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As-Grown Miniaturized True Zero-Order Waveplates Based

on Low-Dimensional Ferrocene Crystals

Zhipeng Li, Xuezhi Ma,* Fengxia Wei, Dapeng Wang, Zeyu Deng, Mengting Jiang,
Arif Siddiquee, Kun Qi, Di Zhu, Meng Zhao, Mengzhe Shen, Pieremanuele Canepa,

Shanshan Kou,* Jiao Lin,* and Qian Wang*

As basic optical elements, waveplates with anisotropic electromagnetic
responses are imperative for manipulating light polarization. Conventional
waveplates are manufactured from bulk crystals (e.g., quartz and calcite)
through a series of precision cutting and grinding steps, which typically result
in large size, low yield, and high cost. In this study, a bottom-up method is
used to grow ferrocene crystals with large anisotropy to demonstrate
self-assembled ultrathin true zero-order waveplates without additional
machining processing, which is particularly suited for nanophotonic
integration. The van der Waals ferrocene crystals exhibit high birefringence
(An (experiment) = 0.149 + 0.002 at 636 nm), low dichroism Ax
(experiment) = —0.0007 at 636 nm), and a potentially broad operating range
(550 nm to 20 pm) as suggested by Density Functional Theory (DFT)
calculations. In addition, the grown waveplate’s highest and the lowest
principal axes (n, and n,, respectively) are in the a—c plane, where the fast
axis is along one natural edge of the ferrocene crystal, rendering them readily
usable. The as-grown, wavelength-scale-thick waveplate allows the
development of further miniaturized systems via tandem integration.

realized significant advancements, such
as in metalenses,?l flat differentiators,’!
integrated photodetectors,*l meta-filters,!
and ultra-compact spectrometers.] How-
ever, waveplates in the wavelength scale
remain underdeveloped as one of the
most essential optical components for
manipulating light polarization. An urgent
demand exists for compact optical sys-
tems to be used in dynamic polarization
control,l”] optical interconnect chips,®! on-
chip quantum information processing,”’
all-optical neuromorphic computing,1%!
and  lab-on-chip  light  sources.'!]

Polarization control relies on the birefrin-
gence yielded by the inherent anisotropic
properties of the material. An ideal minia-
turized waveplate requires an ultrathin
thickness (high birefringence, An), low
loss (small extinction coefficients, «),
low distortion (low dichroism, Ax), and

1. Introduction

The miniaturization of bulk optical components can render op-
tical systems more compact, efficient, and energy efficient.[!]
In this regard, the optics and photonics communities have

ease of fabrication. In addition, unlike
conventional multi-order waveplates, true
zero-order waveplates, which provide
retardance within 2z, are naturally thin and offer additional ad-
vantages such as large-angle acceptance and high tolerances for
changing the temperature and humidity.(!?! Thus, the fabrica-
tion of miniaturized true zero-order waveplates necessitates the
identification of the appropriate materials with large An, small «,
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and low Ax. Naturally occurring birefringent crystals with high
birefringence, such as calcite (CaCO;, An ~ 0.17 at 630 nm)*3!
and rutile (TiO,, An ~ 0.28 at 632.8 nm)/'*l However, their in-
tricate crystal structures and high mechanical hardness render
it difficult to form a flat layer of true zero-order waveplates via
uniform deposition or mechanical grinding.'! Some artificial
birefringent crystals, such as yttrium orthovanadate (YVO,),['!
lithium niobate (LiNbO;),l'”] and «-BBO (a-BaB,0,)'®] are af-
fected by similar fabrication difficulties. Additionally, in-plane
anisotropic materials such as black phosphorus (BP)”! rhenium
disulfide (ReS,),!"! rhenium diselenide (ReSe,),!?") and titanium
trisulfide (TiS;),I2!) are unqualified for the ideal waveplate be-
cause of either the overall energy dissipation or inconsistent ab-
sorption coefficients in the visible and near-infrared range. More-
over, the anisotropy of most 2D materials is caused by significant
differences between their interlayer covalent and intralayer van
der Waals bonds.[?? Thus, obtaining a large in-plane (a—c plane)
birefringence in these materials is difficult, which hinders their
broad application. To date, birefringent quartz is the only com-
mercially available true zero-order waveplate.['*] Owing to its low
birefringence (An ~ 0.008 at 636 nm), the waveplate thickness
is limited to ~25 pm, which is extremely large for the minia-
turization of optical components. In addition to inorganic bire-
fringent materials, organic materials like liquid crystal polymer
(LCP) have proven their worth as zero-order waveplates, thanks
to their significant birefringence and low dichroism.[**! Addition-
ally, the LCP film can be processed simply through spin-coating
and polarized UV light-curing activation, making it compatible
with flexible and stretchable applications.**! However, miniatur-
ization and chip integration are challenging to achieve with the
spin-coating process for LCP waveplates, limiting their potential
in integrated photonics systems. Alternatively, metasurfaces can
directly manipulate the phase of light and be designed to achieve
a broad operating wavelength range.”>! Furthermore, MEMS-
based metasurfaces are capable of achieving tunable waveplates
for dynamic tasks, making them promising for next-generation
photonic chips.[?l However, metasurfaces necessitate specialized
designs, complex nanofabrication processes with subwavelength
resolution, and relatively low conversion efficiencies, which hin-
der their widespread application.[?”] Therefore, identifying eas-
ily processable materials with relatively high birefringence, low
extinction coefficients, and low dichroism to construct on-chip
waveplates is critical for ensuring highly efficient integrated pho-
tonics systems.

In this context, ferrocene (Fe(CsH;),), which is well-
acknowledged as a sandwich compound that is first revealed by
Ernst Otto Fischer and Geoffrey Wilkinson,!?®] exhibits interest-
ing optical properties owing to its unique structure. Hence, we
demonstrate an as-grown ferrocene crystal that accomplishes a
true zero-order waveplate with wavelength-scale thickness. The
grown orientation of ferrocene crystal can be adjusted along
the principle refractive axis, thus enabling the ideal waveplate
architecture without additional processing. Figure 1a shows
the concepts of the as-grown quarter-and-half waveplates with
ultraslim thicknesses of 1071 and 2142 nm, which can convert
light among circular, elliptical, and linear polaritons. The fast
axis of the as-grown waveplate is along one natural edge of the
ferrocene single crystal (the optical microscope image of the
crystal is shown in the top right corner). The ultrathin nature
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of layered waveplates enables the development of miniaturized
systems via tandem integration.

2. Results and Discussion

2.1. Ferrocene Crystal Structure

Ferrocene molecules can self-assemble to form a monoclinic
crystal structure, which is a typical biaxial crystal structure with
high birefringence®! (for growth methods, see Section S1, Sup-
porting Information); thus, they can be used to form efficient
waveplates for miniaturized devices. To investigate the origin of
the large anisotropy, the molecular structures along the a-, b-,
and c-axes were examined, as shown in Figure 1b—d, respectively,
which indicated a 3D van der Waals force-bounded material.

We used density function theory (DFT)-calculated refractive in-
dices along the <100>, <010>, <001>, <110>, <101>, <011>,
and <111> directions to reconstruct the refractive-index ellipsoid
(Figure 1e). The b-axis was perpendicular to the a—c plane, and
the angle between the a- and c-axes was 120.95°. In particular, the
highest and lowest principal axes (1, and n,, respectively) were in
the a—c plane (the reconstruction method is described in the Ex-
perimental Section). Hence, the largest anisotropy, and the most
efficient phase retarder, appeared in the a—c plane, as verified via
single-crystal X-ray diffraction (SC-XRD) (See Section S2, Sup-
porting Information). Consequently, bar-like ferrocene crystals
grown along the b-axis can be used directly as waveplates. In ad-
dition to its monoclinic crystal structure , the high birefringence
of ferrocene originated from the strong anisotropic polarizabil-
ity induced by the delocalized z-conjugated orbitals of Fe* ions.
In the ferrocene molecule (Figure 1f), the two five-membered
rings were connected by a Fe' ion, and the two rings exhibited a
twisted angle of 36°, which induced strong structural anisotropy.
The large anisotropy was reflected in the electronic wave func-
tions of ferrocene in the highest occupied molecular orbitals
(HOMO) and lowest unoccupied molecular orbitals (LUMO)
(Figure 1g).

Figure 2a shows the calculated projected density of states
(PDOS) of C-2p, H-1s, and Fe-3d denoted in red, yellow, and
blue, respectively. The electrons in ferrocene showed some al-
lowed transitions from the valence bands to conduction bands,
including from the HOMO (also recognized as a’,, orbitals) to the
LUMO (also recognized as €', orbitals), from e,, orbitals to €’;,
orbitals, and other higher-order transitions (for more details, see
Section S3, Supporting Information). These transitions resulted
in significant absorption near the corresponding photon ener-
gies. We used DFT to calculate the wavelength-dependent real
and imaginary components of the refractive index along the prin-
cipal axes of the ferrocene single crystals, as shown in Figures 2b
and c, respectively. Although ferrocenes exhibit high birefrin-
gence near the bandgap region, such as An = 0.27 at 441 nm
corresponding to the first allowed transition of electrons, the high
absorption losses and large distortion («; = 0.049, Ax = 0.025)
limit their optical applications near the wavelength range.

To determine the optimal operating wavelength range for the
ferrocene waveplates, we used the Kramers—Kronig (K-K) rela-
tion to guide the application strategy and avoid large absorption
and dichroism regions. The K-K relation describes the bidirec-
tional mathematical relations connecting the real and imaginary
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Figure 1. As-grown miniaturized true zero-order waveplates based on 3D van der Waals ferrocene crystals. a) Concept of as-grown true zero-order
ferrocene quarter and half waveplates with a thickness of 1071 and 2142 nm, respectively. Light can be converted among circular, elliptical, and linear
polarizations using ferrocene waveplates with different thicknesses. Fast axis of waveplate is oriented along one natural edge of the ferrocene crystal.
Top right corner shows an optical microscope image of the ferrocene crystal; lower right corner shows a schematic illustration of the fast- and slow axes
of the waveplate. The scale bar is 20 um. b—d) Ferrocene crystal structure viewed along b) b-axis, c) c-axis, and d) a-axis. Blue, yellow, and brown spheres
represent carbon, hydrogen, and iron atoms, respectively. Ferrocenes crystals exhibit P21/a symmetry, with a = 10.443 A, b = 7.572 A, c = 5.824 A and
f = 120.95°. e) Refractive index ellipsoid reconstructed from density functional theory (DFT) calculations, where the b-axis of the ferrocene crystal is
parallel to one of the principal refractive indices. f) Molecular structure of ferrocene shows a sandwich structure, where carbon atoms are placed at the
corners of two plates surrounding an iron atom, and the two plates exhibit a 36° twisted angle. gy HOMO (the highest-occupied molecular orbitals) and
LUMO (the lowest-unoccupied molecular orbitals) of ferrocene exhibit a significant difference in symmetry, which implies the high polarizability of the
molecular structure and hence high birefringence.
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Figure 2. DFT calculations and Kramers—Kronig relations. a) Projected density of states of ferrocene. E,; is the bandgap corresponding to the energy of
electron transition from HOMO to LUMO. b,c) DFT-calculated refractive index () and extinction coefficient (k) along principal axes of ferrocene single
crystal. The birefringence (n, — n3)) and dichroism (k1 — k3), shown in the upper right inset, exhibit a high birefringence of 0.192 and a low dichroism of
0.0048 at 636 nm. d) Gaussian-shaped k peak corresponding to bandgap E, and n; calculated from Kramers—Kronig (K-K) relations. Green highlighted
area represents the operating wavelength range of the ferrocene waveplate, based on the proposed criterion of 36 beyond the Gaussian peaks of k to
identify low-x and high-n regions. €) An/Ax calculated from (b) and (c) shows the excellent optical performance of ferrocene waveplates in a broad

wavelength region from 550 nm to 20 um (An/Ax > 30).

components of any complex function that satisfies causality.>!
The « (imaginary component of the refractive index) of ferrocene
can be decomposed into a sequence of Gaussian peaks corre-
sponding to different allowed orbital transitions. The full wave-
length range of « is provided in Figure S4 (Supporting Infor-
mation). The Gaussian peak corresponding to E,; is shown in
Figure 2d (x (Ey), solid black curve), where the transformed
n (Ey) using the K-K relation shows an asymmetric peak. We
propose to select the region from + 3o of the Gaussian peaks in
K (the green region in Figure 2d), where ferrocene exhibits neg-
ligible k and Ak but maintains large An and An/Ax (> 30 in this
region, Figure 2e).
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2.2. Optical Demonstration of Waveplates Based on Ferrocene
Single Crystals

The retardance of ferrocene single crystals (6§ = 27” An X t) is
thickness dependent, where A is the vacuum wavelength of light,
and ¢ denotes the thickness of the crystals along the b-axis. Al-
ternately, retardance can be represented as 6 = + (m X 2«
+ ¢), where m = 0, 1, 2, 3, -~ and 0 < ¢ < 27, and the
¢ can be recognized as net retardance. The waveplates are of
true zero order when m = 0, whereas the thickness is mini-
mized compared with their higher-order counterparts with the
same net retardance, thus rendering them suitable for on-chip
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integration. The retardancy and birefringence were characterized
using the two-frame method®!l and the corresponding optical
characterization protocol (see Experimental Section and Supple-
mentary Section S5, Supporting Information). Atomic force mi-
croscopy (AFM, Neaspec GmbH) and a surface profiler were used
to characterize ferrocene crystal in two thickness ranges, i.e., 0—
2.5 um and greater than 2.5 pm. The light source used in this
measurement had a center wavelength of 636 nm and a band-
width of 20 nm (Thorlabs, M625L4). Figure 3a shows the mea-
sured results for the retardance of ferrocene crystals with var-
ious thicknesses. The obtained birefringence of ferrocene was
0.149 + 0.002 at 636 nm, which was slightly smaller than the
value calculated via DFT. The DFT typically underestimates the
bandgap; therefore, the calculated refractive index curves are red-
shifted compared with the experimental results, thus resulting
in slightly higher calculated values of An, «, and Ax.3?! We se-
lected three representatives from the aforementioned waveplates
shown in Figure 3a, namely, the quarter waveplate, 1/3 waveplate,
and half waveplate, and extracted their retardance. The wave-
plates can convert incident right-hand circularly polarized (RCP)
light to linearly polarized, elliptically polarized, and left-hand cir-
cularly polarized (LCP) light, as indicated by the trajectories on
the Poincaré sphere (Figure 3b). The transmission images of the
waveplates presented in (i) and (ii) show high, medium, and low
contrasts after the quarter, 1/3, and half waveplates, respectively,
which reflect the high performance of the waveplates. The calcu-
lated phase retardance is shown in Figure 3c—e(iii) (for the phase
calculation, see Section S5, Supporting Information). The two fer-
rocene single crystals at the same optical window in Figure 3c(iii)
show retardances of 7/2 and — 7/2, respectively. As verified via
SC-XRD and AFM, their fast axes (n,) were parallel to each other,
whereas their slow axes (n;) have opposite sign, indicating that
they served as quarter and 3/4 waveplates, respectively.

Low x and Ak values are equally important for a waveplate.
These values were extracted from the measured absorption spec-
tra. We used a UV-vis—NIR microspectrophotometer (CRAIC
Technologies) to measure the transmission (T) and reflection (R)
spectra of selected small regions and calculated the absorption
(A) of the ferrocene plates. The normalized absorptance is ex-
pressed as A (norm) = =%L where t denotes the thickness of
the ferrocene single crystals and L is the thickness-independent
loss from the multi-interface reflection of the sample and sub-
strate, which was extracted from 15 ferrocene crystal absorp-
tance measurements. Meanwhile, k can be calculated from the
formula k = ln(lf’% (Raw data and more calculation details
are available in Section S8, Supporting Information). Figure 3f
shows ultra-low losses k; = 0.0031 and x; = 0.0038 at 636 nm
along the fast- and slow-axes of the ferrocene waveplate, respec-
tively. The normalized Ak is approximately zero (e.g., —0.0007
at 636 nm) in the waveplate operating wavelength range (green
region, defined in Figure 2) shown in Figure 3g, thus indicating
that ferrocene single crystals can serve as top-tier waveplates.

2.3. Determination of Fast- and Slow-Axes of Waveplates
To demonstrate the quarter-waveplate functionalities, we per-

formed optical measurements of the ferrocene crystals using a
modified two-frame phase characterization setup. First, we iden-
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tified the fast axis of the ferrocene waveplate and then preserved
45° between the linearly polarized input light and the quarter-
waveplate fastaxis (Further details of the measurement protocols
are available in Section S9, Supporting Information). Based on
these processes, the ferrocene quarter-waveplate converts the lin-
early polarized input light into circularly polarized output light,
whereas the background (transmitted through the x-cut quartz
substrate) maintains a linearly polarized state. We recorded the
transmission images by rotating the analyzer’s linear polarizer in
intervals of 10°; six representative images are shown in Figure 4a.
The quarter waveplate we measured (as shown in Figure 4) intro-
duced a retardance of 84.1° with a thickness of 1000 + 0.5 nm.
The average intensities from the sample and substrate were ex-
tracted and fitted using the ellipse equation (r = ab

Va-cos20+b-sin?0 )

and cosine equation (r = ¢ *cos [2(6 — d)]) to identify the fast-and
slow-axes of the ferrocene waveplate (Figure 4b). Based on the fit-
ting, the input linearly polarized light (¢,) and the fast axis (6,) of
the waveplate form a 44.5° + 0.1° angle instead of 45° for the ideal
case, which is within the experimental error range. Results show
that the fast axes of the waveplates were highly aligned with the
direction of the naturally grown short sides of the self-assembled
ferrocene single crystals. As illustrated in Figure 4c, the c-axis
was strictly aligned with the long side of the ferrocene crystal, as
indicated by SC-XRD (see Section S2, Supporting Information),
and the angle between the two naturally grown sides was 65.0°
+ 2.0° (see Section S10, Supporting Information). As the angle
between the a- and c-axes was 59.05°, the angle between the fast-
axis (n,) and a-axis 6 (experiment) was 5.95° + 2.0°, which agreed
well with the value calculated via DFT (6.91°). In summary, self-
assembled ferrocene crystals can serve as true zero-order wave-
plates with naturally grown fast axes, thus facilitating their direct
use.

3. Conclusion

The miniaturization of waveplates can downsize the increas-
ingly complex optical systems required for advanced photonic
information processing and computing applications. We used
a bottom-up method to grow ferrocene crystals, which self-
assembled at the liquid-liquid capillary interface. The special
molecular arrangement in the structure enabled a high birefrin-
gence (An (DFT) = 0.192, An (experiment) = 0.149 + 0.002),
low dichroism (Ax (DFT) = 0.0048, Ak (experiment) = —0.0007)
at 636 nm and a potentially broad operating range (550 nm to
20 pym). In particular, the self-assembled ferrocene crystals ex-
hibit facet orientations along the b-axis at the acetone-water cap-
illary interface. The naturally grown a—c planes exhibit the high-
est birefringence (n, — n;) and can be directly used as on-chip
true zero-order waveplates. Using the thickness control method
during the self-assembly process allows various retardants of the
ferrocene waveplate to be designed and controlled.

These prominent optical properties may be extendable to
other members of the metallocene family, such as nickelocenes,
cobaltocenes, and ruthenocenes, which exhibit similar sandwich
molecular structures. Moreover, metallocene derivatives such
as multi-decker sandwich compounds!**! and metallocenes**]
are expected to demonstrate significant potential in this field.
By deploying the K-K relations, candidates possessing high
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Figure 3. Optical demonstration of true zero-order waveplates based on ferrocene crystal. a) Measured retardance of ferrocene waveplates as a function
of thickness of crystals along b-axis. Birefringence of ferrocene crystal at 636 nm was calculated to be 0.149 + 0.002 via linear fitting of 23 samples. An ideal
quarter waveplate (90° of retardance) was achieved when the crystal thickness was 1071 nm. b) Poincaré sphere shows polarization change trajectories
for three representative waveplates, as indicated in the a: quarter, 1/3, and half waveplates. c—e) Optical property characterization of three ferrocene
crystal waveplates using the two-frame method. Circularly polarized incident light can be converted into linearly, elliptically, and linearly polarized light,
separately. (i) and (ii) show optical images of waveplates in on and off states, and (iii) shows the retracted retardance map. f,g) k and Ax values of
ferrocene crystals measured using UV-visible—-NIR microspectrophotometer (window size 1.6 pm x 1.6 um). All scale bars are 30 um.
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Figure 4. Determination of fast- and slow-axes of waveplates. a) Images of ferrocene waveplate after analysis of linear polarizer with various angles
(directions are shown in lower left corner of each panel). Similar intensities of waveplate image indicate the quarter waveplate function for converting
linearly polarized light to circularly polarized light. b) Angle-resolved transmission intensity of ferrocene quarter waveplate and substrate, where the
intensities of the transmitted light from the ferrocene waveplate present an almost circular shape instead of a cosine-like profile from the background.
The angle between the fast axis of the ferrocene waveplate and the direction of the linearly polarized incident light is 45°. c) Retracted fast- and slow-axis
directions. Fast axis is coincidentally parallel to short side of ferrocene crystals. All scale bars are 30 um.
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birefringence and low dichroism in a suitable wavelength range
can be identified, thereby accelerating the material screening pro-
cess. The material exploration strategy presented herein allows
nanoscale polarization to be manipulated and is promising for
the mass production of low-dimensional multifunctional optical
devices.

4. Experimental Section

Preparation of Ferrocene Crystals:  Ferrocene crystals were prepared us-
ing the liquid—liquid interfacial precipitation method (more details are pre-
sented in Section S1, Supporting Information). Ferrocene powder (Sigma—
Aldrich, 98% purity, CAS:102-54-5) was dissolved in acetone (ACS reagent,
99.5% purity), and the ferrocene solution was deposited into deionized wa-
ter to form ferrocene crystal nuclei. To remove the irregular nucleus, the
mixture was heated up (80 °C for the first cycle and 50 °C for the remaining
four cycles) and cooled down (0 °C) for five cycles (Section S1.2, Support-
ing Information). Subsequently, one drop of the resulting mixture was de-
posited onto the targeting substrate, and the nucleus seed was grown on
the substrate upon acetone evaporation. Finally, ferrocene crystals were
obtained on the substrate by removing the liquid using a spinner.

Optical Measurement: The optical characterization setup comprises
two operating modes: the two-frame model3'! for extracting the birefrin-
gence and the angle-resolved polarization analysis mode. Figure S5 (Sup-
porting Information) shows the two-frame mode, in which the angle-
resolved polarization analysis mode can be obtained by removing the
quarter-wave plate. In the setup, a collimated LED (M625L4, Thorlabs)
was used as the light source with a central wavelength of 636 nm and a
linewidth of 20 nm. A Glan-Laser Polarizer (GL10, Thorlabs) was placed
in front of the LED to ensure that the light was perfectly linearly polarized.
A Fresnel rhomb retarder (FR600HM, Thorlabs) was used as a half-wave
plate to rotate the linearly polarized light in an arbitrarily polarized direc-
tion. A quarter-waveplate (WPMQO5M-633, Thorlabs) equipped with a re-
versed beam expander (shrinker) was used to project circularly polarized
light with a shrinking beam size onto the ferrocene samples. An objective
lens (20 x Mitutoyo Plan Apo Infinity Corrected Long WD objective, NA
= 0.42, corresponding tube lens, f = 200 mm) and 16-bit high-sensitivity
camera (Zyla 5.5, Andor) were used for the imaging system. The linear po-
larizer was mounted on a high-precision rotation stage (PRO1, Thorlabs)
with 360° rotation capability to select the desired polarization state for fer-
rocene imaging.

DFT Calculation: Spin-polarized DFT calculations of the molecu-
lar structure were performed using the Vienna ab initio Simulation
Package.[*®] Projector-augmented wave potentials were used, with the fol-
lowing electrons treated explicitly: H (1s'), C(2s%2p?), and Fe (3d®4s?).[36]
The exchange and correlation components of the Kohn-Sham equation
were calculated using the generalized gradient approximation,l3’! and the
van der Waals forces were corrected using the Grimme scheme.[38] A 520-
eV kinetic energy cut-offand a 3 x 2 x 2 Monkhorst-Pack K-point mesh[3°]
were used for all calculations. The crystal structure of ferrocene was first
relaxed based on previous experimental results/4?] until the interatomic
forces were smaller than 0.01 eV A~1. Subsequently, the PDOS and the
frequency-dependent dielectric function were obtained after the electronic
ground state was determined. The refractive indices (n) and extinction co-
efficients (k) were determined as follows:

K:L<(€f+€i2)%—€r>i (2)

where ¢, and ¢; are the real and imaginary components of the complex
dielectric function (¢), respectively.
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Statistical Analysis: For the reconstruction of the index ellipsoid,
the following statistical method was used. Most of the materials
with monoclinic structures, such as «-BIBO (a-BiB;0;),[2%?] TbCOB
(TbCa,O(BO;);),/2%®! and Yb3** doped magnesium tungsten oxide (Yb:
MgWO,),[2°] are biaxial crystals with their b-axes parallel to the direction
of one of the principal refractive indices in index ellipsoid (also known as
optical indicatrix). Thus, the other two principal refractive indices will fall
into the a—c plane. The DFT calculation was used and the refractive indices
were extracted along <100>, <010>, <001>, <110>, <101>, <011>, and
<111> directions, where <100>, <001>, and <101> directions were in
the a—c plane. Using the ellipse equation, the long axis and short axis of
the ellipse could be extracted, namely ny and n; in the current case. MAT-
LAB 2022b was used to analyze the data.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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