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ABSTRACT 

A method for liquid crystal surface alignment by using a one-step, ion beam sputtering on glass substrates is 
demonstrated. Pre-coating by polyimide is not necessary. We use a diode-type sputter to treat the glass substrates with Ar 
ion-beam. The homeotropic alignments for nematic liquid crystals are achieved. The alignments are characterized by 
using the polarizing optical microscope and the conoscope. To find out the alignment mechanism, the studies by using 
super conducting quantum interference device and scanning probe microscopy are carried out. The surveyed surface 
morphology reveals that the films are amorphous and composed of nanoparticles with dimensions around 30 nm. The 
magnetization anisotropy of the sputtered magnetic films is analyzed. The polar anchoring strengths of the coated films 
with different thicknesses are measured and compared with their saturation magnetization. We deduce that the 
homeotropic alignment is achieved due to the orientation of the diamagnetic nematogenic molecules in the magnetic 
field caused by the γ-Fe2O3 ferrimagnetic thin films. A simple model of alternatively distributed magnetic moments with 
opposite direction is proposed. The profile of magnetic field strength near the surface is then calculated to compare with 
the measured alignment strength. 

Keywords: liquid crystal, surface alignment, iron oxide, magnetic nanoparticles, ferrimagnetic thin film, ion beam 
sputtering, magnetization, polar anchoring strength 

1. INTRODUCTION 

It is well known that the liquid crystal (LC) molecules can be reorientated by electric and magnetic field due to their 
anisotropic electrical permittivity and magnetic susceptibility [1]. The electro-optical effect of nematic liquid crystals 
(NLCs) has been widely used in liquid crystal displays (LCDs). On the other hand, surface alignments of liquid crystals 
are essential in fabrication of LCDs. It gives the boundary condition for the molecular orientation at the surface and 
determines how the molecules in a cell are aligned without any applied field. The most common alignment method used 
in LCD industries right now is the rubbing method, which employs a velvet rubbing process on polyimide (PI) coated on 
substrates. In spite of its success, this method has some drawbacks such as leaving debris and electrostatic charges on the 
rubbed surfaces [2]. Besides, it becomes increasingly difficult to maintain uniformity as the substrate size of LCD gets 
larger rapidly in industry. It is important to look for new alignment methods, specially the non-contact alignment 
methods.  One of the alternative alignment methods, ion beam (IB) alignment, had been reported by an IBM group 
[3-6]. They have successfully realized this non-contact alignment technology by integrating low energy ion beam 
equipments and diamond-like carbon (DLC) thin films into LCD manufacturing processes. The mechanism of this 
alignment method was attributed to the anisotropical change of bindings between carbon atoms caused by ion beam 
bombardment [6]. Several studies devoted to ion-beam bombarded DLC and PI films have also been reported by other 
groups[7-11]. One of the that them pointed out that a homeotropic alignments can be obtained by using fluorinated DLC 
thin films as the alignment layer and the pretilt angle can also be controlled by choosing different ion-beam parameters 
or the concentration of fluorine doped in DLC films [11]. In addition, by choosing the ion beam energy, one can control 
to get a homogeneous or homeotropic alignment [8-10]. This ability of controlling the alignment modes makes the 
ion-beam alignment method potentially useful in LC-based applications, especially in LCDs industry.  
 
Recently, we have reported that both homogeneous and homeotropic alignments can be induced by argon ion beam 
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bombardments with low and high energy, respectively, on the same kind of polyimide film [12]. Even the clean glass 
substrates bombarded with high energy ions can achieve the homeotropic alignments [13]. We have proposed that the 
magnetic field induced by the sputtered γ-Fe2O3 composites and the molecular-orbital interactions between the Fe atoms 
and cyanobenzene of 5CB are responsible for the alignment mechanism. In this paper, we will give more discussions on 
the proposed mechanism. 

2. EXPERIMENTS 

2.1 Ferric films preparation and characterization 

In this work, we have used a direct-current (dc) diode-type ion beam sputter [12] (model IB-2 from EIKO Engineering 
Co., Ltd.) for ion beam treatment. The sputter can be used either as a coating or etching device, depending on the polarity 
of the voltage. When the etching mode is selected, the bottom electrode, on which the sample substrates are set, acts as 
the cathode. The substrates are etched by ion beams from induced glow discharge near the top electrode. On the other 
hand, in the coating mode, the bottom electrode is chosen as the anode and the sample substrates are then uniformly 
coated with the target material mounted on the top. Stainless steel electrode is used for the top electrode. The energy of 
ions is varied by changing the dc voltage between electrodes. Before each ion-beam process, the chamber is pumped 
down to a base pressure of 30 mTorr and then argon gas is fed into the chamber to a target pressure of 55 mTorr. 
 
The indium-tin-oxide (ITO) coated glasses are used as the substrates. After cleaning, the substrates are directly treated by 
ion beams sputtering without any PI coating. The ion energy, current density, and coating time for ion beam treatment are 
1120 V, 255 µA/cm2, and 5 min, respectively. In this work, all parameters except for the coating time remain the same. 
Under such a circumstance, the coating rate of 21.2 nm/min is determined by ellipsometry. 
 
As described in the previous work [13], the sputtered films are also characterized by using x-ray photoemission 
spectroscopy (XPS) and ultraviolet-visible spectroscopy. For the XPS, a PHI dual-anode x-ray monochromatic source for 
the x-ray irradiation of Mg Kα (1253.6 eV) and Al Kα (1486.6 eV) and a PHI 10-360 precision energy analyzer are used. 
The incident angle of the x-ray is 36° from the sample normal and the photoelectrons are detected at the angle of 45° 
from the sample normal. The base pressure during acquirement is below 5.0×10-9 Torr. The anode voltage is set at 15 kV 
(x-ray power 250 W). 

2.2 magnetic properties and surface morphology 

We have also measured the magnetization of the sputtered films to verify its magnetic properties. A super conducting 
quantum interference device (SQUID, MPMS-XL7, Quantum Design) equipped with a superconducting magnet with 
maximum strength of 70 kOe has been used for this measurement. The typical sensitivity of the magnetization 
measurement is better than 1×10-8 emu (H<2.5 kOe). Besides, the superficial distribution of the magnetization and 
morphology on the film surface are investigated by the scanning probe microscopy (SPM) unit system (SPA-300HV, SII 
Nano Technology Inc.) operated in dynamic force mode (magnetic force microscope, MFM) and contact mode (atomic 
force microscope, AFM), respectively. 

2.3 Sample characterization and polar anchoring strength measurement 

To investigate the relation between the polar anchoring strength (PAS) and the thickness of ferric films, the experimental 
determination of polar anchoring strength is carried out by using the external field methods [14-15]. Two identically 
treated substrates are assembled with a Mylar spacer of specific thickness in between to form an empty cell. The 
thickness of spacer is chosen in the range from 6 µm to 50 µm to satisfy the requirements for the measuring methods. 
Various Merck NLCs such as 4′-n-pentyl-4-cyanobiphenyl (5CB) and MLC-6608 are then filled into the empty cells. The 
dielectric anisotropy of the former is positive while the later is negative. The pretilt angle and thickness of LC layer are 
simultaneously obtained by crystal rotation method [16]. For comparison, the MLC-6608 cells with homeotropic 
alignment induced by N, N-dimethyl-N-octadecyl-3-aminopropyltrimethoxysilyl chloride (DMOAP) coating are also 
prepared for PAS measurements. The surface alignments are characterized by using conoscope and polarizing optical 
microscope. 
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3. RESULTS AND DISCUSSIONS 

In a previous work, we have reported a novel and reliable method of liquid crystal alignment using transparent magnetic 
thin films have been proposed [13]. The composites of the thin films are characterized by XPS analyses. Figure 1 (a) 
shows the multiplex mode scanning of Fe 2p region on the sputtered composites and the narrow peak at 710.4 eV 
indicates that no Fe2+ iron oxidation state exists [17-18]. Furthermore, the measured spectrum is deconvoluted into 
multiple Gaussian peaks. The Fe 2p3/2 envelope of the spectrum is well fitted using the peaks constrained to conform to 
the multiplets calculated for the iron compound γ-Fe2O3 by Gupta and Sen [19]. As shown in Fig. 1(b), the four Fe3+ 2p3/2 
multiplet peaks with binding energy at 709.8, 710.8, 711.8, and 713.0 eV are due to the inclusion of electrostatic 
interactions and spin-orbit coupling in theoretical calculation [20]. The presence of satellite peak structures have been 
ascribed to the shake-up processes [21]. Accordingly, the composites of the sputtered film are characterized as the 
maghemite, γ-Fe2O3. 
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Fig. 1 The XPS spectra of the coated composites: (a) Fe 2p spectrum in multiplex mode; (b) The Shirley 
background-subtracted Fe 2p3/2 spectrum. 
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The measured magnetization versus temperature by SQUID shows a minimum that corresponds to the compensation 
temperature, a typical feature of ferrimagnetism. Accordingly, we deduced that the magnetic moment of γ-Fe2O3 material 
would likely be responsible for the alignment mechanism of NLC. 
 
Base on these points, we have investigated the relation between the surface anchoring strength and the magnetization of 
γ-Fe2O3 film. For the purpose of measuring PAS, the NLC cells with homeotropic alignment are prepared and shown in 
Fig. 2. The alignment qualities of γ-Fe2O3 film are as good as those given by DMOAP films. Figure 2 (a) shows the 
optical behavior and uniformities of the MLC-6608 sample with a picture of these cells under crossed polarizers; the 
inset is a conoscopic picture. In Fig 2(b), we show the picture of the same samples but tilted from the polarizer plane. 
The homeotropic alignment of NLC is confirmed with these pictures. The alignment effects of 5CB on the γ-Fe2O3 films 
are also demonstrated with the tilt-view of the samples as shown in Fig. 2 (d). The photograph of the cells without 
polarizers is shown in Fig. 2 (c). It should be noticed that the ITO coated glass substrate with the γ-Fe2O3 film coating is 
not totally transparent in the visible band. However, the measured transmittance of a γ-Fe2O3 film with thickness of 212 
nm is higher than 90%. 

 

The electro-optical (EO) responses of the MLC-6608 cells with γ-Fe2O3 and DMOAP coating are measured under 
crossed polarizers and shown in Fig. 3. The phase retardation R is transformed from the transmittance T and normalized 
by the maximum phase retardation Rmax which is calculated with the measured thickness and pretilt angle of the NLC 
cell. The measured T-V curves are stable and reproducible. Furthermore, the PAS can be derived from theoretical 
analyses on this EO response [15]. The extracted polar anchoring strength, Wp, as a function of coating time is plotted in 
Fig. 4. For the MLC-6608 cells with the coating time of 10, 20, and 30 min, their PAS are 1.1×10-4, 7.9×10-5, and 
4.8×10-5 J/m2, respectively. The γ-Fe2O3 coated cells with thickness of 212 and 424 nm have the PAS stronger than 
7.11×10-5 J/m2 measured for the cell with DMOAP coating. Furthermore, the comparison of PAS of 5CB on these two 
alignment layers is also carried out. The PAS is obtained by using the magnetic field method [14]. The measured results 
are 2.0×10-4 and 3.4×10-5 J/m2 for 10 min γ-Fe2O3 and DMOAP coating, respectively. According to these results, the 
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Fig. 2 (a) Top-view and (b) tilt-view of the MLC-6608 cells with γ-Fe2O3 and DMOAP coating under 
crossed-polarizers; (c) top-view (without polarizers) and (d) tilt-view of the 5CB cells coated with different thickness of 
γ-Fe2O3 films. Inset: the conoscopic pattern of the MLC-6608 cells with γ-Fe2O3 coating. 
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γ-Fe2O3 film with thickness less than 20 nm reveals an anchoring effect stronger than that by the DMOAP film. 
  

 

 

 

Fig. 3 The normalized phase retardation of MLC-6608 cells at different applied voltage. Inset: the measured curves of 
transmittance versus applied voltage. 
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Fig. 4 The polar anchoring strength Wp and the saturation magnetization Ms as a function of γ-Fe2O3 film thickness. 
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To find out the possible mechanisms of the NLC alignment on the γ-Fe2O3 film, the magnetic properties such as the net 
magnetization Mnet and saturation magnetization Ms of the γ-Fe2O3 films are determined by using SQUID. All the 
measurements in this work are carried out at a temperature of 300 K. The net magnetization Mnet of the sample before 
applying any magnetic field in M-H measurement has also been measured. As shown in Fig. 5, the hysteresis loops 
measured in the direction parallel to the film surfaces for two samples with thickness of 106 and 424 nm are 
demonstrated. The magnetizations at H�3 kOe, saturation magnetization, are determined as 2.52 and 0.23 emu/g for film 
thickness of 106 and 424 nm, respectively. The saturation magnetizations measured in the direction normal to the film 
surface have also been obtained as 0.94, 0.26, and 0.16 emu/g for film thickness of 212, 424, and 636 nm, respectively, 
as shown in Fig. 4. The result seem to indicate that the surface anchoring effect is related to the magnetization of the 
γ-Fe2O3 film. More studies on the anisotropy of magnetization are still in progress. 
 
Besides, we have also investigated the surface morphologies of the sputtered γ-Fe2O3 films by AFM. Figure 6 (a) and (b) 
shows the surveyed morphology of a γ-Fe2O3 film with thickness of 169.6 nm. Three positions have been randomly 
chosen for the particle size analysis. Their surface profiles are shown in Fig. 6 (c). The mean size of the particles 
composed of γ-Fe2O3 material is 30±5 nm. 
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Fig. 5 Hysteresis loops measured for sputtered γ-Fe2O3 films with thickness of 106 and 424 nm. 

Proc. of SPIE Vol. 6911  691104-6

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 05/09/2014 Terms of Use: http://spiedl.org/terms



[nm] 51566:

[nm] 149.0291

'ri!a
[nm] 200.5247

0 100 200 300 400

-88 883 [dOg] -83 323

 

 

 
Accordingly, we propose a simple model to explain how the magnetic field is induced and affects the orientation of NLC 
near the surface. For simplicity, a surface structure composed of the square domains with equal size and magnetization as 
illustrated in Fig. 7 (a) is considered. The average directions of magnetic moments for neighboring domains are opposite 
to each other. The characteristic of this model is that the induced z-component magnetic field Hm decays rapidly as being 
away from the surface. According to the measured saturation magnetization of 212 nm thick γ-Fe2O3 film and the particle 
mean size as mentioned above, the size and magnetization of each square domain are 30 nm and 0.94 emu/g, respectively, 
in this model. The total magnetic moment m of 1.79×10-19 Am2 for each domain is then calculated. Figure 7 (b) and (c) 
show the 2-dimension dependent magnetic field strength Hm(x, y) at different z positions. As we know, a torque given by 

Fig. 6 Surface morphology of a γ-Fe2O3 film with thickness of 169.6 nm: (a) Three-dimensional image; (b) top-view image; (c) 
surface profiles for particle size analyses. 
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the magnetic filed on the LC molecule can be written as Γ =χa(n•H)n×H [1]. Therefore, the field-induced orientation 
effect on LC molecule is undistinguishable for fields in up or down direction. This is the reason why the saturation 
magnetization is essential. The z-dependent field strength Hm(z) at different positions in the x-y plane is plotted in Fig. 7 
(d). The four x-y positions selected for simulation are marked on the contour plot by dots with the same color as that for 
the corresponding curves. As we can see from Fig. 7 (d), the field is high near the surface and decays rapidly with 
distance, especially for points near domain boundaries.  
 
According to this model, a estimation on the PAS is determined. For simplicity, we assume the orientations of the LC 
directors are uniform in a considered near-surface region with depth of several nanometers. The anchoring strength is 
then defined as a definite integral of χaHm

2(z) from z=0 to 20 nm, where the χa is given by 1.047×10-7 cgs unit for 5CB. 
Taking the Hm(z) at point iv into account, we have obtained a value of 2.25×10-11 J/m2 for PAS. If the the value of 
magnetization 16.54 emu/g calculated from bulk value and a density of 4.86 g/cm3 [22], a result of 1.90×10-7 J/m2 is still 
much smaller than the measured value, 2.0×10-4 J/m2. The significant differences are probably due to the following 
reasons. Firstly, the theories of deducing the PAS from the experimental results are built without the detail descriptions of 
surface structures from a microscopic point of view. Secondly, the lack of the information about the properties of the 
amorphous film formed with the magnetic nanoparticles makes the resultant underestimated. 
 
We have surveyed the surface of sputtered γ-Fe2O3 film with thickness of 212 nm by SPM. As shown in Fig. 8 (a), the 
AFM image reveals that the synthesized γ-Fe2O3 particle size is dispersive. This may be due to the variation of intensity 
of plasma giving rise to different oxidation rates of Fe [23]. However, no domain pattern is found on the MFM image, as 
shown in Fig. 8 (b). This is probably because the spatial resolution of the MFM can not be better than 50 nm. Besides, 
the simulated field strengths decay rapidly in the depth of several nanometers. Even though the resolution is high enough, 
it is still difficult to extract the magnetic force distribution from the signals mixed with the Van der Waals force 
information. 
 
Again, it should be noticed that this simple model is for qualitative analyses only because the real surface structure is 
much more complicated than what we have proposed. For example, the surface bonding due to the molecular-orbital 
interactions between the metal atoms and cyanobenzene of 5CB should also be involved. And the magnetic properties of 
the dc-sputtered γ-Fe2O3 nanoparticles in this work are not well understood either. Recently, the influences of particle 
size on the magnetic properties have been carried out for γ-Fe2O3 nanoparticles by several groups [24-26]. Different 
magnetic properties have been observed with the same materials having similar grain sizes but produced by different 
methods. Therefore, more studies on the relation between the nanostructures and the revealed magnetic properties are 
required in the future. 
 

4. CONCLUSION 

In conclusion, we unambiguously demonstrate that ITO coated glass substrates, after bombardment using the dc diode 
sputter with ion energy of 1120 V and current density of 255 µA/cm2, can achieve excellent homeotropic alignment of 
the NLCs. The polar anchoring strength of γ-Fe2O3 films with thickness less than 424 nm are larger than that of DMOAP 
film. The comparison between the surface polar anchoring strength and magnetization of the γ-Fe2O3 films with different 
thicknesses seems to indicate their interrelation from the microscopic point view. Both the measured saturation and net 
magnetizations decrease with increasing thickness. Additionally, we also observe the magnetization anisotropy of the 
sputtered γ-Fe2O3 film and it becomes larger as the film thickness decreases. The measured mean size of the particles 
composed of γ-Fe2O3 material is 30±5 nm. Accordingly, we propose a simple model to explain how the magnetic field is 
induced and affect the orientation of NLC near the surface. 
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Fig. 7 A simple model describing the spatial distribution of the induced magnetic field by the γ-Fe2O3 film: (a) imaginary surface 
structure; (b) Hm(x, y) at z=5 nm; (c) Hm(x, y) at z=20 nm; (d) Hm(z) at different (x, y). 
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