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In this paper, the liquid crystal(LC) order parameters of the interface layers at rubbed polymer
surfaces were studied. The LC films in this study were made with either polyvinyl alcohol or
polyimide and the test LCs were filled into wedge-shaped cells for various measurements. The real
distribution of order parameters from LC bulk to the interface was obtained by measuring the
anisotropic infrared absorbance of sample films. It was found that the order parameters start to
decrease where the LC layer thickness is smaller than 10 nm, and the order parameter of LC
monolayer at the rubbed polymer surface is only1/3–1/2 ofthat of the LC bulk even in a strong
rubbing condition. When the temperature was increased to the transition point, the LC interface
layer (excluding the adsorption monolayer) completed the phase transition while the bulk layer
remained in LC phase. This was a further evidence that the order parameter of the interface layer is
lower than that of the bulk. ©2004 American Institute of Physics. [DOI: 10.1063/1.1772881]

I. INTRODUCTION

It is still unclear that what the magnitude of order pa-
rameters in the alignment film is needed to keep the bulk
liquid crystal (LC) alignment stable. In this work, the order
parameter of LC monolayer on the surface of polyvinyl al-
cohol (PVA) and polyimide(P) films treated by rubbing was
studied. Since rubbed PI alignment films are widely applied
in industrial fabrication process of LC display devices and
rubbed PVA alignment films are popularly used in laborato-
ries, the experimental results have pratical significance. More
important, this work provides an order parameter criterion to
the new alignment techniques, for example, the photoalign-
ment technique.1–3

A large number of semiquantitative and some quantita-
tive analysis4–18 of the order parameter of LC near rubbed
polymer films surfaces were reported. The work similar to
the current study were made by Hallamet al.19 and Nish-
ikawa and West.20 Hallam et al. deduced the temperature
dependent surface and bulk order parameters of homoge-
neous aligned LC using azimuthal anchoring strength calcu-
lated by the twist angle changed from the temperature 30 °C
lower than the phase transition point until near to the transi-
tion point. The authors seemed to omit the possibility that the
increasing twist angle with temperature might be mainly due
to a decreased elastic constantK22 rather than the surface
anchoring strength, and they assumed that the surface order
parameter was 1.0 at 0 K but omit the effect of the surface
morphology still held for the surface order as well. Nish-
ikawa and West reported distributions of the order param-

eters with changed cell gaps. In the current study, we will
present experimental results on the distribution of the order
parameters from the bulk to the surface with finite interface
layer thickness. To further verify our result, we also in-
creased temperature to show where the phase transition
started, i.e., at the interface layer or inside the bulk.

II. EXPERIMENT

Order parameters of a nematic LC can be obtained by
measuring its anisotropic property. In the present study, order
parameters were obtained by measuring the infrared(IR) di-
chroism of sample films. If the nematic LC molecule has a
group with IR active bond vibration parallel to the molecular
long axis, the IR absorbance due to the group can be a mea-
sure of the orientation order of LC molecules. In this tech-
nique, we definedAi andA' as the IR absorbance measured
when the polarization of a incident light was parallel or per-
pendicular to the long axis of LC molecules, respectively.
When Ai is not equal toA', the sample is dichroic with
nonzero scalar order parameter, i.e., it is optically aniso-
tropic. From the measuredAi andA' values we can evaluate
the order parameter for nematic LC films made from mol-
ecules with uniaxial symmetry by using the following equa-
tion:

Qd̄ =
Ai − A'

Ai + 2A'

. s1d

Since the measured absorbance always contains information
from the bulk layer and the two interface layers, the order

parameterQd̄ is the average value of these layers.a)Electronic mail: xuanli@ciomp.ac.cn
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When the thickness of LC films gradually decreases to-
ward 0, we can measure thickness dependence ofAi andA',
i.e., thickness dependence of the order parameter. From the
measurement, we can then evaluate the magnitude of order
parameter at the surface by extrapolating the result to zero
thickness of the layer.

To obtain continuously changed LC layer thickness with
a constant surface alignment condition, a wedge-shaped LC
cell was used.

For the dichroic liquid crystals, the volume average ab-
sorbance,A, can be expressed as

A =
1

3
sAi + 2A'd, s2d

whereA is proportional to the thickness of LC layer thick-
nessd. To obtain thickness dependence of the order param-
eter, one can obtain the relationship betweenA and d first
and then measureAi and A'. Both the LC layer thickness
and the order parameter can then be calculated fromAi and
A' data. There are three different measurement techniques
one can choose to use for measuring the thicknessd of a LC
layer depending on the range of the layer thickness. Whend
is in the micrometer range, the interference of the two re-
flected beams from the two inner surfaces of the cell can be
used to obtain the cell gap which equals to the thickness of
the LC layer. If LC layer thicknessd is in the range of hun-
dreds of nanometers, an ellipsometer can be used for mea-
suring the retardation of the LC layer and then dividing the
result byDn to obtaind, whereDn is the difference value of
the anisotropic refractive indices measured by Abbe refrac-
tometer. Whend is smaller than 100 nm, the thickness can be
measured by reflected ellipsometry in isotropic phase.

The geometry of a wedge-shaped LC cell is shown in
Fig. 1, where two pieces of CaF2 substratess20310
30.2 mm3d, are used because CaF2 is transparent in IR re-
gion. The cell gap ranges from 0 to 2mm over a substrate
edge length of 20 mm. The inner surfaces of the wedge cell
were spin coated with PVAs#500d or polyimide AL-1051
(main chain, JSR Co. Ltd), and unidirectionally rubbed along
the substrate edge of 10 mm, with a strong rubbing strength
of L=1000 cm, which is described in detail elsewhere.21,22

Nematic LC GR-41(Chisso Co. Ltd) with a N-I transi-
tion point of 68°C was injected into the wedge cell at 80°C
and then naturally cooled down to the room temperature. All
the composites haveuCwN groups in which the bound
vibration is parallel to the long axis of the molecules, and the
absorbance ofuCwN groups was utilized for measuring
the LC molecular order.23,24

A Fourier-transfer–infrared (FT-IR) spectrometer
(FTS3000, Bio-Rad Co. Ltd) was used to measureAi andA'

of the LC layer. The tested beam of a diameter of 1 mm was
normal to the sample cell surface, and a polarizer was placed
in front of the sample.Ai and A' were measured with the
polarizer parallel and perpendicular to the rubbing direction,
respectively. An ellipsometer(Shimatsu, AEP-100) was used
to measure the retardation and the thickness of LC layers.
The diameter of a He-Ne laser beam is 1 mm.

III. RESULTS

The vibration absorbance peak ofuCwN is at
2225 cm−1, which was used for the absorption measurement
in this experiment. The measured linear relationship between
A and d for a LC layer is shown in Fig. 2, where the data
points marked by “O” were obtained by an interference
method, “h ” by a retardation measurement, and “D” by
reflected ellipsometry.

Figure 3 shows the absorbance of the wedge cell when
the polarizer was set parallel and perpendicular to the rub-

FIG. 1. A schematic drawing of a wedge-shaped LC cell.

FIG. 2. Plot of the average absorbance vs LC layer thickness.

FIG. 3. Plot of absorbance parallelsAid and perpendicularsA'd to the rub-
bing direction(PVA alignmnet film, rubbing strength 1000 cm).
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bing direction and the result suggests that the difference be-
tween Ai and A' varies with the thickness of LC layer
aligned by the rubbed PVA film. The measurement was per-
formed in 28 °C. The two solid lines are the continuation
from the bulk results which crossed in the point of several
nanometers thickness where the experimental dots indicate
AiÞA'Þ0. In fact, if the order parameter in the interface
layer is larger than that in the bulk, the two continuation lines
will cross at the point ofd,0. If the order parameter in the
interface layer is smaller than that in the bulk, the two con-
tinuation lines will cross at a point whered.0. When the
order parameter in the interface layer is the same with that in
the bulk, the two continuation lines will cross at the point of
d=0. Our experimental result suggested that the second case
hold in our experiment. Therefore we concluded that the or-
der parameter at the surface was smaller than that in the bulk.

Using Eq.(1) and data in Fig. 3 we derived the distribu-
tion of the averaged order parameters along the LC layer
thickness direction and the result is shown in Fig. 4. It can be
seen that the averaged order parameter decreases quickly
when the thickness of the LC layers is smaller than 100 nm.
At the point ofd=0, i.e., on the surface of rubbed PVA film,
the LC order parameter is only about 0.25, while the order
parameter approaches to saturation value of 0.6, i.e., the bulk
order parameter, when the thickness becomes larger than
100 nm.

The rubbing strength on the PVA surface is 100 cm. Ac-
cording to our experiments, when the rubbing strength
reaches 300 cm, the surface order parameter becomes satu-
rated. Therefore we can say that the order parameter de-
creases quickly where approaches to the surface, and the
surface order parameter is only up to1/3–1/2 of thebulk
order parameter, regardless how strong the rubbing strength
is. A similar result was achieved in polyimide films.17,18

The solid line in Fig. 4 is a fitted curve according to
Yokoyama’s assumption of the distribution of order param-
eters in a LC cell.13

Qszd = Qb + sQs − QbdexpS z

j
D , s3d

wherez is the thickness of LC layer which starts from the
surface of one substrate, as shown in Fig. 5,Qb andQs are
the LC order parameters in bulk and on the rubbed film

surface respectively, andj is coherent length which is taken
as the interface layer thickness.

Because the interface layers are the two inner surfaces of
substrates, the distribution of order parameters is symmetric

to the line of s1/2ddsxd. If Qd̄ is the integrating averaged

value of Qszd, one can obtainQd̄ by using the following
equation:

Qd̄ =
2

d
E

0

d/2

Qszddz=
2

d
E

0

d/2

Qb − sQb − QsdexpS−
z

j
Ddz

= Qb + jsQb − Qsd
2

d
FexpS−

dsxd
2j

D − 1G , s4d

wheredsxd is a measurable parameter,Qs and j are fitting

parameters. By fitting experimentalQd̄ with Eq. (4), as
shown in Fig. 4,j=7 nm andQs=0.25 were obtained, re-
spectively.

TransformingQd̄ into Qszd, we obtain the real distribu-
tion of order parameters from bulk to the interface as shown
in Fig. 6. It is obvious that the order parameters start to
decrease after the LC layer thickness is smaller than 10 nm.
The layer thickness of 10 nm is the same as the molecualr
coherent length proposed by P. G. de Gennes,25 which sug-
gests that any interruption in LC will disappear over the
range of 10 nm.

The experimental results prove that the order parameter
of LC on the rubbed surface of an alignment film is much
smaller than that in bulk andQs is estimated about
1/3Qb–1/2Qb, even under saturated rubbing condition. This
suggests that the rubbing treatment cannot completely con-
trol the molecular orientation, but only offer an alignment
axis and an essential orientational order.15 In addition, the
order parameter can be quickly recovered at the interface
layer by the molecular interaction.

FIG. 4. The averaged order parameters vs LC layer thickness(PVA align-
ment film, rubbing strength 1000 cm).

FIG. 5. A schematic of the coordinate of the wedge shaped cell.

FIG. 6. The distribution of order parameters of LC molecules in the surface
layer (PVA alignment film, rubbing strength 1000 cm).
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To further study the surface order parameterQs, we
heated the wedge cell to the transition point from nematic to
isotropic phase, and measured the order parameters as a
function of the temperature. As shown in Fig. 7, the bulk
order parameterQb decreased linearly when the temperature
did not exceed 60 °C. However, at a temperature about
10 °C lower than the transition point,Qb decrease quickly

with further increase of temperature until it reached 0 at
70 °C. On the other hand,Qs remained unchanged until tem-
perature reached 55 °C that is 13 °C lower than the transi-
tion point. The measurement ofQs at temperature higher
than 55 °C becomes impossible because the thin part of LC
layer in the wedge cell started phase transition at a tempera-
ture not much higher than 55 °C. We observed phase transi-
tion spreading from the thin part of the films to the thick part.
To further understand the changing process of the order pa-
rameters, the dependence ofAi andA' on LC layer thickness
was measured at temperatures from 28 to 70 °C. The result
of this measurement is shown in Fig. 8. It can be seen from
this data that, at temperatures from 28 to 55 °C, the value of
Ai−A' decreases linearly with the LC layer thickness, but at
60 °C and when the interface layer thickness is several na-
nometers, the value ofAi−A' hardly changes. At 68 °C, the
transition point of LC bulk, the thickness of the layer with an
almost unchanged value ofAi−A' increases, up to 15 nm.
The tendency continues until 70 °C while the phase transi-
tion completes.

The curve ofAi−A' vs LC layer thickness measured at
68 °C is plotted in Fig. 9, wherea is the total distribution of

FIG. 7. A plot of bulk order parameterssQbd and the surface order param-
eterssQsd vs temperature(PVA alignment film, rubbing strength 1000 cm).

FIG. 8. The absorbance ofAi andA'

measured at(a) 28 °C, (b) 55 °C, (c)
60 °C, (d) 68 °C, and(c) 70 °C.
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Ai−A' and b is the enlargement of the initial part of the
curve. From Fig 9(a) with Fig. 9(b), it can be seen that the
curve at the thickness of 200 nm appears to have a sudden
change in curvature, and the value ofAi−A' is close to 0
where the thickness is smaller than 200 nm. This suggests
that the interface layers on the upper and bottom substrates,
totally about 200 nm of thickness, have entered phase tran-
sition. The relatively low value ofAi−A' shown in Fig. 9(b)
can be attributed to mainly the short-range order of the LC
layer because it is thickness dependent and very little to the
adsorbed monolayer’s order because the adsorption energy
should be much larger than the nematic-isotropic enthalpy.
From this result we may deduce the distribution of phase
states in the LC cell at transition point, as shown in Fig. 10,
in which phase transition happens earlier in the LC interface
layer than the bulk and the adsorbed monolayer remains in
the nematic state. The lower the order parameter is, the
higher the free energy becomes. The fact of the LC interface
layer enters phase transition earlier suggests thatQs is
smaller thanQb.

In addition, the value ofAi−A' in Fig. 9(b) appears to
have a quadratic relationship with the LC layer thickness and
we believe that the phenomenon may be due to the size in-
crease of the short-range order domains with increasing LC
layer thickness.

It should be noted that out interpretation is based on the
phenomena on a heating process, because heating process is
simple and without the complexity of the nucleation energy.
We believe that the conclusion should hold for a cooling

process in which a nematic phase appears at surface first as
described by previous works.26,27Because the transition from
isotropic to nematic requires a nucleation energy that should
be much larger than the energy caused by the difference of
Qs andQb, the substrate wall provides nucleation sites so that
nematic LC appear at surface first no matter how smaller of
Qs thanQb.

IV. CONCLUSION

From the research results, we concluded that the LC or-
der parameter at the rubbed surface of alignment films was
about 1/3–1/2 of thevalue for the bulk, regardless what
type of the alignment film was used, i.e., PVA or PI, and
regardless how strong the rubbing treatment was applied on
the film, and we found in our study that the order parameter
quickly recovered at the interface layer which thickness was
about 10 nm. Due to the limitations of the measurement
methods used in this research, we did not taken into account
the two-dimensional alignment effect on the surface, that is,
the molecules tend to lie down on the substrate surfaces.
Since we studied the order parameters of LC layers with a
uniaxial symmetry, the surface order parameters obtained in
our research are expected to be slightly smaller than the ac-
tual values.
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