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Magnetite (Fe3O4) nanoflakes with widths of 100–200 nm and thicknesses of 10–80 nm were

prepared by a hydrothermal synthesis method. Fe3O4 nanoflake composites with and without

magnetic field-induced rotational orientation of flake planes of Fe3O4 nanoflakes in paraffin binder

were fabricated using 35 wt. % Fe3O4 nanoflakes. The rotationally oriented composite showed higher

permeability and resonance frequency than the nonoriented one, and its value of ðl0 � 1Þfr reached

214.8 GHz and exceeded the Snoek’s limit. Considering a uniform and a random distribution of flake

planes of Fe3O4 nanoflakes in the oriented and nonoriented composites, respectively, the complex

permeability of both composites was calculated using the Landau–Lifshitz–Gilbert equation and the

Bruggeman’s effective medium theory in the 2–18 GHz microwave frequency range. VC 2013
American Institute of Physics. [http://dx.doi.org/10.1063/1.4798606]

An effective way to alleviate EMI pollution problems is

to incorporate microwave absorbers in electromagnetic

design.1 The performance of a microwave absorber depends

essentially on the magnetic and dielectric properties of the

constituting materials. Advanced microwave absorbers based

on core-shell-structured magnetic-dielectric nanocapsules

have been a main research focus in recent years.2–5 However,

the general decrease in complex permeability with increasing

microwave frequency in microwave absorbers has offered

great challenges to further development and applications. To

improve the microwave complex permeability, shape anisot-

ropy in magnetic nanoparticle cores should be enhanced.6

Flake-shaped Fe-based compound microparticles have been

shown to be effective in improving complex permeability at

microwave frequencies owing to their unusually high satura-

tion magnetization and planar anisotropy.7 This suggests that

flake-shaped magnetite (Fe3O4) nanoparticles are suitable

candidates for improving microwave complex permeability.

In this paper, we prepare flake-shaped Fe3O4 nanoparticles

(i.e., Fe3O4 nanoflakes) and fabricate Fe3O4 nanoflake compo-

sites with and without magnetic field-induced rotational orien-

tation of flake planes of Fe3O4 nanoflakes in a paraffin binder.

The complex permeability of the rotationally oriented and non-

oriented composites is evaluated experimentally and theoreti-

cally in the 2–18 GHz microwave frequency range. The

theoretical calculation is performed on the basis of the

Landau–Lifshitz–Gilbert equation and the Bruggeman’s effec-

tive medium theory and is applied to explain the observed vari-

ation in complex permeability of both composites.

In a typical preparation procedure, ferrous chloride

dehydrate (FeCl2�2H2O) of 3.26 g, sodium dodecylbenzene-

sulfonate (C18H29NaO3S) of 0.232 g, and sodium hydroxide

(NaOH) of 1.6 g were dissolved in distilled water of 40 ml,

and the solution was constantly stirred at room temperature

for 20 min. The resulting blue solution was transferred into a

teflon-lined stainless steel autoclave of volume 50 ml, and

the autoclave was sealed and heated at 100 �C for 15 h before

being cooled to room temperature naturally. The products

obtained after the hydrothermal treatment were centrifuged,

washed, and dried. The crystal phase of the products was

identified with a Rigaku D/max 2500pc X-ray diffractometer

(XRD). The morphology of the products was investigated

using a Carl Zeiss Supra 35 field emission scanning electron

microscope (FESEM).

Paraffin-bonded Fe3O4 nanoflake composites with and with-

out magnetic field-induced rotational orientation of flake planes

of Fe3O4 nanoflakes in a paraffin binder were fabricated using

35 wt. % Fe3O4 nanoflakes. For ease of description, the compo-

sites fabricated with and without magnetic field-induced rota-

tional orientation are denoted as the rotationally “oriented” and

“nonoriented” composites, respectively. The magnetic hysteresis

(M–H) loop of both composites was measured using a vibrating

sample magnetometer (VSM) (Lakeshore 7304). Their complex

permeability values [i.e., the real (l0) and imaginary (l00) parts of

complex permeability (l)] were determined in the 2–18 GHz

range by evaluating the scattering parameters S11 and S21 using a

network analyzer (Agilent 8722ES) operating in coaxial mode.

To facilitate the calculation of the complex permeability

spectrum of both composites, the Landau–Lifshitz–Gilbert

equation, which is derived from the precession of magnetic

moments, can be described as7

dM

dt
¼ �cM � H þ a

Ms
M � dM

dt
; (1)

where M is the magnetization, H is the effective magnetic

field including the applied magnetic field, equivalent aniso-

tropic field, demagnetization field, etc., c (¼2.8 GHz/kOe) is

the gyromagnetic ratio, a is the damping coefficient, and MS
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is the saturation magnetization. The manners acting between

an external microwave magnetic field and an intrinsic static

magnetic field for a single nanoflake can be described by Fig.

1. He is the effective in-plane anisotropy field in a single nano-

flake. The incident microwave has a wave vector k, which

forms a polar angle h with the z-axis and an azimuth angle u
in the x-y plane. Two cases are considered in our calculation:

the first one is the presence of a uniform distribution of flake

planes of nanoflakes (i.e., our oriented composite) [Fig. 1(a)]

and the second one is the presence of a random distribution of

flake planes of nanoflakes (i.e., our nonoriented composite)

[Fig. 1(b)]. According to the previous report,7 the following

steps are included in our calculation: (i) calculation of the

intrinsic permeability of a single nanoflake with the angles h
and u in the rectangular coordinate system; (ii) calculation of

the average permeability of numerous nanoflakes with a uni-

form and a random distribution of their flake planes; and (iii)

calculation of the complex permeability of the composites

with and without rotational orientation using the Bruggeman’s

effective medium theory.7 In the rectangular coordinate system

as shown in Fig. 1, H and M are expressed as

H ¼ ðhx;�4pmy þ hy;He þ hzÞ (2a)

and
M¼ðmx;my;M0þmzÞ; (2b)

where M0 is the spontaneous magnetization having a value

approximately equal to MS. By substituting Eqs. (2a) and

(2b) into Eq. (1), combining them with Maxwell’s equation,

and considering the boundary conditions jhj � jHej and

jmj � jM0j, the permeability tensor is given as8

l ¼ 1

e
d
jx

� �2 1� sin2 h cos2 h �sin2 h sin / cos / �sin h cos h cos /

�sin2 h sin / cos / 1� sin2 h cos2 / �sin h cos h sin /

�sin h cos h cos / �sin h cos h sin / 1� cos2 h

0
B@

1
CA; (3a)

d ¼ jxðl0eÞ1=2 ðl2 � l� j2Þsin2 hþ 2l 6 ½ðl2 � l� j2Þ2 sin4 hþ 4j2 cos2 h�1=2

2½ðl� 1Þsin2 hþ 1�

( )1=2

; (3b)

l ¼ 1þ ðx0 þ ixaÞxm

ðx0 þ ixaÞ � x2
; (3c)

j ¼ �xxm

ðx0 þ ixaÞ2 � x2
; (3d)

where x0 ¼ cHe and xm ¼ c4pMS. It is noted that h ¼ u
¼ p=2 is used in the case of uniform distribution of

flake planes of nanoflakes (i.e., our oriented composite)

[Fig. 1(a)], while randomly generated h and u values are

employed for the case of random distribution of flake planes

of nanoflakes (i.e., our nonoriented composite) [Fig. 1(b)].

For composites involving the dispersion of magnetic

nanoflakes in a nonmagnetic binder, l can be calculated by

the Bruggeman’s effective medium theory and the equation

is described as9

p
li � l
li þ 2l

þ ð1� pÞ lm � l
lm þ 2l

¼ 0; (4)

FIG. 1. Coordinate system for a single nanoflake (a) with and (b) without

rotational orientation in a magnetic field.

FIG. 2. Typical (a) XRD pattern and (b)

SEM picture of Fe3O4 nanoflakes.
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where p is the volume fraction of magnetic nanoflakes in the

composites, li is the intrinsic permeability of magnetic

nanoflakes, and lm is the permeability of nonmagnetic binder

(¼1 for paraffin in this work). According to the Snoek’s

limit, the static relative permeability (l0) and the resonance

frequency (fr) have the following relationship:

ðl0 � 1Þfr ¼
2

3
c4pMS: (5)

While ðl0 � 1Þfr is quantitatively greater than 2
3
c4pMS for

bianisotropy,6 nanoflakes with high aspect ratios have

smaller in-plane anisotropy and larger out-plane anisotropy.

This makes a significant contribution to achieving a bianiso-

tropy picture and exceeding the Snoek’s limit. Hence, the

method of rotational orientation can effectively orient the

flake planes of nanoflakes to a desired direction, thereby

enhancing the effect of bianisotropy.

Figure 2(a) shows a typical XRD pattern of the as-

prepared nanoparticle products. With the reflection peaks in

the XRD pattern the main phase of the nanoparticle products is

indexed to Fe3O4. Figure 2(b) illustrates a typical SEM picture

of the as-prepared Fe3O4 nanoparticles. The Fe3O4 nanopar-

ticles are in the shape of a flake with width varying from 100

to 200 nm and thickness ranging from 10 to 80 nm. These give

an average width-to-thickness aspect ratio of 3:1 so that visible

shape anisotropy can lead to the formation of easy magnetiza-

tion planes (i.e., flake planes of the Fe3O4 nanoflakes).

Figure 3 plots the measured magnetic hysteresis (M–H)

loop of the rotationally oriented and nonoriented Fe3O4

nanoflake composites. The oriented composite can be mag-

netized more easily compared to its nonoriented counterpart.

This suggests the presence of the rotational orientation effect

in the oriented composite.7 Nonetheless, MS of both compo-

sites is found to be �57.5 emu/g.

Figure 4 shows the measured (symbols) and calculated

(lines) complex permeabilities (l) of the rotationally oriented

and nonoriented Fe3O4 nanoflake composites in the 2–18 GHz

range. The measured and calculated l of both composites

agree with each other. It is seen that l0 and l00 are both higher

in the oriented composite than in the nonoriented composite.

In particular, the measured l0 at 2 GHz is 1.63 for the oriented

composite but is only 1.25 for the nonoriented composite. The

measured fr of the oriented composite is 5.4 GHz, which is

also higher than the nonoriented composite of 2.6 GHz. From

the calculated results, He and a are found to be 500 Oe and

0.5, respectively. The calculated l of the oriented composite

increases markedly as an average factor of 1.4 in comparison

with the nonoriented composite due to the effect of rotational

orientation. The calculated ðl0 � 1Þfr is 214.8 and 64.6 GHz

for the oriented and nonoriented composites, respectively.

These values are greater than 2
3
c4pMs of 27.8 GHz, indicating

the presence of a bianisotropy picture and the excess of the

Snoek’s limit in the composites. Consequently, the coherence

of the measured and calculated results proves the validity of

the rotational orientation method for improving the micro-

wave magnetic properties of nanoflake-based composites.

We have prepared Fe3O4 nanoflakes and Fe3O4 nanoflake

composites with and without magnetic field-induced rotational

orientation. We have also established a theoretical calculation

for the microwave complex permeability of the composites

based on the Landau–Lifshitz–Gilbert equation and the

Bruggeman’s effective medium theory and applied it to

explain the variation in complex permeability of the compo-

sites with and without magnetic field-induced rotational orien-

tation. We have found that the rotationally oriented composite

possesses higher permeability and resonance frequency than

the nonoriented one. Moreover, its ðl0 � 1Þfr value reaches

214.8 GHz and exceeds the Snoek’s limit. The good agreement

established between the measured and calculated results has

confirmed the validity of applying the magnetic field-induced

rotational orientation method to enhance the magnetic proper-

ties of flake-shaped nanoparticles at microwave frequencies.
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FIG. 3. Measured magnetic hysteresis (M–H) loop of rotationally oriented

and nonoriented Fe3O4 nanoflake composites.

FIG. 4. Measured (symbols) and calculated (lines) complex permeabilities

(l) of rotationally oriented and nonoriented Fe3O4 nanoflake composites in

the 2–18 GHz range.

17B307-3 Liu et al. J. Appl. Phys. 113, 17B307 (2013)

Downloaded 05 Aug 2013 to 158.132.161.240. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://jap.aip.org/about/rights_and_permissions

http://dx.doi.org/10.1063/1.2919098
http://dx.doi.org/10.1016/j.carbon.2008.10.028
http://dx.doi.org/10.1016/j.jallcom.2010.11.161
http://dx.doi.org/10.1016/j.jallcom.2011.06.031
http://dx.doi.org/10.1088/0256-307X/25/11/077
http://dx.doi.org/10.1063/1.3291129
http://dx.doi.org/10.1063/1.2190719
http://dx.doi.org/10.1063/1.355256

