad range of temperature and time, the
information of whole energy barrier distribution
may be obtained from the plot.

It is pointed out by Viencent et al. [12] that the
distribution of energy barrier P(U) is proportional
to the slope of the curve, M(¢) vs. T In(¢/79). In our
sample, if the distribution is caused by the random
distribution of the easy axis, we may try to align
the easy axes of the particle using the magnetic
field. It is found that the relaxation data obtained
from both the Sample Random and Aligned can
be plotted against a single variable 7 In(¢/7).
Shown in Fig. 5 is the plot of M(¢) vs. T In(t/7o)
for Sample Random. The value of 7 is chosen as
1.9x 10~'"'s obtained from both samples. Fig. 6
shows the dM /dIn(¢/7¢) vs. Tln(z/7p). Since the
energy barrier distribution P(U) is proportional to
the slopes [12], it is clearly seen that the distribu-
tion function is modified by the alignment of the
easy axes. The distribution becomes more sym-
metric for the Sample Aligned. This is an interest-
ing experimental observation that the alignment of

the easy axes can change distribution of the energy
barrier.

In conclusion, hexagonally closely packed self-
assembled Co nanocrystals exhibits increased
blocking temperature and Curie—Weiss tempera-
ture over their diluted counterparts. Our study has
shown that magnetic dipolar interaction is sig-
nificant in concentrated system. Magnetic relaxa-
tion models based on single domain particles have
been confirmed in all of our Co nanocrystal
systems. We have also found that the alignment
of easy-axis affects the magnetic relaxation pro-
foundly compared with randomly distributed easy
axes. The uniform shape and size of the nanocrys-
tals produced using our method make them
potentially good candidates for magnetic record-
ing mediums and magnetic memory devices.
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