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ABSTRACT

Optically anisotropic materials are sought after for tailoring the polarization of light. Recently, colossal
optical anisotropy (An = 2.1) was reported in a quasi-one-dimensional chalcogenide, SrysTiSs. Compared
to SrTiSs;, the excess Sr in SrosTiS; leads to periodic structural modulations and introduces additional
electrons — that undergo charge ordering on select Ti atoms to form a highly polarizable cloud oriented
along the c-axis, hence, resulting in the colossal optical anisotropy. Here, further enhancement of the
colossal optical anisotropy to An = 2.5 in Srg/7TiS3 is reported through control over the periodicity of the
atomic-scale modulations. The role of structural modulations in tuning the optical properties in a series of
S, TiS; compounds with x =[1, 9/8, 8/7, 6/5, 5/4, 4/3, 3/2] is investigated using density-functional-
theory (DFT) calculations. The structural modulations arise from various stacking sequences of face-
sharing TiS¢ octahedra and twist-distorted trigonal prisms and are found to be thermodynamically stable
for 1<x<1.5. As x increases, an indirect-to-direct band gap transition is predicted for x>8/7 along with an
increased occupancy of Ti-d,z states. Together, these two factors result in a theoretically predicted
maximum birefringence of An =2.5 for Srg7TiSs. Single crystals of Srg;TiS; were grown using a molten-
salt flux method. Single crystal X-ray diffraction measurements confirm the presence of long-range order
with a periodicity corresponding to Srs/7TiS3, which is further corroborated by atomic-scale observations
using scanning transmission electron microscopy. Polarization-resolved Fourier-transform infrared
spectroscopy of Srg;TiS; crystals shows An = 2.5, in excellent agreement with the theoretical predictions.
Overall, these findings demonstrate the compositional tunability of optical properties in Sr,TiS; compounds
by control over atomic scale modulations, and suggest that similar strategies could be extended to other

compounds having modulated structures.
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Introduction

Upon passing through a dielectric medium, the optical characteristics of light, including its speed,
phase and intensity, are altered by the frequency-dependent complex index of refraction, (n + ik), of the
medium, where n is the refractive index and k is the extinction coefficient. Optically anisotropic materials
have different index of refraction along different crystallographic orientations. Their anisotropy is
characterized by birefringence (An) and dichroism (Ak), which are, respectively, the difference between
the refractive index and the extinction coefficient along two polarization directions’ 2. Optically anisotropic
materials, particularly those having large and tunable An and Ak, are useful for generating and controlling
polarized light, thereby enabling photonic applications through devices such as wave plates® * and optical

sensors> °.

.7 and rutile®, show modest birefringence with

Conventional birefringent crystals, such as calcite
An < 0.3 in spectral regions where they have high transparency. Recently, giant birefringence with An > 0.5,
has been reported in several lower dimensional materials, including quasi-1D crystals and layered two-
dimensional (2D) materials® '°. Layered 2D materials have highly anisotropic bonding with weak interlayer
van der Waals bonds and strong covalent intralayer bonds, which results in a large birefringence. h-BN and

MoS, show An = 0.7 and 1.5 within their transparent region, respectively® '°. However, harnessing the

birefringence in layered 2D materials is challenging given that their optic axis is perpendicular to the weakly
bonded layers. Organic—inorganic hybrid birefringent materials have been found to exhibit large intrinsic
polarizability, attributed to the directional arrangement of birefringence-active groups. For instance,
Li3(CoNi3):6H,O and [AgSePh]., (Mithrene) demonstrate large birefringence (An>1) in the short
wavelength regime (400-500 nm)'" 2. However, the mechanical fragility and poor thermal and
environmental stability of organic and hybrid crystals limit their practical application'®. In these aspects,
single crystals of quasi-1D perovskite chalcogenides are attractive. Niu et al. reported An > 0.7 in a
broadband lossless spectral region spanning from mid- to long-wave infrared in single crystals of BaTiSs.'
These single crystals are mechanically robust compared to 2D van der Waals materials and possess
excellent thermal stability in air at least up to 550 °C'". They can also be grown along different orientations
using scalable methods,'® !” thus providing different surface facets and optical axes with varying refractive
index'7?2, Recently, colossal optical anisotropy with An = 2.1 was reported in single crystals of another
quasi-1D chalcogenide, SrosTiS;'®. Both SrosTiS; and BaTiS; have similar structures with chains of face-
sharing TiSs polyhedra running along the long c-axis and arranged in a hexagonal pattern in the basal ab-
plane. The Sr/Ba cations occupy the interchain interstitial positions. Compared to stoichiometric BaTiSs,
the excess Sr atoms in SrosTiS3 modulate the TiS¢ chains into alternating blocks of octahedral and trigonal

prismatic units with repeating periodicity. Furthermore, the additional electrons introduced by the excess
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Sr?* cations selectively localize on Ti atoms lying within the periodic modulations to form electron pockets
that are oriented along the c-axis. These electron pockets selectively boost the polarizability along the c-
axis, ultimately giving rise to the colossal birefringence!'®. Hexagonal perovskites, especially oxides, have
also been reported to form modulated structures with varying stoichiometry and periodicity?*2*. Given the
crucial role that the structural modulations play in enhancing the optical anisotropy in Sro;TiS3, a natural
question that arises is whether the periodicity of the structural modulations and the excess electrons
introduced by the Sr non-stoichiometry in Sr,TiS; (x = 1) affect its optical anisotropy. If they do, then
control over the modulation periodicity through synthesis methods® can enable access to crystals with

varying birefringence.

In this Article, we report a record birefringence of An = 2.5 in Srg;TiS;3 single crystals following
computational predictions that show the tunability of optical anisotropy with control over atomic-scale
structural modulations in Sr, TiSs. We use first-principles density-functional theory (DFT) calculations to
investigate the thermodynamic stability and the optical properties of a series of modulated Sr, TiSs structures.
The calculations reveal that modulated structures with x=[1,9/8, 8/7, 6/5, 5/4,4/3,3/2] are
thermodynamically stable, while x =[1, 3/2] are above the convex hull. As x increases from SrTiSs,
additional valence electrons from the Sr*" ions populate the Ti-d,2 states, which are nominally unoccupied
in SrTiS;. Two electronic factors are found to affect the optical anisotropy in this system: the direct or
indirect nature of the bandgap and the occupancy of the Ti-d 2 states. The birefringence in Sr,TiS; increases
from An = 2.1 in the indirect bandgap compound SrosTiS; to a peak value of An = 2.5 in Srg;TiS3 — that
has a direct bandgap —, followed by a monotonic decrease to An = 1.2 in Sr43TiSs. Subsequently, we report
the results of our experimental efforts to control the modulation periodicity in Sr,TiS; by varying the
stoichiometry. We employed two distinct synthesis methods to obtain Sr,TiS; single crystals with two
different stoichiometries. Sro;gTiS3 single crystals were obtained using chemical vapor transport with iodine
as a transport agent. Srg;TiSs single crystals were grown using molten-salt flux method, with potassium
iodide (KI) as the flux. The crystal structures for both compositions were determined using single crystal
X-ray diffraction (SC-XRD) measurements. Using aberration-corrected scanning transmission electron
microscopy (STEM), we directly resolve the atomic structure and the modulation periodicity in SrogTiS3
and Srg;7TiS; single crystals, respectively. Using Fourier-transform infrared spectroscopy (FTIR), we
measured a record birefringence for Srg;TiSs, in excellent agreement with the DFT predictions. These
findings highlight control over atomic-scale structural modulations in S, TiS3 as an effective strategy for
tuning its optical anisotropy. Beyond establishing a new record birefringence in Srg;TiSs, our research
underscores the untapped potential of modulated hexagonal perovskites — a vast and underexplored

materials space — for achieving anisotropic physical properties.
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Results and Discussion
Structural modulations in SrxTiS3

With a chemical formula of A.MX"; (4 = alkaline metal, M = transition metal, X" = anion), hexagonal
perovskites form a series of structures having infinite chains of face-sharing MX’s polyhedra that are stacked
in a hexagonal manner and are separated by the A-site cations. The MX'’s polyhedral chains can modulate
between octahedral and trigonal prismatic units with the periodicity of the modulations being either

23, 24, 2628

commensurate or incommensurate . Sr,TiS3 compounds (x > 1) have been reported to be

predominantly off-stoichiometric with SrosTiS; and Srg7TiS; as the commonly observed modulations.'® 2%
3%, These modulated Sr,TiSs structures can be described as stacks of face-sharing TiSe octahedra (O), shown
in blue in Figure 1a, and distorted trigonal prisms (T), shown in red. The arrangement and the ratio of these

two building blocks are contingent upon the value of x.

18.29.30 we also constructed

Besides the experimentally reported modulated structures SrosTiS3 and Srs/7TiS3
the following modulation periodicities based on their isostructural oxide counterparts: Sre;sTiS;
(Sre/sC003%"), Srs4TiSs (SrsaCo032), SrasTiS; (SrasNiO5*?), and Sr3»TiS; (Sr32Co05**). We optimized all
the structures using DFT and assigned space groups to the optimized structures using the ISOTROPY
Software Suite®. It is important to note that stoichiometric SrTiS; has not been experimentally realized.
Similar to previous work'®, in our theoretical calculations, we have used a hypothetical stoichiometric P2;-
SrTiSs structure derived by freezing the soft phonon modes with imaginary frequencies present in the high-
symmetry P6s/mmc-SrTiS; phase. Compared to stoichiometric SrTiSs, the modulated Sr,TiS; compounds
have the Sr atoms displaced along the ab-plane and are accompanied by a twist distortion of TiSe units from
octahedral to trigonal-prismatic configuration. The stacking sequence of the polyhedral building blocks
(classified as O and T) defines the modulation periodicity of the Sr,TiS3 compounds. For instance, SrosTiS;3
has periodic [-(T—O-T)—(0O)s—]> repetition of 16 TiS¢ units within every 18 Sr layers along the c-axis,
while SresTiS;3 features 5 TiSe units with [—(T)>—(0)s—] configuration repeating within every 6 Sr layers.
For Srg7TiS;, the crystal structure was previously refined using the superspace group of P3 (ICSD-94550),
which consists of two distinct stacking sequences, [—(T-O—T)—(0)s—] and [-(O)s—(T).—] blocks, each
containing 7 TiSe units®*. The P3-Sry;TiS; preserves inversion symmetry along the c-axis by ascribing
partial occupancy (0.5) of sulfur atoms at the 6g Wyckoff site. Overall, the superspace group model
describes the average symmetry of the global structure with modulation periodicity along c-axis. However,
in DFT modeling, we must use either full or zero occupancy for sulfur atoms, as partial occupancy would
require further increase in the size of the supercells — that are already large to accommodate the

modulations —, making them computationally prohibitive. In this case, definite occupancy of S atoms at
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the 6g site leads to two structural variants, both consistent with the lower-symmetry P3 space group, as
shown in Figure 1a, without changing the stacking sequences of TiSe units along the c-axis as compared

with the P3 structure. Thus, we used a lower-symmetry P3-Srs;TiS; model for the theoretical calculations.
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Figure 1. Schematics of modulated Sr,TiS;3 structures (x=[1, 9/8, 8/7, 6/5, 5/4, 4/3, 3/2]) and their
thermodynamical stability. a, Modulated structures of Sr,TiS; compounds viewed along the [100] zone
axis. The octahedral (O) and distorted trigonal prismatic (T) TiS¢ units are highlighted in blue and red,
respectively. b, Thermodynamic convex hull diagram for Sr,TiS; as a function of the Sr content, x. SrTiS;
and Sr3,TiS3 are metastable having formation energy above the hull.

Thermodynamic stability of SrxTiS3 compounds

To assess the thermodynamic stability of the Sr,TiS; compounds, we constructed the convex hull with
respect to the formation energy, AEy, of their possible decomposition products (see details in Supporting
Information Section II). When a phase has a formation energy above the hull, it is considered metastable,
as the system can lower its energy by decomposing into products that lie on the hull. We calculated the
DFT total energy (Eiai) of the Sr,TiS; compounds and all the thermodynamically stable decomposition
products, as listed in Table S1. The convex hull was then constructed through the grand canonical linear

programming (GCLP) method?’ to identify the decomposition products that minimize the total energy.
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From the convex hull results shown in Figure 1b, modulated Sr,TiS; structures with 1<x <1.5 are
thermodynamically stable, while SrTiSs (x = 1) and Sr3,TiSs (x = 1.5) are metastable having formation
energy above the hull. Our thermodynamic stability analyses suggest that the modulation periodicity may
be changed by growing Sr,TiS3 compounds with stoichiometry between 1< x <1.5. One should also note
that, due to the poor scaling of DFT calculations with system size, Sr,TiS3 structures having commensurate
modulation periodicity (with finite unit cells) were only considered. The existence of incommensurate
Sr, TiS; structures with infinitely large unit cells, cannot be excluded. In fact, at high synthesis temperatures,

the incommensurate structures are expected to be further stabilized by their higher configurational entropy.

Optical anisotropy of Sr<TiS3 compounds

To reveal the changes in optical properties with the structural modulations in Sr,TiS; compounds
discussed above, we calculated the frequency (w)-dependent dielectric function, &/, (w) = &)/, (w) +
i&z)/1 (w), for electric fields along the c-axis (|[) and perpendicular to it ( L ) using the formulation proposed

by Gajdos et al.®

_ ﬁ 2 2 1/2 . . . _ \/E 2 2
n(w) = [\/ g1 (w)*+e (w)*+e; (a))] , and the extinction coefficient, k(w) == [\/ g1 (@)?+e;(w)?-

12
€1 (a))] . The calculated optical properties of all the Sr,TiS; compounds, excluding Sr3,TiS; which is

Using the computed dielectric function, we calculated the refractive index,

computed to be metallic, are shown in Figure 2 and Figure S2 (Supporting Information Section III). From
these plots, it is evident that the modulation periodicity in Sr,TiS; has a significant effect on the dielectric
response along the c-axis, as depicted by n(w) in Figure 2b, and kj(w) in Figure 2e. In contrast, these
modulations have a minimal impact on the ab-plane dielectric response, as shown in Figure 2a [n, (w)],
and Figure 2d [k, (w)]. As the value of x increases in Sr,TiSs, the refractive index along the c-axis, nj(w),
first increases from 4.83 (x = 9/8) to 5.40 (x = 8/7), then decreases monotonically to 3.70 (x = 4/3) within
the lossless spectral region (6 to 16 pum). In contrast, the ab-plane refractive index, n; (w), remains
relatively constant. This selective change of refractive index along the c-axis results in a change in the
optical anisotropy with the modulation periodicity in these Sr,TiS; compounds. Specifically, we find An of
St TiS; varies from 2.1 to 1.2 in the lossless spectral region with increasing x, as shown in Figure 2c. A
similar trend is also observed for the linear dichroism (Ax) of Sr,TiS;. With increasing Sr content, the
extinction coefficient along the c-axis, kj(w), shows a significant reduction, dropping from 3.97 at x = 9/8
to 1.38 at x = 4/3 within the spectral region of 1 to 4 um. In contrast, the extinction coefficient along the
ab-plane, k, (w), remains nearly unchanged around 0. This pronounced decrease in k;(w), coupled with
the constant value of k, (w), leads to a corresponding reduction in Ak from 3.86 to 1.37 with increasing x

in Sr,TiS3, as shown in Figure 2f.
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Figure 2. DFT-calculated optical properties of modulated Sr,TiS3; compounds
(x=[1, 9/8, 8/7, 6/5, 5/4, 4/3] ). a-b, Calculated refractive indices of the Sr,TiS; compounds for electric
polarization along the ab-plane [n,(w)] in a and along the c-axis [n;(w)] in b. ¢, Comparison of
birefringence (An) of the Sr,TiS; compounds considering the extraordinary direction parallel to the c-axis.
d-e, Calculated extinction coefficients of the SrTiS; compounds for electric polarization along the ab-plane
[k, (w)] in d and along the c-axis [k;(w)] in e. f, Comparison of dichroic spectra (Ak) of the Sr.TiS3
compounds.
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Figure 3. Electronic structures of the Sr.TiS; compounds (x=[9/8, 8/7, 6/5]) having different
modulation periodicity. a-c, Left panels: orbital-projected band structures for SrggTiS3in a, Srs/7TiS3in b,
and SresTiS; in ¢. The thicker red lines show the contribution from Ti-d 2 states, while the thicker blue
lines correspond to S-p states. The Fermi energy is set to 0 eV. The orange arrows, connecting the valence
band maximum (VBM) to the conduction band minimum (CBM), indicate whether the bandgap is direct or
indirect. Right panels: spatial distribution of the valence electrons within 0.5 eV below the Fermi energy
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(highlighted with gray boxes in a-¢). The isosurface is set to an electron density of 0.004 e/A3. d,
Birefringence (An) of Sr,TiS3 as a function of x. e, Bandgap (AEg) of Sr,TiS3 as a function of x. f-g,
Integrated orbital-projected density of Ti-d 2 states in f and S-p orbital states in g as a function of x. The
states were integrated from —30 eV to the Fermi energy at 0 eV. In d-g, metastable Sr3,TiS; and SrTiS; are
depicted with hollow markers, while the stable compounds are denoted using filled markers.

Electronic structure of SrxTiS3 compounds

The electronic structures of the Sr,TiS; compounds were calculated and analyzed to understand the
reason for the variation of An with increasing x. Stoichiometric SrTiS3 (x = 0) exhibits an indirect bandgap
(AE, =0.84 V), characterized by a transition between the S-p states in the valence band and the Ti-3d
states in the conduction band (as shown in Figure S3 Supporting Information Section 1V). Stoichiometric
SrTiS; is composed of face-sharing octahedral O units with D3, point-group symmetry and the Ti—S bonds
pointing diagonally along the octahedral coordination. This coordination splits the Ti-3d orbitals into two
doublets (ef and ef) and a singlet (a1¢)*. The empty Ti-3d states primarily contribute to the conduction
bands, with the a), state, having minimal overlap with the S-p states, being the lowest in energy'®.

In the modulated SrosTiS; structure, the twist distortion of the TiSs octahedra is accompanied by
changes in the Ti-Ti spacing along the c-axis from ~2.85 A at O units (shown as blue in Figure 1a) to ~3.12
A at the trigonal bipyramidal T units (shown as red in Figure 1a). These structural distortions transform the
point group from D3, for the O units to ~Ds;, at the T units. Additionally, the variations in Ti coordination
modify the splitting of the Ti-3d states by lifting their degeneracies at different structural units. As a
consequence, the Ti-d 2 states in original TiSe O units have been further split into selectively occupied a4 4
states at O units and empty a, ;" states at T units (see the electronic structure and the isosurface plot of
charge density in Figure 3a). The energy difference between the occupied a, 4 states and the empty alg'
states then reforms the bandgap in the modulated SrogTiSs3 structures. The character of the edge states in
modulated Sro;TiS; is in contrast with stoichiometric SrTiS; where the band edges are composed of
occupied S-p states and empty Ti-d,2 states (See Figure S3). In modulated SrosTiSs, the selectively
occupied Ti-d 2 states form a highly oriented electronic blob, exhibiting the strongest dipole transition to
the empty Ti-d 2 states along the c-axis, which boosts the electric polarizability along the c-axis (gq)). As
shown in Supplementary Figure S6, the Sr-derived electronic states lie far from the Fermi energy and do
not contribute to the band-edge states responsible for the optical transitions.

We observe similar changes in the character of the band edges in other modulated Sr,TiS; compounds,

as can be seen in the orbital-projected band structure plots in Figure 3(a-c) (also see Figure S4 in Supporting
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Information Section IV). Additional electrons from excess Sr atoms preferentially occupy the Ti-d 2 states
of the O units. The selective occupation of Ti-d 2 states can be visualized from the isosurface plots of the
charge density as depicted in the right panels of Figure 3(a-c). As the ratio of Sr increases (x), more valence
electrons from Sr** ions occupy the Ti-d 2 states hybridized with S-p states — that are mostly unoccupied
in SrTiSs. Increasing x also transforms the indirect bandgap in SrTiS3 and SrosTiS; to a direct bandgap in
S, TiS; with x=8/7, 6/5, and 5/4. Concurrently, the bandgap decreases monotonically from 0.84 eV in
SrTiSsto 0.35 eV in Sr43TiS3, until Sr3»TiS; shows metallic character, as shown in Figure 3e. We calculated
the occupation of the Ti-d,2 and S-p states by integrating their projected density (see PDOS in Figure S5
in Supporting Information Section IV) below the Fermi energy. The results are shown in Figures 3(f-g). We
find that with increasing x in Sr, TiS3, the occupation of Ti-d,2 and S-p states undergo a noticeable increase
to accommodate the additional valence electrons from the excess Sr ions. Overall, the increasing occupation
of Ti-d,2 and S-p states is approximately inversely correlated with the decreasing birefringence An, as
shown in Figure 3d, confirming the critical role of these states in modulating optical anisotropy in Sr,TiSs.
In modulated SrosTiS3, which has an indirect bandgap, the band-to-band transition strength, as determined
by the dipole transition matrix elements'®, reveals that the dipole transitions around the band edge from the
selectively occupied Ti-d,2 states to unoccupied Ti-d,2 states lead to a significant enhancement of the
dielectric polarizability along the c-axis (&;;) compared to SrTiS;, where the transitions occur from
occupied S-p states to empty Ti-d,2 states (See Figure 2 and Figure S2). Given the similar band-edge
characteristics of other modulated Sr,TiS; compounds, it is anticipated that their dielectric functions parallel
to the c-axis (gq)) are also predominantly determined by dipole transitions from the selectively occupied to
unoccupied Ti-d 2 states. However, as more Sr ions are introduced in modulated Sr.TiS3, two concurrent
effects occur. On the one hand, the bandgap evolves from indirect in SrTiS3 and SrogTiS3 to direct with x=
8/7, 6/5 and 5/4, which enhances the direct transitions from valence band to conduction band*’. On the other
hand, the increased Sr content leads to more occupied Ti-d,2 states, thereby reducing the number of
available unoccupied Ti-d 2 states in the conduction band. Consequently, the allowed transitions involving
Ti-d = states along the c-axis are suppressed with increasing x in Sr,TiS;. These two critical factors—the
nature of the bandgap and the occupancy of the Ti-d,2 states —govern the refractive index nj(w) along
the c-axis (Figure 2b) and the birefringence An. Specifically, n;(w) and An initially increase when going
from Srq;3TiS3 to Srg/7TiS3, then decrease monotonically at higher x in Sr, TiSs (Figure 3d). Overall, Srg/7TiS;

with direct bandgap shows the optimal optical anisotropy as compared to other Sr,TiS; compounds.

Direct observation of structural modulations with varying periodicity in Sr<TiS3 crystals
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Based on the theoretical calculations, it is evident that SrosTiS; and Srg;TiS; compositions
demonstrate the highest observed optical anisotropy. While Sr,TiS; has been reported to crystallize in
powder form through 1.05 <x <1.22 composition range,*' single crystals have been reported with only two
compositions (SrosTiS;** 4> and Srs7TiS5%°). Since it is evident from theoretical calculations that SrosTiSs
and Srg/7TiS3 compositions demonstrate the highest optical anisotropy, we have experimentally explored
the potential for controlling the modulation periodicity of Sr,TiS; by employing two distinct growth
methods for the two reported stoichiometries. Single crystals of SrosTiS; were grown using the chemical
vapor transport method, as reported elsewhere.!® We used the molten flux method to obtain the single
crystals of Srg;TiSs;. First, we prepared the precursor powders by the CS, sulfurization of commercially
available SrTiO; powders. Then, single crystals of Srg7TiS; were grown using KI as the flux!® with a 1:40
powder-to-flux ratio. Long, needle-like crystals around a few mm in length and with thickness typically
ranging from 25-100 um were obtained. SC-XRD measurements were performed at 290 K for SrogTiS;3
and Srg/7TiS; crystals using Mo K-a X-ray radiation. In the case of Sro;gTiS3, the crystal structure was refined
to the trigonal R3c space group, with lattice parameters being @ = b = 11.48 A, and ¢ = 47.75 A. For
Srg7TiS3, the crystal structure was refined to the trigonal space group P3 , with the lattice parameters being
a=b=11.51A,and c=20.95 A. These values match well with previously reported values in the literature'®
3%, To directly observe the structural modulations in the two Sr, TiS; (x= 9/8, 8/7) compounds, we performed
atomically resolved imaging using aberration-corrected STEM. High-angle annular dark field (HAADF)-
STEM images of the two Sr,TiS; crystals viewed along the [100] zone axis are shown in Figures 4(a-d). In
this imaging mode, the intensity of the atomic columns is approximately proportional to the square of the
effective atomic number of the columns (Z?)**. When projected along the [100] zone axis, the Ti and Sr
columns overlap within —(T—0)— or —(T—T)— building blocks in different modulated Sr,TiS; structures, as
shown in Figure S1 (Supporting Information Section I). In HAADF-STEM images, these overlapped Ti
and Sr columns exhibit higher intensity compared to the Sr-only atomic columns, enabling their distinction

based on contrast'®

. This distinctive structural feature is pivotal in our STEM analysis for identifying the
structural units and determining the corresponding modulation periodicities in Sr,TiS; compounds.

The Sro3TiS3 single crystals display a well-defined modulation periodicity, as demonstrated by the
large field-of-view HAADF image in Figure 4a and the corresponding fast Fourier transform (FFT) pattern
in the inset. The superlattice spots labeled in the FFT pattern reveal the periodic structural modulation along
the c-axis, recurring every 18 atomic layers. This observed modulation periodicity matches our calculated
SroTiS3 structure, as shown in Figure 1a and Figure S1. In the high-magnification HAADF image shown
in Figure 4b, we observe a periodic arrangement of brighter triplets, which arise from the overlap of Ti and

Sr columns within the triple blocks of —(T—O-T)— along the [100] projection (see Figure S1). By counting

the stacking sequence of building blocks (O and T units) from the intensity variations in a line profile, as
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shown in Figure 4c, we find that TiSes chains have a periodic sequence of [-(T—O—T) —O)s—]. along the c-
axis. This stacking sequence defines a modulation periodicity of 16 units of TiSe within every 18 Sr layers,
which further corroborates the modulation periodicity existing in SrogTiSs.

The Srg7TiS; crystals also display a long-range modulation periodicity in the HAADF image
(Figure 4c), with the FFT pattern (inset) showing superlattice spots that indicate a structural modulation
along the c-axis. In the high-magnification HAADF image shown in Figure 4d, we observe two distinct
stacking sequences involving [—(T—O—T)—(0)4—] and [-(O)s—(T)>—] blocks, with each block containing 7
TiS¢ units. This structural modulation agrees well with our calculated Srg7TiSs structure (Figure 1a and
Figure S1). Furthermore, a detailed comparison of the intensity and spacing between atomic columns in
both the experimental and simulated HAADF images, as evidenced by the line profiles in Figure 4d, further
validates the local modulation periodicities in Srg;TiS;. We also noted that some local regions of the
synthesized Srg7TiS; crystals exhibit aperiodic structural modulations, characterized by brighter horizontal
columns (perpendicular to the c-axis) that segment the crystal into distinct domains, as shown in HAADF-
STEM images (Figure S7-S8 in Supporting Information Section V). Structural template-matching analyses
confirm a mixture of local modulation periodicities of Srs/7TiS3 and Sre/sTiS3 in these regions. We must note
that, despite the minor, local aperiodicity observed in STEM imaging, our single-crystal diffraction study
did not reveal any crystalline inhomogeneity (secondary phases such as Sre;sTiSs) in the Srg;TiSs crystals,
and confirmed that the Srg;7TiS3 crystals exhibit global, long-range order. The local aperiodicity may arise
from the low stacking-fault energy of the Srs;TiSs phase, which is a common characteristic of modulated

44-47

structures**’, and could therefore be intrinsic to the material.
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Intensity (a.u.)

Figure 4. Atomic-resolution HAADF-STEM images of Sr,TiS; crystals with periodic and aperiodic
modulations viewed along the [100] axis. a, Large field-of-view HAADF-STEM image of a SrosTiS;3
crystal synthesized using chemical vapor transport. The inset shows the corresponding FFT pattern, which
matches with the modulation periodicity of SrosTiS;. b, High-magnification experimental (leftmost) and
simulated (center) HAADF-STEM images of a SrosTiS3 crystal showing the repeating brighter triplets at —
(T-O-T)— blocks. In the rightmost panel, the line profile shows the intensity variation across the atomic
columns within the yellow dashed box in the HAADF image, where red and blue shaded regions correspond
to (T) units and (O) units, respectively. A schematic of one column of atoms within Sro;sTiS3 is presented
on the right where the -(T—O-T)- blocks are highlighted with square brackets. ¢, Large field-of-view
HAADF-STEM image of a Srg;TiSs3 crystal synthesized using molten-flux method. The inset shows the
corresponding FFT pattern with superlattice spots indicating the structural modulation along the c-axis. d,
High-magnification experimental (leftmost) and simulated (center) HAADF-STEM images of the yellow
dashed box in (c), showing two distinct stacking sequences of brighter doublets and triplets along the c-
axis: (1) [-(0)s—(T)—] and (2) [-(T—O-T)—(0)4—] stackings. The rightmost panel displays the intensity
variation profiles across the two atomic columns marked by the dashed green boxes in the HAADF images.
The (T) and (O) units are indicated with red and blue shaded backgrounds, respectively. Structural
schematics of [-(0)s—(T)>—] and [-(T—O—T)—(0O)4—] stacking configurations within Srg/7TiS3 are presented
on the right.
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Optical anisotropy measurements

To investigate the optical properties of the Srg;TiS; crystals, polarization-resolved FTIR
measurements were performed at room temperature in the reflection mode. The polarization of the incident
light was kept parallel and perpendicular to the crystal's uniaxial optic axis (c-axis), yielding anisotropic
reflectance spectra (Figure 5a). The large optical anisotropy is evident from the significant difference
observed in the reflectance for the two polarizations. The reflectance spectra collected for both orientations
exhibit Fabry-Pérot interference fringes, originating from the interference between the light reflected from
the top and the bottom surface of the measured single-crystal sample. The extinction of the Fabry-Pérot
fringes at shorter wavelengths indicates the onset of the absorptive regime. Our DFT calculations
demonstrate that the refractive index is relatively constant in the transparent regime. Thus, the periodicity
of the interference fringes can be used to approximate the spectrum-averaged real part of the refractive
index (n) for the extraordinary ( || ¢) and ordinary (L c) optical directions. The frequency, v, for such
fringes, in case of normal incidence, is related to the refractive index of the material (n) and the thickness
of the sample (d), by the relation v = 2nd.*>* The FFT-derived refractive index values are ~5.1 and ~2.6
for the extraordinary and the ordinary directions, respectively, as shown in Figure 5b, giving a birefringence
(4n) value of ~2.5. To confirm the refractive index values, a two-term Sellmeier equation-based model*
was used to approximate the wavelength dispersion for the refractive index. The fitting for the model was
done to match the periodicity of the fringes observed in the reflectance spectra. The refractive index values
from the model match well with the FFT-derived values (Supporting Information, Section VII). Figure 5¢
compares the calculated and experimental birefringence values for Sr,TiSs3 crystals in the lossless spectral
region, showing excellent agreement for both SrosTiS;'® and Srs;TiS; modulated compounds. Both the
theoretical calculations and experimental measurements demonstrate a larger optical anisotropy in Srg;7TiS3

compared with other modulated Sr,TiS3 compounds.
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Figure 5. Polarization-resolved FTIR measurements. a, FTIR reflectance spectra for a Srg7TiS3 crystal
showing large anisotropy between the ordinary (Lc¢) and the extraordinary (Ic) polarization. b, FFT analysis
on the reflectance spectra for the polarization-dependent refractive index of a Srg;TiS; crystal. c,
Comparison between the experimental and computed birefringence of modulated Sr,TiS; compounds. The
birefringence for SrosTiS; is taken from the literature.'®

Conclusion

In this work, we have demonstrated that the periodicity of atomic-scale structural modulations in
S, TiSs structures systematically changes their refractive index and optical anisotropy. DFT calculations
suggest that modulated Sr,TiS; structures with 1< x <1.5 lie on the convex hull, and are expected to be
stable against decomposition. With increasing x in modulated Sr,TiS3, two concurrent effects occur: first,
the bandgap evolves from indirect in SrTiS3; and SrosTiS3 to direct for x=[8/7, 6/5, 5/4], which enhances
the direct transitions from the valence band to the conduction band; second, as more Ti-d 2 states become
occupied, they result in a reduction of dipole transitions between occupied and empty Ti-d 2 states across
the band gap. Together, these two factors—the transformation of the bandgap and the increased occupancy
of Ti-d,2 states—determine the refractive index n;(w) along the c-axis, and the birefringence An.
Specifically, n;(w) and An increase when moving from SrosTiS3 to Srs;TiSs, then decrease monotonically
for higher x in Sr,TiS3;. Overall, Srs;TiS; having direct bandgap exhibits the most favorable optical
anisotropy (An = 2.5) among the Sr,TiS; compounds within the lossless spectral range of 6 to 16 um. We
were able to synthesize SrosTiS; and Srg;TiSs crystals using two distinct synthesis methods. Direct
observation of the atomic structure using STEM imaging, together with SC-XRD measurements establish
the structural modulations and confirm long-range order of SrosTiS3; and Srg/7TiS;. However, Srs7TiS3
crystals have local regions showing the presence of stacking faults and minor SresTiS; periodicity,
highlighting the need to optimize the synthesis conditions for purer structural modulations. Polarization-
resolved FTIR measurements confirm the predicted birefringence. By correlating atomic-scale modulations
with macroscopic anisotropy, we provide a framework for designing material candidates with variable
properties for targeted photonic applications such as optical communication and polarized imaging. The
demonstration of record An in Srs/7TiS3; underscores the broader potential of modulation engineering in
other hexagonal perovskites,”’ where nanoscale structural complexity can be harnessed to achieve
anisotropic optical responses that are inaccessible in conventional crystals. Beyond photonic applications,
such atomic-scale modulations may also result in changes in other anisotropic physical properties, involving

phonons, and electrons, which are essential for the next-generation electronic and thermoelectric devices.!’
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Methods

Crystal growth

Single crystals of SrosTiS; were grown via the chemical vapor transport method using iodine as the
transport agent. Strontium sulfide powder (Alfa Aesar, 99.9%), titanium powder (Alfa Aesar, 99.9%), sulfur
pieces (Alfa Aesar, 99.999%), and iodine pieces (Alfa Aesar 99.99%) were stored and handled in a nitrogen-
filled glove box. StS, Ti,and S in a 1: 1: 2 ratio, with a total weight of 1.0 g, were added to a quartz ampoule
along with ~0.75 mgem™ of iodine. The quartz ampoule was evacuated and sealed using a blow torch. The
sealed ampoule was then loaded into a two-zone furnace, where it was heated to the reaction temperature
of 1055 °C at 100 °C/h and held for 150 hours before turning off the furnace. The temperature gradient in
the dual-zone furnace was kept at 5 °C/cm.

For Srg/7TiS3, single crystal growth was done in two steps. First, polycrystalline powders of Srg/7TiS3
were synthesized in a CS; annealing setup. Strontium titanate powders (Thermo Fisher, 99%) were loosely
packed in an alumina furnace and loaded into a tube furnace. The furnace was heated to 800 °C, using a
ramp rate of 10 °C/min, and held for 24 hours. During the reaction, argon was bubbled through CS, (Alfa
Aesar, 99.9 %) with a flow rate of 12 sccm. After the hold time, the furnace was turned off, and the sample
was allowed to cool down naturally. For single crystal growth using KI as flux, 10 g pre-dried KI powder
(Alfa Aesar, 99.9%) and 366 mg of Srg;TiS; powder in a 1: 40 powder: flux ratio were added to a quartz
ampoule. The quartz ampoule was evacuated and sealed using a blow torch and loaded into a 6" tube furnace
in a vertical position. The ampoule was heated to 1050 °C in 20 hours and held at that temperature for 20
hours, followed by a slow down to 650 °C using a ramp rate of 1 °C/hour. After that, the furnace was turned

off. The single crystals were obtained by washing off the flux with cold, deionized water.

DFT calculations

Density-functional theory (DFT) calculations were performed using projector augmented-wave
potentials®* as implemented in the Vienna Ab initio Simulation Package (VASP)>**. The Perdew-Burke-
Ernzerhof (PBE) functional within the generalized gradient approximation (GGA)> was used to describe
the exchange-correlation interactions. A plane-wave basis set with an energy cutoff of 600 eV and 1078 eV
for the electronic convergence were applied. A k-point spacing of 0.025 A™! was chosen for both the
structure optimization and total-energy calculations. The crystal structures were optimized until all forces
on the atoms were less than 107 eV/A. To better describe the localization of Ti-d electrons, we used the
DFT + U approach’®. An effective on-site Hubbard U = 3.0 eV was used for the Ti-d electrons based on a
previous study'®. Furthermore, we considered magnetic configurations for all the modulated Sr,TiS;
structures. The special quasi-random structure (SQS) model implemented in the alloy theoretic automatic

toolkit®” > was used to generate best approximations of randomness in the paramagnetic configuration. The
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visualization of band-decomposed charge density was performed for valence electrons within 0.5 eV below
the Fermi energy. The frequency-dependent dielectric function was calculated by with the LOPTICS tag in
the independent particle approximation (IPA)®® as implemented within VASP. Convergence tests for the
number of empty conduction band states were performed based on a previous study'®. Considering the
calculation efficiency and accuracy, we set the total number of energy bands to be 2.5 times as many as the

number of valence bands for the dielectric function calculations.

Structural characterization

Single crystal XRD measurements were done using a Rigaku XtaLAB Synergy-S diffractometer
equipped with dual source (Cu and Mo, PhotonJet-S) and a HyPix-6000HE detector, using Mo Ka radiation
(0.7107 A) with a power setting of 50 kV and 1 mA. The diffractometer was equipped with an Oxford
Cryosystems Cryostream 800, which was used for low-temperature measurements. Crystals were mounted
on MiTeGen Kapton loops (Dual Thickness MicroMountsTM) and placed on the goniometer head. Data

reduction and scaling were done in CrysAlisPro, and crystal structures were solved and refined in ShelXle.

STEM characterization

We prepared [100]-oriented TEM specimens from two Sr.TiS; crystals using Ar-ion milling. The
specimen thinning process involved utilizing a 4 keV ion beam with an angle of incidence at 5°, followed
by a 1 keV ion beam with an angle of incidence at 2°. Scanning transmission electron microscope (STEM)
imaging was performed using an aberration-corrected Nion UltraSTEM 100 operated at 100 kV with a
nominal convergence semi-angle of 30 mrad. HAADF images were acquired using an annular dark-field
detector with inner and outer collection semi-angles of 80 and 200 mrad, respectively. To improve the
signal-to-noise ratio and correct the image drift, we recorded a sequence of 20 HAADF images with fast
scan (dwell time of 1 pus), to enable post-processing correction of sample drift and image registration.

Energy-dispersive X-ray spectroscopy (EDS) imaging in STEM mode was performed using a double-
silicon drift detector (JED-2300T, Jeol Ltd.) equipped in a STEM instrument (ARM200CF, Jeol Ltd.). Each
EDS detector has an effective X-ray sensing area of 100 mm? and provides a large effective solid angle of
~1.2 sr, which guarantees ~10% collection efficiency for the generated X-ray signals (47 sr).

To interpret the intensity variation in the STEM images, multi-slice simulations were carried out on the
structures of Sr,TiSs. The structures of SrTiS; were obtained after structural optimization using DFT.
STEM-HAADF simulations were performed using the multi-slice method as implemented in uSTEM®.
The sample thickness was set to 15 nm and the defocus value was set to 10 A to obtain good agreement in

intensity profiles with the experimental data. We performed the simulations using an aberration-free probe
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with an accelerating voltage of 100 kV and a convergence semi-angle of 30 mrad. The inner and outer

collection angles for the HAADF detector were set to 80 and 200 mrad, respectively.

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), using a Globar source, a potassium bromide
beam splitter, and a mercury-cadmium-telluride (MCT) detector. The single crystal sample was suspended
in air for the measurement. A ZnSe holographic wire grid polarizer was used for controlling the polarization
of the incident light. Normal incidence reflection measurements were taken using a 15x Cassegrain
microscope objective (numerical aperture = 0.4). A gold mirror was used for background measurement.

Reflection spectra modelling details can be found in Supporting Information, Section VII.

Supporting Information

The Supporting Information is available online:

Details of computational and experimental analyses including: a discussion of Sr,TiS; compounds
having varying modulation periodicity, their thermodynamic stability through convex-hull analysis,
theoretically predicted complex dielectric function, computed electronic structures, STEM results and
analysis showing the presence of stacking faults in Srg;TiS; crystals, Fourier Transform Infrared
Spectroscopy (FTIR) of SrgTiSs crystals, modeling of the experimental refractive index based on the
Sellmeier equation, details of single crystal diffraction data collection, data reduction, and structure

refinement.
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