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ABSTRACT

Ramie is a plant whose fibers are used in fabrics. Ramie films are prepared by hot pressing and studied with transmission Mueller-matrix
ellipsometry, which provides a complete description of polarizing and depolarizing sample properties. Symmetries of the Mueller matrices
imply that the ramie films are linearly birefringent and act as waveplates. The linear birefringence is quantified by the differential decompo-
sition of the Mueller matrices and the materials’ birefringence is found to be of the order of 0.05–0.08 with small dispersion in the visible
spectral range. The films exhibit depolarization, which is quantified in terms of the depolarization index and varies from 0.9 in the infrared
to 0.25 in the ultraviolet range. The deep understanding of ramie films’ polarization properties will pave the way for applications in optical
and photonic devices.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1116/1.5129651

I. INTRODUCTION

Ramie, also called China grass, is a very strong plant fiber used
in fabric production.1,2 It is mostly composed of cellulose (83%–96%)
along with other noncellulosic constituents like gums and waxes.1

Among vegetable fibers, ramie fibers exhibit the largest length/width
ratio with lengths in the centimeter range and nearly elliptical cross
section of tens of micrometers.2 Ramie fibers are composed of highly
oriented densely packed semicrystalline microfibrils. However, ramie
fibers and microfibrils are not exempt from showing defects.
Recently, microscopy studies (optical, fluorescence, and electron) on
enzymatic peeling of ramie fibers have revealed nodes, scales, and
kinks as well as a multilayer structure in cross section.3 On the other
hand, small angle neutron scattering studies have shown periodic dis-
order along ramie microfibrils due to disordered glucose residues.4

The range of applications of ramie fibers is vast but commonly it is
used in composites as a reinforcement material, and novel surface
treatments are investigated to improve bonding properties.5

Looking for sustainable and environmental friendly materials,
a water-based approach of all-cellulose material was recently intro-
duced.6 Thus, after the delignification process, ramie fibers can be
processed to transparent films with a Hermanns orientation param-
eter of 0.82 (as determined from x-ray diffraction data), signifi-
cantly larger than other reported for cellulose-based materials.
With good mechanical performance and high transmittance of up
to 85% (specular plus diffuse as measured in a film of 140 μm
thickness with an integrating sphere),6 these ecofriendly ramie
films are of interest for coating, packaging, and photonics applica-
tions. A physical property intimately related to fibril orientation is
the optical birefringence.2

Both from the aspect of fundamental materials and for exploit-
ing the use of ramie films in applications, there is a need for accurate
determination of its linear optical properties. The objective here is to
quantify anisotropic optical properties of transparent ramie films.
Birefringent and dichroic properties as well as depolarization features
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are reported. The method used is the differential decomposition of
transmission Mueller matrices, which has been employed to analyze
related materials including circular birefringence (CB) and circular
dichroism (CD) in beetle cuticle,7 chirality in nanocrystalline cellu-
lose films,8 birefringent films of cellulose nanocrystals,9 and cuts of
biological tissue.10

II. EXPERIMENT

A. Sample preparation

Ramie fibers, purchased from a local market in Hunan prov-
ince (China), were peeled as strips and then were delignified/
degummed in NaClO2 (1 wt. %, pH= 4.6 in acetate buffer) for 3 h
at 80 °C. To swell the fibers, degummed ramie strips were soaked in
15 wt. % NaOH solution under 20 N of tension at room tempera-
ture for 2 h, followed by washing with acetic acid (1 wt. %) solution
to neutralize any excess NaOH. Treated ramie strips were mounted
onto a specially designed mold (80 × 10mm) in the longitudinal
direction, with tension applied to prevent shrinkage and distortion.
Finally, ramie films were obtained after hot-pressing the still wet
ramie strips at 125MPa and 105 °C for 25 min. The final ramie
films consist of 94% cellulose and 6% hemicellulose. Here, we
analyze the properties of two films with thicknesses d = 71 ± 6 and
102 ± 5 μm as measured with a thickness gauge (Mitutoyo, Japan)
as well as scanning electron microscope (Hitachi S4800). The ramie
films have a density of ∼1.53 g/cm3. Further details of film prepara-
tion are found elsewhere.6

B. Mueller-matrix ellipsometry

Transmission Mueller matrices of the samples were measured
with a beam size of about 3 mm in diameter in the spectral range of
350–1690 nm at normal incidence for sample azimuths between 0°
and 360° in steps of 10°. The instrument used is a dual rotating com-
pensator ellipsometer from J. A. Woollam Co., Inc. A Mueller matrix
is a 4 × 4 matrix providing a complete description of polarizing and
depolarizing properties of a sample for light with any input polariza-
tion described by a so-called Stokes vector. Further details about the
Mueller-Stokes formalism can be found elsewhere.11

The Mueller matrix elements Mij (i, j = 1,…, 4) are normalized to
the total transmittance, i.e., element M11, according to mij =Mij/M11.
To better visualize retardance features, spectral data are presented
as a function of photon energy E related to wavelength λ as
E ¼ hc0=λ, where h is Planck’s constant and c0 is the vacuum
speed of light. If λ is given in units of micrometers and E is in
units of electron volts, it roughly holds that E = 1.24/λ and the
experimental wavelength range of 350–1690 nm corresponds to the
energy range of 0.73–3.54 eV.

C. Differential decomposition

All birefringent and dichroic properties of a sample are
directly obtained by taking the logarithm L = lnM of a transmis-
sion Mueller matrix M provided that the sample is homogeneous.12

The matrix L can be decomposed as L = Lm + Lu, where Lu carries

the depolarization properties and Lm is given by

Lm ¼
0 LD LD0 CD
LD 0 CB �LB0

LD0 �CB 0 LB
CD LB0 �LB 0

2
664

3
775, (1)

where LD¼2πd(ky�kx)=λ, LB¼2πd(ny�nx)=λ, LD0 ¼2πd
(kþ45� �k�45� )=λ, LB0 ¼2πd(nþ45� �n�45� )=λ, CD¼2πd(kl�kr)=λ,
and CB ¼ 2πd(nl � nr)=λ. Here, d is the sample thickness and n
and k are the real and imaginary parts of the complex refractive
index N ¼ nþ ik. Subscripts indicate polarizations with directions
along (x/y) and ±45° from the reference coordinate system and for
left and right (l/r) circular polarization. The samples studied
exhibit small CD and CB and the anisotropy analysis is performed
in a sample orientation minimizing dichroism and birefringence
(LD0and LB0) along ±45°. Furthermore, x/y linear dichroism (LD)
is small, so focus will be on x/y linear birefringence (LB). Notice
that anisotropy parameters in Eq. (1) are cumulated values along
the optical path and that birefringence is given in units of radians.
The index difference Δn ¼ ny � nx is often referred to as the mate-
rials’ birefringence and is obtained from the sample birefringence
LB from

Δn ¼ LB
λ

2πd
: (2)

D. Depolarization

The depolarization index of a normalized Mueller matrix M is
determined from13

PΔ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
trMTM� 1

3

s
, (3)

where tr stands for trace and T for transpose. The range for PΔ is
[0,1], where PΔ ¼ 0 corresponds to an ideal depolarizer and PΔ ¼ 1
to a nondepolarizing sample. A more detailed analysis of depolari-
zation can be obtained from the Lu matrix in terms of spatial and
temporal fluctuations.14 Here, we perform a first-order analysis in
which Lm in Eq. (1) equals the mean values of the polarization
properties and Lu equals half of their variances hΔm2i,

Lu ¼ hΔm2i
2

: (4)

Within this approximation, the diagonal elements of hΔm2iii
related to depolarization coefficients αi of linear (i = 2, 3) and circu-
lar (i = 4) polarization are expected to follow a quadratic depen-
dence with sample thickness

hΔm2iii ¼ αi ¼ aid
2, (5)

where ai is a constant.

ARTICLE avs.scitation.org/journal/jvb

J. Vac. Sci. Technol. B 38(1) Jan/Feb 2020; doi: 10.1116/1.5129651 38, 014008-2

© Author(s) 2019

https://avs.scitation.org/journal/jvb


III. RESULTS AND DISCUSSION

A. Primary data

Figure 1 shows a polar contour map of normalized normal-
incidence transmission Mueller matrices of a ramie film with a
thickness 71 μm. This type of plot contains data from all sample
rotations and energies in the measurement and is thus very rich in
information but at the same time complex to interpret in detail. A
general observation is that the matrix elements in the first row and
the first column show small variations both with sample azimuth
and photon energy and are mostly close to zero. Since they
correspond, respectively, to polarizance P ¼ [m21, m31, m41]

T and
diattenuation D ¼ [m12, m13, m14]

T vectors with m12 =m21,

m31 =m13, and m14 =m41 = 0 partially fulfilled, the general conclu-
sion that the sample has small polarizing properties can then be
drawn as polarizers are revealed in these elements.11 The nine
remaining matrix elements are related to a retarder and show
rapid variations with photon energy, i.e., along the radius, seen as
circular patterns. Variations with azimuth angle f are also observed
with pronounced symmetries, mostly at small photon energies.
Elements m22, m23, m32, and m33 in the 2 × 2 central block show
90° rotational periodicity; m24, m34, m42, and m43 are periodic
with period 180°; and m44 is almost invariant with sample
rotation. Further relationships noted are m23≈m32, m24≈−m42,
m34≈−m43, m22(f)≈m33(f + π/4), m24(f)≈m34(f + π/4), and
m42(f)≈m43(f + π/4). Symmetries are partially broken mostly at

FIG. 1. Polar contour maps of normalized normal-incidence transmission Mueller matrices of a ramie film with a thickness of 71 μm. The Mueller-matrix values are given
by color according to the color bar (upper left), and the photon energy (0.73–3.54 eV) is given by the radial coordinate and the sample azimuth by the polar angle f. To
visualize the color scale, the reader is referred to the online version.
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higher photon energies because an increasing depolarization as is
discussed in Sec. III C.

To further illustrate retardation properties, the Mueller matrix
for a sample azimuth at which the sample birefringence axes are
aligned with the instrument reference coordinate system is shown
in Fig. 2. The spectral oscillations in the lower diagonal block are
indicative for a retarder (waveplate). The remaining elements also
exhibit spectral but smaller and less regular variations. The noise
level of the measurements is of the order of the thickness of the
line in the curves in Fig. 2, so the variations describe complex
polarizing/depolarizing features. These features are not easily
deduced from a visual inspection of data for this type of compli-
cated sample. However, in Sec. III B, the birefringence and dichroic
properties are quantified using differential decomposition. In
summary, Mueller-matrix data from ramie films show rotational
symmetries evidencing a dominant performance as a retarder but
with small diattenuation properties.

B. Birefringence

The basic assumption to apply the differential decomposition
of an Mueller matrix measured in transmission geometry is trans-
versal homogeneity of the sample. Figure 3 shows a schematic
representation of Mueller-matrix transmission measurements at a
normal incidence. For a probe beam propagating along the z-axis,
homogeneity is expected in the x-y (transverse) plane. As we noted
in Sec. I, ramie fibers show nodes, scales, and kinks that are distrib-
uted on micrometer scales along the fiber axis,3 whereas disordered
glucose residues are located along axis fibril on nanometer length
scales.4 Since for film fabrication ramie strips are mounted parallel
to the y-axis, those defects are randomly distributed in x-y planes.
Therefore, the random distribution of defects and the large beam
spot of 3 mm as compared with length scales of defects make

plausible to hypothesize transverse homogeneity. On the other
hand, the cross section of original ramie fibers shows a nearly ellip-
tical shell with a void core.3,6 Enzymatic studies have revealed a
three-layer structure comprising the shell where the outermost
layers contain noncellulosic compunds.6 However, degumming
eliminates such compounds and the NaOH treatment improves the
binding of ramie fibers. Finally, the hot-pressing procedure com-
pacts the fibers homogenizing the sample along the optical path of
the probing beam.

Figure 4 shows the six polarization properties LD, LD0, CD,
CB, LB, and LB0 in matrix Lm calculated from the data in Fig. 2.
The dominating features are found in the LB element. The appar-
ent oscillations in LB are not real but due to folding at ±π as the
data are extracted from the logarithm of exponential functions with
complex-valued arguments and thus are cyclic with a period of
2π.15 The spikes seen in many elements are mathematical artifacts
due to lower sensitivity at the folding points. Besides the large
effects in LB, there is some small CB but the remaining anisotropic
effects are small. The origin of the small CB is not known.

Since a perfect alignment of laboratory and sample principal
axes is difficult to achieve, the total magnitude of linear

FIG. 2. Normalized transmission Mueller matrix for a ramie film with a thickness
of 71 μm at a sample rotation azimuth of 35° relative the instrument vertical
axis.

FIG. 3. Schematics for Mueller-matrix transmission measurements of ramie
films at normal incidence. The probe beam (thick arrow) propagates along the
z-axis and ramie fibers are parallel to the y-axis.
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birefringence is calculated as

jLBj0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
LB2 þ LB02p

: (6)

Figure 5(a) shows the linear birefringence LB0 ¼ jLBj0sgn(LB)
data calculated from Fig. 4 according to Eq. (6), where sgn stands
for the sign function. Figure 5(b) shows the same data unfolded at
the break points. As the true retardation order in the unfolded data
of LB0 in Fig. 5(b) is unknown, there is an offset, which is a multi-
ple of 2π. Thus, extrapolation to E = 0 eV and assuming a birefrin-
gence nearly zero at E = 0 eV, an offset of 4π is found and the LB0
curve can be corrected. The spectral variations in materials effective
birefringence hΔni can be obtained from Eq. (2) provided that the
thickness is known as shown in Fig. 5(c). The birefringence is in
the range of 0.05–0.06 with a small variation with photon energy in
the range of 0.73–3.54 eV. Previously, we have reported a similar
dispersion of birefringence for dip-coated cellulose nanocrystal
films.8 Half a century ago, the refractive indices of ramie fibers
parallel n| | = 1.599 and perpendicular n⊥ = 1.529 to the fibers were
determined by refractometry and Becke line methods at a wavelength
of 589.3 nm.16 The results of our work agree well with the corre-
sponding birefringence Δn = n| |-n⊥ = 0.070. Other studies using
interferometric methods at a wavelength of 546.1 nm reported by
Hamza et al.17 gave birefringence values between 0.047 and 0.055,
whereas Sokkar and Shahin18 reported a higher value of 0.067.

FIG. 4. Polarization properties in Eq. (1) of a 71 μm thick ramie film from differ-
ential decomposition of the data in Fig. 2.

FIG. 5. (a) Linear sample birefringence LB0 from Fig. 4 and Eq. (4) for the ramie film with 71 μm thickness. (b) Unfolded and offset corrected LB0. (c) Effective material
birefringence. Panels (d), (e), and (f ) are, respectively, the same as (a), (b), and (c) but for a film 102 μm thick.
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Figure 5(d) shows LB0 from a film of 102 μm thickness. As
expected, a thicker film produces larger retardation orders leading
to more frequent variations between −π and +π. The larger thick-
ness of this sample produces also a larger slope in the unfolded LB0
and a larger offset (8π), as can be seen in Fig. 5(e). However, the
effective birefringence hΔni in Fig. 5(f) shows similar values to
reported data for ramie fibers16,18 but is a little larger than for the
71 μm thick film. As is known, native cellulose is found in two
crystalline allomorphs Iα (triclinic) and Iβ (monoclinic). The latter
is found in ramie fibers and is expected to be optically biaxial.
However, the random orientation of cellulose crystallites along the
fiber axis (crystallographic c-axis) in ramie fibers leads to a uniaxial
material. Therefore, the observed birefringence has two contribu-
tions, i.e., form birefringence and crystallographic. The former has
a large impact as it depends on fiber orientation. Furthermore, vari-
ations in stems and stem parts influence the measurements.

In summary, this section shows that despite the complex
microstructure of the ramie fibers comprising the samples, the
basic assumption of homogeneity is fulfilled to apply the differen-
tial decomposition. Thus, linear birefringence has been identified
as the dominant polarization property. The large sample thickness
produces high retardance orders in the spectral range measured but
an appropriate correction makes it possible to determine the
effective materials’ birefringence, which is comparable to data in
the literature.

C. Depolarization

The objective is to quantify birefringence properties of ramie
films, and, ideally, they should not be depolarizing. However,
because of the complex microstructure of the samples, they become
depolarizing. To address this issue, first we present the overall
depolarization in terms of the depolarization index PΔ determined
from Eq. (3) as shown in Fig. 6. In the case of the 71 μm thick film,
the depolarization is rather small (i.e., PΔ high) in the infrared
range for E < 1.6 eV (λ > 775 nm) and increases monotonously with
E over the visible range 1.6–3.3 eV and PΔ levels off at around 0.25
in the ultraviolet range. On the other hand, for the thicker film, the
depolarization is larger and continuously increases from the near
infrared up to about 2.25 eV reaching a steady value. As it was

reported before, degumming and NaOH treatment largely increase
the binding between fibers in ramie films, which produces a sub-
stantial decrease of haze.6 However, the presence of diffuse transmit-
tance indicates scattered light. Thus, depolarization might be ascribed
to the incoherent addition of scattered contributions from different
zones in the sample. The larger depolarization for the thickest film
might be indicative of multiple scattering. Furthermore, the thickness
variation (71 ± 6 and 102 ± 5 μm) across the spot beam might con-
tribute to depolarization too.

A detailed analysis of depolarization can be done from the Lu
matrix mentioned in Sec. II C. Here, we further investigate the
applicability of the differential decomposition of Mueller-matrix
data measured on ramie films. Figure 7 shows the thickness depen-
dence of the dimensionless experimental (symbols) depolarization
coefficients αi introduced in Eq. (5) for selected photon energies.
The dashed lines in Fig. 7 are calculated according to the parabolic
dependence in Eq. (5) with coefficients ai shown in Table I. Despite
the limited number of data points in Fig. 7, the experimental data
follow reasonably well the theoretical dependence for photon ener-
gies less or equal than 2.5 eV. At larger photon energies, the dis-
crepancy is notorious as exemplified for 3.5 eV. This behavior

FIG. 6. Depolarization index of the ramie films studied.

FIG. 7. Dimensionless experimental (symbols) depolarization coefficients of the
ramie films studied and quadratic dependence (broken lines) calculated with
Eq. (5) and parameters in Table I for selected photon energies.
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shows that depending of the wavelength of the probing beam, the
fluctuations might be large enough in such a way that the differential
decomposition is not valid. Nice parabolic dependences have been
reported in single wavelength Mueller matrix imaging studies of bio-
logical tissues10 and turbid media.19,20 Large values of αi as the ones
found here are comparable with those of an anisotropic depolarizer
comprised of rutile particles about 0.5 μm in diameter homogenously
embedded in a polyvinyl chloride-based host transparent material.19

IV. SUMMARY AND CONCLUSIONS

Transmission Mueller matrices on ramie films show azimuthal
symmetries and spectral periodicity corresponding to a retarder
(waveplate). A differential decomposition of the Mueller matrices
confirms that linear birefringence is the dominant anisotropic
optical property of ramie films. The in-plane effective linear bire-
fringence was determined and shows small wavelength dependence.
In addition, the ramie films have a wavelength dependent depolari-
zation that can be quantified and found to increase monotonously
from infrared to ultraviolet wavelengths.
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