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Inverted hysteresis loops observed in a randomly distributed cobalt nanoparticle system
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We observed abnormal magnetic behaviors (so-called inverted hysteresis loops or negative remanence) in a
randomly distributed Co nanoparticle (NP) system, where the Co NPs are prepared using laser irradiation. The
inverted hysteresis loops are observed when ferromagnetic and superparamagnetic phases coexist within the
NP system. Normal hysteresis loops appear in samples having only one phase, either ferromagnetic or super-

paramagnetic. The ferromagnetic and superparamagnetic Co NPs, with average diameters of 25 and 4 nm,
respectively, showed negative remanence over a temperature range of 92-300 K. We have proposed that these
abnormal features are directly related to the dipolar interaction between the superparamagnetic Co NPs and a

ferromagnetic Co NP.
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I. INTRODUCTION

Nanometer scale materials have recently attracted atten-
tion for possessing interesting magnetic, transport, and me-
chanical properties, depending on the size distribution of the
particles.!> Magnetic nanometer-scale materials [so-called
magnetic nanoparticles (NPs)] have drawn particular interest
and are the subject of a broad range of investigations in
physics, chemistry, biology, and materials science. Due to
their small size, magnetic NPs exhibit novel material prop-
erties that differ considerably from those in the bulk solid
state.*® In this emerging field, fine magnetic nanoparticles
are desirable owing to their broad range of applications, es-
pecially in data storage devices, and biosensors, among
others.””

Hysteresis loops are important phenomena observed in
materials that are nearly magnetic, and they reflect the prop-
erties of the material.'” Generally, the behavior of the loop is
governed not only by intrinsic properties of the material but
also by extrinsic factors such as temperature, shape, and in-
teraction, for example. In addition, a common characteristic
of the hysteresis loop is that the magnetization does not de-
crease to zero but remains positive when the field decreases
from positive saturation to zero.'' The abnormal magnetic
behavior of ferromagnetic (FM) materials was first chal-
lenged by Esho in 1976.!% It was found that the hysteresis
loops for amorphous Gd-Co films showed a negative rema-
nence and inverted hysteresis loop behavior. This means that
the hysteresis loops progress in a clockwise direction, dis-
playing a negative remanence and coercivity. This anoma-
lous hysteresis behavior was not only found in this particular
system; it was also observed in many other systems.!3-1® For
example, O’Shea et al.'® presented a two-phase theory for
inhomogeneous systems (ferromagnetic-antiferromagnetic
systems) in which a highly anisotropic phase with a small
magnetic moment is antiferromagnetically coupled to a
phase with a small amount of anisotropy and a large mag-
netic moment.'* Geshev et al.!> built on this theory by ex-
tending it to systems involving competing cubic and uniaxial
anisotropy, as well as to systems with two competing
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uniaxial anisotropies. Some authors argued that the magne-
tostatic interaction between different parts of the inhomoge-
neous system was responsible for the inverted hysteresis.'®
Although a large number of studies have investigated in-
verted hysteresis loops, clear explanation of inverted hyster-
esis loops in magnetic NP systems has not yet been pre-
sented.

In this study, we present the inverted magnetic hysteresis
loops of a randomly distributed Co NP system, where the Co
NPs are prepared using laser irradiation. We believe that
there are both superparamagnetic (SP) and ferromagnetic Co
NP phases in our system, a conclusion supported by surface
transmission electron microscopy (TEM). A theoretical inter-
pretation based on the Stoner-Wohlfarth model'” was per-
formed in order to explain possible causes of the inverted
hysteresis loops.

II. EXPERIMENTS

The Co NPs were prepared on Si substrates by applying
external laser irradiation to ultrathin Co films (nanometer
scale thickness) at room temperature. The Co thin films were
deposited using an ultrahigh-vacuum sputtering instrument at
a base pressure of 10~® Torr. The light source utilized during
experimentation was a 355 nm wavelength Nd doped yttrium
aluminum garnet (YAG) laser with a power of 2 W. The laser
was focused on the sample through a focusing objective with
a 0.5 mm round spot. The laser irradiation process and the
fabrication of the NPs are described in more detail
elsewhere.!® The formation of the NPs is stimulated by the
surface strain effect induced by the rapid melting of the ul-
trathin Co film by laser irradiation. The structural properties
of the Co NPs were studied in TEM images. Magnetic prop-
erties were measured from 5 to 300 K for all of the samples
using a Quantum Design’s superconducting quantum inter-
ference magnetometer (SQUID) magnetic properties mea-
surement system (MPMS) system. The magnetic field was
applied parallel to the plane of the samples in all measure-
ments.

©2008 The American Physical Society
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FIG. 1. (Color online) Typical plain-view TEM images of the
Co NP system after laser irradiation at a laser power of 0.08 W and
two scans. Inset figure shows an enlarged image of the area within
the dotted circle line.

III. RESULTS AND DISCUSSIONS

Figure 1 shows a high-resolution TEM image of the Co
NP system. As shown in Fig. 1, a large Co NP is surrounded
by numerous relatively small Co NPs. The average diameters
of the large and small Co NPs are 25 and 4 nm, respectively.
The laser power used to generate these NPs was 0.08 W. The
film was scanned by the laser twice. An inset figure shows an
enlarged image of the area within the dotted circle. As shown
in this inset, the size distribution of the Co NPs allows the
NP system to have a ferromagnetic phase and a superpara-
magnetic phase simultaneously when in a specific tempera-
ture range.

Figure 2 shows the remanent magnetization (M,) of the
aforementioned sample as a function of temperature. The M,
was measured at each temperature upon the removal of the
positive magnetic field from 3000 to 0 Oe. The positive mag-
netic field of 3000 Oe is essentially temperature independent,
indicating that at this level, the magnetization is saturated.
When the sample was cooled to 5 K (where the rotation of
the particles was frozen), the measured M, was a positive
value. This behavior is similar to that of conventional ferro-
magnetic materials. Upon increasing the temperature, the M,
started to change sign, passing O at about 92 K. The mea-
sured M, at 130 K is as large as —58% compared to the M,
value at 5 K. The zero M, value at 92 K clearly suggests that
there are Co NPs whose magnetization can follow the behav-
ior of superparamagnetic material under an external mag-
netic field. Generally, the M, of superparamagnetic NPs is
zero because thermal fluctuations prevent the existence of
stable magnetization. In our system, the observed zero M,
value at 92 K demonstrates that the moments are partially
blocked below 92 K. At the temperatures where the M, is
negative, most of the small Co NPs become superparamag-
netic. However, some large Co NPs can still maintain the
ferromagnetic phase, as shown in the TEM image. The mo-
ment of the ferromagnetic Co NP affects the moments of the
superparamagnetic Co NPs. This effect is due to the antifer-
romagnetically dipolar interaction between the two different
sized particles. The total magnetic moment of the superpara-
magnetic Co NPs may be larger than that of one ferromag-
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FIG. 2. (Color online) (a) Remanent magnetization as a function
of temperature as measured by MPMS and (b) ZFC/FC curves of
our Co NP system measured at 200 Oe.

netic Co NP if there is a sufficient population difference be-
tween the large and small particles. We suggest that the
negative remanence must be considered in light of the inter-
action between the two different phases: that is, a ferromag-
netic Co NP and superparamagnetic Co NPs.

The zero-field cooling (ZFC)/field cooling (FC) curve of
our Co NP system is shown in Fig. 2(b). The temperature (7)
dependence of the magnetic moment (emu) under an applied
magnetic field of 200 Oe was measured after FC and after
ZFC. As shown in this figure, the T is 150 K and the broad
ZFC curve was presented. This broad ZFC curve indicates
that the size of Co NPs is different in distribution because the
FM Co NPs and the SP Co NPs appear at a mixture state on
surface.

Figure 3 shows the hysteresis loops from 3000 to
—3000 Oe and back to 3000 Oe measured at different tem-
peratures. A normal magnetic hysteresis loop was obtained at
5 K, and the amplitude of the magnetic remanence is similar
to the value in Fig. 2, as shown in Fig. 3(a). However, the M,
became negative at T7>125 K, as shown in Figs. 3(b) and
3(c). As indicated by the arrows, when the magnetic field (H)
is reduced from saturation with positive values, the magne-
tization sign is reversed as a result of the positive coercive
field, yielding a negative value (M, <0) for H=0. The recip-
rocal dependence is measured when the field is increased
from negative saturation to a positive value. In addition, the
value of negative remanence at 125 K is as large as 60%
when it is compared to the positive saturated value, as shown
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FIG. 3. (Color online) Magnetic hysteresis loops measured at (a)
5 K, (b) 125 K, and (c¢) 300 K. The direction of magnetic-field
sweep is indicated by arrows. The A, B, C, and D marks in (b) are
described in the text.

in Fig. 3(b). The hysteresis loops are inverted at temperatures
greater than 125 K, as expected from the M,-T curve. It
should be noted that the inverted hysteresis loops are clock-
wise, in contrast to normal hysteresis loops that are counter-
clockwise. The A, B, C, and D marks in Fig. 3(b) are well
described below.

Figure 4 shows the (a) surface analysis and (b) structural
properties measured by the x-ray photoemission spectros-
copy (XPS) and TEM electron-diffraction patterns, respec-
tively. As shown in Fig. 4, the observation of XPS and TEM
diffraction patterns presents the formation of CoO peak at
the surface of Co NPs. It is natively formed by the surface
oxidation process. Generally, it is known that the CoO is an
antiferromagnetic material below 290 K. As mentioned in
Sec. I, the ferromagnetic-antiferromagnetic coupled system
makes possible inverted magnetic hysteresis loops due to the
antiferromagnetically interaction between them. However,
any shift in the magnetic hysteresis loops was not observed,
as shown in Fig. 3. Therefore, although the CoO phase at the
surface of Co NPs slightly affects the magnetization, it is not
a dominant cause of inverted magnetic hysteresis loops.
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FIG. 4. (Color online) Structural properties of our Co NP sys-
tem. (a) XPS result of Co 2p spectra of our Co NP system and (b)
selective electron-diffraction pattern of our sample measured by the
TEM system.

To better explain the inverted hysteresis loops in our Co
NP system, we made the following four assumptions. First,
the magnetization contribution of the two different magnetic
phases arises from the ferromagnetic Co NP [large size nano-
particle (LSNP)] and the superparamagnetic Co NP [small
size nanoparticle (SSNP)]. Second, the total magnetization
(M) of the SSNPs around the LSNP is larger than that of
one LSNP magnetization (M,). Third, there is a large amount
of magnetic anisotropy acting on the LSNP magnetization.
Finally, there is no interaction between the LSNPs because of
the long distance between them. According to the Stoner-
Wohlfarth model'” with uniaxial anisotropy, the total energy
of the system is given by

E=- Mlle 005(01 - GH) - M2V2H COS(GZ - 0[_1)
+ KV, sin? 0, + K,V, sin’> 6, — JM M, cos(6, — 6,), (1)

where K, V, and M are the anisotropy constants, volume, and
saturation magnetization of each NP type, SSNP, and LSNP,
respectively. H is the magnitude of the applied field. #; and
0, are the angles of M| and M, with respect to the easy axis
of magnetization of the SSNP and LSNP. 6 is the angle
between the easy axis of magnetization and the applied mag-
netic field. We assume in the calculation that the applied field
is always kept along the easy axis direction (6=0). The first
two terms represent the Zeeman contributions of the Co NPs
(SSNP and LSNP). The next two terms represent the aniso-
tropy energies of the Co NPs. The last term is the magnetic
interaction energy between the LSNP and the SSNP.
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FIG. 5. (Color online) Schematic diagrams of the magnetization
process with four different applied external magnetic fields: (a)
large positive, (b) small positive, (¢) zero, and (d) large negative
external magnetic field.

First, we will explain the magnetization process of the
whole system in three different temperature ranges: low tem-
perature (T<Ty,,), intermediate temperature (7}, <T
< Thign)> and high temperature (7> Ty;yp). The Tyoy, and Thign
indicate the below and above average blocking temperatures
of the whole system. At low and high temperatures, the mag-
netization processes of the whole system present conven-
tional ferromagnetic and superparamagnetic behaviors, re-
spectively. The magnetization process of the whole system in
the intermediate temperature region can be explained in four
different cases depending on the applied magnetic field.

For the minimization of the system energy, dE/d6; and
9E/ 36, must be zero in expression.! The calculated solutions
were four cases: (1) 8,=60,=0, (2) 6,=m, 6,=0, (3) 6,=0,
0,=m, and (4) 6,=6,=7. The inverted hysteresis loops of
our samples can be understood as follows, with the assis-
tance of the schematic diagrams shown in Fig. 5. When a
high external magnetic field is applied [Fig. 5(a)], the mag-
netization vectors of the LSNP and the SSNPs are lined up
along the applied field direction in order to achieve a stable
state (6,=6,=0). This is marked as region A in Fig. 5(b).
When the external magnetic field is decreased, as shown in
region B in Fig. 5(b), the total magnetization value starts to
decrease and spin rearrangement occurs in the SSNPs nearby
the LSNP due to the antiferromagnetically magnetic interac-
tion. In order to obtain the most stable state, the magnetiza-
tion of the LSNP should be reversed, so as to minimize the
total energy (6,=0, 6,=1). However, the magnetization of
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the LSNP cannot be easily rotated due to the large amount of
magnetic anisotropy present. As a result, the SSNP moments
are rearranged in localized regions. Moreover, because of the
presence of the LSNP, the SSNPs in the vicinity of the LSNP
will be antiferromagnetically coupled against the magnetiza-
tion direction of the LSNP in order to lower the total energy
of the system [Fig. 5(b)].

When the external magnetic field becomes zero, the
magnetic-moment direction of the SSNPs that are located far
from the LSNP should follow the behavior of general super-
paramagnetism. Therefore, the SSNPs that are a long dis-
tance from the LSNP should be randomly orientated. The
magnetization of the LSNP cannot be reversed due to the
large magnetic anisotropy; however, the SSNPs will be anti-
ferromagnetically coupled against the direction of the LSNP
moment [Fig. 5(c)]. Significantly, the total magnetization
value becomes more negative because the M; of the SSNPs
is larger than the M, of the LSNP (second assumption men-
tioned above) as marked in region C of Fig. 5(b).

The magnetization state of §;=1, 6,=0 is maintained un-
til the applied negative magnetic field reaches the anisotropic
field of the LSNP. Then, since the external magnetic field is
decreased, the magnetic moment of the LSNP can switch due
to the large magnetic anisotropy, as shown in Fig. 5(d). The
reciprocal dependence is observed when the field is increased
from negative saturation to a positive value. Hence, we ex-
pect that the inverted hysteresis loops may be due to the
magnetic dipolar interaction between ferromagnetic and su-
perparamagnetic phases.

The results of our theoretic analysis based on the Stoner-
Wohlfarth particle model!” differed slightly from the experi-
mental results of our Co NP system. This difference is ex-
plained by the fact that the magnetic properties of the system
depend on various features, such as surface state, shape, dis-
tribution, and texture, which are only present in the real sys-
tem.

IV. CONCLUSION

We observed inverted magnetic hysteresis loops in our Co
NP system consisting of large and small Co NPs. The Co
NPs were uniquely fabricated using a laser irradiation tech-
nique. Magnetization measurements of the Co NP system
exhibited negative remanence in the temperature range of
92-300 K. The observed negative remanence correlates to
the presence of superparamagnetism in the small particles.
Although we cannot present any clear theoretical simulation
for the inverted magnetic hysteresis loops at this time, we
suspect that this behavior is associated with the characteris-
tics of the antiferromagnetically dipolar interaction between
the ferromagnetic Co NP and the superparamagnetic Co NPs.
Further investigation of the inverted magnetic hysteresis
loops is currently being conducted using a commercially
available micromagnetic simulation package.
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