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We have carried out systematic studies on well-characterized monodisperse Fe304/y-Fe;03 core/shell
nanoparticles of 2—30 nm having a very narrow size distribution and possessing a uniquely mono-layer
of surface y-Fe;0s3. This unique core-shell structure, probably having a disordered magnetic surface state,
leads us to three key observations of unusual magnetic properties: i) a very large magnetic exchange
anisotropy reaching over 7 x 10° erg/cm3 for the smaller particles, ii) exchange bias behavior in the

magnetization data of the core/shell Fe304/y-Fe;03 nanoparticles, and iii) the temperature dependence
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of the coercive field following an unusual exponential behavior.
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1. Introduction

Over the past years, we have seen an increasingly large amount
of works done on magnetic nanoparticles. With their immense
potential applications in very diverse fields of science and tech-
nology, a growing number of new nanoparticles have been
continuously synthesized and studied [1,2]. Magnetic properties of
such nanoparticles are often found to show distinctively different
behavior from those of their bulk counterparts. For example,
ferromagnetic nanoparticles are found to show enhanced magne-
tization and magnetic anisotropy, which make them useful for
various technological and medical applications in addition to being
of greater fundamental interest [3,4].

Some of ferromagnetic nanoparticles exhibit an interesting
property called exchange bias, i.e. a displacement of hysteresis
loops along the magnetic field axis. It was first reported for fine Co
particles, and subsequently attributed to exchange interaction at
the interface between ferromagnetic (FM) Co core and antiferro-
magnetic (AFM) CoO shell [5]. Such exchange bias at the FM/AFM
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interface is also expected to give rise to an enhanced coercivity [6].
Despite the original discovery, the exchange bias phenomenon has
so far been more systematically studied for thin film systems
simply because it is easier to prepare FM/AFM combinations in
films with a greater control of the interface than practically possible
with nanoparticles, at least until recently [7,8]. However, advances
made in the field of magnetic nanoparticle synthesis over last few
years [9] have prompted renewed interest in nanoparticles in
general, and exchange bias systems in particular.

Of further interest, some selective chemical treatments can be
easily done on the surface of nanoparticles: e.g., oxidation, nitra-
tion, and sulfation, so opening up a new window of opportunities of
tailoring the magnetic properties of nanoparticles by chemical
methods. Among Fe-related systems, most works have been so far
focused on exchange bias behavior in y-Fe,03 [10], y-Fe;03 coated
Fe nanoparticles [11] and Fe304 core (ferri)—FeO shell (AFM)
systems [12]. However, there has been so far no report of an
exchange bias phenomenon in the core/shell Fe304/y-Fe;03 nano-
particles, in which the surface of Fe304 nanoparticles has been
naturally modified to y-Fe;03 shell during the chemical synthetic
process. That these Fe3O4 nanoparticles have unique bio-
compatibility with human body adds further motivation to the
systematic studies of the nanoparticles, making our results re-
ported here of more than just academic interest.

We report here extensive studies on novel magnetic properties
of the core/shell Fe304/y-Fe,03 nanoparticles by using well-


mailto:jgpark10@snu.ac.kr
www.sciencedirect.com/science/journal/15671739
http://www.elsevier.com/locate/cap
http://dx.doi.org/10.1016/j.cap.2011.11.011
http://dx.doi.org/10.1016/j.cap.2011.11.011
http://dx.doi.org/10.1016/j.cap.2011.11.011

Y. Hwang et al. / Current Applied Physics 12 (2012) 808—811 809

characterized monodisperse samples of 2—30 nm with a very
narrow size distribution and having uniquely one mono-layer of
v-Fe203. All our samples were prepared by employing two now
well-established methods, developed by us to achieve a 1 nm-scale
size control of monodisperse Fe304 nanoparticles [13,14].

2. Materials and methods

Our nanoparticles were examined by several microscopic tools
such as powder X-ray diffraction (XRD), X-ray absorption spec-
troscopy (XAS), high resolution transmission electron microscopy
(HRTEM), and X-ray magnetic circular dichroism (XMCD) to reveal
their highly crystalline nature. The HRTEM image in Fig. 1 of our
12 nm particles shows clear lattice fringe patterns, indicative of
high quality. Using the XAS data, a quantitative estimation was
made of the compositions of iron oxide nano crystals in the form of
(v-Fe;03)1_x(Fe304)x, wherein x varies from 0.2 to 1.0 with
increasing sizes, respectively. The XAS data and our HRTEM image
such as the one shown in Fig. 1 taken together constitute the
experimental evidence of the core/shell structure of high crystal
quality realized in our samples. Using the information from the
XAS and XMCD measurements [13] about the volume percentage
of y-Fe;03, we estimated the volume percentage of Fe304 to
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Fig. 1. (Top) HRTEM images of 12 nm Fe3;04/y-Fe,05 core/shell nanoparticles. (bottom)
Volume percentage of Fe304 is estimated for samples A and B based on the XMCD data.
Lines represent our theoretical estimation of the volume percentage of Fe304 using
different layer thickness of y-Fe,0s.

conclude as shown in Fig. 1 (bottom) that the y-Fe,O3 shell
structure corresponds roughly to one mono-layer on the surface of
Fe3;04 nanoparticles over a wide range in size smaller than
~15 nm.

3. Results and discussion

For this study, we used a total of 18 samples prepared in two
different methods. The samples A of 9 sizes (2, 3, 3.5, 5, 8,12, 14, 20,
and 30 nm) were prepared with a very fine control of size as
described in Ref. [13], while the samples B of another 9 sizes (4, 5, 6,
7,9,10,13,15, and 30 nm) were prepared following a so-called mass
production method reported in Ref. [14]. We measured the
temperature dependence of DC magnetization using a SQUID
magnetometer (MPMS-5XL, Quantum Design, USA) under an
applied field of 100 Oe. The M(H) loops of our nanoparticles were
measured in the field range of —1—1 T at various temperatures from
5 K to Tp at a constant cooling field. We also varied cooling fields
from 0 to 5 T for M—H measurements at 10 K. The exchange bias
and mean coercivity, defined as Hg = (Hrc + Hic)/2 and
Hc = (Hre — Hyc)/2, where Hrc(Hic) represents right(left)-hand
coercive fields in the positive(negative) field direction, have been
determined from the measured M(H) loop.

Fig. 2a shows the magnetization curves of our Fe304/y-Fe;03
core/shell nanoparticles after normalizing the data for the sake of
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Fig. 2. (a) Normalized Mzgc (open symbols) and Mgc (closed symbols) are shown for
several Fe304/y-Fe,03 core/shell nanoparticles with the data shifted upwards for the
sake of better presentation. (b) It shows the size dependence of anisotropy constant, Ka
of Fe304/y-Fe,03 core/shell nanoparticles using all the data obtained on the samples
prepared in two different methods: the solid symbols are for samples A, while the
open symbols are for samples B (see the text). Inset shows Ky vs. 1/D. Solid lines are
fitting result against Eq. (1) with the contributions of volume and surface anisotropies
to the anisotropy of Fe;04/y-Fe,03 core/shell nanoparticles.
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better presentation. The zero-field-cooled (ZFC) magnetization
(Mgzgc) of all the nanoparticles shows typical peak features at
blocking temperature, Tg, before decreasing thereafter. On the other
hand, the field-cooled (FC) magnetization (Mgc) exhibits similar
behavior to Mzgc above Tg before showing deviations at lower
temperatures. Nanoparticles of 30 nm show an additional transi-
tion; the Verwey transition of Fe304 is observed around 120 K,
which is absent for all the other samples smaller than 20 nm. It
means that the bulk properties of Fe304 already get recovered in
our largest sample of 30 nm, implying that there is a crossover
between 20 and 30 nm differentiating the physics of nanoparticles
from those of the bulk sample. The blocking temperature increases
as expected with increasing particle size. We have calculated the
anisotropy constant from the blocking temperature (Tg) using the
usual formula: Ka = 25kgTg/V, where Kj is the magnetic anisotropy
energy of a single particle of volume V, kg is the Boltzmann
constant, and Tp is the measured blocking temperature. The size
dependence of the anisotropy constant, Ky was determined using
the data taken on all our Fe304/y-Fe;03 core/shell nanoparticles.
Our estimate of K is 1.2 x 10° erg/cm? for our biggest nanoparticles
with the diameter of 30 nm, which is almost equal to the bulk
uniaxial anisotropy constant of Fe304 [15].

The magnetic anisotropy of our Fe304/y-Fe,03 core/shell nano-
particles in Fig. 2b increases with decreasing particle size as often
found for other nanoparticles possibly due to considerable surface
contributions to the magnetic anisotropy [16]. In addition to the
usual volume term of the magnetic anisotropy, another term
accounting for the surface contribution has been added in order to
explain the size dependence of the measured magnetic anisotropy
in the following formula:

Ky = Ky + %7 (1)
D

where Ky and Ks are the volume and surface anisotropy energy
constants, respectively, and D is the average diameter of the
nanoparticles. Fig. 2b (see also the inset) shows the magnetic
anisotropy of our Fe304/y-Fe203 core/shell nanoparticles together
with a theoretical line with Eq. (1). We obtained the following
fitting parameters: Ky = 1.2 x 10° erg/cm?, Ks = 0.14 erg/cm?. This
value of Ks is comparable to that reported for similar oxide nano-
particles [16,17], leading in our case to a large magnetic anisotropy
of over 70 x 10° erg/cm?> for 2 nm nanoparticle, 60 times larger than
that of bulk Fe304. That there is a certain deviation in the fitting for
smaller particles, in particular 2 nm particles, could be due to
somewhat more complicated interactions between the core and
shell layers because of their comparable size (see also the inset of
Fig. 2b).

With the natural core-shell structure of our nanoparticles, we
have further investigated the exchange bias behavior in our
nanoparticles by cooling the nanoparticles in the presence of
magnetic fields and measured M(H) loops at various temperatures.
Fig. 3a displays typical hysteresis curves in the representative data,
measured at 10 K for 12 nm Fe304/y-Fe;03 core/shell nano-
particles after zero-field cooling and field cooling under 0.05 and
5T. As one can see, the shift in the loops towards the negative field
direction is clearly seen in the field cooling data demonstrating the
exchange bias behavior in our Fe3O4/y-Fe;O3 core/shell nano-
particles. We obtained the following values of exchange bias: for
0.05 T field cooling Hg = 140 Oe; for 5 T field cooling Hg = 120 Oe.
Similar results were also obtained for other nanoparticles with
different sizes. In order to check whether this observation of the
exchange bias is due to interparticle interaction or not, we have
employed a technique of uniformly dispersing nanoparticles in
solution that was developed by us [18]. After dispersing
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Fig. 3. Hysteresis curves measured at 10 K after zero-field cooling and field cooling
under 0.05 and 5 T for 12 nm Fe304/y-Fe;03 core/shell nanoparticles; (a) powder
sample and (b) solution sample. Insets show full hysteresis curves measured up to 1 T.

nanoparticles with interparticle distance larger than 100 nm, i.e.
highly diluted solution, we have measured M(H) curves again
under the identical conditions. Fig. 3b displays the M(H) curves
taken at 10 K on the solution of 12 nm Fe304/y-Fe;03 core/shell
nanoparticles that are dispersed in a mixture of oleic acid and
p-xylene. Interestingly enough, the dispersed sample with inter-
particle distance more than 100 nm still exhibits the exchange bias
behavior in much the same way as the powder sample in Fig. 3a:
for 0.05 T field cooling Hf = 270 Oe; for 5 T field cooling
Hg = 160 Oe. It is then a clear indication that the observed
exchange bias is of an intrinsic single particle property and not
related to the interparticle interaction, which is otherwise known
to change the magnetic properties of such ferrofluids [19]. Insets
of Fig. 3 show that our samples exhibit completely closed loops at
1 T with no visible effects of minor loops. We note that there has
been no previous report of the exchange bias behavior for Fe304/vy-
Fe;03 core/shell nanoparticles. This natural core-shell structure
could in principle favor somewhat strong magnetic interaction
between the core and shell parts. For instance, we can think of an
interfacial interaction, arising from a somewhat disordered
magnetic spins, or sometimes referred to as spin glass state, like
v-Fe;03 coated Fe nanoparticles [7,10,20,21]. In fact, our
measurement of one of the samples, 5 nm nanoparticles, shows
a clear sign of time dependence, which can be fitted using
a stretched exponential function.
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Fig. 4. Normalized coercivity, Hc/Hco is shown as a function of normalized tempera-
ture, T/Tg, for all the Fe304/y-Fe,03 core/shell nanoparticles measured after 100 Oe
field cooling. The dashed line represents the usual Stoner—Wolfarth (S—W) model
while the solid line is for an exponential dependence.

Fig. 4 shows a gradual increase in the coercivity values of
Fe304/y-FepO3 nanoparticles with decreasing temperatures
below Ty after field cooling with 100 Oe. Because of the magnetic
nature of core-shell structure, in particular presumably a disor-
dered magnetic structure of the shell part, our data are not
expected to follow the Stoner—Wohlfarth (S—W) model:
HA(T) = Heo[1 — (T/Tg)'?), for a single domain system as shown
by the dashed line in Fig. 4. Instead, we found that the coercivity,
Hc(T) can be better fitted to an exponential function, Hc = Hco
exp(—aT). A similar exponential dependence of Hc(T) was
observed in amorphous and nanostructured magnetic systems, as
well as rare earth transition metal random magnets [21,22]. We
note that our two smallest samples show their H¢ deviated
further from the rest in Fig. 4.

To summarize, we have investigated systematically the
magnetic properties of the Fe304/y-Fe;03 core/shell nanoparticles
to find that they exhibit novel exchange bias effects. It is found that
the surface anisotropy of large magnitude contributes significantly
to the net anisotropy energy of these nanoparticles exceeding
70 x 10° erg/em? for 2 nm nanoparticle, 60 times larger than the
bulk value. All our nanoparticles show exchange bias behavior in
M(H) curves probably due to the large magnetic anisotropy of the -
Fe,03 shell with a spin glass-like behavior or a possibly disordered

magnetic state [23]. We have also found an unusual temperature
dependence of the coercivity values, following an exponential
temperature dependence below Tg.
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