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Abstract 
A kind of ferrofluid containing Fe-Al oxide composite nanometer particles was synthesized. The 
ferrofluid made of Fe-Al oxide composite nanometer particles which ratio was Fe:Al2O3 = 3:1 and 
thermally treated at 300˚C showed Faraday effect approximate linearity versus the magnetic field 
B, and a relatively excellent Faraday effect without saturation in varying 0 - 1.5T magnetic field, 
which provided a method for synthesizing the ferrofluid of Faraday rotation still continuing in a 
relatively high magnetic field. 
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1. Introduction 
Faraday effect is the rotation of polarization plane of the linearly polarized light due to magnetic field induced 
circular birefringence of a material, which depends on the incident light wavelength and the structure of the ma-
terial. The rotation angle θ  = π(Δn/λ)L, where Δn is the index difference between the left and right circularly 
polarized light, λ is the wavelength of the incident light and L is the length of the sample along magnetic field 
direction. Faraday active materials are often used to fabricate many optical devices and sensors, such as optical 
isolators [1], optical information storage devices [2], and highly sensitive magnetic field sensors [3] [4]. Mea-
surements of Faraday effect have also been used to determine the electron concentration and its profile in semi-
conductors where the effective mass of the carrier is known [5]. Researchers continue to discover and synthesize 
new Faraday active materials to expect more extensive applications of Faraday effects in many areas. At present, 
researchers have synthesized a lot of films, glasses and crystals with Faraday effects [6]-[9]. Synthesizing vari-
ous new nanometer materials with excellent Faraday effects is ongoing. 
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Ferrofluid is a kind of colloid containing surfactant coated nanometer particles dispersed in a carrier liquid. It 
is a macro-symmetrical system under zero external magnetic fields. When it is placed in a magnetic field, ag-
gregations of magnetic particles elongated along the field direction happen due to the strong inter-particle inte-
ractions [10]-[12]. Then, the ferrofluid becomes an anisotropic system. This makes the ferrofluid to have the 
properties similar to those of nematic liquid crystals. If the light pass through the ferrofluid placed in a magnetic 
field, several excellent optical effects will happen, such as linear dichroism, linear birefringence and Faraday 
effects. Researchers found that Faraday rotation of the ferrofluid placed in a magnetic field is governed by both 
the magnetization and particle chain formation [13]. Faraday rotation also depends on the particle size (for par-
ticle diameters ranging from 1 to 100 nm) and the inter-particle distance [14]. Janssen et al. mentioned that the 
scattering of the permanent magnetic moment in ferrofluid placed in magnetic field would lead to a new de-
scription of the Faraday rotation and the circular dichroism [15]. If a polarized light passes through the ferrofluid 
along the direction of magnetic field, an excellent Faraday effect is observed [16]-[18], which usually follows a 
Langevin type behavior [16] [19]. Faraday effect saturate at high magnetic field limits the applications of fer-
rofluid in high magnetic fields. 

Chemical coprecipitation with ferrous and ferric solutions as raw materials is the typical method for synthe-
sizing ferrofluids [20]-[22]. But chemical coprecipitation method can only be utilized to synthesize few types of 
ferrofluids. Sol-gel technique can tailor the diameter of the particles by controlling the process and ingredients, 
which has several advantages for making inorganic composite materials containing highly dispersed magnetic 
oxide particles. Since the process usually starts from liquid raw materials, the sources of magnetic ions/particles 
such as ferric or ferrous salts can be easily mixed with the source of matrix homogeneously at molecule level at 
the beginning of the synthesizing. 

In this work, the Fe-Al oxide composite ferrofluid was synthesized by sol-gel technique. After gelling and 
calcining, the iron oxide and aluminum elements were synthesized into composite particles. The composite 
magnetic particles ferrofluid in this work are different from Fe3O4 magnetic particles. This type of compose par-
ticle ferrofluid is little reported. The element difference of magnetic particles for ferrofluid may lead to the fer-
rofluid arising new physical properties. In this experiment, the Faraday effect was observed in the as-prepared 
Fe-Al oxide composite ferrofluid. The phenomenon of saturation of Faraday effect of Fe-Al-O composite par-
ticle ferrofluid at high magnetic field does not happen. It will undoubtedly initiate a wider prospect for ferrofluid 
applications. 

2. Experiment 
2.1 Synthesizing Fe-Al oxide Composite Particles 
To synthesize the Fe-Al oxide composite ferrofluid, Fe-Al oxide composite magnetic particles were firstly pre-
pared by sol-gel technique using the method in Ref. 23. Two kinds of sols were prepared using the raw materials 
as shown in Table 1. 
 
Table 1. Raw materials for preparing the sols.                                                                        

Type of sol Type of solute 
(wt/wt) 

Mass of solute 
(g) 

Type of solvent 
(v/v) 

Volume of solvent 
(ml) 

Catalyst 
(v/v) 

Volume of sols 
(ml) 

Fe-sol Fe(NO3)3∙9H2O (≧98%) 35.6 H2O (100%) 200 HNO3 (65% - 68%) 10 

Al-sol Al(C3H7O)3 

(Al2O3≧27%) 12.5 C2H5OH (100%) 500 HNO3 (65% - 68%) 25 

 
The Fe-sol was prepared at room temperature (approximately 30˚C) and the Al-sol was prepared at 90˚C. The 

catalyst was dropped into the sols and stirred by a magnetic-force mixer. The composite sols were thermally 
treated in a resistance oven before dried into gels. The composition gels of Fe/Al2O3 were thermally treated. The 
temperature was raised at a proper velocity. In our experiments, the temperature was raised in speed of 5˚C/15 
minutes. The mass ratio of Fe:Al2O3 = 3:1, 2:1, 1:1, 1:2 and 1:3, respectively. Each sample was thermally 
treated at 300˚C, 400˚C, 500˚C, 600˚C, 700˚C, 800˚C and 900˚C, respectively. 

2.2 Preparing Fe-Al Oxide Ferrofluid and Faraday Rotation Measurement 
The Fe-Al oxide composite magnetic particles were dispersed into 1 ml oleic acid (C18H34O2) and then put into a 
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tube with ultrasonic agitation for 10 minutes. Then, 10 ml paraffin liquid was poured into the solution and the 
mixture was agitated with ultrasound for another 30 minutes. Finally, the Fe-Al oxide composite ferrofluid was 
obtained. After three days, the Fe-Al oxide composite ferrofluid was employed for Faraday measurement by the 
standard light extinction method [23]. The ferrofluid of valid optical path (the size of light to pass through) is 10 
μm order of magnitude. Details about the Faraday measurement were reported [24]. 

3. Results and Discussion 
Figure 1 is the experimental results of the Faraday rotation of the Fe-Al oxide composite ferrofluid. In Figure 1,  

 

   
(a) 

 
(b) 

Figure 1. Faraday effects of the Fe-Al oxide composite fer-
rofluid. The composite particles were thermally treated at 
several different temperatures: 300˚C, 400˚C, 500˚C, 600˚C, 
700˚C, 800˚C and 900˚C, respectively.                               

 
the transverse axis indicates the used magnetic field B, and the longitudinal axis indicates the Faraday rotation 
angle degree of sample. The Fe-Al oxide composite particles have a mass ratio of Fe:Al2O3 = 3:1 and thermally 
treated at 300˚C, 400˚C, 500˚C, 600˚C, 700˚C, 800˚C and 900˚C, respectively. In Figure 1(a), the Faraday rota-
tion curve of ferrofluid with Fe-Al oxide particles treated thermally at 300˚C has a relatively excellent Faraday 
effect than other samples, the curve increases more rapid than others. The Faraday rotation curves of ferrofluid 
with Fe-Al oxide particles treated thermally at 400˚C, 500˚C, 600˚C and 900˚C are also approximate linearity, 
but the Faraday rotation angle is too small to apply at aspect of Faraday rotation. For clear interpretation, Figure 
1(b) is given. In Figure 1(b), the straight lines are fitting curves, and the symbol curves are experiment data 
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curves. The Faraday rotation curve of ferrofluid with Fe-Al oxide particles treated thermally at 900˚C is se-
lected among these curves, for it is approximate linearity and has approximate slope versus Faraday rotation 
curves of ferrofluid with Fe-Al oxide particles treated thermally at 400˚C, 500˚C, 600˚C. According to Figure 
1(b), the Faraday rotation angle degree of ferrofluid with Fe-Al oxide particles treated thermally at 300˚C is 
1.35516˚/T and the Faraday rotation angle degree of ferrofluid with Fe-Al oxide particles treated thermally at 
900˚C 0.58336˚/T. The Faraday rotation curves of ferrofluid with Fe-Al oxide particles treated thermally at 
700˚C, 800˚C are non-linearity, this phenomenon required further study. The Faraday rotation curves of fer-
rofluid which Fe-Al oxide composite particles have a mass ratio of Fe:Al2O3 = 1:1, 1:2, 1:3, 2:1 and 3:1 and 
thermally treated at 300˚C are discussed further. In the pure Fe3O4 particle ferromagnetic media, the Faraday 
rotation has a non-linear dependence on magnetic field in normal temperature region [13]. In this experiments, 
the charts in Figure 1 interpret that Faraday rotation has a approximate linear dependence on magnetic field 
in normal temperature region may done (except the chart of 700˚C and 800˚C treated magnetic particles fer-
rofluid). The Faraday effect of ferrofluid containing Fe-Al oxide particles with mass proportion of Fe: Al2O3 
= 3:1 thermally treated at 300˚C does not saturate at high magnetic field in our experiments. It was suggested 
by Nihad A. Yusuf et al. that Faraday effect had a saturation onset at fields 2000 G and have not reached saturation 
in field up to 4000 G for diluted (Ms = 20 G) Fe3O4 particle ferrofluid with diester as a carrier liquid [18]. In this 
paper, the Fe3O4/Fe2O3/Al2O3 particle [25] ferrofluid was used, such diluted particle ferrorfluids containing Fe-Al 
oxide particles (Fe: Al2O3 = 3:1) thermally treated at 300˚C placed from 0 to 1.5 T magnetic field have an excellent 
Faraday effects without saturation. The application of Faraday rotation of ferrofluid may be extended. 

In Figure 1, in addition to the Faraday effect of ferrofluid containing Fe-Al oxide particles with mass propor-
tion of Fe: Al2O3 = 3:1 thermally treated at 300˚C, the other samples have inferior Faraday effects. These fer-
rofluids are composited by too weak magnetization intensities particles. When they are placed in the fields, the 
phase separation hardly happens, and the aggregation phenomena may not form. Correspondently, the ferroflu-
ids placed in magnetic fields is similar with an isotropy system. Excellent Faraday effects couldn’t be observed. 

To further study the influence of the mass ratio of Fe to Al2O3 on the Faraday effects of the composite ferrof-
luid, a series of samples with Fe-Al oxide composite particles thermally treated at 300˚C and having various 
mass ratios of Fe to Al2O3 were investigated. The experimental results are shown in Figure 2. In Figure 2, the 
transverse axis indicates the used magnetic field B, and the longitudinal axis indicates the Faraday rotation angle 
degree of sample. The mass ratios of Fe to Al2O3 are 1:1, 1:2, 1:3, 2:1 and 3:1, respectively. In paper [25], the 
relationship between crystal forming of Fe-Al oxide composite particles and the mass ratio of Fe versus Al2O3 
was discussed. The larger the ratio of Fe to Al2O3 is the more Fe3O4 crystals of Fe-Al oxide composite particles 
appear. Using the discussion above, the ferrofluid with Fe-Al oxide composite particles at mass ratio of 
Fe:Al2O3 = 3:1 formed well aggregation when it is placed in a magnetic field because it may form well chains. 
This ferrofluid placed in field, when line polarization light passes, it has a relatively excellent Faraday effects 
than other samples and the curve increases more rapid than others. The Faraday rotation curves of ferrofluid 
 

 
Figure 2. Faraday effects of the Fe-Al oxide composite fer-
rofluid. The Fe-Al oxide composite particles were thermally 
treated at 300˚C and had various mass ratios of Fe to Al2O3.     
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with Fe-Al oxide particles which mass ratios of Fe to Al2O3 are 1:2, 1:3 are approximate zero. They would have 
little application at aspect of Faraday rotation. The Faraday rotation curves of ferrofluid with Fe-Al oxide par-
ticles which mass ratios of Fe to Al2O3 are 1:1, 2:1 are non-linearity, this phenomenon is required further study. 

4. Conclusion 
A new type of ferrofluid showing a relatively excellent Faraday effect without saturation at range 0 - 1.5 T 
magnetic field is synthesized. The ferrofluid containing Fe-Al oxide composite particles which mass ratio is 
Fe:Al2O3 = 3:1 and thermally treated at 300˚C. The Fe-Al composite oxide particles synthesized linear Faraday 
effect ferrofluid are gotten. 
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