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Magnetic properties of CoPt nanoparticles (average size =2.1 nm) encapsulated in synthesized protein shell
have been investigated with SQUID (Superconducting Quantum Interference Device) magnetometer and
analyzed by the recently developed non-equilibrium magnetization calculation by our group [T. H. Lee et al,,
Phys. Rev. B 90, 184411 (2014)]. Field dependence of magnetization measured at 2 K was successfully analyzed
with modified Langevin function. In addition, small hysteresis loops having the coercive field of 890 Oe were
observed at 2 K. Temperature dependence of magnetization has been measured with zero field cooled (ZFC)
and field cooled (FC) protocol with slightly modified sequence in accordance with non-equilibrium
magnetization calculation. The analysis on the M vs. T data revealed that the anisotropy energy barrier
distribution is found to be very different from the log-normal distribution found in a size distribution. Zero
temperature coercive field and Bloch coefficient have also been extracted from the analysis and the validity of

those values is checked.
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1. Introduction

It is needless to emphasize the importance of the research
on the magnetic nanoparticle systems. There are growing
interests on the research and, in many cases, the interests
are based on the potential applications in the fields, e.g.
magnetic data storage [1, 2], magnetic resonance imaging
(MRI) contrast agent [3], hyperthermal heating [4, 5]. etc.

But those research and applications have the difficulty
due to the distribution of the physical/chemical properties
in nanoparticle systems. The distribution is inevitable
since the crystalline morphology variations and the size
variations among the particles cannot be avoided. Thus it
is important to characterize given nanoparticle specimen
with the distribution of the physical/chemical properties
in mind for the proper application of the nanoparticle
system.

Among those magnetic metal and metal alloy nano-
particles, CoPt nanoparticle is known to have large
perpendicular magnetic anisotropy and high chemical
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stability [6]. For the reason, there has been quite an
amount of research reports published [7-9]. Among them,
the research on the magnetic storage application is most
appealing topic for physics and engineering community.
For the application, most important physical parameters
are magnetic moment and magnetic anisotropy energy
barrier. Thus rigorous and in depth characterization of
those properties in a magnetic nanoparticle is very
important.

In this paper, we report the characterization results of
the magnetic properties of CoPt nanoparticle system.
Among the results, magnetic anisotropy energy barrier
distribution extraction from the numerical analysis of the
temperature dependence of magnetization with special
magnetization measurement sequence is discussed.

2. Sample

CoPt nanoparticles encaged in hollow protein shell
of PepA, a dodecameric bacterial aminopeptidase from
Streptococus pneumoniae, was synthesized. Biochemical-
ly prepared protein shell has inner diameter of about 6 nm
and external diameter of about 12 nm [10]. Artificial
biomineralization process was performed on the hollow
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protein shell to form CoPt nanoparticle in the internal
empty space [6]. Thus formed protein shell - CoPt nano-
particle specimen was analyzed with TEM (Transmission
Electron Microscopy) and the TEM image of the nan-
oparticle specimen revealed that the size of the particle is
2.1 £ 0.3 nm [6]. Detailed sample synthesis procedure and
preliminary characterization results have been described
elsewhere [6, 10].

3. Experiment

The magnetization measurements of the protein shell -
CoPt nanoparticle specimen were carried out with SQUID
(Superconducting Quantum Interference Device) magneto-
meter (MPMS XL-7, Quantum Design). Temperature
dependent magnetization is measured from 2 K to 300 K
at the external field of 50 Oe. Zero-Field-Cool (ZFC)
protocol and Field-Cool (FC) protocol have been modi-
fied to meet the requirement of analysis procedure and
utilized in data taking. The modification of the measure-
ment sequence is based on the non-equilibrium magneti-
zation calculation model developed previously [11]. The
modification is done in the way that waiting time (time
needed for the temperature stabilization at each measured
temperature) in the measurement sequence is minimized
and, unlike the standard sequence, timing information
(time stamps of each operation events of SQUID, for
example, start of temperature rise, start of measurement,
etc.) in the measurement is also recorded.

Field dependent magnetization was measured as func-
tions of field from 0 to 70000 Oe at 2 K. The hysteresis
of the magnetization also has been measured at 2 K by
varying the external field in the range from —70000 Oe to
70000 Oe.

4. Results and Discussion

As shown in Fig. 1, field dependent magnetization
measured at 2 K does not saturate even at 70000 Oe but
shows linearly increasing paramagnetic behavior. Unlike
the behavior of simple paramagnets, the field dependence
of the magnetization cannot be fitted with simple Langevin
function because of the non-saturating behavior. The
behavior is quite often observed in magnetic nanoparticle
systems and the magnetization curves are sometimes
analyzed with modified Langevin function with additional
linear susceptibility term [12].

We also have fitted the field dependent magnetization
data with the modified Langevin function.

M(H, T) = MO(T)[coth(%) _ (%)} +2H (1)
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Fig. 1. Field dependence of magnetization measured at 2 K.
The solid line is fitting results with modified Langevin func-
tion including linear susceptibility term.

From the fitting results, we found that the effective
moment is 7.59 y and the linear susceptibility, y, is 1.33
x 107® (emu/(g Oe)). It is very hard to assign any physical
meaning to the values. There have been many attempts to
find any physical meaning from the results but the attempts
were not so fruitful especially when the system investigated
has distributions of physical properties [12].

One direct interpretation of the non-saturating behavior
is the existence of extra paramagnetic component other
than the main Langevin component and the extra para-
magnetic component can be due to impurity or due to the
particles with very small anisotropy barrier/blocking
temperature of which the behavior is very similar to that
of simple paramagnetic particles. Both scenarios can be
extended to the idea of the distribution of anisotropy
barrier and/or magnetic moment in the magnetic nano-
particle systems.

Previously, we have reported that the temperature
dependent magnetization data measured with appropriate
measurement procedure can be analyzed with non-equi-
librium magnetization calculation to reveal the anisotropy
barrier distribution in the ensemble of magnetic nano-
particle system and the validity of the analysis has been
confirmed with accurate reproduction of Field-Cooled
(FC) magnetization data [11]. Similar analysis has been
performed on the CoPt nanoparticle specimen to investi-
gate the anisotropy barrier distribution.

Figure 2 shows Field-Cooled (FC) and Zero-Field-Cooled
(ZFC) temperature dependent magnetization measured at
the external field of 50 Oe. In the figure, we find that the
bifurcation temperature, 75, the temperature where FC
curve and ZFC curve bifurcate, is different from 7,,,,, the
temperature at the maximum of the ZFC curve. It is the
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Fig. 2. Temperature dependent magnetization measured at 50
Oe. Open circles represent FC magnetization data and filled
circles represent ZFC magnetization data points. Solid line is
the best reproduction of FC data with the numerical calcula-
tion and dotted line is the numerical calculation results of
ZFC data obtained with the same parameter values (H¢, and
B).

signature of the anisotropy barrier distribution in the
sample. If there is not a distribution, both Ty, and T
should coincide.

In the following, we describe brief summary of the
back bone of the non-equilibrium magnetization calcula-
tion scheme that we have used to analyze the temperature
dependent magnetization data. A more detailed descrip-
tion of the scheme is given elsewhere [11].

As in the previous report, we assumed three premises
for non-equilibrium magnetization calculation analysis of
the experimental data [11]: 1) The particles with the same
chemical composition can be categorized uniquely in
terms of the zero-field zero-temperature (ZFZT) anisotropy
barrier (Ef;0 ): Anisotropy barrier is usually temperature
and field dependent. Thus it is better to define an invari-
ant quantity to categorize particles with the definition. 2)
Zero field anisotropy energy barrier and magnetic moment
of a particle are proportional to each other: It is usually
known that magnetic moment and zero field anisotropy
barrier of superparamagnetic particles are proportional to
each other [13]. 3) The particles are non-interacting:
Because of the thick protein shell which covers nano-
particle core, the interaction among the core is very weak.
Thus, practically, we can treat nanoparticles to be non-
interacting.

One direct and simple logical extension of above pre-
mises is the expression for the time dependent magneti-
zation of an ensemble of magnetic nanoparticles at the
external magnetic field H and at the temperature 7 (M(z,

-3 -

T, H)). The expression is given in terms of the magneti-
zation of single particle with ZFZT anisotropy barrier
(Eyo), m(Epy; T, H), and the distribution function of
ZFZT anisotropy barrier, f(E%O) .

M(t, T, H) = | m(Ego; t, T, H)(Ey)dEg 2)
0

Note that the single particle magnetization m(Eyy; 1, T,
H) is not an equilibrium quantity rather non-equilibrium
quantity. It varies under the influence of external magnetic
field, temperature and previous thermodynamic/magnetic
history of the ensemble. Time evolution of the single
particle magnetization can be described with Bloch
equation,

dm(EgO’ , Ta H) _ meq(EgO; Ta I_D _m(EgO’ Z, Ta I-D
dt o(Epo; T, H) 3)

where T(Ego; T, H) is the characteristic relaxation time
constant at 7 and H and it can be calculated with
Arrhenius law. We used the Langevin function as a model
of the single particle magnetization with temperature
dependent magnetic moment of single particle, (7).

Mey(Ego; T, H) = #(T){C(’th[ﬂ(nﬂ _[ %l }}(4)

kT | Lu(DH

where the temperature dependent single particle magnetic
moment is expressed as y(T)=(E%0 /Heo)(1-BT*?). In
the expression, Hy is zero temperature coercive field and
B is the Bloch coefficient.

With the non-equilibrium magnetization calculation
scheme including the piecewise linear approximation of
distribution function of ZFZT anisotropy barrier, we could
calculate the ZFC magnetization and the FC magnetization
numerically [11] The calculation has been done iteratively
to achieve best results which match the experimental data
by varying the two free parameters in the scheme, zero
temperature coercive field (Hq) and Bloch coefficient
(B). As final results of the analysis, we could obtain the
values of Hgy, B and the distribution function of ZFZT
anisotropy barrier in piecewise approximated form. The
validity of the final results is confirmed by comparing the
FC and the ZFC experiment data with numerical calcu-
lation results. The other two constants in the calculation
are fixed; characteristic time of moment flipping, = 1 x
107" s, and characteristic measurement time, 7;,= 10 s.

Before discussing the analysis results, it should be
noted that the measurement sequences that we used in the
ZFC and the FC measurements are different from the
usual ZFC and FC measurement sequence. In the non-
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equilibrium magnetization calculation, we assumed that
temperature is swept continuously without any halt at
each measurement data points. In the usual measurement
sequence, there are temperature stabilization steps at each
measured data points thus there are constant temperature
periods in the measurements. We have modified the
standard sequence in the way that the constant temper-
ature period is minimized to almost zero.

In Fig. 2, the best results deduced from non-equilibrium
calculation are shown as a solid line (FC) and a dotted
line (ZFC). The percentage error is very small below 50
K range and the error gets a little bit bigger as the
temperature is increased. We attribute the increase of the
error in the high temperature range to comparably large
relative experimental error in low magnetization region.
But, as is evident in the graph, the overall agreement
between the experiment data and the numerical calcula-
tion results is excellent.

We have utilized the Langevin function as a model for a
single particle equilibrium magnetization. The Langevin
function, classical model for paramagnetism, may not be
a good model for the magnetism of a single superpara-
magnetic particle because the effect of anisotropy barrier
is predominant at low field and low temperature regime.
Even though the expectation, non-equilibrium magneti-
zation calculation revealed almost perfect reproduction of
the experiment data in all the temperature range.

The ZFZT anisotropy barrier distribution extracted from
the non-equilibrium magnetization calculation and corre-
sponding magnetization measurements is shown in Fig. 3.
Most importantly, deduced ZFZT anisotropy barrier di-
stribution is of exponential type which is very different
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Fig. 3. Extracted ZFZT anisotropy barrier distribution. Overall
shape of the distribution is of exponential type which is dif-
ferent from common form of the nanoparticle size distribution,
log-normal function.

from commonly observed size distribution function in
nanoparticles, log-normal function. It is widely accepted
that the anisotropy barrier distribution should have of the
same shape as the distribution function of the nanoparticle
size. The idea is based on the expression, E,= KV, that
anisotropy barrier (E,) is proportional to volume of the
particle with common anisotropy constant, K. But our
results show that there is no correlation between the two
distributions. One possible explanation of the discrepancy
is non-uniform anisotropy constant, K. It is highly possible
that the crystallinity and morphology in nanoparticles can
vary from particle to particle thus non-uniformity in
anisotropy constant. But there is not enough information
to determine the distribution function of anisotropy con-
stant and/or the correlation between the anisotropy con-
stant and anisotropy barrier.

We also obtained the values of Hyy and B which
reproduce best reproduction of the experiment data; Hqy =
956 Oe and B=9.19 x 10~° K~*”. Validity of those values
has been checked with independent measurement or
analysis.

Hysteresis curve is measured at 2 K and coercive field
is found to be 890 Oe. (Fig. 4) Previously, hysteresis was
measured at 5 K and the coercive field was found to be
720 Oe [6]. Considering the observation that coercive
field of hysteresis decreases as the temperature is increased
[12], it can be noted that the extracted value of zero
temperature coercive field (Hc) is in harmony with the
other coercive field values obtained experimentally.

Above the blocking temperature, ensemble of super-
paramagnetic particles is in the superparamagnetic state
which is similar to usual paramagnetic state but with
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Fig. 4. Hysteresis measured at 2 K. Coercive field of about
890 Oe is observed. Since the hysteresis is so small, only the
central section around the origin is shown for coercive field
identification.
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Fig. 5. Temperature dependence of magnetic susceptibility -
temperature product (y7). Solid line is the graph of the Bloch
T%2 Jaw with Bloch coefficient obtained from the non-equilib-
rium magnetization calculation (open circle: FC, filled circle:
ZFC).

bigger magnetic moments. By using high temperature
approximation of Langevin function, magnetic suscepti-
bility - temperature product (y7) can be described in
terms of magnetic moment of the particles as, y7 = 12(T)/
3kppioV,p oc 1A(T). Thus we can infer the temperature
dependence of the magnetic moment in the y7 vs. T
graph [14]. In ferromagnetic materials, spontaneous mag-
netization is temperature dependent near Curie temper-
ature and, likewise, magnetic moments of ferromagnetic
nanoparticles are also temperature dependent with the
same temperature dependence. With Bloch's law, one can
write the expression for the temperature dependence as,
w(T)oc (1 =BT /2), where B is Bloch coefficient. By
using the value of the Bloch coefficient deduced from the
non-equilibrium magnetization calculation analysis, we
could reproduce temperature dependent magnetic moment
and it is compared with experimentally obtained temper-
ature dependence (yT vs. T) as shown in Fig. 5. Quite
satisfactory agreement is observed implying that the value
of the Bloch coefficient deduced is in agreement with
experiments.

S. Summary

We have measured magnetization of CoPt nanoparticles
encaged in protein shell at various fields and temperatures.
Field dependent magnetization measured at 2 K could be
fitted with modified Langevin function similar to usual
magnetization of magnetic nanoparticles. Also small
hysteresis was observed at 2 K and coercive field was
found to be 890 Oe which is consistent with previous
report and experiment data. Temperature dependence of

—-5-—

magnetization showed typical ZFC and FC bifurcation
and the maximum of ZFC curve is observed at lower
temperature than the bifurcation temperature implying the
distribution in anisotropy barrier. Measured ZFC magneti-
zation was analyzed with non-equilibrium magnetization
calculation yielding the distribution of anisotropy barrier
and the values of Bloch coefficient and zero temperature
coercive field. By performing iterative calculations, we
could reproduce FC data very accurately. Also, validity of
the values of Bloch coefficient and zero temperature
coercive field deduced is checked against the other experi-
ment data. Finally, extracted distribution of anisotropy
barrier distribution is of exponential type which is com-
pletely different from the size distribution implying that
there is not strong correlation between the size of a CoPt
nanoparticle and the anisotropy energy barrier of the
particle.
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