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ABSTRACT

In this work, hemozoin, a microcrystalline byproduct of the malaria parasites was studied by transmission Mueller matrix ellipsometry. Measurement data was
collected for different magnetic field orientations and as a function of the density of the hemozoin suspension. Our ellipsometric study demonstrates the magnetic
alignment of the hemozoin crystals via the corresponding large linear birefringence and dichroism signals. These results reveal optical anisotropies of this material,
which could be utilized for future optimization of detection schemes or optical instruments for diagnostic use.

1. Introduction

Malaria is putting nearly half of human population at risk being a
deadly and highly infectious tropical disease [1]. The cause of this illness
is the Plasmodium parasite, which is being spread by mosquitoes
infecting human blood [2]. The presence of the infection can be iden-
tified by conventional methods such as optical microscopy, rapid diag-
nostic tests and polymerase chain reaction [3-5]. A simple
magneto-optical polarimeter-based setup was proposed recently,
capable of even field-testing patients based on empirical polarization
characteristics of the examined specimen [6]. The physical principle
behind the detection is based on the anisotropic optical and magnetic
properties of hemozoin, a microcrystalline byproduct of the malaria
parasites, that can be co-aligned via moderate external magnetic fields
due to its anisotropic paramagnetic susceptibility [7,8]. In the field, the
suspension of co-aligned needle-like hemozoin crystals becomes opti-
cally anisotropic, which is detected by a polarization-sensitive optical
setup in the aforementioned detection method [9]. The detailed un-
derstanding of the optical anisotropies of the hemozoin suspension
allowing for magneto-optical detection of malaria infection, are still not
yet explored in the literature. Mueller matrix ellipsometry is a method
widely used recently for the characterization of anisotropic media
[10-13]. In this work, we propose transmission Mueller matrix spec-
troscopic ellipsometry to measure the hemozoin suspension response to
external magnetic fields.
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2. Experimental details

Synthetic hemozoin crystals [14] suspended in water were prepared
in two different target concentrations. The actual resulted concentra-
tions were verified by reference method [9] and were found to be ~1400
(au) for sample C1, and ~7200 (au) for sample C2. Please, note, that
these concentrations are approximately 2 to 3 orders of magnitude
higher than the ones obtained on typical real-life malaria infected blood
samples [6]. These two samples were investigated both in the absence
and presence of magnetic field, using spectroscopic ellipsometry. To
generate an external magnetic field, a rotatable, cylindrical hollow
Halbach-magnet was used with nominal strength of ~1 T. The spec-
troscopic ellipsometer, a Semilab SE-2000 was used in straight-line
arrangement with double rotating compensator to measure the
normalized 15-element Mueller matrix (M). Normalization is performed
with the first element of M (m;1). The measurement setup is shown in
Fig. 1, with the photo of the actual apparatus shown in insert (a). The
Halbach-magnet was either rotated to (i) 0° or 90° azimuth orientations,
i.e., ,,p” and ,s” directions in the usual nomenclature (as shown in Fig. 1
insert b); (ii) rotated in between 0 and 360° by steps of 22.5°; or (iii)
completely removed and substituted by a non-magnetic alumi-
num-made ,,dummy” object, keeping the sample in the same geometrical
location as it was with the magnet.
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Fig. 1. Measurement setup for collecting the normalized 15-element Mueller matrix. Insert (a): photo of the actual apparatus, Insert (b): illustration of the magnetic

rotation direction.
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Fig. 2. Sequence of measurements for the calculation of the individual contributions to the measured signal.

3. Theory/calculation
3.1. Mueller matrix decomposition

A Lu-Chipman type Mueller matrix decomposition based on the work
of Ping et al. [15] was used in a step-by-step approach as illustrated in
Fig. 2. Mueller matrix decomposition provides separation of depolari-
zation and window strain from the various birefringence and dichroism
of the sample. After performing a series of measurements sequentially to
separate the individual contributions of each component in the mea-
surement system, Eqs. 1-2 were used as a basis for our regression al-
gorithm to calculate the rotation parameters: the magnet orientation,
the cuvette orientation, and we also fitted the hemozoin concentration
ratio. The following protocol was applied in each series of measure-
ments: first, the free-air baseline is measured noted as Mg (Fig. 2a) to
verify the self-consistency of the ellipsometer measurement system, i.e.,
to obtain a baseline correction. As a second step, the sample was
measured without any external magnetic field (Fig. 2b). This provided a
reference M, termed: Mg, which was used to deduce the contribution of
the cuvette orientation by determining its polarization rotation and the
window strain. The related equation is shown in Fig. 2b, with notation
MR for contribution originating from depolarization, MR for retardance,
MR for diattenuation, M for circular retardance, and MY for window

strain. Finally, as a third step, the Mueller matrix with the sample placed
in an external magnetic field orienting the hemozoin crystals was
measured, termed: Mg (Fig. 2¢).

By performing this sequence of measurements, the original Mueller
matrix contribution of the sample, Mg can be obtained by using Eq. 1.

Mg = Mz'-Mj €))
3.2. The regression model

By expanding the contributions, one can obtain Eq. 2., where angles
am and a, describes the orientations of the field-aligned hemozoin mi-
crocrystals and the cuvette with respect to the “p” (vertical) polarization
direction of the setup and c, the concentration of the hemozoin. We
determined these variables by numerical regression where a composed
M based on the decomposed matrices of the reference measurements are
directly compared to the results of the measurements performed on the
hemozoin suspensions in magnetic field. Here, contribution from the
rotated cuvette is grouped in |.| brackets, and contribution from the
sample in rotated magnetic field is grouped in [.] brackets.

M & M = My -M: |R(~a.)- My R(ac) |- [R(=a,)-M (c)- M () -R(a,)|
(2)



P. Basa et al.

Thin Solid Films 766 (2023) 139637

1.0 0.4 0.4 0.4

03 mLWithout 0z oz oof

0.0 magnetic field { 0.0 0.0 0.0

0.5} — With _0'2\—\/\/ 0.2 0.2

10 magnetic field 04 0.4 04

2; Ma1 ;: My, ;2 My 3: L

0.0 0.0 0.0 0.0
-o.2\// 0.5 0.5 0.2

-0.4 -1.0 -1.0 -04

g™ g™ N I i

0.0 0.0 0.0 0.0

-0.2 -0.2 -0.5 -0.2 \’\—-—-
-0.4 -0.4 -1.0 04

1.0 04— 04" 1'0m44e=-
0.5 0.2 0.2 0.5

0.0 0.0 0.0 /\/—- 0.0

-0.5 -0.2 -0.2\—\/ -0.5

1.0 -0.4 -0.4 1.0

400 600 800 400 600 800 400 600 800 400 600 800

Wavelength (nm) Wavelength (nm)

Wavelength (nm)

Wavelength (nm)

Fig. 3. 15-element normalized Mueller matrix of sample C2 without (black) and with (red) external magnetic field (~1 T) oriented at 0°

The < symbol indicates that the measured Mg’ on the left is fitted via
numerical regression with the model decomposition on the right.

The numerical regression solves a least squares problem, and com-
pares the measured Mueller matrix elements to calculated Muller matrix
elements, and the S sum of squared residuals is minimized over the
variable space (c, o, o) to find the optimal variables.

S = ZZ [('n/s);‘_”r(c,am, a) — (m/s):w;m]z .
ij oA

where i and j are the index of the Mueller matrix elements from 1 to 4,
and 4 is indexing the data points for the different wavelengths. The
actual numerical method used for this problem is a Quasi-Newton with
BFGS (Broyden-Fletcher—Goldfarb-Shanno) algorithm.

3.3. Extracting window strain from measurement data

3.3.1. The window strain is modeled by a rotated retarder

MY (w,8,) = R(—w)-C(8,,)-R(w) “@
where R is a rotation matrix, and C is the Mueller matrix of an ideal
retarder (compensator), while w is the rotation angle and 6, is the phase
shift of the retarder. This single expression describes both windows
together, with an effective w and 6,. Normally we should treat the two
windows of the cuvette separately. However, the strain is small, there-
fore the MY (w,s,) matrix is close to the unit matrix, and becomes
approximately commutative with Mg, the Mueller matrix of the sample.

Expanding the equation provides Mueller matrix elements of
MY w,5,)

(5)

myy = —sin(8,,)-sin(2w)

(6)

msy = sin(5,)-cos(2w)

may = cos(8,,)

)

Because 6, is small, it is better not to use my4, errors would be too

high. Only my4 and ms4 are used to determine &, and w. As w is inde-
pendent on wavelength, while M elements are wavelength dependent, w
is calculated by averaging over the whole wavelength range.

IS (2 @)
W_n;Zamn<m34(i)) (8)
while §,, can be calculated by
1 2 2
6,(A) = 3 mos(A)” + maa(4) (C)]

The results fit fine on a low strain glass model, where the strain
induced phase shift can be calculated as

8, = An-d/A2m (10)

where An is the birefringence of the glass and d is the window thickness.

3.4. Extracting birefringence and dichroism of hemozoin from
measurement data

MR, Mﬁ and MY are calculated from the reference measurement [15],
and the Mueller matrix of the sample can be calculated according to Eq.
1 and Eq. 2

Ms = (Mp)~"-(Mg) - (My) "M an

Then Mg is decomposed to depolarization, diattenuation and
retardance, M5, M2 and M} respectively.

We determine the birefringence of the hemozoin from M§ using the
same rotated retarder model described above, with the only difference
that the rotation angle, w is replaced by the magnetic orientation, oy,.



P. Basa et al. Thin Solid Films 766 (2023) 139637

(a) — o 195" 04 04 04f
— 225 —— 1575" g 0.2 0.2
— 45° o op==mm—=— 00 0.0
— 675 ——225° O ©.
—— gg° ——270° 02 -0.2 -0.2
— 11250 315 4 04 04
— 360° ' ’ '
0.4 1.0 1.0 04
My4 m,, Mas Moy
0.2 0.5 0.5 0.2
e ——— [ 0.0 0 Of =
-0.2 -0.5 -0.5 -0.2
0.4 1.0 1.0 04
0.4 0.4 1.0 = 04
M3 Map Ma, M3y
0.2 0.2 0.5 0.2
0 o= 00 0.0 NS——es—
-0.2 -0.2 -0.5 -0.2
-0.4 0.4 -1.0 0.4
1.0 0.4 0.4 1.0
My4 My Mas My,
0.5 0.2 0.2 0.5
0.0 (I (]| 00
-0.5 -0.2 -0.2 -0.5
-1.0 -0.4 -04 -1.0
400 600 800 400 600 800 400 600 800 400 600 800
Wavelength (nm) Wavelength (nm) Wavelength (nm) Wavelength (nm)
(b) T 135° . 0.4 m12 0.4 m13 04 m14
— 225° —— 157.5° g2 0.2 0.2
— 45 1807 00 0.0 0.0
— 675 —— 225 ' ' '
—— ggr =™ 270° 02 02 02
— 11257 —— 315" 4, 0.4 0.4
— 360° ’ '
0.4 1.0 e 1.0 0.4
My4 m,, Ma3 Moy
0.2 0.5 0.5 0.2
0.0 0.0 0.0 pr——————— 0.0
-0.2 -0.5 -0.5 -0.2
-0.4 -1.0 -1.0 -0.4
0.4 0.4 1.0 —————————=] 04
M4 Mg, Ma, May
0.2 0.2 0.5 0.2
0.0 O o —— — ) 0.0
-0.2 -0.2 -0.5 -0.2
04 0.4 1.0 0.4
1.0 04 0.4 1.0
My4 My, My3 Mgy
0.5 0.2 0.2 0.5
0.0 0.0 0.0 0.0
-0.5 -0.2 -0.2 -0.5
1.0 -0.4 -0.4 -1.0
400 600 800 400 600 800 400 600 800 400 600 800
Wavelength (nm) Wavelength (nm) Wavelength (nm) Wavelength (nm)

Fig. 4. 15-element normalized Mueller matrix elements of the sample with magnetic excitation rotation in between 0 and 360° with steps of 22.5° for sample C1 and
C2 shown in a and b panels, respectively.

We obtained the retardance, 8y differently as it changes sign over the oy is calculated first, then the hemozoin birefringence is calculated
wavelength range. Birefringence of the hemozoin is HB = sin 8y. from a measurement, where sin oy, is close to 1.
N M3 contains hemozoin dichroism HD, and according to the decom-
HB = sindy = M 12 position model it can be extracted from the first column (diattenuation
—Sma, vector) of the Mueller matrix M5
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Fig. 5. a) Decomposed Mueller matrix of a reference measurement (Mg). b) Decomposed Mueller matrix of the C2 sample measurement (Ms’) with magnet oriented
at 270° direction. Curves are black for diattenuation, red for retardance, and green for depolarization.
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Fig. 6. Typical fit result on a sample measurement: C1 and C2 at 270° magnetic rotation.
3.5. Hemozoin concentration in the regression model
HD = cos2y, = £/ (mD),,” + (m2),,> a3) &
The higher concentration sample (C2) was used to extract the bire- The concentration is used as a linear scaling factor for both bire-
fringence and dichroism of the hemozoin, because of the lower relative fringence and dichroism.

noise levels.

(=)}
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ME(c) = a4

1 — (c-HB) c-HB

—c-HB 1 — (c-HB)®

while the MR (c) matrix is calculated based on the decomposition
method described in ref. [15], using D=[-c-HD, 0, 0] diattenuation
vector.

The same c concentration was used for calculating ME (¢) and M§ (¢),
and also the same o, magnet direction for the rotation matrices. It was
supposed that the depolarization is negligible, which is in good agree-
ment with the measurement data. The concentration dependent Mueller
matrix of the sample can be calculated as

Ms(c) = R(=a)- Mg (c)-Mg (c)-R(an) (15)

The used linear model is a simplification for the two different sam-
ples to be used for evaluations. These two data points only shows that an
approximately linear expression can describe the concentration depen-
dance for both birefringence and dichroism. On one hand it is clear, that
higher concentration will bring in nonlinear effects, and the current
linear model cannot describe the concentration dependance properly.
But on the other hand, any real infected blood samples contain hemo-
zoin in (much) lower concentration, than our two synthetic samples,
therefor the assumed linear concentration dependence is adequate for a
wide concentration range, including all of the biological samples.

4. Results and discussion

Fig. 3 shows the measured 15-element normalized transmission
Mueller matrix(M), as recorded by either with or without the magnet
providing an external magnetic field to the hemozoin suspension sample
(C2). Without the magnet, the M spectrum is in good agreement with the
expectations namely the M is close to the unity matrix with small per-
turbations from the window birefringence. By placing the magnet in the
setup, however, some elements of the matrix significantly change, most
notably: mjpo, Moy, My3, M31, M34, M43, and Maog4, My2.

According to J. Freudenthal [16], most anisotropic samples in
transmission show only linear extinction (LE) and linear retardance
(LR), which are basically the magnetic field induced linear dichroism
and linear birefringence, respectively:

LE =k, — k, (16)
LR = Phase(T,) — Phase(T) a7)

where T,(T;) and kp(ks) are the transmission and extinction coefficients
for p(s) polarization, respectively. In case of phase, only orientation
parallel to the molecular axis represents absorption, k component in the
other direction is 0. These provide significant contribution to elements
mia, Mo, and my3, ms; originating from LE, and mg4, mas, and mag4, Myz
originating from LR.

This explanation is further supported by the experimental results,
when the magnetic field is rotated by 90°, i.e., the orientation of the
hemozoin microcrystals is rotating with respect to p and s directions. In
this case, the p and s components are reversed in Eq. 16, which results in
a sign change in m;5 and my;. As described above, the phase of either p
or s directions is zero due to orthogonality. Therefore, Mueller matrix
elements mg4 and mys should also change sign, which is in agreement
with our results shown in Fig. 4.

The M spectra measured at several magnetic field directions in be-
tween 0 and 360° with steps of 22.5° are shown in Fig. 4a and b for
samples C1 and C2, respectively. Increase in hemozoin concentration
from sample C1 to C2 leads to increased amplitude of the significant
Mueller matrix elements, which is proportional to the change in the
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Fig. 7. Fit result for magnetic field orientation angle vs. experimental setting
for sample C1 (black squares) and C2 (red circles).

concentration (5.14 times increase from sample C1 to C2).

Decomposed M elements are shown for the reference measurement
in Fig. 5a. It was found that depolarization, linear and circular dichroism
are negligible, however, retardance seems significant in elements ms4
and mys. This is typical in case of a glass window with finite birefrin-
gence, and it can be subtracted as a reference from measurements with
the sample.

Fig. 5b shows the decomposition of the measured Mueller matrix for
the C2 sample at 270° magnet orientation. Both retardance and dia-
ttenuation elements are significant, while depolarization is similarly
negligible, just like in case of the reference measurement. In case of
exactly 270° magnet orientation, some elements, like m;3 should be
exactly zero, while my4 should only show cuvette retardance, and no
sample retardance. However, these elements are affected by the hemo-
zoin sample. Regression shows that the magnet orientation was actually
267.7° instead of the targeted 270°, and the rotation matrix will mix the
rows 2 and 3, also the columns 2 and 3. Therefor hemozoin spectra
appears in m;3 and my4 Mueller matrix elements with small amplitude.

Numerical regression on measurements with each magnetic field
angle was performed based on the method described above. Typical fits
of the measurements on samples C1 and C2 are shown in Fig. 6 at 270°
field rotation angle (with respect to the “p”, vertical direction).
Acceptable noise level of the measurements was found, that was typi-
cally in the order of <0.001 for each M elements, and regression error
was found to be also acceptable, in the range of <0.005, respectively.

Fit result for magnetic field orientation angle shows excellent
agreement with experimental settings both for sample Cl1 and C2,
indicating self-consistency of the method (see Fig. 7).

As the field is rotated with oy, the my5 and ma; elements followed cos
(2a,) angular dependence whereas the m;3 and m3; components varied
as sin(20yy,). The amplitude of the angular dependence (or the average of
the amplitudes for the different matrix elements) is proportional to the
hemozoin concentration, which was plotted in Fig. 8 for both studied
samples. As expected, the concentration, as a material property of the
sample does not depend on the external field orientation. The ratio of the
concentration of sample C1 and C2 calculated by numerical regression
(~ 1:5) was in good agreement with the results of the reference method.
In case of the higher concentration sample (C2), one can observe a slow,
slight decrease of the measured quantity, as shown in Fig. 8b. This
phenomenon can be attributed to a slow sedimentation and aggregation
of the individual hemozoin crystallites during the course of the mea-
surement sequence.
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Fig. 8. Fitted (normalized) Hemozoin concentration vs. magnet rotation (°) for sample C1 and C2, (figures a and b, respectively). Result suggests initial segregation/

sedimentation effect vs. experiment time for sample C2.
5. Conclusion

In conclusion, synthetic hemozoin suspensions were studied by
Mueller matrix transmission ellipsometry. We demonstrated that
hemozoin crystals are oriented by an external magnetic field as shown
by the field-induced emergence of linear extinction and retardance in
the raw M spectrum. The measured M was analysed in detail by Mueller
matrix decomposition, and good consistency and agreement were found
in terms of resulted quantities, such as magnetic field orientation or
hemozoin concentration. We found that Mueller matrix transmission
ellipsometry is capable to detect hemozoin and analyze its optical an-
isotropies, which makes this method applicable for the study of the
optical anisotropies introduced or influenced by magnetic fields.
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