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Giant Modulation of Refractive Index from Picoscale Atomic

Displacements

Boyang Zhao, Guodong Ren, Hongyan Mei, Vincent C. Wu, Shantanu Singh,

Gwan Yeong Jung, Huandong Chen, Raynald Giovine, Shanyuan Niu, Arashdeep S. Thind,
Jad Salman, Nick S. Settineri, Bryan C. Chakoumakos, Michael E. Manley,

Raphael P. Hermann, Andrew R. Lupini, Miaofang Chi, Jordan A. Hachtel,

Arkadiy Simonov, Simon J. Teat, Raphaéle J. Clément, Mikhail A. Kats,

Jayakanth Ravichandran,* and Rohan Mishra*

It is shown that structural disorder—in the form of anisotropic, picoscale
atomic displacements—modulates the refractive index tensor and results

in the giant optical anisotropy observed in BaTiS;, a quasi-1D hexagonal
chalcogenide. Single-crystal X-ray diffraction studies reveal the presence

of antipolar displacements of Ti atoms within adjacent TiS, chains along

the c-axis, and threefold degenerate Ti displacements in the a—b plane. 47/4°Ti

1. Introduction

Crystalline matter is defined by the pres-
ence of periodic order, although real
crystalline materials possess disorder
in various forms across multiple length
scales.[!l While disorder can be detrimental
to physical properties, it can also lead to

solid-state NMR provides additional evidence for those Ti displacements in
the form of a three-horned NMR lineshape resulting from a low symmetry local
environment around Ti atoms. Scanning transmission electron microscopy is
used to directly observe the globally disordered Ti a-b plane displacements and
find them to be ordered locally over a few unit cells. First-principles calculations
show that the Ti a—b plane displacements selectively reduce the refractive
index along the ab-plane, while having minimal impact on the refractive to
index along the chain direction, thus resulting in a giant enhancement

in the optical anisotropy. By showing a strong connection between structural
disorder with picoscale displacements and the optical response in BaTiS;,
this study opens a pathway for designing optical materials with high refractive
index and functionalities such as large optical anisotropy and nonlinearity.

emergent physical properties and influence
phase transitions.?] The latter is espe-
cially true for correlated disorder, which
signifies the presence of short-range cor-
relations between some structural features
in an otherwise disordered structure.’!
For example, correlated disorder leads
large electromechanical coupling
in ferroelectric alloys,!*’! spin frustra-
tion and glassy behavior in magnets,®
colossal  magnetoresistive  effects in
manganites,”]  unconventional metal-
insulator transitions in disordered metals
and semiconductors,® enhanced supercon-
ducting phase fluctuations,! and enhanced
Li-ion conductivity in oxide alloys.!'
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Structural disorder has a dramatic effect on the static or
zero-frequency dielectric response of materials. For instance, re-
laxor ferroelectric alloys exhibit static dielectric constants that
are orders of magnitude higher than unary ferroelectric com-
pounds, with correlated disorder being the origin of the enhanced
response.’! Similar enhancements in the high-frequency opti-
cal properties of materials, such as refractive index (1), have not
been observed with the structural disorder. Furthermore, given
the strong correlation between the refractive index of a material
and its nonlinear optical response,!'!l new approaches to enhance
the refractive index could also result in additional functionali-
ties such as large optical anisotropy and nonlinearities. Here, we
show that structural disorder results in a large change in the re-
fractive index along specific crystallographic directions in a quasi-
1D hexagonal chalcogenide, BaTiS,, and leads to giant optical
anisotropy that has been reported previously!?! but remained
poorly understood.'**] These results suggest that atomic dis-
placements, even when disordered, can be used as an additional
degree of freedom("! to design high refractive index optical ma-
terials for communication and sensing applications.

Optical anisotropy is characterized by birefringence (An) and
dichroism (Ax), which are, respectively, the differences in the real
(n) and imaginary (k) parts of the complex refractive index be-
tween two crystallographic directions. Organic materials demon-
strate stereoisomerism,['l and one can leverage large dipolar re-
arrangements in these materials to achieve dramatic changes
in anisotropic optical properties such as optical activity, bire-
fringence and dichroism, and nonlinear optical properties.!'’]
In crystalline materials, an anisotropic crystal structure and
favorable polarizability of the component elements are desir-
able for optical anisotropy.'®! BaTiS; is a quasi-1D semicon-
ductor that has been measured to have giant optical anisotropy
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(Figure 1a).I'2] The infrared (IR) birefringence of BaTiS; is as
high as x0.76, which is one of the highest birefringence values
achieved by a crystalline material in the transparent regime, with
only a few, recently reported, compounds showing higher values
in the IR spectral range.[20:!]

Single crystals of BaTiS; were reported to crystallize in P6;mc
space group!'>??l (unit cell visualized in Figure 1c for refer-
ence), whose face-shared TiS-octahedra form quasi-1D chains
along the c-axis. The measured giant optical anisotropy was qual-
itatively explained in terms of the anisotropic distribution of
elements with large differences in electronic polarizability;!?!
however, the theoretically predicted and experimentally observed
values of optical anisotropy were not in agreement.l3] First-
principles, density-functional theory (DFT) calculations of An for
BaTiS; with P6;mec space group show that it is moderately bire-
fringent (Figure 1a and Figure S2a, Supporting Information),!*]
on the same level as other birefringent crystals such as rutile
(~0.25),13] but much lower than the experimentally measured
values for BaTiS; (~0.76).[1?] Furthermore, the theoretically pre-
dicted dichroism shows an incorrect spectral dependence com-
pared to the measured spectrum (Figure S2b, Supporting Infor-
mation). Using different exchange-correlation functionals within
DFT does not ameliorate the situation (Section I, Supporting In-
formation).

2. Superstructural Lattice Distortions along the
c-Axis

Recent structural characterization studies using neutron pair
distribution function analysis on polycrystalline BaTiS; in the
P6,mc space group revealed an anomalously large tempera-
ture dependence of the anisotropic atomic displacement pa-
rameters (ADPs), much greater than thermal broadening.!**]
Further, we observed symmetry-forbidden Bragg reflections in
high-resolution X-ray diffraction (XRD) results on BaTiS; crys-
tals (Figure S3a, Supporting Information), which motivated us
to revisit the experimentally reported structure of BaTiS;. Syn-
chrotron single crystal X-ray diffraction (SC-XRD) studies were
performed on crystalline BaTiS, samples—that were synthesized
using a previously reported method.[121°] We observe weak, ad-
ditional Bragg reflections suggesting a lower symmetry than
P6,mc (see the Experimental Section for details of the experi-
ments). The integrated reciprocal space structure can be best rep-
resented by h0l and hkl precession maps shown in Figure 1b.
Even though the previously assigned P6,mc space group!>’! cap-
tures the main reflections, we observe weaker symmetric super-
lattice reflections (yellow dotted circles in Figure 1b) correspond-

ingtoa \/5 X \/5 % 1 trimerized translational symmetry over the
P6,mclattice. Other symmetry elements, e.g., the screw axes (6,),
rotation axes (3), the mirror (m), and glide (c) planes span the
same orientations but in a resized and reoriented (Figure S3b—d,
Supporting Information) unit cell. By including these superlat-
tice reflections, we could figure out the formerly unassigned lat-
tice disorder,*”] which was referred to as potential P6,mc domain
anomalies, to be refined as periodic atomic displacements in a

P6,cm space group of a V3 x V/3 x 1 unit cell (for details, see
Section VIII with Tables S4-S7, Supporting Information). The
resulting P6,cm-BaTiS; structure projected onto the a-b plane

© 2024 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 1. Single-crystal X-ray diffraction of BaTiS;. a) Comparison of the birefringence of BaTiS;, which was experimentally measured!('?] (blue solid
line) and theoretically calculated from first-principles using the previously reported P6;mc space group (dashed blue line) against other birefringent
crystals. The disagreement in the birefringence of BaTiS; between experiment and theory is evident. b) Reciprocal-space precession maps for h0l- and
hk1-type reflections from synchrotron single-crystal diffraction. Satellite reflections caused by a TiSg chain to Ba superstructure [as visualize in )] are
highlighted with yellow dotted circles, while weak reflections denoting disordered displacements are shown with red dotted circles. c) Schematic of the
BaTiS; crystal structure projected onto the a—b plane from the refined diffraction results. The ellipsoids used to show Ba, Ti, and S atoms reflect their

refined atomic displacement parameters (ADPs). The trimerized VixV3x1 superstructure of TiSg chains leads to a lower symmetry P6;cm space
group, which is the result of antiparallel displacements along the c-axis. The insets on the right visualize the positions of TiSg chains A (brown) and B
(blue) with respect to adjacent Ba atoms. Chain A displaces down while chain B displaces up with respect to the Ba sublattice. Moreover, Ti atoms also
move away from the centroid of the S¢ octahedron antiparallelly between chain A and chain B. d) Electron density maps, and displacement analysis for
Ti01 (in chain A) and Ti02 (in chain B) along the a—b plane. Electron density below 1 e A=3 is comparable with the noise level and thus whitened. An

anharmonic core electron distribution for Ti reveals disordered nonthermal Ti a—b plane displacements toward S atoms.

is shown in Figure 1c. The previously degenerate TiS, chains are
now split into two types, each occupying different positions (right
insets of Figure 1c) along the c-axis and with antiparallel Ti off-
centering along the c-axis. They are labeled as TiS, chain A at the
edges of the unit cell and TiS, chain B inside the unit cell; each
unit cell thus has one chain A and two chains B. The Ti atoms are
also displaced along the c-axis from the S, centroid, downwards
by 0.167 A in chain A and upwards by 0.147 A in chain B. These
antiparallel off-center displacements result in a ferrielectric-like
ordering, as opposed to the ferroelectric-like ordering proposed
for the P6,mc space group.**

Despite the significant improvement in the refinement resid-
ual of only 1.84% with the P6,cm space group (see Section VIII,

Adv. Mater. 2024, 36, 2311559 2311559 (3 of 10)

Supporting Information), we find systematic deviations in the
intensity of the reflection spots between the measured and re-
fined diffraction patterns. For example, we observe weak sig-
nals of certain symmetry-extinct reflections (hOl or Okl peaks
whose | = 2n+1) that are highlighted by red dotted circles in
Figure 1b. The existence of such reflections suggests the pres-
ence of subtle displacements that may locally distort the P6;cm
symmetry. As ADPs (Table S7, Supporting Information) capture
the average atomic displacements about the statistical centroid
of atomic positions,?’! large ADPs, well beyond the thermal vi-
brations (for details see Section IV, Supporting Information), are
another sign of the presence of subtle displacements. The anoma-
lously large ADPs along the c-axis (Us;) reported earlier(!224]

© 2024 The Authors. Advanced Materials published by Wiley-VCH GmbH
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have already been resolved by refining the diffraction data with
the P6;cm structure. Nevertheless, the ADPs of Ti along the a—
b plane (U, and U,,) are still larger than that of Ba and even
the lighter S atoms,[?°] suggesting potential displacements of Ti
atoms within the TiS; octahedra in the a-b plane (ellipsoidal
atoms in Figure 1c,d cover the 90% and 50% probability region
for finding the corresponding atoms, a result of refinement of the
ADPs).

3. Symmetry Breaking along the a-b Plane

To understand the nature of this weak symmetry breaking and
large ADPs, we examined the difference between the observed
and refined electron densities, also known as the Fourier differ-
ence map (Section III, Supporting Information). The Fourier dif-
ference map shows small but definite, deviations in the partial
occupancy of Ti away from the centroid of the two types of TiS,
chains. This deviation is highlighted in Figure 1d using electron
density maps projected onto the a—b plane about the refined Ti A
and Ti B sites. Here, we observe statistically significant, threefold
degenerate Ti atomic displacements (as compared to random dis-
placements indistinguishable from the thermal vibrations) hav-
ing an occupancy ~21% away from the centroid (Section III,
Supporting Information). The magnitude of such a—b plane Ti
displacements is obtained from the refined structure (for details
see Section III and Tables S4,S6, and S7, Supporting Informa-
tion). This structure further lowers the refinement residual (R, =
1.71%) and the ADPs of corresponding Ti atoms (Table S7, Sup-
porting Information), suggesting that these displacements are
relevant. We do not discern whether the a—b plane Ti displace-
ments are static or dynamic as they are likely to have a similar
effect on the high-frequency optical response. The temperature-
dependent phonon dispersion!?’! of the a-b plane off-centering
mode may have implications on inelastic scattering and thermal
properties.

X-ray diffraction relies on (core and valence) electron den-
sity to probe the positions of the nuclei, so we resorted to tech-
niques directly sensitive to the nuclei to confirm these observa-
tions. We derived the pair distribution function (PDF) from the
reported neutron scattering,**! which shows an improved fit to
the peak corresponding to the first nearest Ti—S distance (Figure
S6e, Supporting Information) for the P6,cm structure with a—b
plane displacements while maintaining a consistent long-range
order (Figure S6c,d, Supporting Information). Ti displacements
in BaTiS,; were further examined using solid-state nuclear mag-
netic resonance (ssNMR) spectroscopy. ssNMR is sensitive to the
short-range structure around the Ti nuclei of interest. As such, it
provides a window into deviations from symmetry in the Ti co-
ordination environment. Titanium has two NMR-active isotopes,
47Ti and *Ti, with remarkably similar gyromagnetic ratios (y) of
—1.5105 and —1.51095 rad s~ T-1, resulting in very similar NMR
resonant frequencies and overlapping signals. Two types of in-
teractions dictate *//*Ti ssNMR lineshapes: the chemical shift
anisotropy (CSA) resulting from a nonspherical electron density
around the ¥/*Ti nucleus, and first- and second-order quadrupo-
lar interactions between the quadrupolar moment of ¥'Ti (I =
5/2) and *Ti (I = 7/2) nuclei and the local electric field gradient
(EFG). While both CSA and quadrupolar effects are accounted
for in the following analysis, we focus our discussion on the lat-
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ter as they dominate and provide insights into the centrosym-
metry (through the quadrupolar coupling constant, C,) and
asymmetry (through the quadrupolar asymmetry, ) of Ti local
environments.

To address issues of low sensitivity and wide excitation ranges
associated with #¥/*Ti ssNMR,[?8] and to minimize quadrupolar
broadening effects, static “//#*Ti ssNMR spectra were acquired
at low temperature (270 K) and a high magnetic field (18.8 T,
800 MHz for 'H) using a WURST-QCPMG experiment (full ac-
quisition details are described in the Experimental Section). The
471*9Ti ssNMR spectrum obtained on BaTiS, is shown in black
in Figure 2a,b, where the normally continuous spectrum is in-
stead represented by an envelope of spikelets resulting from the
QCPMG experiment. To facilitate the assignment of experimen-
tal /*°Ti ssNMR data, first principles-guided fits of the ssNMR
lineshape (red line) were performed using two structural mod-
els (methodology explained in Section VI, Supporting Informa-
tion): the undistorted BaTiS, structure (P6;cm space group) ob-
tained from SC-XRD (Figure 2a), and a BaTiS, structure with Ti
a-b plane displacements obtained by freezing the I's distortion
mode and optimized from first principles using the Vienna Ab
initio Simulation Package (VASP)[?%39 (Figure 2b). The experi-
mental “/**Ti ssNMR spectrum contains three main peaks, la-
beled “left,” “center,” and “right,” which is inconsistent with the
axially symmetric NMR properties of the two Ti local environ-
ments (Ti01 and Ti02) in the undistorted BaTiS; structure, re-
sulting in a poor fit (Figure 2a). In contrast, a much better fit
of the spectrum is obtained using the distorted BaTiS; structural
model (Figure 2b): in this structure, the close to axially symmetric
(ng = 0.2) Ti01 environment has a large quadrupolar coupling
constant, C,, resulting in a double-horn signal spanning the
“left” and “right” peaks of the experimental spectrum, and the
Ti02 environment has a very high quadrupolar asymmetry, 5, =
0.7, leading to the “center” peak observed experimentally. These
results confirm the presence of large Ti a-b plane displacements
in the BaTiS, structure, resulting in less symmetric Ti environ-
ments.

4. Ti a-b Plane Displacements

All the methods discussed so far provide evidence for Ti a-b
plane displacements, but the nature of its order is unclear. To
check the local ordering, if any, of these displacements, we carried
out electron diffraction and imaging studies. Figure 2c shows
a diffraction pattern viewed along the [110]-zone axis obtained
using a transmission electron microscope (TEM). Between the
Bragg spots, we observe diffuse scattering rods (highlighted by
blue arrows) that are specifically oriented along the 110-direction
in reciprocal space (more details in Section IV, Supporting Infor-
mation). These streaks suggest the presence of strain or disorder
normal to the (110)-planes. We do not observe any streaks be-
tween the Bragg reflections along 001. Diffuse rods were also ob-
served along 100 in Figure S5d (Supporting Information) but are
weaker in intensity. These diffraction patterns suggest that the
observed Ti a-b plane displacements could possess short-range
ordering.

To directly visualize the local ordering of these a—b plane
displacements, we performed atomic scale imaging using an
aberration-corrected scanning transmission electron microscope

© 2024 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 2. Ti displacements along the a—b plane from NMR with electron microscopy providing direct evidence of their correlated disorder. Static 47/49Ti
solid-state NMR spectra collected on BaTiS; at 270 K and 18.8 T, overlaid with first-principles guided fits of 4/4°Ti NMR spectra derived from a) the
P6;cm BaTiS; structure obtained from SC-XRD and with no Ti a—b plane displacements, and b) the BaTiS; structure obtained from DFT calculations,
and exhibiting 0.213 A Ti a—b plane displacements. c) TEM diffraction pattern viewed along the [110]-zone axis. Diffuse streaks specifically extend along
the 110-direction, while sharp Bragg peaks exist along the 001-direction. d) Representative HAADF-STEM image showing the atomic structure of BaTiS;
along the a—b plane projection. €) Local structural motifs from the HAADF image in (d) showing Ti a—b plane displacement toward adjacent S atoms.
Ti displacements are determined from the centroid of the surrounding hexagonal Ba sublattice. f) Ti displacement vector map calculated from the
HAADF-STEM image of BaTiS; along [001]-zone axis overlaid onto the original HAADF image in (d). The direction and magnitude of Ti displacements
are represented by arrows. The direction is also indicated by the color wheel for easier visualization. g) Histogram of the magnitude of Ti a-b plane
displacements obtained from the HAADF image in (d). Aside from a small number of Ti atoms that do not undergo off-centering in the a—b plane,
resembling boundaries of domains with displacements, the average displacement is ~0.11 A. The distribution is fitted with a Gaussian. h) Linear
correlation map of Ti a—b plane displacement vectors. The color map shows the correlation coefficient of nearest-neighbor displacement vector pairs
overlaid onto the HAADF image in (d).

(STEM). Figure 2d shows a high-angle annular dark field
(HAADF) STEM image of BaTiS; viewed along the [001]-zone
axis. In this imaging mode, the intensity is proportional to the
square of the average atomic number (Z%) of the columns.}!]
Thus, the heavier Ba atomic columns appear brighter than the
lighter Ti columns, while the lightest S columns are almost in-
visible due to the dynamic-range constraints of the detector. We
extracted the position of the atomic columns by fitting 2D Gaus-
sians as shown in the small field-of-view HAADF images of three
representative regions in Figure 2e. We observe that the Ti atomic

Adv. Mater. 2024, 36,2311559 2311559 (5 of 10)

columns are displaced away from the centroid position defined
by the six adjacent Ba columns. The Ti off-center displacements
along the a—b plane have been extracted for the entire region
shown in Figure 2d and are overlaid as displacement vectors on
a vector-color map in Figure 2f. While most of the Ti atomic
columns are displaced away from the centroid, some Ti atomic
columns have nearly zero displacements and are largely present
at the boundaries of the domains having columns with displace-
ments along different orientations. Figure 2g shows a histogram
of the magnitude of Ti off-center displacements obtained from

© 2024 The Authors. Advanced Materials published by Wiley-VCH GmbH

95U8917 SUOWWIOD 9A1E81D) 8|qeal|dde sy Ag peusenob ae Sejoilie O ‘SN JO Sajnl Joj Akelqi8uluQ 481\ UO (SUONIPUO-pUe-SLLB)/L0D A8 1M Alelg Ul |uoy//Sdny) SUONIPUOD pue SWis 18U 89S *[¢Z02/80/T0] Lo ARl aulluo A8|IM ‘6SSTTEZ0Z Wpe/Z00T OT/I0p/wWoo" A8 |Im Akelq 1 uljuoy/Sdiy Wolj papeojumod ‘vZ ‘¥202 ‘S60vTZST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

www.advmat.de

a_ o & .

=) —— Exp.
. " 1.5/ — AmD
= LTI py Std.
E * C0000® C;QIO <
w -10 c J 05
< \

) Wi

c oA A -0.5

s 6 e

E°J3 ® e °

A N, -e N, . 15
0.8 e —e
Exp.fi: 5 é 05
< )
J04 i
e w
o o 0.5
00 01 02 03 04 La Q.=033A 02 05 1 2 4 6 16
Qr, (A) g I Wavelength (um)

Figure 3. Optical anisotropy enhanced by Ti a—b plane displacements. a) Top panel: Energy of BaTiS; as a function of the I's distortion mode associated
with ordered a—b plane displacements of Ti, as shown in atomic models in the inset. Middle and bottom panels: Real part of refractive index along the
ordinary (n,) and extraordinary (n,) axes, and birefringence (An = n, — n,) of BaTiS; (averaged between 4 and 16 um wavelengths) as a function of
average Ti a—b plane displacements. b) Spatial distribution of electrons within 0.5 eV below the Fermi energy projected onto the a—b plane (top panel)
without and (bottom panel) with Ti a—b plane displacements. Ti a—b plane displacements significantly decrease the charge distribution within the a—b
plane, which is the reason for the decrease in n, shown in the middle panel of (a). Isosurface in (b) set to an electron density of 0.0025 e A=3. ¢)
Birefringence (An) and dichroism spectra (Ak) of the structure obtained by averaging eight snapshots from an ab initio molecular dynamics run of
BaTiS; equilibrated at 800 K. The averaged structure has randomized Ti a—b plane displacements. The standard deviation (Std.) of the eight structures
is shaded in orange and centered around the average shown by the red solid line. The black solid line shows the experimentally measured anisotropy.

Figure 2f. By fitting a Gaussian curve to the histogram, the
average displacement of Ti atomic columns along the a—b plane is
derived to be 0.11 A. The average Ti displacement measured from
STEM is in good agreement with SC-XRD refinement, where a—b
plane displacements of TiS,-chain A and chain B are 0.104 and
0.142 A (Table S6, Supporting Information), with an average dis-
placement of 0.129 A.

It is apparent from the displacement vector color map shown
in Figure 2f that the orientation of Ti displacements in neighbor-
ing unit cells are somewhat aligned giving rise to a domain-like
structure, while displacements farther away from any unit cell
are randomly oriented. To quantify the correlation between the
orientation of the Ti displacements, we calculated the Pearson
correlation coefficient (Pearson’s r),132 which evaluates the linear
correlation between any pair of vectors with a value varying from
—1 to 1, where 0 indicates no correlation (disorder), 1 shows a
perfect correlation, i.e., the vectors are parallel, and —1 signifies
a negative correlation, i.e., the vectors are antiparallel. (See de-
tails in Section V, Supporting Information). The distribution of
the short-range correlation between every Ti atomic column with
its six nearest neighboring columns is shown as a color map in
Figure 2h, with red, blue, and white representing positive, neg-
ative, and zero correlation, respectively, to the neighboring cells.
A histogram of the linear short-range correlations for the entire
region in Figure 2d shows that most of Ti a-b plane displace-
ments have a strong positive correlation with their nearest neigh-
bors with a mean value of 0.6 (Figure S7c, Supporting Informa-
tion). In contrast, the long-range correlation obtained by averag-
ing the correlation between any Ti column displacement with all
the other displacements in the entire region shown in Figure 2d,
shows no meaningful correlation (Figure S7d,e, Supporting In-
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formation), in support of the P6;cm space group observed from
the macroscale XRD measurements.

5. Giant Refractive Index Modulation

To gain insights into the effect of the Ti a-b plane displace-
ments on the optical properties, we performed first-principles
DFT calculations.[**] As mentioned before, the P6,cm structure
does not have any a-b plane displacement of Ti atoms. A group
symmetry analysis shows that freezing the I'y distortion mode
in the P6,cm structure leads to the off-centering of Ti atoms
along the a-b plane. These displacements are ordered in a pat-
tern shown in Figure S10 (Supporting Information), with neigh-
boring Ti atoms aligned antiparallel. Freezing the I's distortion
mode lowers the energy of the system, as shown in Figure 3a,
which explains the presence of a-b plane displacements in the
experiments. We then calculated the complex dielectric function,
(n + ix), of BaTiS; with different amplitudes of the I'y distor-
tion mode frozen to the P6,cm structure (Figures S11 and S12,
Supporting Information). The dielectric function was calculated
along the c-axis, which we refer to as the extraordinary axis, and
perpendicular to it, which are the ordinary axes. The real parts
of the ordinary (n,) and the extraordinary (n,) refractive indices
calculated in the transparent range of BaTiS, for photon energies
smaller than 0.3 eV (light wavelength > 4 um); and their differ-
ence, which is the birefringence (An = n, — n,), as a function of
the average Ti displacement in the a—b plane is presented in the
middle and bottom panels of Figure 3a, respectively. We find that
An increases with increasing Ti a—b plane displacements until it
plateaus for displacements > 0.3 A, as shown in the bottom panel
of Figure 3a. We also find that n, remains almost unchanged

© 2024 The Authors. Advanced Materials published by Wiley-VCH GmbH

95U8917 SUOWWIOD 9A1E81D) 8|qeal|dde sy Ag peusenob ae Sejoilie O ‘SN JO Sajnl Joj Akelqi8uluQ 481\ UO (SUONIPUO-pUe-SLLB)/L0D A8 1M Alelg Ul |uoy//Sdny) SUONIPUOD pue SWis 18U 89S *[¢Z02/80/T0] Lo ARl aulluo A8|IM ‘6SSTTEZ0Z Wpe/Z00T OT/I0p/wWoo" A8 |Im Akelq 1 uljuoy/Sdiy Wolj papeojumod ‘vZ ‘¥202 ‘S60vTZST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

with increasing Ti a-b plane displacements. So, the dominant
contribution to the increase in An comes from a decrease in
the magnitude of n, with increasing Ti a—b plane displacements.
These trends are also observed for the wavelength-dependent An
(Figure S11b, Supporting Information) and dichroism (Ax = «,
— k,) (Figure S11a, Supporting Information) with varying dis-
placements.

To identify the electronic origin of the enhancement in An
with Ti a-b plane displacements, we investigated the evolution
of the occupied electronic states. An in a crystal arises from the
distribution and orientation of valence electrons near the Fermi
energy.[?13* Thus, electron redistribution near the Fermi energy
introduced by the a-b plane Ti displacements can be expected to
change the anisotropic optical response of BaTiS;. The valence
band is primarily constituted by S-3p states, as confirmed by the
atom- and orbital-projected density of states (PDOS) shown in
Figure S15a (Supporting Information). We find that within 0.5 eV
of the Fermi energy, the S-3p states have a nonbonding character,
as shown in Figure S15b (Supporting Information), and are most
likely to be polarized.[**! Ti displacements in the a-b plane result
in a decrease in the density of electrons that are oriented along
the a—b plane and located within 0.5 eV below the Fermi energy,
as shown in the integrated electron density plots in Figure 3b.
These electrons primarily belong to S-3p, and 3p, orbitals. The
decreasing occupation of S-3p, and 3p, states with increasing Ti
a-b plane displacements is further confirmed from the PDOS
integrated within —0.5 eV to the Fermi energy (set to 0 eV), as
shown in Figure S17b (Supporting Information). The decreasing
electron distribution within the a-b plane has a direct correlation
with the decreasing n, with a—b plane Ti displacements, as shown
in Figure S17b,d (Supporting Information).

We also performed a spectral weight sum rule analysis for
BaTiS, with varying Ti a-b plane displacements, as shown in
Figures S18 and S19 (See details in Section VII, Supporting In-
formation). As the Ti a—b plane displacements increase, the elec-
tron density contributing to the interaction with the electric field
polarized along the a—b plane shows a progressive decrease as
a function of energy as shown in Figure S18a (Supporting In-
formation). On the contrary, we found a slight increase of the
electron density contributing to the dielectric response along the
c-axis in Figure S18b (Supporting Information). These opposite
trends align well with the spatial distribution of electron density,
as illustrated in Figure 3b and Figure S17 (Supporting Informa-
tion), wherein the density of electrons—that are oriented along
the a-b plane (S-3p, and 3p, states) and located within 0.5 eV be-
low the Fermi energy—decreases with increasing Ti a-b plane
displacements.

Finally, we investigated the effect of the experimentally ob-
served disordered Ti a-b plane displacements on An, as opposed
to the ordered Ti displacements simulated by freezing the I'y
distortion mode. We performed ab initio molecular dynamics
(AIMD) simulations starting with BaTiS; with ordered I'; distor-
tions and equilibrated the structure at 800 K for 5 ps to random-
ize the Ti displacements (Figure S14, Supporting Information).
We then used eight randomly selected snapshots and calculated
their dielectric function, An and Ax. The average values and stan-
dard deviations (Std.) of the calculated An and Ak as a function of
wavelength are shown in Figure 3c. These results are in excellent
agreement with the experimental results, which show that the hy-
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bridization of Ti and S states is, by large, determined by the local
octahedral distortions, and is less sensitive to the Ti and S atoms
in adjacent TiS, chains. Furthermore, we observe that the magni-
tude of Ti a-b plane displacements correlates extremely well with
charge redistribution and the optical anisotropy in BaTiS,.

6. Conclusions

BaTiS,, at room temperature, shows correlated disorder. Off-
center Ti displacements within the a-b plane have long-range
disorder but are ordered along the c-axis. The ordinary (n,) re-
fractive index in the partial (1.5-5 pm) and fully transparent re-
gion (>5 pm) decreases while the extraordinary refractive index
(n,) remains almost unchanged with increasing Ti a—b plane dis-
placements (Figure S12b,d, Supporting Information). The overall
effect is a large increase of 0.8 in the birefringence, An. Our re-
sults suggest that the refractive index tensor of BaTiS, is highly
sensitive to the magnitude of the Ti displacements, regardless of
whether the displacements are ordered or disordered. The exact
effect of the correlated disorder of the Ti-sublattice, as observed
experimentally, on the optical properties remains an open ques-
tion. The magnitude of Ti displacements can potentially be tuned
via external stimuli, such as temperature, strain, or electric field,
in a manner of “ferroic” switching between different correlated Ti
displacement modes. Therefore, the potential for reversible sym-
metry breaking by a—b plane Ti displacements in the TiS octahe-
dra in BaTiS, and related perovskite chalcogenides makes them
a good platform to achieve tunable anisotropy, large nonlinear-
ity, and coupled phenomena such as opto-elastic and electro-optic
effects. The adjustable refractive indices in BaTiS; can facilitate
miniaturized controlled retarders and variable waveplates for po-
larization manipulation, and electro-optic modulators toward a
broad range of mid-infrared photonic applications.

7. Experimental Section

BaTiS; Crystal Growth:  Experimental Details: BaTiS; crystallized on top
of polycrystalline BaTiS; by chemical vapor transport in a sealed quartz
ampule with iodine as a transporting agent.l121°] Starting materials, bar-
ium sulfide powder (Sigma-Aldrich, 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. Stoichio-
metric quantities of precursor powders with a total weight of 1.0 g were
mixed and loaded into a quartz tube of 15 mm inner diameter along with
around 0.75 mg cm™3 iodine inside the glove box. The tube was capped
with ultra-torr fittings and a bonnet needle valve to be evacuated and
sealed using a blowtorch to avoid exposure to air. The sealed tube was
about 12.cm in length and was loaded and heated to 1050 °C at 100 °C
h=1 and held for 100 h before a slow cooling down to 950 °C at 10 °C h~!
in a Lindberg/Blue M Mini-Mite Tube Furnace. The furnace was then shut
off letting the ampule cool down within the furnace.

Synchrotron Single-Crystal Diffraction: ~ Single crystal diffraction at room
temperature was carried out on beamline 12.2.1 at the Advanced Light
Source, Lawrence Berkeley National Laboratory. Crystals were mounted
on MiTeGen Kapton loops and placed in a nitrogen cold stream on the
goniometer head of a Bruker D8 diffractometer, which was equipped with
a PHOTONII CPAD detector operating in shutter-less mode. Diffraction
data were collected using synchrotron radiation monochromate with a
wavelength of 0.72880 A with silicon (111). A combination of fand @ scans
with scan speeds of 0.25 s per degree for the fscans, and 10 s per degree
for the w scans at 260 = 0 and —20°, respectively, to extract data for strong
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reflections. On top of that, weak reflections are collected again by repeat-
ing the @ scans under stronger incident synchrotron radiation. Unit cell
determination, integration, and scaling are then carried out in Bruker APEX
3, where the precession maps of 1.5 A resolution were generated under
the refined unit cell. Crystal structure refinement and Fourier difference
map analysis were done in ShelXle.3*] Detailed data collection approach,
crystallography analysis, and refinement results at different temperatures
are listed in Section VIII,Supporting Information.

Scanning Transmission Electron Microscopy: The electron-transparent
lamellae were prepared using Ar-ion milling (Fischione Model 1010)
with a liquid-nitrogen cooling stage for both [001]- and [100]-orientated
BaTiS; samples. Atomic-resolution STEM imaging was performed using
the aberration-corrected Nion UltraSTEM 100 at CNMS, ORNL, operated
at 100 kV with a convergence angle of 30 mrad. Z-contrast HAADF-STEM
images were acquired using an annular dark field detector with a collec-
tion angle of 80-200 mrad. The selected area electron diffraction patterns
were acquired using a JEOL JEM-2100F Field Emission (S)TEM at IMSE,
WUSTL, operated at 200 kV.

Atomic column positions in the HAADF images were determined using
a 2D Gaussian peak-fitting algorithm. The Ba and Ti atomic columns were
indexed according to peak intensity. The off-centering displacements of Ti
atoms were then measured as the offset of Ti relative to the centroid of
the hexagon formed by its nearest neighboring Ba atoms.

First-Principles Calculations: DFT calculations were performed using
the VASPI2%30] Projector augmented-wave (PAW) potentials and the
generalized gradient approximation within the Perdew—Burke—Ernzerhof
(GGA-PBE) parameterization were used to describe the electron—ion and
the electronic exchange-correlation interactions,[36-38] respectively. The
PAW potentials explicitly included 3s?3p* for S, 3p®3d?4s? for Ti, and
5s25p°6s? for Ba as valence electrons. An energy cutoff of 650 eV was
used to truncate the plane-wave basis set according to convergence tests.
The Brillouin zone was sampled using a I'-centered k-points mesh with a
spacing of 0.025 A=, Convergence was reached with energy change un-
der 1077 eV; ionic positions and cell constants were fully relaxed until the
forces were smaller than 1073 eV A=, Spin-polarization was included in
all the calculations.

The distortion modes of Ti displacement from a higher symme-
try BaTiS; structure were investigated using the ISODISTORT software
suite.[3°] To reduce the computational cost, AIMD was used to thermalize
a2 x 2 x 1 P6;cm-BaTiS; supercell to 800 K. A T-point sampling of k-
points was used with an MD time step of 0.5 fs. Langevin thermostat was
used to control temperature.[*0] Microcanonical NPT dynamics were run
for 5 ps to equilibrate the BaTiS; structure at 800 K. Eight snapshots of
the equilibrated BaTiS; were used for optical property calculations. The
frequency-dependent dielectric function along the different crystal axes
was calculated by DFT methods with the LOPTICS tag in the indepen-
dent particle approximation (IPA)[33] as implemented within VASP. The
chemical bonding analysis was performed using crystal orbital Hamilton
population (COHP) as implemented in the LOBSTER package.[*']

Solid-State 7% Ti NMR: *74°Ti ssNMR spectra were recorded at
By = 18.8 T (800 MHz for "H) using a standard-bore Bruker BioSpin spec-
trometer equipped with an AVANCE-III console and a 3.2 mm HX MAS
probe tuned to #°Ti at 47.120 MHz. Samples were packed in a ZrO, ro-
tor and closed with Vespel caps. NMR spectra were acquired under static
conditions and #°Ti chemical shifts were externally referenced against pure
Ti-isopropoxide at —850 ppm (corresponding to TiCl, at 0 ppm).

4749Ti NMR spectra were acquired using the WURST-QCPMG experi-
ment described by O’Dell and Schurko.[*?] In this experiment, wideband
uniform-rate smooth truncation (WURST) pulses were used to circum-
vent the limited excitation bandwidths provided by ordinary rectangular
pulses, while the Quadrupolar Carr—Purcell-Meiboom-Gill (QCPMG) se-
quence was used as a signal enhancement procedure, whereby the signal
intensity was concentrated in evenly spaced spikelets. An eight-step phase
cycle was used to select both p = +1 and —1 coherence pathways, and the
delay times were adjusted so that the echoes from each pathway were co-
incident.

The first excitation pulse (WURST-A) consisted of a 50 us symmetric
WURST 80 pulse whose frequency was swept adiabatically from positive
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to negative offset frequencies at a constant rate. This excitation WURST-
80 pulse resulted in a 750 kHz excitation bandwidth and its power level
was optimized experimentally on BaTiO5.[43] The second refocusing pulse
(WURST-B) used in the QCPMG procedure was identical to WURST-A,
yielding frequency-dispersed echoes. No compensation of the frequency-
dispersed echoes was carried out, leading to a slight distortion of the base-
line.

For BaTiS;, the sample temperature was regulated at 270 K to improve
the signal-to-noise ratio. Fifty full echoes were acquired and averaged over
655,360 transients using a recycle delay of 0.1 s, leading to an overall ac-
quisition time of 23 h. The WURST-QCPMG spectrum was processed with
100 Hz of exponential apodization, followed by magnitude calculation af-
ter Fourier transformation to obtain absorptive spikelets using the Topspin
3.6 software package. The resulting 4”#°Ti NMR spectrum was fitted using
a special build of DMfit software provided by Dr. D. Massiot.[*4]

First-Principles Calculations of #’ Ti NMR Parameters: *’Ti NMR param-
eters were calculated using the CASTEPI#’] software package. The gen-
eralized gradient approximation by Perdew, Burke, and Ernzerhofl3¢] was
used to approximate the exchange-correlation term. All calculations used
“on-the-fly” ultrasoft pseudopotentials as supplied by CASTEP. NMR cal-
culations were performed using the projector augmented-wave method
(GIPAW).[4647] The scalar-relativistic zeroth-order regular approximation
(ZORAI*8]) was used to account for relativistic effects. As input structure,
either the BaTiS; experimental structure obtained from single-crystal X-
ray diffraction or a BaTiS; structure optimized from first principles using
the VASP software package was used. The procedure for each calculation
involved the convergence of chemical shielding constants with respect to
plane-wave cutoff energy and k-point grid density. Converged cutoff ener-
gies and k meshes are listed in Table ST (Supporting Information).

Supporting Information

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