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A Mueller—Stokes analysis is applied to pure bismuth thin film samples prepared by the laser ablation
technique by using a polarimeter with a 632.8 nm continuum wavelength laser. The complex refractive
index is determined in the range of 250-1100 nm. Results from the Mueller matrix show the high
sensitivity of diattenuation and polarizance parameters as a function of the sample thickness and the
incidence angle, except at the pseudo-Brewster angle, where they exhibit the same value. Results show
that the knowledge of the polarimetric response, with appropriate incident polarization states, could be
used to design photonic Bi-based devices for several applications. Polarization dependence is the result of
changes on the surface morphology as a result of the small value of the skin depth. © 2012 Optical

Society of America
OCIS codes:  310.5448, 310.6860, 160.4760.

1. Introduction

Bismuth (Bi) is a semimetal that has been studied
extensively over the last 50 years, and its optical,
electronic, and morphological properties have been
determined [1-6]. Recently, it has attracted attention
again due to its unique properties at a low-
dimensional scale in medical applications [7,8], thermo-
electric and switches devices [9,10], and diverse areas
like electrodes, sensors, and detectors [11]. Thin films
have been prepared by different methods, including
low energy cluster beam deposition [12], thermal eva-
poration [13], and sputtering [14]. Less attention has
been received by films prepared by laser ablation,
also called pulsed laser deposition (PLD) [14-16]. The
basic idea of the technique is to exploit high-power
laser pulses in order to evaporate a small amount of
matter from a solid target. The rapid superheating
at the subsurface due to coupling and transfer of en-
ergy from the laser beam to the target materials leads
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to catastrophic vaporization and explosion, resulting
in the generation of atomized droplets and highly
ionized plasma. The plasma and the liquid droplets
move at high speed and are quenched on a suitably po-
sitioned substrate. We believe the PLD technique
could be used to get pure Bi thin film samples, which
can be used for different photonic applications at room
conditions. However, most of the reported results
are focused on the study of reflectance and dielectric
function, and to our knowledge, no study about polar-
ization dependence has been reported.

Is Bi a semimetal that can be used for some appli-
cations based in its polarimetric response? Trying
to answer this question, in this work we report on a
polarization analysis of Bi thin film as a function of
thickness. We have measured the complex refractive
index and the Mueller matrix associated with six
pure Bi thin film samples with different film thick-
nesses under a reflection configuration. Results show
the strong sensitivity to thickness variation and to
the angle of incidence, as indicated by the diattenua-
tion and the polarizance parameter values obtained.
All samples have been studied at 66.5° and 70°
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incidence. The pseudo-Brewster angle was found to
be at 66.5° (+0.25°) incidence. One thick Bi sample
was used to test the high sensitivity of the diattenua-
tion and polarizance parameters to the angle of inci-
dence, where it has been illuminated to 1°, 45°, 66.5°,
and 70°, respectively. As a way to test the isotropy
of the samples, we have rotated one sample around
the normal (1.0° incidence) and have determined the
anisotropic depolarization degree. To our knowledge,
nobody has reported an analysis based in the
Mueller—Stokes matrix formalism for Bi thin sam-
ples deposited by the laser ablation technique.

2. Mathematical Model

The linear response of a given optical system to the
light intensity can be represented by the Mueller—
Stokes formalism [17],
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where M stands for the Mueller matrix of the optical
system represented as a square 4 x 4 matrix of real
elements. The Mueller matrix contains information
about the polarizance, diattenuation, birrefringence,
depolarization, and dichroic character of the med-
ium, among many other optical properties. In this
sense, the Mueller matrix contains some kind of DNA
optical character of the medium, limited only by the
angles of incidence and detection employed but valid
for any incident polarization state (unpolarized, par-
tially polarized, or totally polarized). S stands for the
Stokes parameter and represents any polarization
state of light. It is defined in terms of the orthogonal
components of the electric field vector (E,, E;) and
their phase difference and can be written in terms
of the azimuthal (0<y <7z) and the ellipticity
(-z/4 < y < r/4) angles of the polarization ellipse of
the wave, respectively [17].

A very important property associated with an
optical system is its capacity to depolarize the inci-
dent light. This characteristic is determined usually
through the depolarization scalar metrics.

In this work we will use the depolarization index
DI, and some auxiliary parameters like the diatte-
nuation D, the linear diattenuation Dy, the circular
diattenuation D, the polarizance P, the linear polar-
izance Pr, and the circular polarizance Py [17-20].
We will also use the @(M) metric [21-23] and the
well-known degree of polarization, DoP. The aniso-
tropic degree of depolarization, Add, is a relationship
that gives insight into the isotropy or anisotropy
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depolarization capacity of the medium. It has been
defined by [24]

(DoP)3, — (DoP)? .
DoPy, . + MoPy,. <L @

min

0<Add =

where (DoP)? indicates the output degree of polariza-
tion from the sample.

By following an analogy with the previous polari-
zation metric, the anisotropic gain degree, Agd, can
be defined for passive systems by
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This quantity can be used as a measure of the out-
put gain [25] dependence on the incident polarization
state, and its lower physical limit could be associated
with a passive, isotropic response of the medium to
any incident polarization state.

There are many methods reported for the determi-
nation of the Mueller matrix elements based on the
measurement of the Stokes vectors for the incident
and scattered light from the sample [17,26,27]. For
a general optical system, all of the reported methods
are based on the generation and detection of polari-
zation states, by applying Eq. (1), in order to build a
minimum of 16 linear equations with 16 unknown.
The Mueller matrix is obtained once the simulta-
neous equations are solved for each m;; (i, j =0, 1,
2, 3). We suggest that interested readers review some
of the papers cited in [17].

The effective medium approximation is a formula-
tion valid for one single interface system (one bound-
ary that separates two media). This approximation
can be applied to thin film systems if the thickness of
the propagating medium is greater than or equal
to five times the skin depth associated with the inci-
dent wavelength. Considering a transparent/absorb-
ing interface, the complex refraction index (n, k) can
be expressed in terms of the ellipsometric parameter
py, A) [28]:
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and r,, and ry are the Fresnel reflection coefficients
associated with the parallel and perpendicular
components, respectively [28].

The skin depth is a measure of the capacity of
penetration of the incident light into a sample, and
it is given by the relationship [28]



Skin depth = L[nm],
4drx

N =n-ik, (5)

where & is the extinction coefficient (imaginary part
of the complex refraction index, N) and 1 is the inci-
dent wavelength.

3. Thin Film Preparation

Laser ablation was performed using a @-switched
Nd:YAG laser with emission at the fundamental line
(1064 nm) with a 5 ns pulse duration and 10 Hz re-
petition rate. The laser beam was focused on a rotat-
ing high purity Bi target (plasmaterials 99.99%). The
energy density (fluence) delivered to the target was
fixed at 3 J/ecm?. The target and the substrates were
placed in a vacuum chamber evacuated to a base
pressure of 1.3 x 10~* Pa, and all the samples were
deposited at this pressure. The Bi thin films were
deposited on small pieces (1.5 cm x 1.5 cm) of flat
pyrex glass previously cleaned in an ultrasonic bath
of methanol. The distance between the substrate and
target was fixed at 6 cm. All depositions were made
at room temperature.

In the experimental conditions described, the
mean kinetic ion energy of the Bi* and the plasma
density took the values of 90 eV and 3.3 x 1013 ¢cm™3,
respectively. These values were determined using a
Langmuir planar probe and were kept constant for
the deposited samples. The measurements of the
Langmuir probe assure a good reproducibility of the
experiments.

In order to obtain samples with different thick-
nesses, the deposition time was varied, taking into
account the fact that in the described experimental
conditions, the deposition rate was 12 nm/ min. For
the studies described in this paper, there were depos-
ited six samples with the following thicknesses: 180,
160, 103, 91, 66, and 60 nm. The thickness of each
sample was measured using a stylus-type profil-
ometer (Veeco-Bruker, Dektak 6M).

Structural and compositional analysis were per-
formed on some of the deposited samples. Figure 1
shows the x-ray diffraction pattern of the thicker
sample, consisting of only two diffraction peaks.
From this figure the crystalline structure of the film
with a preferred orientation on the (003) direction
can be observed. Using this diffractogram and the
Scherer equation, a grain size of 35 nm was obtained.
The grain size is a function of the Bi ion energy used
for deposition of the films. For low values of the ion
energy, up to 200 eV, the grain size takes values
around 35 nm, and for higher values of the ion en-
ergy, the grain size increases. It is worth noting
that in the present experiment we studied samples
with different thicknesses but deposited in the same
experimental conditions, so that the Bi ion energy
was kept constant at a value close to 90 eV. In [14],
the authors report a grain size of few micrometers for
Bi thin film growth on Si substrates with an energy
density delivered to the target fixed at 2 J/cm? and a
separation distance of 33 mm between the source and
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Fig. 1. X-ray diffraction pattern of a Bi thin film with 180 nm
thickness and grain size of 35 nm.

substrate. We believe the difference in grain size is
due to the different conditions employed with the
deposition process. The compositional analysis was
carried out using Rutherford backscattering spectro-
metry. The results obtained for the samples studied
here showed the presence of Bi and no other ele-
ments, up to the accuracy of the method (of about
3 at. %); however, there is probably the presence of
oxygen on the surface. From these measurements it
was also possible to obtain a value of 8.9 g/cm? for
the density of the material. Figure 2 shows the
compositional analysis obtained using Rutherford
backscattering spectrometry, where two oxidized Bi
samples are compared with a pure Bi sample. The
presence of oxygen can be observed on the two thick-
er thin films (422 and 555 nm, not studied here).

4. Results

To evaluate the skin depth of the studied samples
[see Eq. (5)], the complex refraction index has been
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Fig. 2. Rutherford backscattering spectra of pure Bi thin film

(20 nm thickness), compared with the spectra obtained from

two Bi oxide thin films (BO1 and BO2) with different thicknesses.

The absence of oxygen signal in the case of the pure Bi thin film is

observed.
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measured for the six samples and for the thicker sam-
ple after 6 months (which shows direct visual evidence
of a slight oxidation) (see Fig. 3). The ellipsometric
parameters (v, A) have been determined with a spec-
troscopic ellipsometer (Angstrom Advanced Inc, mod-
el PHE-102), at 70° incidence. Figure 3 shows the
real (n) and the imaginary (k) parts of the complex re-
fraction index, measured from 250 to 1100 nm, once
Eq. (4) has been applied to the ellipsometric
parameters.

Observe from Fig. 3 a noisy response at lower in-
cident wavelengths (UV region), which decreases
with thickness increase (this could be due to surface
morphological changes). Note that all the films with
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Fig. 3. (Color online) (a) Real (n) and (b) imaginary (k) parts of
the refractive index of Bi, as a function of wavelength, obtained
in PLD films of different thicknesses. x’s represent 180 nm (black);
dash-dotted curve, 160 nm (red); solid curve, 103 nm (yellow);
dashed curve, 91 nm (blue); dotted curve, 66 nm (magenta); solid
curve, 60 nm (green); and asterisks, 180 nm (red), measured 6
months later (oxide overlayer not determined). Results obtained
are similar to those reported in [14-16] and references therein
for samples with thicknesses lower than or equal to 103 nm. Data
has been taken at 70° incidence.
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thicknesses lower than or equal to 103 nm show very
similar behavior, which differs notably from the sam-
ples with greater thickness. Samples with a thick-
ness of 160 and 180 nm show similar behavior in %
for the entire wavelength range studied here; how-
ever, the thinner of them increases its value with in-
creasing wavelength in n. The thicker sample shows
a slight variation in the real part of the refractive
index with oxidation; however, it presents a notable
change in the imaginary part (maintains the same
shape, but with a lower value). Our results are simi-
lar to those reported in [14-16] and the references
therein for Bi thin films equal to or lower than
103 nm, in the range 300-800 nm. We do not under-
stand why the two thicker films have lower values
for the complex refractive index with respect to those
reported for the bulk crystalline Bi [29], considering
our samples were grown without oxygen.

The illumination wavelength used in this work
(632.8 nm) for the determination of the Mueller
matrix gives a skin depth of 13.94 nm [Eq. (5)]. This
suggests that the polarimetric parameters measured
provide information about the surface behavior of
thin film, because the illumination never reaches
the second interface of the system (Bi thin film—glass
substrate). In other words, the system behaves as a
simple system: air—Bi thin film.

If the minimum intensity reflected by a plane sur-
face is zero when a linear p-polarization state (E,)
illuminates the surface, then the incidence angle is
called the Brewster angle. An incident unpolarized
state can be s-linearly polarized under reflection by
a flat surface if the incidence occurs at the Brewster
(or polarization) angle. We have found the minimum
nonzero intensity value reflected by each sample
when a p-linearly polarized state is employed. This
is the pseudo-Brewster angle and occurs at 66.5°
(see Fig. 4).

Observe that the bottom plane in Fig. 4 represents
all the possible incident polarization states on the
Bi sample, and the surface represents the output
degree of polarization response associated with each
of them. If a totally polarized output state is re-
quired, then an s-incident polarization state must be
employed (zero degrees for both, the azimuth and the
ellipticity angles), among many other possibilities.
This means that the information provided by sur-
faces, such as the degree of polarization, can be used
to handle the output response of the system under
study as a function of the incident polarization state.
This is the principle for designing possible photonic
Bi-based devices for several applications.

The Mueller matrix has been determined for six
different samples of pure Bi thin films deposited by
the laser ablation technique. A commercially avail-
able polarimeter (Thorlabs, PAN5720VIS) has been
employed to analyze the reflected light from the
samples for each of the six different polarization
states used for the incidence [linear parallel, p,
perpendicular, s, +45 and -45, and right-hand (r)
and left-hand (1) circular polarization states]. A fixed
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Fig. 4. (Color online) Polarimetric optical response of Bi thin film
sample (160 nm thickness) versus incident polarization state. An
illumination of 632.8 nm of continuous wavelength was employed
at 66.5° incidence (the pseudo-Brewster angle).

Glan-Thompson polarizer and an azimuth-angle-
rotatable liquid-crystal variable phase retarder
(Thorlabs, LCR-1-VIS) have been used as the polar-
ization state generator. We have chosen 66.5° and
70° as the incidence angles, the first because it is
associated to the pseudo-Brewster angle, which is
interesting per se, and the second because it is the
angle at which the spectro-ellipsometric characteri-
zation is usually reported for Bi thin films [1] and
could be used as a matter of reference.

The Mueller matrix associated with each sample
is shown in Appendix A. Table 1 shows the results
obtained when the scalar metrics are applied to the
Mueller matrices (Appendix A).

The polarimeter employed has a resolution of
0.0001 for the Stokes vectors, the same as for the
values calculated in Table 1. From Table 1, it can be
observed that at the pseudo-Brewster angle (66.5°),
all the samples show a tendency to reach a constant
and similar value for the diattenuation, D, mainly
the linear diattenuation, D;. An analogous behavior
is observed for the polarizance parameter, P, and
for the linear polarizance, Py . This value seems to be

located inside the interval (0.26-0.28), independent
of the sample thickness. More detailed information
could be obtained if we were able to have access to
additional samples with intermediate and additional
thickness values.

However, it can be observed that for an incident
illumination at 70°, both of these parameters, D (Dy)
and P (Py,), take on increased values (also very simi-
lar to each other) as the thickness decreases. This
can be interpreted as the existence of a strongly
dependent response of Bi thickness on the incident
polarization. We believe the polarimetric changes
are due to the variable surface quality with film
thickness; this can be supposed indirectly from the
increase of noise at higher energies (lower wave-
lengths) of incidence, according to Fig. 3. In this
sense, the increase in the anisotropic gain degree
value, Agd [Eq. (3)], is also consistent with the inter-
pretation given to the diattenuation and means
that the absorption increases with the roughness
decrease, with a strong dependence on the incident
polarization states.

Notice that the circular diattenuation, D, and
the circular polarizance, Py, do not follow a clear
behavior with roughness variation. At the pseudo-
Brewster angle, the remaining metrics provide
inconsistent results, which could be associated with
a random response due to the small surface rough-
ness present at the surface Bi thin films (the beam
forms an elliptical spot on the surface, which means
several grains are illuminated, resulting in a random
orientation of radiating dipoles around the specular
direction).

On the other hand, the application of the depolar-
ization index, DI, shows that all samples depolarize
light very slightly. The @(M) metric values are asso-
ciated with diattenuating, very slightly depolarizing
systems, valid for all the samples. The values are re-
ported as obtained experimentally, without noise or
error correction. This is the reason for the appear-
ance of a small noise value for the depolarization in-
dex, DI, which takes on values up the physical limit.
This behavior does not change the tendency asso-
ciated with the diattenuation and the polarizance
parameters.

Table 1. Polarimetric Data as a Function of Bi Thin Film Thickness at Incidence Angles of 66.5° (pseudo-Brewster Angle) and 70°, Respectively?
Incidence Angle (deg) D Dy, D¢ P Py Pc DI Add Agd QM)
66.5/70 A: Bi6-1/180 nm 0.2702/  0.2676/ 0.0373/ 0.2604/ 0.2604/ 0.0063/ 1.0052/ 0.0340/ 0.1633/ 2.7571/

0.2946 0.2939 0.0207 0.2889 0.2888 0.0065 0.9951 0.0304 0.1796 2.6535
66.5/70 B: Bi6-4/160 nm 0.2689/ 0.2687/  0.0102/ 0.2694/ 0.2685/ 0.0220/ 0.8245/ 0.1729/ 0.1641/  1.8344/

0.2956 0.2956 0.0000 0.2957 0.2950 0.0196 1.0015 0.0165 0.1805 2.6867
66.5/70 C: NBC9/103nm 0.2785/  0.2785/  0.0000/ 0.2781/ 0.2776/ 0.0171/ 1.0018  0.0153/ 0.1700/ 2.7222/

0.3080 0.3080 0.0035 0.3080 0.3076 0.0163 1.0013 0.0143 0.1880 2.6606
66.5/70 D: NBC8/91 nm 0.2774/ 0.2773/ 0.0035/ 0.2774/ 0.2768/ 0.0181/ 0.9997/  0.0130/ 0.1693/ 2.7127/

0.3099 0.3099 0.0012 0.3100 0.3093 0.0201 1.0002 0.0127 0.1892 2.6504
66.5/70 E: NBC10/66 nm 0.2632/  0.2632/ 0.0036/ 0.2638/ 0.2630/ 0.0205/ 1.0132/ 0.0116/ 0.1608/ 2.8152/

0.3141 0.3119 0.0374 0.3120 0.3114 0.0201 0.9852 0.0133 0.1904 2.5607
66.5/70 F: NBC11/60 nm 0.2753/  0.2753/  0.0023/ 0.2752/ 0.2746/ 0.0192/ 0.9291/ 0.3486/ 0.1680/ 2.3366/

0.3134 0.3134 0.0070 0.3134 0.3131 0.0132 0.9178 0.1266 0.1912 2.2115
“An illumination of 632.8 nm of continuous wavelength was employed.
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Table 2. Polarimetric Data of Sample A (Bi6-1, 180 nm) as a Function of the Surface Polarization Isotropy”

Position (deg) 0, 360 45 90 135 180 225 270 315

D 0.0060 0.0310 0.0220 0.0105 0.0336 0.0105 0.0118 0.0136
P 0.0119 0.0161 0.0212 0.0292 0.0234 0.0181 0.0251 0.0294
DI 0.9890 0.9955 0.9963 0.9925 0.9911 0.9937 0.9941 0.9925
QM) 2.9344 2.9693 2.9761 2.9546 2.9425 2.9620 2.9642 2.9546
Add 0.0161 0.0273 0.0319 0.0412 0.0389 0.0373 0.0384 0.0413

“An illumination of 632.8 nm of continuous wavelength was employed at a near-normal incidence.

Table 3. Polarimetric Data of Sample A (Bi6-1, 180 nm) as a Function
of the Incidence Angle”

Incidence

Angle (deg) D P DI QM) Add
1 0.0336  0.0234 0.9911 2.9425 0.0389
45 0.1199 0.1213 1.0019 2.9543 0.0370
66.5 0.2702 0.2604 1.0052 2.7571 0.0395
70 0.2946 0.2889 0.9951 2.6535 0.0401

“An illumination of 632.8 nm of continuous wavelength was
employed.

We have also analyzed the surface isotropic polar-
ization response of samples from the Mueller matrix.
In Table 2 we present some polarimetric characteris-
tic values associate with sample A (Bi6-1, 180 nm) at
an incidence angle of 1.0° when the sample surface is
rotated from 0° to 360° by steps of 45° around the
normal to the surface. The initial orientation is arbi-
trarily chosen along one side of the square substrate,
and the corresponding Mueller matrices are not
reported here.

Observe that there is an almost symmetric direc-
tion along the angles 135° and 315°, where the polar-
izance, the depolarization index, the Q(M) metric,
and the anisotropic depolarization degree take the
same values, even when there is a small difference
between the values of the diattenuation parameters
along the opposite directions. The origin of the refer-
ence system has been chosen as the spot on the
illuminated surface. Observe also, there is a strong
dependence of the diattenuation on polarization
along the directions 45° and 180°; this behavior could
be associated with the nonsymmetric orientation
and shape of the Bi grains with respect to the normal
to the surface. The sample depolarizes light very
slightly, and the physical limits are respected; this
means that the Mueller matrix has been well-
determined at incidences close to the normal. At lar-
ger angles of incidence, the beam reflected increases
its transversal section, originating problems at the
analyzing optical head, which accepts beams within
a 3 mm diameter. This also depends on the surface
morphology, because a greater grain size originates
a greater scattering of light. Table 2 shows the exis-
tence of a surface morphology anisotropic response
to polarization of light.

Finally, the previous sample, A, is used to test the
high sensitivity of the diattenuation and the polari-
zance parameters to the angle of incidence. Sample
A has been illuminated at 1°, 45°, 66.5°, and 70°
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incidence, respectively, and the Mueller matrix has
also been obtained at each angle. Table 3 shows the
results obtained when some scalar metrics are ap-
plied to the Mueller matrices obtained under the
illumination conditions cited before.

Notice that the diattenuation and the polarizance
parameters increase with the increase of the inci-
dence angle, while the sample depolarizes the
incident light very slightly at an almost stationary
value, according to Add. In this case, the surface
position of the sample at 180°, reported in Table 2,
was oriented parallel to the plane of incidence.

5. Conclusions

We have measured the complex refractive index and
the Mueller matrix associated with six pure Bi thin
film samples with different thicknesses. Results of
the complex refractive index are similar to those
reported in [14-16] for thin films with thicknesses
equal to or lower to 103 nm, which proves indirectly
that our samples are not oxidized. For comparison,
we have measured the thicker film 6 months after,
and results on the imaginary part of the complex re-
fractive index show the presence of oxidation (over-
layer thickness has not been determined). Results
also show that the diattenuation and the polarizance
parameters are very sensitive to thickness variation
and also to the incident angle. Samples have been
studied at 66.5° and 70° incidence, respectively. The
pseudo-Brewster angle has been found to be at 66.5°
incidence. The surface isotropic polarization response
of a sample has been presented. The skin depth value
associated with the illumination employed, 632.8 nm,
permits us to suggest that the polarization response
obtained is a consequence of surface morphology
changes with the thin film thickness variation. We
believe the laser ablation deposition technique could
be used to get pure Bi thin film samples, able to be
used for different photonic applications at room con-
ditions. By knowing the polarimetric response of Bi
thin films, through the Mueller matrix, the use of
appropriate incident polarization states could be used
to design photonic devices for several applications.

Appendix A

Included is the experimental normalized Mueller
matrix associated with the Bi thin film samples de-
posited by the ablation laser technique. The samples
are illuminated to incidence angles at the pseudo-
Brewster angle (66.5°) and to 70°, respectively. Sam-
ples A, B, C, D, E, and F are associated with 180, 160,
103, 91, 66, and 60 nm thickness, respectively.
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[ 1.0000 -0.2748 0.0161 -0.0023 ]
My ags = -0.2745 0.9988 -0.0666 0.0450 ’
o 0.0069 -0.0564 -0.6122 0.7413
| 0.0192 -0.0274 0.3911 -0.5939 |

[ 1.0000 -0.2939 -0.0049 0.0207 |
My = 0.1017 -0.3771 0.3661 -0.8263
' -0.2704 0.9200 0.1211 -0.3727

| 0.0065 -0.0065 -0.8623 -0.3127 |

1.0000 -0.2949 0.0208  0.0000 |
My = -0.2950 0.9973 -0.0604 0.0613
' 0.0033 -0.0638 -0.3420 0.8971

| 0.0196 -0.0294 -0.8929 -0.3288 |

1.0000 -0.3075 0.0173 -0.0035]

My = -0.3075 0.9987 -0.0611 0.0465 ’

' 0.0057 -0.0474 -0.4499 0.8491

| 0.0163 -0.0310 -0.8361 -0.4349 |

[ 1.0000 -0.3096 0.0138 -0.0012]

My = -0.3093 0.9977 -0.0614 0.0483 ,

’ 0.0038 -0.0518 -0.4541 0.8455

| 0.0201 -0.0324 -0.8316 -0.4371 |

[ 1.0000 -0.3116 0.0127 0.0374 ]
My = -0.3114 0.9977 -0.0597 0.0326
' 0.0041 -0.0518 -0.4634 0.7951

| 0.0201 -0.0318 -0.8273 -0.4254 |

[ 1.0000 -0.3127 0.0207 0.0070 |
My = -0.3130 0.9995 -0.0641 0.0410
' 0.0055 -0.0496 -0.4640 0.8367

| 0.0132 -0.0328 -0.4507 -0.4513 |
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