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ABSTRACT We investigate the size- and composition-dependent ac magnetic

permeability of superparamagnetic iron oxide nanocrystals for radio frequency (RF)
applications. The nanocrystals are obtained through high-temperature decomposition synthesis, and their stoichiometry is determined by Mössbauer spectroscopy. Two sets of oxides are studied: (a) as-synthesized magnetite-rich and (b)
aged maghemite nanocrystals. All nanocrystalline samples are conﬁrmed to be in
the superparamagnetic state at room temperature by SQUID magnetometry.
Through the one-turn inductor method, the ac magnetic properties of the
nanocrystalline oxides are characterized. In magnetite-rich iron oxide nanocrystals, size-dependent magnetic permeability is not observed, while
maghemite iron oxide nanocrystals show clear size dependence. The inductance, resistance, and quality factor of hand-wound inductors with a
superparamagnetic composite core are measured. The superparamagnetic nanocrystals are successfully embedded into hand-wound inductors to function
as inductor cores.
KEYWORDS: magnetite . maghemite . superparamagnetism . radio frequency . magnetic susceptibility . inductor

M

agnetic nanocrystals (NCs) have
been widely used for applications
such as dc13 and ac46 electromagnetic devices, medical diagnostics,79
clinical therapy,1012 and stealth technology.1315 Among the various ac applications, the use of nanocrystalline magnetic
materials in the design of inductors1618
and transformers1921 is of particular interest due to the desire to reduce the volume
of magnetic components for the miniaturization of electromagnetic devices. Incorporating the magnetic colloidal NCs oﬀers
the potential for low-cost and rapid fabrication of the miniaturized devices via simple
solution-based deposition and inﬁltration.2225
In addition, the properties of magnetic NCs
are tunable with precisely controlled size,
shape, and composition,2629 which provides a new scope to improving the performance of electromagnetic devices.
In order to utilize magnetic NCs in miniaturized magnetic components, achieving
YUN ET AL.

high operating frequencies while beneﬁting
from the high permeability of magnetic
core material is critical.3034 However, magnetic materials under high-frequency ﬁeld
suﬀer from low ferromagnetic resonance
frequency, hysteresis loss, and eddy current
loss. Ferromagnetic resonance occurs when
the frequency of an external ac magnetic
ﬁeld coincides with the precession frequency of the magnetization vector around
the anisotropy ﬁeld in the ferromagnetic
material.35 At the resonance frequency,
magnetic energy is absorbed and subsequently dissipated as heat. Simultaneously,
the magnetization relaxes back to its original magnetization direction and precession
mode. Hysteresis loss is energy wasted in
repeatedly reversing the magnetization direction of ferromagnetic materials under an
ac ﬁeld.35 Microscopically, this loss comes
from the energy required for ﬁeld activation
over domain wall pinning sites and the
subsequent loss of this energy to the lattice
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been fully understood. In the case of iron oxide NCs,
which are the most widely used magnetic NCs, it has
been reported that the stoichiometry of as-synthesized
iron oxide NCs changes from magnetite (Fe3O4) rich to
maghemite (γ-Fe2O3) rich structure upon oxidation.49
It is well known that this oxidation severely aﬀects the
dc magnetic properties,50 but concomitant changes in
ac magnetic properties under RF ﬁeld have not been
extensively studied.
In this report, superparamagnetic iron oxide NCs
are systematically examined to understand the particle size and composition dependence of magnetic
permeability. As-synthesized and naturally oxidized
iron oxide NCs, oxidized under ambient condition, are
compared to clarify the composition or stoichiometry
dependence of magnetic permeability and the environmental stability of iron oxide NCs. For both sets of
NCs, structural stoichiometry and electronic and
magnetic characteristics are analyzed using Mössbauer spectroscopy, dc magnetization measurements
via superconducting quantum interference device
(SQUID) magnetometry, and ac magnetic characterization by using a one-turn inductor model with an
Agilent 4395A impedance analyzer and a 16454A
magnetic material test ﬁxture. Finally, the ac characterization of inductors with iron oxide NC cores is
conducted.
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after ﬁeld activation completes.36,37 Eddy current loss is
the resistive power dissipation from the induced current inside a conductive material.35,38 These eﬀects
limit the operation of radio frequency (RF) electromagnetic devices with conventional magnetic cores such
as Permalloy, Supermalloy, nickel zinc ferrite, and
manganese zinc ferrite.35,39,40
Superparamagnetic NCs are good candidates for
low-loss RF magnetic materials. Superparamagnetic
behavior is expressed in single-domain magnetic
nanoparticles due to thermally induced magnetic reorientation above the blocking temperature. The Néel
relaxation time of superparamagnetic NCs is expressed
in the NéelArrhenius equation, τN = τ0 exp(Ea/(kBT)),
where the physical parameters of NCs are deﬁned as
follows: 1/τ0 is attempt frequency for magnetization
reversal, Ea is the anisotropy barrier for the particle,
which, in the absence of interparticle interactions, is
taken to be KV where K is the magnetic anisotropy
energy density and V is the volume of the NC. Thermally assisted magnetization reversals can take place
and the nanoparticles exhibit superparamagnetic behavior above a characteristic blocking temperature, Tb,
with zero coercity.4143 Therefore, the superparamagnetic behavior of NCs can eﬀectively suppress hysteresis loss at high frequencies. Since the NCs are
surrounded by an insulating organic ligand shell, rendering the nanocrystal ensemble nonconductive, eddy
current loss is also suppressed/eliminated. Recently,
Kura et al. reported size-dependent high-frequency
dynamics of Fe NCs,6 and Song et al. reported an
increased cutoﬀ frequency for Fe3O4 NCs after coating
the iron cores with SiO2 shells.5 These results show that
the ferromagnetic resonance frequency of superparamagnetic NCs can be pushed to more than 1 GHz,
which is of great advantage to extend the use of
magnetic NCs to RF devices. Further investigation is
still necessary on how the size, shape, crystalline
structure, and chemical composition of NCs aﬀect their
magnetic permeability at RF frequencies in order to
design NC-based ac devices with optimized RF magnetic properties. In addition, understanding RF properties of magnetic NCs is important to their use not only
in low-energy-loss applications but also in highenergy-loss desired applications such as hyperthermia cancer treatment, which needs to maximize losses
to enhance the thermal energy release from nanocrystals.12,26,44,45
So far, numerous studies have investigated the dc
magnetic properties of nearly monodisperse NCs such
as iron oxide,46 ferrites,26,27,29 cobalt,28 nickel,47,48 and
FePt.3 However, even though there has been much
eﬀort to utilize magnetic nanocomposites in ac applications such as inductor cores5,6,16 and hyperthermia
cancer treatment,12,26,44,45 frequency-dependent magnetic properties at radio frequencies of magnetic NCs
as a function of size, shape, and composition have not

RESULTS AND DISCUSSION
Iron oxide NCs are prepared by modifying methods
previously reported by Hyeon et al.46,51 Highly uniform
NCs with various sizes are synthesized, and the size is
increased by increasing the amount of oleic acid added.
In Figure 1 are the TEM images of as-synthesized iron
oxide NCs (Figure 1af) and aged iron oxide NCs
(Figure 1hm). In order to precisely analyze the sizedependent properties, it is essential to determine the
size and size distribution of NCs by bulk-based measurement, collecting ensemble average structural information, which are presented in Figure 1g (as-synthesized
samples) and 1n (aged samples). The NCs exhibit good
monodispersity with the size deviation from 7% to
9% based on SAXS ﬁtting and from 5% to 8% based on
the TEM images (Figures S1 and S2). All the NC sizes
referred to in this report are the values calculated by
SAXS ﬁtting. The average size of NCs is determined by
SAXS measurement with the experimental data ﬁtted
to the standard spherical model weighted by lognormal distribution, which are presented as black
curves in the SAXS data. The size ranges are from
10.2 to 19.7 nm of as-synthesized iron oxide NCs and
from 8.6 to 17.0 nm of aged iron oxide NCs. Iron oxide
NCs in this size range are selected for study because
NCs in this range (a) show superparamagnetic behavior
and (b) can be easily dispersed in volatile solvents,
which has a potential to be used in solution-based
deposition processes.
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Figure 1. Set of images on the left half represent the TEM images of (a) 10.2 nm, (b) 11.1 nm, (c) 12.8 nm, (d) 14.9 nm,
(e) 17.1 nm, and (f) 19.7 nm as-synthesized iron oxide NCs and (g) their small-angle X-ray scattering data. The set of images on
the right half represent the TEM images of (h) 8.6 nm, (i) 10.6 nm, (j) 12.3 nm, (k) 13.9 nm, (l) 15.6 nm, and (m) 17.0 nm aged iron
oxide NCs and (n) their small-angle X-ray scattering data. All the scale bars represent 20 nm. The black lines in the SAXS data
represent the simulated ﬁts for each size of the NCs.

Polymorphs of iron oxide crystal structures include
magnetite (Fe3O4), maghemite (γ-Fe2O3), hematite
(R-Fe2O3), and wüstite (Fe1xO). Although the composition of iron oxide synthesized from iron-oleate precursors is known to be primarily a mixture of magnetite and
maghemite,46 magnetite can be further oxidized under
air to form maghemite structures.49 In the magnetite
structure, all of the ferrous ions and half of the ferric ions
are found in octahedral [B] sites. The other half of ferric
ions are found in tetrahedral (A) sites. This is known as
the inverse spinel structure. As oxidation proceeds,
ferrous ions diﬀuse outwardly from the interior of the
iron oxide NCs toward the surface of the particle, while
the particle keeps its morphology and crystal structure.49 The oxidation of ferrous ions reduces both the
saturation magnetization and magnetic anisotropy of
the iron oxide NCs, which in turn can alter their ac
magnetic behavior.50,52 Therefore, it is important to
determine the degree of ferrous iron oxidation in the
magnetite structure of our iron oxide NCs.
As it is diﬃcult to distinguish magnetite NCs from
maghemite NCs with X-ray diﬀraction due to their
crystal structural resemblance (Figure S3), we use
Mössbauer spectroscopy to probe the electronic structure of the iron ions in order to determine their oxidation state and thus derive the stoichiometry of our assynthesized (magnetite-rich) and aged (maghemite)
NCs. Representative data are shown in Figure 2. The
black solid line through the experimental points is a
least-square ﬁt to a superposition of theoretical spectra
shown in colored solid lines corresponding to diﬀerent
iron subsites in the structure. The left half of Figure 2
shows the Mössbauer spectra of (a) 17.0 nm and (b)
10.6 nm maghemite nanocrystals at 300 and 4.2 K,
while the right half shows the corresponding spectra
for (c) 19.7 nm and (d) 10.2 nm magnetite-rich NCs. The
selected sizes presented correspond to relatively large
and small particles studied. At 4.2 K, sharp magnetically
split spectra are observed in all cases, indicating
blocked particle magnetic moments with a relaxation
YUN ET AL.

time τN > τL, where τL ≈ 10 ns is the Larmor precession
time of the iron excited state nuclear spin in the
internal magnetic ﬁeld of the particle.53 As described
below, spectral analysis of these blocked (slow
relaxation) magnetic spectra permits the estimation
of the degree of iron oxidation in the spinel crystallographic structure, (i.e., stoichiometry) of the samples.
At 300 K the spectra of the larger NCs (17.0 nm
maghemite and 19.7 nm magnetite-rich) sit on a broad,
absorption envelope due to the presence of intermediate relaxation (IR) eﬀects (τN ≈ τL). In contrast, the
spectra of the smaller NCs (10.6 nm maghemite and
10.2 nm magnetite-rich) exhibit motional narrowing
due to fast relaxation eﬀects (τ < τL) at 300 K.
At 4.2 K spectra of maghemite samples are ﬁt to
superpositions of iron subsites corresponding to tetrahedral (A) (spectral component in blue) and octahedral
[B] (spectral component in purple) iron sites.54 Parameters derived from spectral ﬁtting are tabulated in
Table 1. These spectral signatures are consistent with
the presence of γ-Fe2O3 nanocrystals. At 300 K an
additional broadened absorption envelope (in cyan)
is superimposed, which arises from a complex interplay between thermally driven collective magnetic
excitations55 of the magnetization about the anisotropy axes of the particles and interparticle interactions.56
The latter are stronger in samples containing larger
particles, due to their larger net moments, whereas the
former are enhanced in smaller sized particles. Magnetic dipoledipole interactions between particles
prevent the NC assemblies from fully entering the
superparamagnetic regime within the characteristic
measuring time of the Mössbauer technique of
τMöss = 10 ns, which is 8 to 9 orders of magnitude shorter
than that of SQUID magnetometry, where τSQUID = 1 to
100 s. This results in the broad absorption envelopes
observed that are characteristic of intermediate relaxation eﬀects (simulated by the broadened spectral
components in cyan) at room temperature. For the
smaller maghemite particles in Figure 2, interparticle
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Figure 2. Mössbauer spectra of selected NC samples. Left side: maghemite NCs at 300 and 4.2 K (a) 17.0 nm, (b) 10.6 nm. Right
side: magnetite-rich NCs at 300 and 4.2 K (c) 19.7 nm, (d) 10.2 nm. The experimental points are least-squares ﬁtted (black line)
to a superposition of theoretical spectra of tetrahedral (A) (blue) and octahedral [B] (purple) sites, intermediate relaxation (IR)
components (cyan), and interfacial Fe1xO/Fe3O4 phases (red) (see text and Table 1).

interactions are weakened due to their smaller net
moments, leading to motional narrowing and collapse
of the magnetic spectral signature at room temperature as the particles increasingly enter the superparamagnetic regime. That is, at room temperature
the spectra of the 17.0 nm maghemite NCs are
dominated by intermediate relaxation eﬀects due to
stronger interparticle interactions, while those of the
10.6 nm NCs are dominated by fast relaxation eﬀects,
producing largely collapsed, paramagnetic doublets
indicating mostly superparamagnetic (noninteracting)
particles at the Mössbauer time scale.
In the case of magnetite-rich NCs, the situation is
further complicated by the well-known Verwey transition,57 which is a ﬁrst-order metalinsulator transition,
YUN ET AL.

originating from a slight distortion in the crystal structure from inverse cubic spinel to monoclinic, occurring
at TV = 120 K in the bulk. The low-temperature monoclinic form has discrete iron valence states producing
sharp absorption spectra. Above TV fast electron hopping takes place between the Fe2þ and Fe3þ ions in
octahedral [B] sites, resulting in pairwise electronic
delocalization. This drastically changes the Mössbauer
spectral features to the superposition of two magnetic
components corresponding to Fe2.5þ in [B] sites
(simulated in purple) and Fe3þ in (A) sites (simulated
in blue) at RT.58,59 Again in order to properly simulate
these 300 K spectra, an additional, severely broadened absorption envelope had to be superimposed
(simulated in cyan) corresponding to intermediate
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Spectral Fits: δ, Isomer Shift Relative to Metallic Iron at RT,
ΔEQ, Quadrupole Splitting, Hhf, Hyperfine Magnetic Field,
(A) Tetrahedral Sites, [B] Octahedral Sites, IR, Intermediate Relaxation, Interfacial, Fe1xO/Fe3O4
sample

γ-Fe2O3
17.0 nm

T (K) site identiﬁcation δ (mm/s) ΔEQ (mm/s) Hhf (T) area (%)

300

4.2
10.6 nm

300

4.2
Fe3O4-rich
19.7 nm 300

4.2

10.2 nm

300

4.2

Fe3þ (A)
Fe3þ [B]
IR
Fe3þ (A)
Fe3þ [B]
Fe3þ (A)
Fe3þ [B]
IR
Fe3þ (A)
Fe3þ [B]

0.25
0.50
0.41
0.32
0.57
0.25
0.49
0.38
0.35
0.60

Fe3þ (A)
Fe2.5þ [B]
IR
interfacial*
Fe3þ (A)
Fe3þ [B]
Fe3þ [B]
Fe2þ [B]
Fe2þ [B]
IR*
Fe3þ (A)
Fe2.5þ [B]
IR
Fe3þ (A)
Fe3þ [B]
Fe3þ [B]
Fe2þ [B]
Fe2þ [B]
IR

0.32
0.58
0.48
0.95
0.33
0.41
0.63
1.02
1.10
0.61
0.19
0.46
0.46
0.32
0.34
0.61
1.20
1.19
0.58

38.2
32.4
51.3
52.3
0.85
0.73
51.5
52.5
42.5
38.9

0.18
1.19

50.2
53.0
52.9
47.0
33.4
49.9

0.72
0.70

1.95

50.2
52.7
53.0
36.3
48.1
50.2

7
9
84
50
50
10
9
91
62
38
11
13
68
8
29
13
14
19
7
18
18
37
45
25
30
22
5
17
16

relaxation spectra. Additionally, the larger NCs of
19.7 nm diameter contain a small amount (∼8%) of a
paramagnetic iron component identiﬁed as wüstite
(Fe1xO), indicated by the relatively sharp spectral
feature in red in Figure 2c.60,61 Wüstite contains only
Fe2þ, is paramagnetic at room temperature, and undergoes a paramagnetic-to-antiferromagnetic phase
transition at 200 K. It has been previously reported to
coexist in large particles of magnetite as an interfacial
Fe1xO/Fe3O4 phase.62
The degree of iron oxidation can be determined
from the relative spectral areas of the diﬀerent iron
subcomponents, under the assumption that the recoilfree fraction46 is similar for all iron sites. This assumption is more valid at low temperatures. Therefore, we
have made use of the 4.2 K spectra to determine the
stoichiometry of the magnetic component ascribed to
Fe3O4 within the spectral decomposition of our NCs.
For stoichiometric magnetite one expects an intensity ratio of ferrous to ferric iron of 1:2. Deviations
from this value in our measured spectra are used to
get an estimate of the degree of oxidation of our
YUN ET AL.

magnetite-rich NCs.63 However, our nanocrystals contain additional Fe2þ assigned to Fe1xO or interfacial
Fe1xOFe3O4 phases, which however remain largely
unresolved at 4.2 K but contribute to the broad IR
spectral absorption envelopes (Table 1). For the
19.7 nm magnetite-rich NCs we obtain Fe2þ/Fe3þ =
0.464, indicating a level of 7.2% oxidation. For the
10.2 nm nanoparticles this ratio has dramatically decreased to Fe2þ/Fe3þ = 0.285, indicating an oxidation
level of 43%, which is similar to the degree of oxidation
reported by Hyeon et al.: Fe2þ/Fe3þ = 0.285 in the case
of 9 nm and Fe2þ/Fe3þ = 0.43 in the case of 16 nm
particles.46
Figure 3 displays the dc magnetic characterization of
iron oxide NCs. Blocking temperature (Tb), coercivity
(Hc), and the ratio between remnant magnetization
and saturation magnetization (Mr/Ms) at 15 K are
summarized in Table 2. For zero ﬁeld cooled (ZFC)
measurements, the NCs are cooled from 300 K to 15 K
without an external magnetic ﬁeld. Then, a 0.01 T static
magnetic ﬁeld is applied and the magnetic moment of
the sample is measured as the temperature returns to
300 K. Tb is determined at the maximum value of the
normalized magnetic moment, M/Mmax. This observed
blocking temperature is dependent on the time scale
of observation64,65 and results from the combined
eﬀect of the magnetic anisotropy barrier, KV, of the
isolated particle and the interparticle interactions, both
of which become stronger with increasing particle size.
For the larger NCs, we expect interparticle interactions
to be sizable, producing a maximum in the magnetization of the ZFC curves at 200 K, which is best described
as a spin-freezing temperature due to strong dipole
dipole interactions between particles, resulting in a
spin-glass-like system within the granular assembly.
The presence of strong interparticle interactions is
evinced by (a) the shape of the ZFC/FC curves and (b)
the values of Mr/Ms at 15 K, as we further elaborate
below, as well as (c) the presence of the IR spectral
features in the room-temperature Mössbauer spectra,
as we have discussed above.
The severe ﬂattening of the ﬁeld-cooled (FC) curves
at T < Tb shown in Figures S4 and S5 is often interpreted
as evidence for strong interparticle interactions.6668
However, since the spin-blocking temperature values
of all the samples are below 300 K (Figure 3a and b,
Table 2), they are conﬁrmed to be in the superparamagnetic state at room or higher temperatures. Also,
the hysteresis curves at 15 K (Figures 3c,d, S6, and S7)
and 300 K (Figure S8) support the observation of the
superparamagnetic state of NCs at room temperature.
The hysteresis curves at 300 K show zero coercivity for
all the samples, with size-dependent coercivity observed at 15 K for both sets of NCs. At 15 K, the assynthesized magnetite-rich samples exhibit larger
coercivities and slanted hysteresis loops compared
to the maghemite samples. This is attributed to the
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Figure 3. Zero-ﬁeld cooling curves of (a) magnetite-rich iron oxide and (b) maghemite iron oxide samples of diﬀerent sizes.
Enlarged hysteresis curves of (c) magnetite-rich iron oxide NCs and (d) maghemite iron oxide NCs at 15 K. Full sweep (from
3 T to 3 T) hysteresis curves are presented in Figure S6 (magnetite-rich) and S7 (maghemite).

TABLE 2. Coercivity (Hc) Values at 15 K, Blocking
Temperatures (Tb), and the Ratio between Remnant
Magnetization (Mr) and Saturation Magnetization (Ms)
of Iron Oxide NCs
γ-Fe2O3

Fe3O4-rich
Hc at 15 K

Tb

size

Hc at 15 K

Tb

size (nm)

(mT)

(K)

Mr/Ms

(nm)

(mT)

(K)

Mr/Ms

10.2 ( 0.8
11.1 ( 0.9
12.8 ( 0.9
14.9 ( 1.2
17.1 ( 1.5
19.7 ( 1.7

32
35
40
115
181
215

85.2
100.7
134.1
191.62
208.9
217.5

0.17
0.21
0.23
0.22
0.21
0.19

8.6 ( 0.7
10.6 ( 0.8
12.3 ( 1.0
13.9 ( 1.0
15.6 ( 1.2
17.0 ( 1.5

12
20
24
33
33
58

62.1
98.3
120.8
142.4
174.4
203.1

0.09
0.22
0.31
0.29
0.37
0.24

presence of Fe2þ in the former and absence in the
latter. In maghemite, the local ionic magnetic moment
is due only to spin angular momentum, since the orbital
angular momentum of the half-ﬁlled 3d5 electronic shell
is usually quenched. In contrast, the sixth electron of
Fe2þ in the magnetite-rich 3d6 structures can have
unquenched orbital angular momentum,69 which couples the magnetic moment of the particle to the lattice
through the spinorbit interaction, thus increasing the
ﬁrst magnetocrystalline anisotropy constant in magnetite (K1 ≈ 1.1  104 J/m3)70 compared to maghemite
YUN ET AL.

(K1 ≈ 103 J/m3).71 In turn, this reduces the coercivity
and produces steeper hysteresis loops in maghemite
samples. However, in NCs, surface and strain eﬀects add
to the overall eﬀective anisotropy that governs the
observed coercvities.72,73 In addition, diﬀerences in the
strength of interparticle interactions also contribute.
For the magnetite-rich NCs, the overall shape of the
ZFC magnetization curves of the larger NCs is qualitatively diﬀerent than those of the smaller NCs. Speciﬁcally, the 17.1 and 19.7 nm magnetite-rich NCs have
small initial slopes and exhibit a broad hump between 100 and 150 K, which is absent in the smaller
magnetite-rich and in all maghemite nanocrystals. This
hump may be partially attributed to the Verwey transition of magnetite, which is known to occur at 120 K in
the bulk.74 However, both small NC size and nonstoichiometry suppress TV to lower temperatures75,76
compared to that of the bulk. Anomalies in the magnetization of magnetite nanocrystals have been previously reported to occur above the Verwey transition
temperature77 and have been associated with the
complex temperature dependence of the ﬁrst magnetocrystalline anisotropy constant K1 of magnetite.78
Thus, the observed hump may be associated with the
combined eﬀect of this process and the Verwey transition. However, it may also reﬂect some spin reorientation transition within the particle ensemble. The steep
VOL. 8

’

NO. 12

’

12323–12337

’

12328

2014
www.acsnano.org

μr ¼

YUN ET AL.

(Zm  Zsm )
c þ1
jf μ0 h ln
b

(1)

Here Zm is the impedance measured in the presence of
the sample, Zsm is the impedance without the sample,
f is the frequency of the ac ﬁeld, h is the height of the
toroidal sample, and c is the outer and b the inner
diameter of the toroidal sample. Zsm can be calibrated
to zero, while Zm is equal to Rm þ jXm, where Rm is the
resistance and Xm is the reactance of the sample. This
identity is used to rewrite eq 1 as eqs 2 and 3 with Zsm
set to zero.
1
0
B
μr ¼ @1 þ

Rm
C
cA  j
c
f μ0 h ln
f μ0 h ln
b
b
Xm

0

¼ μr  jμr

00
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rise of the magnetization at around 200 K for the
19.7 and 17.1 nm magnetite-rich nanocrystals in
Figure 3b is partially due to the presence of wüstite,
Fe1xO, which is known to undergo a paramagnetic-toantiferromagnetic phase transition at 200 K.60
The dynamic magnetic properties of NCs are usually
examined through the real and imaginary components
of the ac susceptibility and their dependence on the
frequency of the applied alternating magnetic ﬁeld. In
the dense nanoparticulate samples used in this study
to form a toroidal sample, the nanocrystals are not free
to rotate. Below Tb, the reversal of the magnetization of
the single-domain particle over the anisotropy energy
barrier must take place through the Néel spin relaxation process. In a simple phenomenological model,
interparticle interactions can be considered as a perturbation to the anisotropy barrier,56 Ea = (KV þ Eint),
where Eint gives a measure of the strength of interparticle magnetic interactions.
The presence of interparticle interactions in our
nanocrystal assemblies is witnessed by the low values
of remanence-to-saturation ratio, Mr/Ms, observed in
the hysteresis loops at 15 K in Figure 3. The magnetiterich samples have Mr/Ms ≈ 0.2 irrespective of NC size,
while the maghemite samples exhibit some variation
with values ranging between 0.09 and 0.37 (Table 2).
It is well known that an assembly of noninteracting,
randomly oriented, uniaxial magnetic particles have
Mr/Ms = 0.5.79 Thus, strong interparticle interactions
appear to exist in our samples, which are also evinced
in the Mössbauer spectra, which show strong intermediate relaxation envelopes persisting to RT. Moreover, these low values of remanence-to-saturation
ratio reveal the existence of interactions that are overall antiferromagnetic in nature.80,81
The dynamic magnetic properties of nanoparticles
are usually studied through ac magnetic susceptibility,
χ, measurements. For blocked nanoparticles, the relaxation time enters the expressions for the frequency
dependence of the real and imaginary parts of the
magnetic susceptibility82 according to equation SI (1)
presented in the SI ﬁle. In order to determine the
dynamic magnetic properties of our NCs at radio
frequencies, we performed relative magnetic permeability measurements, μr = μ/μ0 = 1 þ χ, as they are
more readily related to investigations of their use as
inductors. These measurements were conducted using
the one-turn inductor model.83,84 In this method, a
coaxial cable is considered as a one-turn inductor. The
reactance and resistance of the one-turn inductor can
be measured and converted into the real and imaginary parts of permeability. The relative permeability
(μr) is written as eq 1.83,84

(2)

(3)

Therefore, the relative permeability can be derived
from the reactance and the resistance of a one-turn
inductor system. The reliability of this method was
conﬁrmed by measuring the permeability of commercially available toroidal ferrite cores such as F-2361,
F-2367, and F-5068. We observed that our measured values of the real part of the permeability of all
the commercial toroids are consistent with the product information provided by the manufacturer, which
conﬁrms the reliability of our measurements for ac
magnetic properties (Figure S10).
With this method, the relative permeability of NCs is
measured as presented in Figure 4. The real part of a
relative magnetic permeability is the in-phase component of the permeability,35,85 which is deﬁned as μr0 =
(B/Hμ0) cos δ, where B is the magnetic ﬂux in the
material, H is the external ﬁeld intensity, μ0 is the
vacuum permeability, and δ is the phase delay of
B relative to H. The magnetic ﬂux density of a system
is enhanced in proportion to the real part of the
permeability. In Figure 4b, the real part of the relative
permeability (μr0 ) of the maghemite NCs in six diﬀerent
sizes shows clear size dependence. In contrast, the size
dependence of μr0 of the as-synthesized magnetiterich NCs (Figure 4a) is not as pronounced as the
maghemite NCs, reﬂecting the diﬀerent sensitivities
of the initial susceptibilities to particle size for the two
sets of nanoparticle systems, as observed in the insets
of Figure S8a and b. The μr0 value of the maghemite
samples increases as the NC size increases over the
whole range of frequencies measured. This can be
attributed to the fact that the magnetic ﬂux density
in the toroid is enhanced as the NC magnetic moment
increases with increasing size of these monodomain
NCs. According to the coreshell model of magnetic
nanocrystals,72 the surface-to-volume ratio decreases
as the particle size increases. Assuming a shell of
disordered surface spins of constant thickness,26,86
the magnetic moment of single-domain NCs should
increase with NC size,8789 as can be observed
from the size-dependent saturation magnetization of
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Figure 4. Real part of the relative permeability of (a) magnetite-rich iron oxide NCs and (b) maghemite iron oxide NCs.

Figure 5. Imaginary part of the relative permeability of (a) magnetite-rich iron oxide NCs and (b) maghemite iron oxide NCs.

maghemite NCs in Figure S9. Still, it is notable that the
μr0 value as a function of frequency starts to drop earlier
in the larger NCs. This observation is suspected to
arise from the size dependence of the ferromagnetic
resonance frequency.90
Surprisingly, the μr0 values of the magnetite-rich NCs
are smaller than those of oxidized maghemite NCs.
Even though in the bulk magnetite is known for having
a higher saturation magnetic moment than maghemite,52,91 the saturation magnetization value of the
magnetite-rich NC samples is similar to or smaller than
that of maghemite NCs with similar size. In addition,
the saturation magnetization decreases as the particle
size increases (Figure S9). These observations may arise
from the presence of paramagnetic wüstite and/or
interfacial wüstite/magnetite phases in as-synthesized
NCs, which would lower their saturation magnetization. For example, in up to 14.9 nm magnetite-rich iron
oxide NCs, μr0 values of magnetite-rich NCs are at a
similar level compared to that of maghemite NCs.
However, the 17.1 and 19.7 nm magnetite-rich samples
do not show the real part of permeability as high as
that of 15.6 and 17.0 nm. Considering the advent of the
stiﬀ slopes at around 200 K in the ZFC curves of 17.1
and 19.7 nm NCs, paramagnetic wüstite phase might
start aﬀecting the crystal structure of magnetite-rich
iron oxide NCs and lower the permeability. Alternatively, the presence of a thicker spin-disordered shell
on the surface of magnetite-rich particles, often referred to as a magnetic “dead layer”,92 compared to
maghemite NCs will also have a similar eﬀect of lowering the magnetization, possibly below that for the
YUN ET AL.

maghemite NCs, as previously observed.93 In addition,
stronger interparticle interactions of an antiferromagnetic nature could also reduce the saturation magnetization. All these eﬀects may contribute to the
experimental observation that the size eﬀect is not
clearly expressed in as-synthesized iron oxide NCs
(Figure 4a).
We consider now the measurement data of the
imaginary part of the relative permeability (μr00 ). The
imaginary part of permeability is the out-of-phase component of relative permeability, which is deﬁned as μr00 =
(B/Hμ0) sin δ.94 This value is critical for low-energy-loss
applications because energy loss is proportional to μr00 .
The imaginary part of the permeability of magnetite-rich
(a) and maghemite (b) iron oxide NCs is presented
in Figure 5. As expected, the results show a maximum
that is size dependent, with the size sensitivity being
much more pronounced for the maghemite samples.
In Figure 5b we observe the largest size maghemite NCs
to have the most pronounced maximum at a frequency
of about 30 MHz, with lower maxima monotonically
decreasing in magnitude and displaced to higher frequencies as the particle size decreases. In contrast,
magnetite-rich NCs exhibit depressed maxima, not
monotonically decreasing with size. These diﬀerences
may be traced to the single-particle magnetic anisotropies and the collective behavior of the NC assemblies
and the way they aﬀect their complex ac permeability,
as discussed in the SI. It should be noted that μr00
of maghemite nanocrystals is larger than that of
magnetite-rich nanocrystals. This is because μr00 is proportional to μr0 , as can be seen from the following
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Figure 6. Loss tangent of (a) magnetite-rich iron oxide NCs and (b) maghemite iron oxide NCs.

equation: μr00 = (B/Hμ0) sin δ = μr0 tan δ. Therefore, with
the similar value of the phase delay, the imaginary part
of the permeability is higher in the case with the higher
value of the real part of the permeability.
Energy eﬃciency is expressed in terms of the loss
tangent, tan δ, which is the ratio between the imaginary and the real part of the permeability.35 Materials
characterized with low loss tangent are more energy
eﬃcient; they display a small phase delay between B
and H. Here again, size dependence is not observed in
the set of the magnetite-rich iron oxide NCs (Figure 6a),
while it is clear in the case of the maghemite iron oxide
NCs (Figure 6b). In the case of maghemite nanocrystals,
it is quite intriguing that the points where the loss
tangent starts increasing signiﬁcantly vary with the size
of the NCs. This suggests that optimized magnetic
materials for various kinds of electronic device applications, at diﬀerent operating frequencies, can be designed by tuning the size, shape, and chemical composition of magnetic NCs. For example, even though
the 13.9 nm maghemite iron oxide NCs have a higher
μr0 than the 12.3 nm NCs over the whole range of the
measured frequencies, it might be more energetically
eﬃcient to use 12.3 nm NCs as the inductor core for
devices operating at above 10 MHz, as the loss tangent
of the 13.9 nm particles is much higher than that of the
12.3 nm particles at 10 MHz. Therefore, the systems
with magnetic materials working in diﬀerent frequencies can perform in an optimized condition by selecting NCs with the best performance at a particular
operating frequency or over a speciﬁc range of frequencies. These results support the notion that magnetic NCs are promising candidates for low-energy-loss
applications through precise control in the size, shape,
and chemical compositions of NCs.
The composition dependence of the magnetic permeability of our NCs is further supported by the direct
comparison of as-synthesized iron oxide NCs before
and after the oxidation process at high temperature, as
a comparison of the permeability properties of the
sample before and after aeration indicates. As-synthesized iron oxide NCs 18.3 nm in diameter are aerated
at 250 C for 2 h following the literature.95,96 The
Mössbauer data of the aerated samples indicate that
wüstite is oxidized; that is, the Fe1xO or interfacial
YUN ET AL.

Fe1xO/Fe3O4 portion of the as-synthesized NCs is
removed from the original NC structure (Figure S11
and Table S1). TEM images (Figure S12) show that there
is no signiﬁcant change in either the morphology or
the size of NCs after the oxidation process. The superimposed SAXS curves of two samples also support that
there is no change in size before and after the heating
process (Figure S13). Direct comparison reveals that
the coercivity at 15 K is reduced after aeration from
∼216 mT to ∼27 mT, which is a dramatic change
(Figure S14). At 300 K, the hysteresis curves show that
iron oxide NCs are saturated much faster after oxidation. Before the aeration process, as-synthesized iron
oxide NCs reach 50% of their maximum magnetization
at around 275 mT, while the aerated iron oxide NCs are
excited 50% at around 18 mT. Consequently, as shown
in Figure S15, μr0 of iron oxide NCs becomes more than
5 times larger at 1 MHz after oxidation even though the
value spontaneously decreases from 11 at 1 MHz to 4 at
500 MHz. The Mössbauer data indicate that the stoichiometry of the NCs after aeration is more related to
magnetite than to maghemite without wüstite phase,
thus supporting our previous discussion that the inhomogeneous crystal structure of larger as-synthesized NCs due to paramagnetic wüstite phase leads
to the lower magnetic permeability of as-synthesized
iron oxide NCs than aged maghemite iron oxide NCs.
However, why the aerated sample shows less coercivity than aged maghemite iron oxide NCs is an observation not fully understood and still under investigation.
In order to examine the potential of using iron oxide
NCs as the magnetic core of a toroidal inductor, the
maghemite NCs are further processed to form a toroidal shape as shown in Figure 7. In previous reports,
various kinds of polymers are used to prevent the
oxidation of nanoparticles, to ﬁx nanoparticles in a
membrane, and to increase the resistance of the
core.97102 However, the addition of polymer composites in the matrix can lower the real part of the
permeability and the ﬁlling factor of the nanoparticles,
which is not desirable for an inductor core. In our study,
ligand exchange is adopted to make magnetic NC
inductor cores. Ligand exchange with nitrosonium
tetraﬂuoroborate is conducted to remove the organic ligand layer and replace it with inorganic
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outer diameter
inner diameter
thickness
calculated inductance of air-core inductor

13.9 nm γ-Fe2O3

17.0 nm γ-Fe2O3

nanocrystal core

nanocrystal core

6.5 mm
3.5 mm
680 mm
91.7 nH

6.5 mm
2 mm
1200 mm
113.2 nH
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TABLE 3. Dimensions of Iron Oxide NC Cores

Figure 7. Steps to make hand-wound toroidal inductors
with iron oxide NC cores. (a) NCs are dispersed in hexane. (b)
NCs are ligand exchanged with NOBF4 and dried under
vacuum overnight to achieve an NC powder. (c) Nanoparticle powder is pressed into a disk. (d) The center of the disk
is drilled to make a toroidal core. (e) The toroidal NC core is
wound with a copper wire coated with polyurethane-coated
nylon.

BF4 anions.103 After ligand exchange, the NCs in
dimethylformamide are precipitated by adding acetone and then dried under vacuum. After several hours,
dry NC powder is obtained, and this powder is ground
by a mortar and pestle to get a ﬁne powder.
The ﬁne powder is transferred into a cylindrical mold
(a cylinder diameter of 6.3 mm) and pressed into a thin
disk (bench top hydraulic press, Carver, Inc.) with a
pressure of 70 MPa. The disk is then dip-coated with
SU-8 polymer to enhance the physical stability followed by drilling a center hole of approximately
3 mm. Note that the SU-8 does not include any solvent
or photoinitiator and is initially in the form of a pellet,
which is subsequently melted on a hot plate at 100 C
for the dip-coating process. The dip-coated SU-8 layer
is then removed with acetone so a magnetic NC
toroidal core is obtained. The winding process for the
toroid inductor is then begun. The toroidal core is ﬁrst
integrated with a laser-cut plastic bobbin to guide the
winding path, and a magnet wire is uniformly handwound. Two diﬀerent nanocrystal sizes of maghemite
powders (a particle size of 13.9 and 17.0 nm) have been
fabricated as toroidal inductors using the described
process. The dimensions of each NC core inductor are
summarized in Table 3. The toroidal inductors are
electrically characterized in terms of inductance, resistance, and quality factor as a function of frequency as
shown in Figure 8.
A stable inductance of approximately 300 nH for a
13.9 nm powder inductor is observed over the frequency range of 0.1 to 100 MHz, whereas the inductance of the 17.0 nm powder inductor decreased from
approximately 750 nH at 0.1 MHz to 500 nH at 40 MHz,
as shown in Figure 8a. The ac resistances and quality
YUN ET AL.

Figure 8. (a) Inductance, (b) resistance, and (c) quality factor
of 13.9 nm (cyan) and 17.0 nm (purple) maghemite iron
oxide NC cores. The frequency range is from 100 kHz to
100 MHz. The dotted lines in (a) represent the calculated
inductance of the air-core inductor.

factors over the same frequency range are also shown
in Figure 8b and c. The 13.9 nm inductor and the
17.0 nm inductor show resistances at 10 MHz of
approximately 1.5 and 4 Ω and quality factors of 12
at 4.5 MHz and 9 at 40 MHz, respectively. As can be
expected from the trend in the relative permeability
data, the inductor with the 17.0 nm iron oxide NC core
enhances inductance more than the inductor with a
13.9 nm iron oxide NC core because the inductance is
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CONCLUSION
In summary, we have characterized the ac magnetic
properties of iron oxide NCs at radio frequencies from
1 to 500 MHz. The compositions of as-synthesized and
naturally oxidized iron oxide NCs are investigated by
Mössbauer spectroscopy. The composition analysis conﬁrms that as-synthesized iron oxide NCs are magnetiterich and aged NCs are maghemite. In addition, a wüstite

EXPERIMENTAL METHODS
Materials. All chemicals are used as purchased without any
further purification. Iron(III) chloride hexahydrate (97%), oleic
acid (technical grade, 70%), 1-octadecene (technical grade,
90%), and iron oxide powder (<5 μm, 98%) are purchased from
Sigma-Aldrich. Sodium oleate (>97.0%) is purchased from TCI
America. Commercial ferrite toroidal cores are purchased from
Amidon. Magnet wire (part no. 8055) is purchased from Belden.
Synthesis of Iron Oxide Nanocrystals and Purification. Monodisperse iron oxide nanocrystals are synthesized by modifying
the method reported by Hyeon et al.46 and Chen et al.51 First,
iron oleate precursors are prepared as follows: 10.8 g of iron(III)
chloride, 36.5 g of sodium oleate, 40 mL of DI water, 40 mL of

YUN ET AL.

phase is also observed in the large as-synthesized iron
oxide NCs. At room temperature ZFC curves and hysteresis curves show superparamagnetic behavior for both
sets of iron oxide NCs. From the ZFC curves, the
presence of magnetite and wüstite phase in the assynthesized NCs is observed again. The measurements
for the magnetic permeability show a clear size dependence in the maghemite NCs, but not in the magnetiterich NCs. In maghemite iron oxide NCs, the real part of
the permeability increases proportionally to the size of
the NCs because the magnetic moment of singledomain NCs is in proportion to the size. On the other
hand, as-synthesized iron oxide NCs did not show sizedependent magnetic permeability. This can be attributed to the inhomogeneous crystal structure of the
as-synthesized NCs, which is observed from Mössbauer
spectroscopy and SQUID measurements, making their
magnetization smaller than what would be expected
from a homogeneous magnetite phase. The aeration of
the as-synthesized iron oxide NCs supports this argument. As-synthesized iron oxide NCs show no change in
their morphology and size after heating at 250 C for 2 h.
However, the paramagnetic wüstite phase disappears
after the heating process according to the Mössbauer
data analysis, and their dc and ac magnetic properties
are changed signiﬁcantly. In particular, the real part of
the permeability is increased dramatically to a similar
value of maghemite iron oxide NCs after heating,
which supports our hypothesis. Finally, inductors with
maghemite iron oxide NC cores are prepared to evaluate the feasibility of inductors with magnetic NC cores.
Maghemite iron oxide NCs of 13.9 and 17.0 nm are
prepared in powder form, and toroidal cores were
prepared to be integrated into hand-wound inductors.
The measurements on the inductors show clear
nanocrystal-size dependence as presented in the
permeability measurements. Even though the value of
the real part of the permeability is not at the same
level as other traditional ferromagnetic materials such
as Permalloy and Supermalloy, further investigation
on low-energy-loss magnetic NCs should continue to
improve the energy eﬃciency of magnetic components
at radio frequencies in power electronic devices.
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proportional to the real part of the permeability of the
magnetic core. Even though the inductance of the
17.0 nm sample decreases from 100 kHz to 35 MHz,
the inductance of the 13.9 nm sample is stable over the
whole range of frequencies (100 kHz to 100 MHz). The
counterpart, the resistance of the inductor, increases in
both cases, with a signiﬁcant increase at 10 MHz for the
13.9 nm iron oxide NC core. In the case of the quality
factor, the inductors hit their peak at 5.2 MHz for the
13.9 nm iron oxide with 11.9 and at 54.6 MHz for the
17.0 nm iron oxide with 8.95. It is notable that they do
not show exactly the same pattern as the quality factor
measured through the one-turn inductor model. This
inconsistency in the quality factor trend from the data
taken by the one-turn inductor model can be attributed to the eﬀect of ligand exchange and the resonance of the inductor itself. Ligand exchange shrinks
interparticle distances.103 Reduced interparticle distance increases magnetic coupling between nanocrystals and can produce diﬀerent ac magnetic behavior from NCs with organic ligand shells. Also,
the inductance and resistance were taken from the
whole system, not just the core, so that the trend of the
curve can deviate from the curve calculated by the
one-turn inductor model. Since the data are already
corrected for the impedance of the inductor without a
core (Zsm) eq 1, the data curve might not exactly match
with the data from the hand-wound inductor. The data
presented in Figure 8 show that magnetic NCs can be
used as inductor cores successfully without any help
from another matrix to hold the NCs together. These
inductor trials indicate that there is a high potential to
develop low-energy-loss materials by controlling the
size and composition of NCs.

ethanol, and 80 mL of hexane are mixed into a 500 mL threeneck flask. The mixture is refluxed at 60 C for 4 h. The red-blackcolored iron oleate precursors are washed with DI water three
times and dried by using a rotary evaporator. Then, the precursors are kept under vacuum overnight. Second, the 10.2 nm
iron oxide nanocrystals are synthesized by adding 7.2 g of iron
oleate precursors, 1 mL of oleic acid, and 20 mL of 1-octadecene
into a three-neck flask. The reaction mixture is heated to 100 C
and kept under vacuum for 1 h. Then, the mixture is heated to
315 C at a rate of 3 C/min. After 30 min, the reaction mixture
is cooled to room temperature and precipitated by adding
ethanol. The precipitate is redispersed in hexane and washed
with ethanol twice more. Finally, the iron oxide nanocrystals are
redispersed in hexane and kept in a glovebox. By increasing the
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Supporting Information Available: Details regarding the
histograms of the size measurement from TEM images, WAXS
data, full ZFC-FC curves, full sweep 300 K and 15 K magnetic
hysteresis curves, frequency dependence of the real and
imaginary parts of the magnetic susceptibility, magnetic
permeability measurements for reference toroids, Mössbauer
spectroscopy, SAXS, and dc and ac magnetic characterization
data for iron oxide nanocrystals before and after the aeration
process. This material is available free of charge via the Internet
at http://pubs.acs.org.
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amount of oleic acid added into the mixture, the size of the iron
oxide nanocrystals is increased. Aged NCs are kept in ambient
conditions over a year.
Oxidation of As-Synthesized Iron Oxide Nanocrystals. As-synthesized
iron oxide nanocrystals after purification are dissolved into a
mixture of 20 mL of 1-octadecene and 1 mL of oleic acid. Then,
the solution is heated to 250 C. After 2 h, the solution is cooled
to room temperature and repurified by adding ethanol and
centrifugation. The final product is redispersed in hexane and
kept in a glovebox.
Mössbauer Spectroscopy. Mössbauer measurements were performed by using a transmission Mössbauer spectrometer. A
30 mCi 57Co radioactive source was used and maintained at RT.
The source was mounted on an SEE Co. (Medina, MN, USA)
electromechanical drive, operated at constant acceleration. The
samples were dispersed in BN and mounted into a Janis Research
cryogenic dewar. Sample temperatures 4.2 < T < 300 K were
maintained by using a SEE Co. temperature controller. Spectra
were fit to a superposition of iron subsites assuming Lorentzian
absorption lines and allowing for distributions of hyperfine fields
using the WMOSS software package, also by SEE Co.
Direct Current Magnetization Measurements. Direct current magnetic characterizations are performed by using a SQUID magnetometer with reciprocating sample option (Quantum Design
MPMS-XL 7T). For the zero field cooled curves, the samples are
cooled to 15 K first without an external field. Then, the magnetization of the samples is taken under an applied field of 0.01 T
from 15 to 300 K. For the field-cooled curves, the samples are
cooled to 15 K in the presence of a 0.01 T magnetic field first, and
then the magnetization is measured under an applied field of
0.01 T from 15 to 300 K. The magnetization hysteresis curves are
taken from 3 to 3 T at 300 and 15 K.
Alternating Current Characterization. Relative magnetic permeability of iron oxide nanocrystals is measured by using a 4395A
Agilent network anaylzer and 16454A Agilent magnetic material test fixture. Iron oxide nanocrystals are dispersed in a mixture
of hexane and octane (2:8) and deposited into a toroidal-shaped
sample holder (8 mm outer diameter, 3.2 mm inner diameter,
3 mm height, and 2.5 mm depth). After filling the sample holder
with dry iron oxide nanocrystals, the sample is placed into the
test fixture. The sweep frequency is set to 1500 MHz in log
frequency. The reactance and resistance of the test fixture with
the sample holder are measured and converted into the real
and imaginary parts of the permeability by using eqs 2 and 3.
The inductance and resistance of the inductor with an iron
oxide nanocrystal core are collected using the 43961A RF
impedance test kit. After connecting the test kit to the 4395A
Agilent network analyzer, the hand-wound iron oxide core
inductor is connected to the impedance test kit and the
inductance and resistance are collected. The sweep frequency
is set to 0.1 to 100 MHz.
Morphological and Structural Characterization. TEM images are
collected using a JEM-1400 microscope and JEOL-2100 microscope at the Singh Center for Nanotechnology at the University
of Pennsylvania. Wide-angle X-ray scattering data are collected
using a Rigaku Smartlab high-resolution diffractometer with Cu
KR radiation (λ = 1.5416 Å). Small-angle X-ray scattering data
are taken at the Multi-Angle X-ray Scattering Facility at the
University of Pennsylvania. Small-angle X-ray scattering data are
analyzed using Datasqueeze software.
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