RESEARCH ARTICLE

OPTICAL

www.advopticalmat.de

Infrared Optical Anisotropy in Quasi-1D Hexagonal

Chalcogenide BaTiSe,

Boyang Zhao, Hongyan Mei, Zhengyu Du, Shantanu Singh, Tieyan Chang, Jiaheng Li,
Batyr llyas, Qian Song, Ting-Ran Liu, Yu-Tsun Shao, Riccardo Comin, Nuh Gedik,
Nicholas S. Settineri, Simon J. Teat, Yu-Sheng Chen, Stephen B. Cronin, Mikhail A. Kats,

and Jayakanth Ravichandran*

Polarimetric infrared (IR) detection bolsters IR thermography by leveraging
the polarization of light. Optical anisotropy, i.e., birefringence and dichroism,
can be leveraged to achieve polarimetric detection. Recently, giant optical
anisotropy is discovered in quasi-1D narrow-bandgap hexagonal perovskite
sulfides, A, TiS;, specifically BaTiS; and Sry s TiS;. In these materials,

the critical role of atomic-scale structure modulations in the unconventional
electrical, optical, and thermal properties raises the broader question of the
nature of other materials that belong to this family. To address this issue, for
the first time, high-quality single crystals of a largely unexplored member of
the A, TiX; (X = S, Se) family, BaTiSe; are synthesized. Single-crystal X-ray
diffraction determined the room-temperature structure with the P31¢ space
group, which is a superstructure of the earlier reported P6, /mmc structure. The
crystal structure of BaTiSe; features antiparallel c-axis displacements similar
to but of lower symmetry than BaTiS;, verified by the polarization dependent
Raman spectroscopy. Fourier transform infrared (FTIR) spectroscopy is used
to characterize the optical anisotropy of BaTiSe;, whose refractive index along
the ordinary (E L ¢) and extraordinary (E || c) optical axes is quantitatively
determined by combining ellipsometry studies with FTIR. With a giant
birefringence An ~ 0.9, BaTiSe; emerges as a new candidate for miniaturized

1. Introduction

Mid-wave  infrared
long-wave infrared (LWIR) imaging,
widely used in thermographic sys-
tems for remote sensing,(!!! free-space
telecommunication,?! and surveillance,®’
utilizes the MWIR (=~3-5 pm) and LWIR
(~8-14 um) atmospheric transmission
windows,!* to see beyond human vision.
However, radiation noise, both intrinsic
and from the environment,’! limits the
resolution of thermography. Polarimetric
imaging relies on the polarization state
of light, which changes upon the emis-
sion, scattering, or transmission of light,
to improve contrast and minimize arti-
facts during imaging;l® and has gained
a sizable impact on military detection
and recognition,l’! terrestrial monitoring
and prediction,® and even in cosmic
topology.l®!

Birefringent crystals with polarization-

(MWIR)  and

birefringent optics for mid-wave infrared to long-wave infrared imaging.

dependent refractive index, #=n+ ik,

play an essential role in both the
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modulation,%M] and detection'>13] of light polarization.
However, conventional birefringent crystals such as TiO,,!'
CaCO, I LiNbO,,!1% and YVO,[Y] often have appreciable
absorption for MWIR and LWIR, making them insensitive to the
polarization; besides, birefringent crystals designed on the asym-
metric alignment of chemical bonds, ions, or molecules!!3%]
commonly absorb IR as heat due to characteristic resonant IR
absorptions!?®! of light elements, such as H, C, O, and N. This
calls for developing materials with appreciable optical anisotropy
and broadband MWIR and LWIR transparency materials with
appreciable optical anisotropy to control the polarization of
infrared light, and highly anisotropic interband absorbers for
polarized photodetection.

Hexagonal sulfides A, TiS; (A = Ba and Sr) with quasi-one-
dimensional (quasi-1D) chains of faced-shared TiS, octahedral?!]
have giant optical anisotropy between the inter-chain (a-b plane)
and intra-chain (c-axis) orientations.’?*] We recently found
that the optical anisotropy of crystalline A, TiS; can orig-
inate from not only its highly anisotropic crystal structure
but also subtle structural modulations!?*®! such as the non-
stoichiometric lattice modulations!?%! and the disordered TiS octa-
hedral distortions.?”] Such discoveries raise questions on the sys-
tematic differences in the structure of A, , TiX; during bandgap
engineering with anion substitutions,!??] in the pursuit of un-
derstanding the nature of optical anisotropy and the ensuing ap-
plications. In this work, we extend the class of quasi-1D birefrin-
gent chalcogenide crystals A, TiX; (A =Ba, Sr; X =S, Se) chalco-
genides by demonstrating comparable optical anisotropy in sin-
gle crystals of BaTiSe;, grown for the first time. Moreover, we
studied the structural similarities and distinctions with BaTiS; by
carefully resolving the structure of BaTiSe; using single-crystal
X-ray diffraction and Raman spectroscopy. The larger real part
of the refractive index (n, ~ 3.2, n, ~ 4.1), compared to BaTiS,
(n, = 2.61, n, = 3.37), has a greater birefringence of An = 0.9
in BaTiSe, and provides greater flexibility for the miniaturiza-
tion of birefringent optics operating in MWIR and LWIR. The
imaginary part of BaTiSe; extends the peak dichroism Ax from
the ~1.37 eV of BaTiS; to ~1.05 eV, which makes BaTiSe; highly
dichroic (a./a, « k./k,) till turning transparent to all polariza-
tions below the absorption edge ~0.20 eV, lower energy than
~0.27 eV in BaTiS,.

2. BaTiSe; Crystal Growth

BaTiSe, crystals were synthesized using chemical vapor trans-
port with iodine as the transport agent in a sealed quartz am-
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poule. The synthesis process is similar to that used for BaTiS;,!?}
and Sry s TiS;,1*?l with high-purity selenide/selenium in place of
sulfide/sulfur precursors (see more details in Experimental Sec-
tion and Supporting Information). The synthesis temperature is
held around 945 °C while an iodine transport agent maintains
a steady crystal growth throughout the reaction. Aside from the
predominant polycrystalline collection of BaTiSe;, single crystals
of BaTiSe, are found in two regions: the majority along the am-
pule wall (Figure S1a, Supporting Information), with rough and
disordered interface between glass and BaTiSe;, but of larger
sizes (Figure Sle, Supporting Information); the remaining on
top of or among polycrystalline BaTiSe;, with cleaner surfaces
(Figure 1a) but of smaller sizes. For simplicity in our discussion,
we name the former rod-like BaTiSe; while the latter needle-like
BaTiSe;. Due to at least one disordered surface, we expect ex-
tended defects, i.e., domain boundaries to be present in rod-like
BaTiSe;. On the other hand, needle-like BaTiSe; has smoother
surfaces and potentially fewer defects. Despite the sharper X-
ray diffraction structure of the needle-like BaTiSe, than rod-like
BaTiSe; we do not observe distinguishable optical properties be-
tween the two.

Chemical composition mapping via energy dispersion spec-
troscopy (EDS) attached to a scanning electron microscope
(SEM) reveals uniform chemical composition across the crystal
(Figure 1a), with a statistical Ba:Ti:Se atomic ratio around 20.3:
19.8: 59.9. A representative EDS spectrum and the statistical er-
rors of the EDS analysis are shown in Figure 1b, which is close
to the nominal stoichiometry of 1:1:3. Moreover, the 1:1:3 stoi-
chiometry is also validated by the X-ray diffraction studies, which
will be discussed later.

Crystal orientation is determined by out-of-plane X-ray diffrac-
tion (XRD) while varying the tilting angle (y) about the rota-
tional axis parallel to the long edge (Figure S2b, Supporting In-
formation) of the needle, shown in Figure S2a (Supporting In-
formation). Observed XRD peaks match the reported P6,/mmc
structure,3%! and are indexed accordingly based on the 26 po-
sition. The rocking curve of 020 has a full width at half max-
imum (FWHM) of 0.07°, showing great crystallinity of needle-
like BaTiSe,. Upon tilting about the long-axis of the needle-like
BaTiSe;, the 100-series reflections are observed around 60° tilt
from each other, while 210 and 120 are observed~30° tilt about
100 or 010. We thus confirmed the long axis of the BaTiSe; nee-
dle as the rotational axis (the c-axis). However, as we look closer at
the off-principle-axes (not along 100, 010, or 001) reflections, the
room-temperature structure of BaTiSe, reveals periodic symme-
try breaking similar to the supercell modulation in BaTisS,.[?7:31]

3. In-Depth Crystal Structure Determination

Single-crystal X-ray diffraction (SC-XRD) resolves the crystal
structure by mapping the complete X-ray diffraction structures
of the reciprocal space of a single crystal up to the resolution
limit.’?) SC-XRD was carried out on BaTiSe; crystals at room
temperature (Table S1, Supporting Information) with high-flux
X-ray synchrotron radiation at Lawrence Berkeley National Lab-
oratory and Argonne National Laboratory. Figure 1c shows the
precession maps extracted from SC-XRD of BaTiSe; along hOl
and hkO reciprocal planes. Although major reflections are roughly
consistent with the formerly reported,3°) P6,/mmc structure,
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Figure 1. Characterization of BaTiSe; single crystals. a) SEM image and EDS mapping of BaTiSe; crystal. Ba, Ti, and Se are uniformly distributed
across the crystal b) Quantitative chemical composition analysis of the EDS spectrum with statistical errors. The atomic ratio of Ba:Ti:Se is around
0.203:0.198:0.599, close to the theoretical 1:1:3. c) Single Crystal X-ray diffraction studies of BaTiSe; crystals show a superstructure along the a-b plane
of the formerly reported!®®! structure with P6;/mmc space group along the a-b plane, represented by the hk0 (left), and hOl or Okl (right) precession
reciprocal maps from single-crystal X-ray diffraction (SC-XRD). As we look closer at the intensity distribution of the observed reflections, such as the
diffraction structure within the dashed box, reproduced in d), streak-like diffuse scattering is observed within the a-b plane (pointed out by arrows) but
along the c-axis. Such is a sign of correlated disorders in the a-b plane. Nevertheless, the Bragg diffraction structure of BaTiSe; is refined as a P31c
space group with a 24/3x24/3x1 supercell of the P6;/mmic. e) In P31c, quasi-1D chains of face-shared TiSeq octahedra are displaced along the c-axis in
opposite directions. These chains are colored in red (downwards along the c-axis) and blue (upwards along the c-axis) whose displacement orientation
is determined as in f), relative to the average Ba lattice. The a-c projected TiSeq chain structures of BaTiSes in (f) also visualize the Ti atoms away from
the centroid of Seg octahedra along the c-axis. This is analogous but of a different periodicity compared to BaTiS;.[27]
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Figure 2. Room-temperature polarization dependent Raman study of BaTiSe;. a) Unpolarized Raman spectrum of BaTiSe;. Sharp Raman peaks (cen-
tered at 62, 77, 85, 93, 101, 109, 117, 125 cm~') are marked by orange circles, and wide Raman peaks (peaked near 152, 212, 229, 310 cm™') are
marked by black dashed lines. The inset shows the optical image of the BaTiSe; crystal whose crystallographic orientation is labeled. b) Polarization-
dependent Raman spectra of the XX channel, polarizations of the incident and scattered light are parallel to each other during the polarization rotation.
c) Polarization-dependent Raman spectra of the XY channel, polarizations of the incident and scattered light are perpendicular to each other during the
polarization rotation. The observed rotational symmetry of Raman modes is analyzed in both XX and XY channels to figure out vibrational modes, A,

E(x), and E(y).

weak but symmetric satellite reflections are observed, whose pe-

riodicity matches exactly with a 2\/5 X 24/3 X 1 superstructure.

We then refinel*! BaTiSe, in 21.1 A x 21.1 A X 6.1 A unit cell
as a P31c space group (Table S1, Supporting Information lists the
refinement statistics including a refinement residual R, as low as
2.66%). The P31c BaTiSe, breaks the translational, inversion, and
mirror symmetries by adopting ordered antiparallel displaced
TiSe,-chains, which was also observed in the room temperature
crystal structure of BaTiS;.[?’! Figure 1e visualizes the resulting
(Tables S2 and S3, Supporting Information) supercell-ordering of
the antiparallel TiSe, chain displacements, whose P31c unit cell
is highlighted (solid line) in comparison with P6,/mmc (dotted
line). TiSe, chains are colored red (-¢) and blue (+c) correspond-
ing to the direction of chain displacement to the Ba atoms around
them along the c-axis, illustrated in Figure 1f. On top of the chain
displacements, Ti atoms also displace away from the centroid of
TiSe, octahedra, thus leaving behind antiparallel TiSe, dipoles
along the c-axis.

Moreover, strong diffuse scattering is observed between the
Bragg reflections even at room temperature. Figure 1d, an hkO
precession reciprocal space image focusing on the dotted box in
Figure 1c, highlights the streaky diffuse scattering between adja-
cent Bragg peaks along the a-b plane with arrows. This is analo-
gous to the diffuse scattering in BaTiS;, a sign of disordered a-b
plane distortion of TiSe, octahedra which contributes to the gi-
ant optical anisotropy in BaTiS,.[?”] However, the magnitude of
the diffuse scattering in BaTiSe; is much higher (at least 10x)
than in BaTiS,;, making the nature of disorder a significant factor
in determining the structure of BaTiSe;. Hence, our current ef-
forts in quantifying the magnitude of in-plane Ti displacements
in the TiSe, octahedra between the single crystal X-ray diffraction
(Figure S3, Supporting Information) and the electron diffraction
(Figure S4, Supporting Information) do not agree quantitative
but only qualitatively (in terms of the presence of non-negligible
displacements), as discussed in the Section S5 (Supporting Infor-
mation). The former technique weighs the distribution of inter-
atomic structures across the crystal neglecting the diffuse scatter-
ing while the latter directly images the averaged structure of dis-

Adv. Optical Mater. 2024, 12, 2400327 2400327 (4 of 9)

RIGHTSE LI MN iy

order along the [001]-zone axis of the ion-milled lamella. There-
fore, further investigation into the nature of the disorder, espe-
cially how TiSe, octahedra are distorted, will be essential to un-
derstanding the BaTiSe, optical anisotropy in future works.

4. Polarization Dependent Raman Spectroscopy

The vibrational mode studies by Raman spectroscopy (Figure 2a)
provide another perspective of the broken symmetry of BaTiSe,
at a much smaller length scale (i.e., #1 um). Raman spectra with
parallel/perpendicular linear polarization between the incident
and scattered light are shown in Figure 2b,c, as the XX and XY
channels respectively. At least 12 Raman modes are observed in
the background subtracted Raman spectrum in Figure 2a, each
indicated with circles or dashed lines, which are far more ac-
tive Raman modes!** than BaTiS,* under the same conditions.
Considering the P6,/mmc space group BaTiSe, has only five ir-
reducible Raman active modes,**! (more details in Section S6,
Supporting Information), BaTiSe; single crystal breaks the sym-
metry and forms superlattices of its reported crystal structure.l*!

To further understand the vibrational modes observed in Ra-
man, we analyzed the active Raman modes in the space group of
P31c¢ (details in Section S6, Supporting Information). Based on
the observed rotational symmetries of the XX and XY channels,
117, 125, and 310 cm™ are E(x), 62, 77, 85, 93, 101, 109 are A,.
Wide peaks 152, 212, and 229 cm™! with “dumbbell” shape two-
fold rotation in the XX channel and four-fold rotation in the YY
channel are hard to distinguish between A, and E(y), but con-
sider E(y) is strongest when perpendicular to the c-axis in the XX
channel, we presume 152, and 229 cm™! to be E(y) and 212 cm™
of the opposite phase to be A;.

5. BaTiSe; Optical Anisotropy

IR reflectance and transmittance spectra were measured by
polarization-resolved Fourier transform infrared spectroscopy
(FTIR). When incident light was linearly polarized parallel or

© 2024 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 3. Optical anisotropy of BaTiSe;. Polarization-resolved FTIR a) transmittance and b) reflectance spectra show large anisotropy between the
ordinary (L c) and the extraordinary (|| ) polarization. The absorption edge energy of the ordinary and extraordinary polarizations are observed at 0.20
and 0.33 eV, respectively, consistent with the extinction of Fabry-Perot fringes. The cross section of BaTiSe; is shown in the inset of a). The crystal
thickness was measured to be 21.33 um. Inset of b) shows FFT analysis on the reflectance spectra for the polarization-dependent refractive index of
BaTiSe;. c) Optical properties obtained from combining FTIR and ellipsometry, both real (n) and imaginary (k) parts for ordinary and extraordinary linear
polarizations. d) The large dichroism (Ax = k, — k) peak across SWIR leaves behind a giant birefringence (An = n, — n,) up to 0.9 across the MWIR

to LWIR wavelengths.

perpendicular to the uniaxial optical axis, which is the c-axis
based on the trigonal P31c crystal structure, anisotropic trans-
mittance (Figure 3a) and reflectance (Figure 3b) spectra were ob-
served. The limited thickness uniformity, as shown in the inset of
Figure 3a, and the crystal tilting perturbs the Fabry-Perot fringes
in the transmittance spectra and leads to appreciable scattering.
Nevertheless, the anisotropic absorption edges of the extraordi-
nary (|| ¢) and ordinary (L c) optical polarization were clear and
extracted to be 0.20 and 0.33 eV. Further, the Fabry-Perot fringes
of the reflectance spectra (Figure 3b), measured on the smooth
front surface, show extinction at the energies consistent with the
absorption edges seen in the transmission spectra (Figure 3a).
As the refractive index is relatively constant within the trans-
parent regime, the Fabry—Pérot interference between the top and
bottom surfaces of BaTiSe, has a free spectral range of:[*’]

vy ¢ _c¢ 1 1)
~ 2nlcos®  2lcos® n

where v is the frequency, ¢ is the vacuum velocity of light, n
is the real part of the refractive index, ! is the crystal thickness
~21.33 pm, and 0 is the incident angle. We thus carry out a

Adv. Optical Mater. 2024, 12, 2400327
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fast Fourier transform (FFT) for the Fabry—Pérot fringes on the
reflectance spectrum on the significantly smoother top surface
(Figure 3b) to approximate the spectrum-averaged real part of the
refractive index (1)*®] between the 0.075 and 0.2 eV. The inset of
Figure 3b shows the resultant FFT spectrum of refractive index,
with a birefringence of n, — n, ~ 0.9.

To fully quantify the degree of optical anisotropy, we then com-
bined variable-angle ellipsometry measurements over the spec-
tral range of 210 to 2500 nm with the polarization-resolved re-
flection and transmission measurements over 1.5 to 17 um and
quantitatively extracted the complex refractive index of BaTiSe,
for wavelengths from 210 nm (5.9 eV) to 17 um (0.073 eV) in
Figure 3c. The details of the dielectric function extraction and
the corresponding fitting parameters are discussed in Section
S7 (Supporting Information) along with Figures S6-S8 (Sup-
porting Information) and Table S4 (Supporting Information),
a methodology consistent with the dielectric function extrac-
tion of BaTiS;,?! and Sr, ;,5TiS,.[2% The resulting birefringence
(An = n, — n,) and dichroism (Ax = k, — k.) are then plotted
in Figure 3d. The dichroism becomes largest near 1 eV, within
the short-wave infrared (SWIR) spectrum range, and the birefrin-
gence is as large as 0.9 across MWIR and LWIR. As the low-loss
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Figure 4. Comparison of the refractive index of A, TiX; (A = Sr, Ba; X =S, Se). a) Extinction coefficients, k, and ., of St 3 TiS3, BaTiS3, and BaTiSe;.

b) The absolute birefringence value of a variety of IR birefringent crystals (from the literature,

[14-17,21.26,35-43]Y quasi-1D perovskite chalcogenides

Srg g TiS3, BaTiS; and BaTiSe; extends the largest birefringence to ~0.7 - 2.1. The symbols indicate low-loss regions of BaTiSes, BaTiS3, and Srq/gTiS;.

regime of BaTiSe; occurs below 0.20 eV, red spheres marked its
spectrum range in Figure 3d.

First-principles calculations (for details see Experimental Sec-
tion and Figures S9-S11, Supporting Information) were carried
out on the P31c¢-BaTiSe;, without considering the disordered
a-b plane Ti displacements. Figure S10 (Supporting Informa-
tion) compares the experimental and calculated birefringence of
BaTiSe;. Since P31c represents only the ordered structural char-
acteristics of BaTiSe;, the calculated birefringence mismatch be-
tween the calculated and experimental magnitude and trend of
the birefringence spectrum, especially below 0.5 eV, might orig-
inate from the disordered distortion of the TiSe, octahedra like
BaTiS;.l”] We then speculate the anomalous but more compli-
cated BaTiSe; a-b plane Ti displacements are one of the factors
toward the birefringence of BaTiSe;, the proof of such assump-
tion should require further investigation of the disordering na-
ture of BaTiSe;.

We, therefore, compare the optical anisotropy of A, TiX,
(A = Sr, Ba; X = S, Se). The imaginary part of the refractive in-
dex (or extinction coefficient), k, and «,, of BaTiS;,[2!] BaTiSe;,
and Sty 4 TiS; [*°! are compared with each other in Figure 4a. Con-
trary to the x peak featuring a sharp drop of absorption that
decays to ~0 near 4 pm in in Sr,, TiS;, BaTiS; and BaTiSe,
have « peaks at shorter wavelengths but decay gradually to zero
until ~5 and ~6 um. Such absorption characteristic of BaTiS,
and BaTiSe,; leads to dichroism of a broader spectrum range
but also cause more loss (reflectance + transmittance < 100%)
in the IWIR region compared to St,¢TiS;. Although not com-
parable to the magnitude of dichroism in Sr; ;,sTiS;, BaTiSe,
has comparable dichroism at longer wavelengths than BaTiS,;,
extending the spectrum ranges of the polarization-dependent
photodetection.!?]

The room temperature birefringence (An) and the low loss
regions (after the absorption edge) of BaTiS,,?!! BaTiSe;, and
Sty5TiS;,1%] are then listed for wavelengths from 1 to 17 um in
Figure 4, along with a variety of IR birefringent crystals.[1*17:39-43]
BaTiS; and BaTiSe, share similar structural features, especially
the existence of the ordered displacements along the c-axis and
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the disordered a-b plane Ti displacements, and comparable bire-
fringence. The birefringence of BaTiSe; (An = ~0.9) slightly sur-
passes the birefringence of BaTiS; (An = ~0.76). SrysTiS; and
other Sr;,  TiS;, however, distort the TiS, chains in incommensu-
rate manner, periodically introducing rotational distortion to TiS,
polyhedron.?) The presence of localized Ti d-states, commensu-
rate with the excess Sr, significantly increases the birefringence
of St,,TiS; to a much higher region, up to 2.1.1%¢]

6. Conclusion

In this article, we demonstrated another member of the quasi-1D
perovskite chalcogenide A, TiX; (A= Sr, Ba; X =S, Se), BaTiSe;,
to be highly optically anisotropic at room temperature. We syn-
thesized and studied the single crystals of BaTiSe;, formerly
reported®”) as P6,/mmc space group in powder form. The high-
quality BaTiSe; crystals adopt antiparallel displacements and off-
centric octahedra symmetry breaking along the c-axis whose pe-

riodicity follows a 2\/5 % 24/3 x 1 supercell with P31c symmetry.
Despite the long-range structural complexity from a larger super-
cell compared to BaTiS;, BaTiSe, crystals possess an analogous
uniaxial optical axis parallel to the long axis of the needle, with
giant birefringence (An up to 0.9) in a broadband spectral region
across the MWIR and LWIR ranges. We anticipate the class of
quasi-1D chalcogenides, ABX; (A = Sr, Ba, ..., B=Ti, Zr, ..., and
X =S8, Se, ...) to cover a wide spectral range of optical and optoelec-
tronic anisotropy, leading to miniaturized polarization resolved
IR devices for sensing and telecommunications.

7. Experimental Section

Crystal Growth:  Single crystals of BaTiSe; were grown by chemical va-
por transport with iodine as a transporting agent. Stoichiometric amounts
of barium selenide, titanium, and selenium precursors were mixed with
iodine in a nitrogen-filled glovebox before being loaded in a quartz am-
pule. The quartz tube was then evacuated and sealed with a blowtorch.
The sealed ampoule was heated to the reaction temperature of 945 °C at
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100 °C per hour and dwelled for 100 h before being cooled down within
the tube furnace. More details in Section S1 (Supporting Information).

X-Ray Diffraction: XRD studies were performed in a Bruker D8 Ad-
vance X-ray diffractometer in parallel beam configuration, using a germa-
nium (004) two-bounce monochromator for Cu Ka1 (4 = 1.5406 A) radi-
ation. Crystals were loaded on the Compact Cradle on top of a glass-slide
holder. Diffractions were carried out in the out-of-plane mode while sweep-
ing the y-tilting. The rocking curve was measured for the strongest 200
reflections.

Single-Crystal X-Ray Diffraction:  Synchrotron single-crystal X-ray
diffractions were carried out at beamline 12.2.1 at the Advanced Light
Source (ALS), Lawrence Berkeley National Laboratory; and beamline
15-1D-B at the Advanced Photon Source, Argonne National Laboratory.
More details are reported in Table S1 (Supporting Information). Crystals
were submerged in oil and cut to the preferred sizes before mounted
to the MiTeGen Kapton loops for SC-XRD. Despite being held at room
temperature, the nitrogen cryostream was left on to provide an inert at-
mosphere to avoid progressive surface degradation of BaTiSe; potentially
via oxidation throughout the measurements.

Crystal structures were pre-determined by the Rigaku XtaLAB diffrac-
tometer at the University of Southern California. The diffractometer was
equipped with a Rigaku (Mo Ka) rotating-anode X-ray tube and a hybrid
pixel array detector. Diffraction data were collected using a wavelength of
0.71073 A.

AtALS 12.2.1, the crystal was placed on the goniometer head of a Bruker
D8 diffractometer, which is equipped with a PHOTON 100 CMOS detec-
tor operating in shutter-less mode. Diffraction data were collected using
synchrotron radiation monochromate with a wavelength of 0.72880 A with
silicon (111).

At APS 15-1D-B, the crystal was placed on the goniometer head of a
Bruker D8 diffractometer, which is equipped with a Pilatus 3 X 2 m detec-
tor operating in shutter-less mode. Diffraction and mask data were col-
lected using synchrotron radiation monochromate with a wavelength of
0.41328 A with silicon (111).

Unit cell determination, integration, and scaling were then carried out
in Bruker APEX 3. The precession map was integrated up to a resolution
of 1.5 A with a thickness of 0.1. Crystal structure determination and re-
finement were done in ShelXle,33] where an electron density map was
also extracted.4] All possible space groups and pseudo-merohedral twins
were tested to find the best matching crystal structure.

Scanning Transmission Electron Microscopy: The cross sectional STEM
sample of the BaTiSe; crystal was prepared using a Thermo Scientific He-
lios G4 PFIB UXe Dual Beam system. Standard in situ lift-out was em-
ployed during the preparation of the TEM lamella. The sample surface was
protected from ion-beam damage by depositing carbon and tungsten pro-
tective layers. The TEM lamella was first milled to 160 nm with a 10 pA
beam current from a 30 kV ion beam, followed by gentler milling at 5 kV
to a thickness of #60 nm. A subsequent lowering of the ion beam energy
to 2 kV minimizes the surface damage of the lamella.

HAADF-STEM images were recorded using a probe-corrected Thermo
Fisher Scientific Spectra 200 scanning transmission electron microscope
operated at 200 kV, equipped with a fifth-order aberration corrector and
an X-CFEG cold field emission electron gun. The BaTiSe; crystal was tilted
along the [001] zone axis for image acquisition. The STEM images were
acquired using a probe with a semi-convergence angle of 25 mrad and a
current of 90 pA, with the inner and outer collection angles of the ADF
detector at 53 and 200 mrad, respectively. For each acquisition, multiple
frames (over 40) were captured with a pixel dwell time of 200 ns, followed
by rigid registration and averaging to improve the signal-to-noise ratio.
The atomic positions were precisely determined with aid from the cen-
ter of mass refinement and 2-D Gaussian fitting using Atomap.[*] Image
analysis was performed with a custom Python script. The displacements of
the titanium and selenium atoms were calculated concerning the barium
hexagons.

Raman Spectroscopy:  Polarization-resolved Raman spectroscopy was
performed in a backscattering geometry using a confocal microscope
spectrometer (Horiba Evolution). The incident beam (532 nm) was fo-
cused on a 1-2 um size spot with a 50x objective lens. Laser power was
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set to ~#100 pW. The integration time of the spectrometer was 10 min. The
beam was linearly polarized, and a half-wave plate was placed before the
objective for polarization rotation. The analyzer was placed in front of the
spectrometer entrance and was set parallel/perpendicular to the incident
polarization when measuring XX or XY channels respectively. During polar-
ization dependence scans, the half-wave plate was rotated from 0° to 180°
with a 7.5° step. Space (point) groups were compared between P6; /mmc
(Dgn) and P31c (Cs,), details in the Supporting Information.

Fourier Transform Infrared Spectroscopy (FTIR): Infrared spectroscopy
was performed using a Fourier-transform infrared spectrometer (Bruker
Vertex 70) connected to an infrared microscope (Hyperion 2000). A 15X
Cassegrain microscope objective (numerical aperture = 0.4) was used
for both transmission and reflection measurements at near-normal inci-
dence. A KRS-5 wire grid polarizer controls the polarization of the inci-
dent beam for 2-30 pm. FTIR measurements were performed with a Glo-
bar source, a potassium bromide beam splitter, and a mercury-cadmium-
telluride (MCT) detector.

BaTiSe; crystals were suspended from the edge of a Si handle wafer
using Kapton tape. The pre-determined crystal orientation was manu-
ally matched with the polarizer orientation. Transmittance and reflectance
spectra were collected at 0° and 90° rotation from the a-axis.

Spectroscopic Ellipsometry: Variable-angle spectroscopic ellipsometry
measurements were performed using a VASE ellipsometer with focusing
probes (J. A. Woollam Co.) over a spectral range of 210 to 2500 nm at an
angle of incidence of 55°. Data were acquired from four different sample
orientations (optical axis perpendicular, parallel, 30°, and 18° to the plane
of incidence). Data analysis and refractive index extraction were performed
using WVASE software,[6] (. A. Woollam Co.). More details can be found
in Section S7 (Supporting Information).

First-Principles Calculations: ~ Performed within the framework of den-
sity functional theory, implemented in the OpenMX package.[*’] The pseu-
doatomic orbitals,[*8] were generated with the cutoff radius of 10, 7.0, and
7.0 a. u., for Ba, Ti, and Se elements, and basis sets of s3p2d2, s3p2d1,
and s3p2d2!°] for these three elements,[>%] which had been tested well
enough to describe the system. The exchange-correlation energy func-
tional was adopted, which was parameterized by Perdew, Burke, and Ernz-
erhof (PBE),[>"] within the generalized gradient approximation. Internal
atomic positions were relaxed starting from the experimental lattice con-
stants. The energy cutoff was set to 160 Ry, and the energy convergence
criterion of self-consistent calculations was 107 Hartree. Internal atomic
positions were relaxed starting from the experimental lattice constants,
with the force convergence of 1073 Hartree/bohr. Spin-orbit coupling was
included self-consistently through the j-dependent pseudopotential, with
the I'-centered k-mesh grid of 5 X 5 x 9.

Supporting Information

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