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Abstract

Five heteroanionic oxybromides, LaBrMoOs, LaBrWOg, (Lao.oSmo.1)BrMoOQs,
(Lao.oSmo.1)BrWOy4, and (Lao.9Dyo.1)BrWO4 were grown by a high temperature salt flux method.
Millimeter-sized crystals were collected after salt flux was removed by DI water. The crystal
structures were accurately determined by single crystal X-ray diffraction. LaBrMoOs is
isostructural to LaBrWOQs. The substitution of lanthanum for rare earth elements does not change
the crystal structure. LaBrWOs is the first acentric tungsten-containing compound of the
REBrVIO4 (RE=Y, La-Lu; VI=Mo, W) system. The bonding picture of LaBrWO4 was understood
by crystal orbital Hamilton population calculations (COHP) and electron localization function
(ELF) analysis, which confirmed the uncommon 4+1 coordination of tungsten surrounded by
oxygen atoms. Linear optical properties such as bandgaps, infrared spectrum (IR), and
birefringence of the title compounds were recorded in this work. LaBrMoO4 exhibits a moderate
second harmonic generation (SHG) response of 0.47x KH>POs4 (KDP) for incident 1064 nm
radiation. LaBrWO4 and (Lao.9Dyo.1)BrWO4 exhibit superior SHG response of 1.66xKDP and
3.71xKDP for samples for incident 1064 nm radiation, respectively. All measured samples
exhibited type-I phase matching behavior. Density function calculations (DFT) verified that the
optical properties of LaBrMoO4 and LaBrWOy are predominantly controlled by [VIOs]vi=mo, w
units. Via rare earth elements Sm and Dy doping, LaBrMoO4 and LaBrWO4 emit visible lights of



various wavelengths upon UV light excitation. The distortion of lambda (A)-shaped one
dimensional (1D) [VIOs]vi=mo, w strands plays an important role in enhancing nonlinear optical
properties and photoluminescent properties within LaBrWO4 and (Lao.9Dyo.1)BrWO4 compared
with LaBrMoOs.

Introduction

Heteroanionic compounds, which constitute two or more different anions, have attracted

growing interest due to structural flexibility and emerging physical properties including nonlinear
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optical (NLO) properties '"!! superconducting properties, photoluminescent response and

thermoelectric properties 333

, etc. Heteroanionic compounds are different from polyanionic
compounds, where there are anion-anion interactions existing within polyanionic clusters such as
polyanionic [PO4]*".?> 334 Heteroanionic compounds do not contain direct anion-anion
interactions. Heteroanionic compounds can be cataloged into two groups: disordered-
heteroanionic compounds and ordered- heteroanionic compounds. The disordered- heteroanionic
compounds refer to compounds having two or more anions jointly occupying the same atomic
position such as Cd(SeTe),*! SnOx:F *’, and LaFeAsO;xFx.!> The distinct anions occupy
independent atomic positions within the ordered-heteroanionic compounds such as NasMoOFs %
LaGaOS; ,* KBe:BOsF ,! BiCuSeO ,* CeZnSbO , *® etc. The different properties of various
anions existing within one crystal lattice greatly enhance the structural flexibility of the

heteroanionic compounds. The boundary of heteroanionic compounds was further extended

recently via inserting H or C into known compounds such as NdScSiCx*’ and CeTiGeHy.*

Oxybromides are compounds constructed by O** and Br" as anions. The chemically distinct O*
(ionic size: 126 pm; electronegativity: 3.4) and Br (ionic size: 182 pm; electronegativity: 3.0)
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made most oxybromides as ordered-heteroanionic compounds, which results in pliable

structural chemistry and fruitful physical phenomenon, such as nonlinear optical properties. 4*78
In this work, we report the crystal structure and growth, electronic structures, chemical bonding
pictures, linear and NLO properties, and photoluminescent (PL) properties of LaBrMoO4 and
LaBrWO4. LaBrMoOs was structurally characterized without any properties measurements.
LaBrWOys is isostructural to LaBrMoOs, which was discovered as the first acentric tungsten-
contained compound of the REBrVIO4 (RE=Y, La-Lu; VI=Mo, W) system.>**>¢0.7 LaBrWO,

exhibits improved SHG response and PL properties than LaBrMoOs, which was elucidated by



DFT calculations and structural analysis. This work promotes future studies about discovering new

NLO and PL materials within the REHaVIO4 (RE=Y, La-Lu; VI=Mo, W; Ha=Cl, Br I) system.

Experimental Details

Synthesis: All reactants were stored in an argon-filed glovebox with an oxygen level below 0.5
ppm. All starting materials were commercial grade and used as received: LaBr3 (Alfa
Aesar, 99.9%), La;0s (Alfa  Aesar,>  99.9%), MoOs (Alfa Aesar, 99.5%), WOs3 (Alfa
Aesar, 99.8%), SmyO; (Fisher Scientific, 99.9%), Dy>O3 (Fisher Scientific, 99.9%), NaBr (Fisher
Scientific, 99+ %).

The crystals of LaBrMoOs, LaBrWOs, (LaooSmo.1)BrMoOs, (LageSmo.1)BrWOs, and
(Lao.9Dyo.1)BrWOs4, were grown by a high temperature salt flux method in a stoichiometric ratio
with the aid of LaBr3/NaBr flux (La>O3/RE203/LaBr3/VIO;(VI=Mo, W)=1-x/x/1/3, X=0.1 for
RE=Sm and Dy, x=0 for samples without rare earth elements doping. The chemical reaction
follows the equation: (1-x) La;03+ xRE2O3 (RE=Sm, Dy) +LaBr3+ 3VIO; (VI=Mo, W) ->3(Lai-
REx)BrWIO4 (x= 0 or 0.1). A total of 0.4 g reactants were mixed within a glove box with 0.4 g
flux covered on the top of the reactants. The molar ratio of LaBr3/NaBr is 1/1. Then the quartz
ampoules were sealed under vacuum and placed in a programmable furnace. The bottom of the
silica tubes was coated with amorphous carbon (thermal decomposition of acetone) to prevent
potential chemical reactions between reactants and silica tubes. The ampules were heated from
room temperature to 1093 K in 10 hours and kept at this temperature for 168 hours. Then the
furnace was turned off and naturally cooled down to room temperature. The flux was removed by
DI water. All products are transparent crystals and stable in air for a long time. The yields of the
reactions were about 75% based on La>O3. The optical microscope photos of selected crystals of
LaBrMoO4 and LaBrWO4 were shown in Figure S1. The phase purity of LaBrMoQO4, LaBrWOs,
(Lao.oSmo.1)BrMoOs, (Lao.9oSmo.1)BrWOs, and (Lao9Dyo.1)BrWO4 were verified by powder X-ray
diffraction (Figures S2-S6).

Single Crystal X-ray Diffraction: Crystals of LaBrMoOs4, LaBrWO4 and (Lao.9Dyo.1)BrWO4
were manually picked up under an optical microscope and mounted to the Rigaku XtalLAB
Synergy-I instrument. The data collection was performed at 290 (5) K. The data collection and
integration were done by CrysAlis"™ Software (Agilent Technologies, XRD Products; CrysAlis

Pro; Agilent Technologies, Inc). The structural solution and refinement were done with Jana2006
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80 Details of the data collection and structure refinement are provided in Table 1. Atomic
coordinates and selected bond distances are listed in Tables S1 and S2. There are two independent
La atomic positions, Lal and La2, within the asymmetric unitcell of LaBrWOs. The refinement of
single crystal X-ray diffraction results of (Lao.9Dyo.1)BrWO4 revealed that Dy atoms occupy Lal
atomic position. The occupancy of Lal and Dyl are 0.95(1) and 0.05(1), respectively. The
refinement of the La2 atomic position found that the occupancy is close to 100%. Hence the
empirical formula determined by single crystal X-ray diffraction was (Lao.97(1)Dy0.03(1))Br'WOs,
which was confirmed by Energy-dispersive X-ray spectroscopy analysis (EDS). The EDS results
were shown in Table S3. EDS results confirmed that the experimentally determined formula of
(Lao.oDyo.1)BrWO4 sample was (Lao.93Dyo.11)BrW1.1702.47. The PXRD did not detect any impurity
peaks (Figure S6). Another proof of successfully incorporating Dy elements into LaBrWOy is the
PL properties (vide infra). Without rare earth element doping, there were no PL properties detected
for LaBrWO4 under UV light irradiation. Hence, we proposed that all rare earth elements were
successfully incorporated into the crystal lattice to substitute La atoms. We use the loading
compositions,  chemical  formulas, (LaooSmo.1)BrMoOs,  (LaooSmo.1)BrWQOs,  and
(Lao.oDyo.1)BrWOs, to represent these related rare earth-doped samples. Crystallographic data for
LaBrWO4 and (Lao.oDyo.1)BrWO4 have been deposited to the Cambridge Crystallographic Data
Centre, CCDC, 12 Union Road, Cambridge CB21EZ, UK. Copies of the data can be obtained free
of charge by quoting the depository numbers CCDC- 2261483 (LaBrWO4) and CCDC- 2261484
((Lao.9Dyo.1)BrWOs).

Table 1. Refined crystallographic parameters of LaBrWO4, LaBrMoOs, and (Lao.9Dyo.1)BrWOas.

Compound LaBrWOq LaBrMoO4 (Lag.oDyo.1)BrWO4
Formula weight (g 456 7 378.7 469.0
mol™)

Crystal color colorless

Temperature 300(5) K

Raduation, Mo-Ka, 0.71073 A

wavelength

Crystal system Monoclinic

Space group P ¢ (no.7)

a(A) 9.8808 (1) 9.8240 (1) 9.8775 (1)
b(A) 5.9221 (1) 5.8225 (1) 5.9219 (1)
c(R) 7.9469 (1) 8.1145 (1) 7.9407 (1)
B(°) 90.0031 (4) 90.0092 (5) 90.0120 (5)
V (A% 465.0135 (4) 464.151 (5) 464.480 (6)



V4 4

De (g cm’™) 6.67 5.42 6.71

w (mm™) 42.261 20.278 42.999

F(000) 792 664 793

Flack Parameter 0.085(6) 0.025(8) 0.148(9)
R1,wR2 (I>25(I))  0.0103, 0.0137 0.0112, 0.0158 0.0141, 0.0178
R1, wR2 (all data) 0.0106, 0.0138 0.0114, 0.0159 0.0142, 0.0179

Ry =Y ||Fo| = [Fe|[/X|Fol; WR2 = [X[w(Fs* = FE)I/S[w(Fo)’]]"?, and w = I/[c°Fo* + (4 - P)*
+B-PJ], P=(F, + 2F7?)/3; A and B are weight coefficients.
Lab powder X-ray Diffraction: Powder X-ray diffraction data were recorded at room

temperature using a Rigaku Mini Flex 6G diffractometer with copper-Ka radiation (A =1.5406 A)
in the range 20 = 10° — 80°, at a scan step of 0.04° with ten seconds exposure time.
Energy-dispersive X-ray spectroscopy analysis (EDS): EDS was employed to verify the
compositions of rare earth doped LaBrMoO4 and LaBrWO4 samples. Manually picked crystals of
(Laop.oSmo.1)BrMoOs, (LagoSmo.1)BrWOs, and (LagoDyo.1)BrWO4 samples were transferred to
Phenom Pharos G2 Desktop FEG-SEM instrument. The EDS results were summarized in Table
S3.

UV-Vis Measurements: Diffuse-reflectance spectra were collected at 300K by a PERSEE-
T8DCS UV-Vis spectrophotometer equipped with an integration sphere in the wavelength range
of 230—850 nm. The reflectance data, R, were collected and converted to the Kubelka-Munk
function, fAR)=(1-R)*(2R)!. Tauc plots, (KM*E)? and (KM*E)!2, were applied to estimate direct

and indirect bandgaps, respectively.

Second Harmonic Measurements: Using the Kurtz and Perry method,®! powder SHG responses
of LaBrMoO4, LaBrWO4 and (Lao9Dyo.1)BrWO4 compounds were investigated by a Nd:YAG
laser (1064 nm) with various particle sizes, including <20, 20-45, 45-63, 63-75, 75-90, 90-125,
and 125-180 pm, 180-250 um . Polycrystalline KH>PO4 (KDP) was also sieved into similar
particle sizes for SHG efficiency comparison. A short pass filter was placed in front of the
photomultiplier tube to prevent scattered 1064 nm photons from being detected.

Photoluminescent Properties measurements: Photoluminescence measurements were acquired
using a Horiba Fluorolog FL3-2iHR fluorescence spectrometer. Fluorescence excitation and

emission spectra were recorded of powder samples at room temperature.

TB-LMTO-ASA Calculations: Bonding picture studies of LaBrWOs, including crystal orbital

Hamilton population (COHP) and electron localization function (ELF), are calculated using the
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tight binding-linear muffin tin orbitals-atomic sphere approximation (TB-LMTO-ASA) program.
82.83 The von-Barth-Hedin exchange potential was employed for the LDA calculations.®? The radial
scalar-relativistic Dirac equation was solved to obtain the partial waves. The density of states and
band structures were calculated after converging the total energy on a dense k-mesh of LaBrWO4

(10x20x%20 points with 2200 irreducible k-points).

DFT Calculations: The electronic structures and optical properties of LaBrMoO4 and LaBrWO4
were calculated based on ab initio calculations implemented in the CASTEP package through
density functional theory (DFT).* The Perdew—Burke—Emzerhof (PBE) functional % within the
generalized gradient approximation (GGA) ¢ was adopted to calculate the exchange-correlation
potential, with an energy cutoff of 750 eV for LaBrMoO4 and LaBrWOs.. The numerical
integration of the Brillouin zone was performed using a Monkhorst—Pack k-point sampling. The
k-point separation for each material was set as 0.04 A~!. The geometry optimizations were applied
prior to property calculations. Norm-conserving pseudopotentials were employed. The local-
density approximation (LDA)+U approach (where U is the Hubbard energy) is adopted to deal

with strongly correlated compounds.
Results and discussions
Crystal growth and phase purification

The high temperature solid state method was employed as the major technique to grow crystals
of REBrVIO4 (RE=Y, La-Lu; VI=Mo, W) 33607 "\vhere REBr; was used as reactants and flux.
Small amounts of impurity were detected after the reaction process of LaBrMoO4 . In this work,
we employed a new flux pair of LaBr3/NaBr to grow crystals of LaBrVIO4 (VI=Mo, W) and rare
earth-doped samples. The LaBr3/NaBr (molar ratio=1/1) flux was theoretically predicted to have
a low eutectic point temperature close to 1023 K.*" Single phase samples and large crystals of
LaBrVIO4 (VI=Mo, W) and rare earth-doped samples were successfully grown by the LaBrs/NaBr
flux (Figures S1-S6). Hence REBr3/NaBr flux should be a good flux to grow and uncover more
compounds within the REBrVIO4 (RE=Y, La-Lu; VI=Mo, W) system.

Crystal Structure
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Figure 1. (a) Ball-stick structure of LaBrWO4 viewed along [001] direction; (b) polyhedral
structure viewed along [010] direction; (c) a detailed view of [LaOsBr3] polyhedral and [WOs]
trigonal bipyramid; (d) 3D isosurfaces of ELF for LaBrWO4 with n=0.60; (¢) COHP analyses of
the selected La-Br, La-O, and W-O interactions. La: green, W: black, O: red, Br: brown.

LaBrWOy is isostructural to LaBrMoOs, which belongs to the REBrVIOs (RE=Y, La-Lu;
VI=Mo, W) system. #3607 [ aBrWQy is discovered for the first time. The rare earth-doping did
not change the crystal structure (Table 1). The crystal structure of Dy-doped LaBrWO4 was
confirmed by single crystal X-ray diffraction and powder X-ray diffraction (Table 1, Figure S6).
The selected structure refinement parameters and crystal data for LaBrMoOs, LaBrWO4, and
(Lao.9Dyo.1)BrWO4 are summarized in Table 1. The refined atomic coordinates and selected
important interatomic distances of LaBrMoQO4, LaBrWO4, and (Lao.9Dyo.1)BrWO4 are summarized
in Table S1 and Table S2, respectively. Based on the ICSD 2022 database, there are twenty-three
compounds reported within the REBrVIO4 (RE=Y, La-Lu; VI=Mo, W) system (Table S4).>435:60.79
Few interesting observations: 1) there are two structure models reported: acentric Pc (two

compounds) and centrosymmetric P 1 (twenty-one compounds); 2) There are fourteen Mo-
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containing compounds studied versus only nine W-contained compounds. All W-containing
compounds crystallize in the centrosymmetric P 1 structure model; 3) All W-containing
compounds constitute rare earth elements from Gd to Lu with no light rare earth elements involved
such as La and Ce except Y. LaBrWOy is the first acentric W-contained compound of the
REBrVIOs (RE=Y, La-Lu; VI=Mo, W) system, which exhibits excellent nonlinear optical
properties and photoluminescent properties (vide infra). To simplify the discussion, LaBrWO4
was selected to present the crystal structure of LaBrMoOs, LaBrWO4, and (Lao.9Dyo.1)BrWOa.

LaBrWOs4 forms in the acentric monoclinic space group Pc (no. 7)
with unit cell parameters of a = 9.8808(1) A, » = 59221(1) A, and c¢ =
7.9469(1) A, and B = 90.0031(4)°. Because f is close to 90°, orthorhombic symmetry was also
considered during lattice and space group determination. The Rin value of the b-unique monoclinic
lattice (Rint = 0.0306) is noticeably lower than the orthorhombic lattice (Rine = 0.0404). The
attempts to integrate all diffraction spots including high angle data also resulted in monoclinic
lattice. Structural solution and refinement were done with orthorhombic space groups, such as
Pmcm, P2cm, and Pmc2; and all yielded R values higher than 0.10. This is the case for all these
three single crystals reported in Table 1. Therefore, their structures were eventually refined with
the b-unique monoclinic lattice and the most satisfying results were obtained in the space group
Pc, which is consistent with the previous report on LaBrMoOs and CeBrMoQ4.>* Because of the
pseudo-orthorhombic lattice, pseudo-merohedral twinning was observed in all the single crystals.
The two twinning domains are oriented by a 180° rotation about a-axis. In addition, because Pc is
non-centrosymmetric, the absolute structure parameters, or Flack parameters (also listed in Table
1), 8 were also refined by introducing the center-inverted structure as a twinning domain. The
Wyckoff sequence of LaBrWOs is a’# with the Pearson symbol mP28. There are two distinct La
atoms, two distinct W atoms, two distinct Br atoms, and eight distinct S atoms in the asymmetric
unit cell of LaBrWOs with full occupancy. The crystal structure of LaBrWOs is summarized in
Figures la-1c. The three-dimensional (3D) framework of LaBrWOs is constructed by two-
dimensional (2D) [LaBrO4]® strips interlinked via distorted [WOs] trigonal bipyramids. The
distorted [WOs] trigonal bipyramids connect to each other via apical oxygen atoms to form one-
dimensional (1D) strands running along the [001] direction. The 2D [LaBrO4]® strips are built by
distorted tetracapped trigonal prisms [LaO¢Br3], where six oxygen atoms and three bromine atoms

surround the central La atoms as shown in Figure 1c¢. The intrinsically distorted [WOs] trigonal
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bipyramids are also shown in Figure 1c. The crystal structure of LaBrWOj4 can also be viewed as
constructed by 2D cationic [LaWO4]'" strips sandwiched by anionic Br- layers as shown in Figure

S7. The connectivity between two cationic [LaWO4]'" strips is via La-Br interactions (Figure S8).

The La-O interaction within distorted tetracapped trigonal prisms [LaOsBr3] fall into a narrow
range of 2.468(4)-2.672(5) A, which are comparable to many oxides such as NazLa(AsO4)2(2.415-
2.927 A),% LaTiSb0s(2.463 A),”° LaCIM004(2.490-2.633 A ),°! LaCIWO4(2.491-2.547 A),'S etc.
The bonding pictures of La-O interactions were also studied via ELF simulations coupled with
COHP calculations shown in Figures 1d and 1e, respectively. The —ICOHPs for 2.48 A La-O
interaction and 2.55 A La-O interaction are 1.361 eV/bond and 1.343 eV/bond, respectively
(Figure 1e). There are also no obvious attractors existing between La and O atoms (Figure 1d).
Hence, the La-O interactions can be treated as moderately strong ionic interactions. The La-Br
interaction within distorted tetracapped trigonal prisms [LaO¢Br3] are 3.131 (1) - 3.254(1) A,
which are typical for La-Br interactions such as LaBr3 (3.100-3.158 A ),°> LaOBr (3.293 A ),
LaxSbSsBr (3.115-3.293 A ),”* etc. The —-ICOHPs for the 3.24 A La-Br interaction are 1.439
eV/bond. The bonding pictures of La-Br interaction are close to La-O interactions, which are both

moderately strong ionic interactions.

The W atoms have a 4+1 coordination environment within LaBrWO4, forming distorted trigonal
bipyramids (Figure 1¢ bottom). The four shorter W-O interactions fall into the range of 1.759 (4)-
1.825 (3) A. The -ICOHPs for 1.78 A W-O interaction are 5.759 eV/bond, which exhibits very
strong bonding characters (Figure 1e). The apical O atoms, which connect to neighbor W atoms
to form 1D strands, are separated from the W atom by 2.24-2.25 A. The 2.24 A W-O interactions
exhibit moderately strong bonding characters, which were verified by -ICOHPs of 1.848 eV/bond.
Interestingly, there are also no visible attractors located between W and O atoms as shown in
Figure 1d. The COHP calculations indicate that the 4+1 coordination environment is true for
tungsten atoms within LaBrWO4. The same 4+1 coordination environment for W atoms was also
found in Ce1oW20s1.”> A previous study shows that the interaction between [LaOgBrs;] and
[MoOs] within LaBrMoQjs plays an important role in forming this 4+1 coordination environment.”
The 4+1 coordination environment for W and Mo is uncommon. Some selected Mo- and W-
constituted oxybromides are summarized in Table S5.°°¢! The four or six coordination

environments for Mo and W atoms are the most common. Our study also confirmed that the



distortion degree of 1D [WOs] strands play a critical role in determining NLO and PL properties
(vide infra).

Linear Optical properties
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Figure 2. (a) UV-Vis spectroscopy measurements and (b) IR spectrum of LaBrVIO4 (VI=Mo,
W). (c) Calculated frequency-dependent refractive indices of LaBrMoOQs. (d) Original interference
color of LaBrMoOy crystal in cross-polarized light during birefringence measurements. (e) The

photo of LaBrMoOjs crystal after extinction.

The linear optical properties including bandgaps, IR transmission spectroscopy, and
birefringence of LaBrVIO4 (VI=Mo, W) were studied and summarized in Figure 2. The bandgaps
of LaBrVIO4 (VI=Mo, W) were estimated by UV-Vis spectral measurements (Figure 2a). Both
LaBrVIO4 (VI=Mo, W) were predicated to be indirect bandgap semiconductors (vide infra). The
indirect bandgaps are 3.3(1) eV and 3.5(1) eV for LaBrMoO4 and LaBrWO, respectively. The
large bandgaps agree well with the colorless nature of LaBrVIO4 (VI=Mo, W) crystals. The

reproducibility of bandgap measurements was presented in Figure S9 and Figure S10, which
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confirmed the reliability of our bandgap measurement results. The IR spectrum of LaBrMoO4 and
LaBrWO4 were recorded and presented in Figure 2b, where a high similarity of the IR spectrum
was observed for LaBrMoO4 and LaBrWO4. The IR spectrum did not show any intrinsic
vibrational absorption of chemical bonds in the wavelength of 2.5-10 pm. The strong absorption
peaks appear in the range of 10-20 um, which can be assigned to the v (Mo—O) or v (W-O)
vibrations for LaBrMoQO4 and LaBrWOsu, respectively.?>% %619 The IR spectrum of LaBrMoOs
and LaBrWOs is comparable to many tungsten-oxides or molybdenum-oxides such as
CsNaEupH;[Eua(H20)7(a-SiaW1s066)]Cla- 30 H2O %8, LazCl3[MoOg], 2 and Ks(W30oF4)(103).1%3
The birefringence of LaBrVIO4 (VI=Mo, W) was estimated by both experimental measurements
and DFT calculations. For LaBrMoOQ4, the experimentally estimated birefringence is 0.045, which
is measured by a cross-polarizing microscope. The optical path difference was measured to be
~23.6 um at 1203 nm according to the function of the Michal-Levy charts '**. As shown in Figure
2d, the initial interference color of LaBrMoOs was identified as third-order blue under
orthogonally polarized light. The photo of the LaBrMoOs crystal after extinction is shown in
Figure 2e. The experimental measurements of the birefringence of LaBrMoO4 agree well with
DFT calculation results, 0.045 and 0.045, respectively (Figure 2d). The experimental
birefringence of LaBrWO4 is comparable to LaBrMoO4, which is summarized in Figure S11. The
experimentally measured birefringence of LaBrWO4 is 0.051@1064 nm. LaBrWO4 crystallizes in
the monoclinic Pc space group. The crystallographic axis is different from the optic axis within
LaBrWOs. The angle differences between the crystallographic axis and optic axis along [001]
direction and [100] direction are 3.15° and 3.19°, respectively. The moderate birefringence values
of LaBrMoOs and LaBrWOs account for the type-I phase-matching behavior during SHG
measurements (vide infra). The birefringence of LaBrMoOys is close to some oxybromides such as
MB,0sF> (M=Sn, Pb) (0.01@1064nm),'”> SnsPOsF; (0.011@1064nm),'° Ba,BsOyCl
(0.012@1064nm),'”  Sn3B3;O7F  (0.031@1064nm),'”®  Pbs(Se03)Brs  (0.04@1064nm),*
BaAIBO3F2(0.042@1064nm),'®  [BaF]-[B20sF] (0.05@1064nm),'% etc. The structural
complexity can significantly enhance the birefringence of oxybromides such as Sni4011Brs

(0.265@546 nm), % Sn,PO4Br (0.303@1064 nm), ' and SnBsO9Br (0.439@546 nm).”°

Nonlinear Optical properties
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Figure 3. (a) Size-dependent SHG intensities of LaBrVIO4 (VI=Mo, W), (Lao.9Dyo.1) BrWO4, and
the KH2PO4 (KDP) reference. (b) The SHG intensity of samples of LaBrVIO4 (VI=Mo, W),
Lao.9Dyo.1BrWOy4, and KDP of particle sizes of 180-250 pm.

The nonlinear optical properties of LaBrVIO4 (VI=Mo, W) and (Lao9Dyo.1) BrtWO4 are
summarized in Figure 3. As shown in Figure 3a, LaBrMoO4, LaBrWO4, and (Lao.9Dyo.1)BrWO4
are type-I phase-matching materials for incident 1064 nm radiation, which the SHG response
increases with increasing particle size. The SHG response of LaBrMoOy 1s 0.47 x KDP for the
sample of particle size of 180-250 pm. LaBrWO4 exhibits a much better SHG response, which is
1.66 x KDP. (Lao.9Dyo.1)BrWO4 exhibits a superior SHG response of ~3.71xKDP. The superior
SHG performance of LaBrWO4 and (Lao9Dyo.1)BrWO4 are comparable to many previously
reported oxybromides such as Pb;Ba3(BO3);Br (3.1xKDP),”? SrsLa(BOs)sBr (2.4xKDP),*
NaBas(GaB40),Br3(1.1xKDP),% KZn,BO3Br; (3.0xKDP),* (K2.33Nag.67)(BsO10)Br (2.8xKDP),”!
SnyBsOg9Br (2.4xKDP),”® PbaNbOa(SeO3):Br (1.4xKDP),”?> Pb,GaF2(SeOs):Br (4.5xKDP),”?
Pb3(SeOs)Brs (1.0xKDP),% etc. A comparison of optical properties between LaBrVIO4 (VI=Mo,
W) and selected previously reported oxybromides is tabulated in Table $6.57® Even the LaBrWO4
and LaBrMoOy are isostructural, what is the chemical reason for the superior SHG response of
LaBrWO4 compared with LaBrMoO4? The small amounts of dysprosium doping also dramatically
enhance the SHG response of (Lao.oDyo.1)BrWOs. Understanding how to enhance SHG in NLO
materials are critical for pushing this filed forward.!'%!!"® In addition to SHG response, LaBrWOs

also possesses better PL properties than LaBrMoOs (vide infra). Our further analysis confirms that
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the distorted 1D [VIOs]vi=mo, w strands play a critical role in determining the optical properties of

LaBrVIO4 (VI=Mo, W) (vide infra).
Photoluminescent Properties

The large bandgaps of LaBrWOs and LaBrMoOs guarantee their broad optical transmission
range. The high stability plus easy to grow large crystals of LaBrWO4 and LaBrMoOy inspired us
to explore more optical applications of LaBrWO4 and LaBrMoOs. The closely related system
RECIVIO4 (RE=Y, La-Lu; VI= Mo, W) system has demonstrated excellent applications as PL
materials.!®2?® In contrast to Cl-containing compounds, the rather soft bromides were thought
probably not suitable for PL applications due to the luminescence quenching effect ”°. In this work,
good luminescence properties of LaBrWO4 and LaBrMoO4 were achieved via rare earth element
doping (Figure 4). LaBrWO4 and LaBrMoOj crystals did not fluoresce at room temperature under
UV excitation. Hence, rare earth activators were incorporated into LaBrWO4 and LaBrMoOs4
crystals. As shown in Figure 4a inert, 0.01 mole Sm*"-doped LaBrWO, emits bright orange light.
Excited by 405 nm light, the predominant emission occurred at 596 nm, arising from the *Gs-
>SH7,, transition. The second most intense emission peak at 647 nm is from *Gs->%Ho,, transition.
The emission peak at 560 nm and 706 nm stems from *Gs;»->Hs» and *Gsp»->%Hi.2 transitions,
respectively. The Sm**-doped LaBrWO4 exhibits a very comparable emission spectrum with Sm>*-
doped LaBrMoOs as shown in Figure 4c. The Sm*" activator exhibit typical emission spectrum
within LaBrWO4 and LaBrMoO4 host lattice, which were observed in many known crystals and
glasses.!?%121122 The Dy*" activators within LaBrWO, hosting lattice emit yellow-green visible
light excited by 405 nm light as shown in Figure 4b insert. There are three typical emission peaks
found in the emission spectrum of (Lao.9Dyo.1) BrWOs. The strongest emission peak at 575 nm is
from *Fo,->°H 3.2 transition. The emission peak at 476 nm comes from *Fo/->%Hjs), transition. The
emission peak at 663 nm stems from “Fo»->%Hj 1/ transition.!>*!2¢ The same activators, Dy** did
not emit any light within LaBrMoO4. The SHG response process originates from nonlinear
polarization process. PL response comes from the excited electrons transferring between different
energy levels. LaBrWO4 exhibits superior properties than LaBrWO4 for both processes. What is
the chemical reason for this difference? Hence, we firstly studied the electronic properties of

LaBrwO4 and LaBrMoQs.
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Figure 4. Room-temperature excitation (left, blue) and emission (right, red) spectrum of
(Lao.oSmo.1)BrMoOs (a), (Lao.9Dyo.1)BrWO4 (b), and (Lao.oSmo.1)BrWOs (c). The insert in each
figure shows the luminescence of each sample at room temperature under UV light with Aexc=405

nm.

DFT calculations
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Figure 5. (Left) band structure of LaBrMoOj4 (top) and density of states of LaBrMoOs (bottom).
(Right) band structure of LaBrWO4 (top) and density of states (DOS) of LaBrWO4 (bottom). Both

spin-up and spin-down states are presented for LaBrMoO4 and LaBrWOu.

The band structures and density of states of LaBrWO4 and LaBrMoOg are presented in Figure

5. To accurately estimate the electronic structure of LaBrWO4 and LaBrMoOs4, both the spin-up

and spin-down models were turned on '*’. Both LaBrWO4 and LaBrMoOjs are predicated to be

indirect bandgap semiconductors. The semiconducting nature of LaBrWO4 and LaBrMoO4 was
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also verified by UV-Vis measurements (Figure 2a). The charge-balanced formula [La*"][Br’
J[W®*1[0*]4 can be achieved by assigning a formal charge of 3+ to the La atoms, 6+ to the W
atoms, 1- to the Br atoms, and 2- to the O atoms for LaBrWOs. The oxidation state of La and W
atoms of +3 and +6, respectively, was validated by bond valence sum calculations '*%. Bond
valence sum (BVS) calculations concluded that the BVS of La atoms and W atoms is 2.89 and
6.01, respectively, which suggests La atoms and W atoms with oxidation state of +3 and +6,
respectively. The indirect bandgaps for LaBrWO4 and LaBrMoOy are 2.24 eV and 2.55 eV,
respectively, which are smaller than the experimental results. Underestimation of bandgaps of
inorganic solids is normal for DFT calculation especially when there are transition metals
present.'?” For DOS results, the top of the valance band is mainly contributed by O-2p orbitals and
Br-4p orbitals. The orbitals from Mo and La atoms have minimum contributions to the top of the
valance band. For the bottom of the conduction band, the Mo-4d orbitals and O-2p orbitals play a
dominant role, where contributions from the La-5d orbitals and Br-4p orbitals can be ignored. The
La-5d orbitals mainly populate in the interval of 4-6 eV. Since the negligible contributions from
La atoms to both top of valance bands and bottom of conduction bands, W-O interactions are
expected to play a dominant role in contributing to the NLO and PL properties. Hence, we
anticipate that [MoOs] units dominantly control the optical properties of LaBrMoO4 together with
certain contributions from [LaBr3Og] units. LaBrWO4 exhibits a very close electronic structure
with LaBrMoOs. The W-O interactions, La-Br interactions together with La-O interactions both
contribute to the optical properties of LaBrWOs. However, a noticeable difference exists between
LaBrMoO4 and LaBrWO4. There is a pseudogap existing around the energy of 4.5 eV for
LaBrMoO4. At the same energy level, there are absent of any pseudogaps within LaBrWO4. The
electronic structure analysis confirms that the Mo-O interactions and W-O interactions are

important in determining the optical properties of LaBrMoO4 and LaBrWOu, respectively.
Structure-Property relationships

The SHG response of LaBrWO4 is about 3.5x LaBrMoOs. (Lag.9Dyo.1)BrWO4 exhibits superior
SHG response, 7.9x LaBrMoO4. LaBrMoQO4, LaBrWO4 and (Lao.9Dyo.1)BrWO4 are isostructural
to each other. The ionic sizes for Mo®" and W®" are 0.73 A and 0.74 A, respectively.*” The La-O
bond distances and La-Br bond distances within LaBrMoO4 and LaBrWO4 are comparable to each

other (Table 2). The electronic analysis confirms that the [MoOs] and [WOs] units play a major
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role in contributing to the NLO properties of LaBrMoO4 and LaBrWOs, respectively. The bridging
connection between two adjacent [MoOs] and [WOs] units is decreasing from LaBrMoOs to
LaBrWO4 and (Lag9Dyo.1)BrWO4 (Table 2). The Mol-O8 interaction within LaBrMoOy is
2.341(3) A. The W1-0O8 interaction within LaBrWOy is 2.245 (3) A. The (Lao9Dyo.1)BrWOs
possesses shortest W1-O8 interaction of 2.241(4) A. The shrinkage of W-O interaction results in
the distortion of 1D [WOs] strands. As shown in Table 2, the distortion of 1D [VIOs]vi=mo, w
strands is measured by VI-O-VI bond angles. As summarized in Table 2, the W1-O8-W1 angle is
158.8(3) © within LaBrWOs, which is smaller than Mo1-O8-Mol1 angle of LaBrWO4 (161.4(2) ©).
The W2-O7-W2 bond angles are 158.1(4)° and 158.7(4) ° for LaBrWO4 and (Lao.9Dyo.1)BrWOs,
respectively. The importance of the distortion degree of structure motifs contributing to NLO
materials has been reported in many works.!!1"11%:130-132 The 1D [VIOs]vi=mo, w strands are similar
to many well-known lambda (A)-shaped building units in many NLO optical materials such as
KsNb3;O3F14-H20,"%*  Kio(Nb2O2Fo)sF, 3 Kio(Nb2O2Fo)slo'3%  B-Bax[VO2F2(103)2]103,!3¢
Ks(W309F4)(103),! Sn,BsO9Br,’ etc., where the distortion of lambda (A)-shaped building units
play an critical role in dominating NLO properties. A summary of compounds constituting lambda
(A)-shaped building units is tabulated in Table §7.7%193:133-137 The LaBrWO4 can also host more
rare earth elements than LaBrMoQOs4, which exhibits intriguing PL properties. The larger bandgap
of LaBrWO4 compared to LaBrMoOs, which originates from the contributions from W atoms to
the bottom of the conduction band, accounts for better PL properties. The chemical features of W
atoms further separated the conduction band and valance band, which results in larger bandgap
within LaBrWO4 compared with LaBrMoOs. The larger bandgap of LaBrWO4 can host rare earth

elements such as Dy, which has complex energy transitions.!'*®

Table 2. The comparison of bandgaps and structural parameters between LaBrMoQO4, LaBrWO4
and (Lao.9Dyo.1)BrWOa.

LaBrMoO4 LaBrWOq (Lao.9Dyo.1)BrWO4*
Ea/eV 3.3(1) 3.5(1) 3.7(1)
Dominant units [MoOs] [WOs] [WOs]
contributing to NLO
properties
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La-O distances/ A 2.459(3)-2.693(4) 2.468(4)- 2.672(5) 2.459(9)-2.676(8)

La-Br distances/ A 3.155(1)-2.232(2) 3.131 (1)- 3.254(1) 3.119(1)-3.259(2)
VI-O distances/ A Mo1-08: 2.341(3) W1-08: 2.245(3) W1-08: 2.241(4)
Mo02-07: 2.379(3) W2-07: 2.251(4) W2-07: 2.232(5)

VI-O-VI bond angels/ © Mol1-O8-Mol:161.4(2)  W1-O8-W1:158.8(3) WI1-O8-W1: 158.5(4)

Mo02-07-Mo2: 156.0(2) W2-O7-W2: 158.14)  W2-O7-W2: 158.7(4)

*due to the isostructural nature between LaBrWO4 and (Lao.9Dyo.1)BrWOs, the electronic structure

of (Lao.oDyo.1)BrWOys is assumed the same with LaBrWOu.
Conclusions:

Millimeter-sized crystals of five ordered-heteroanionic oxybromides, LaBrMoO4, LaBrWOu,
(Lao.9Smo.1)BrMoO4,  (LaooSmo.1)BrWO4, and (LaooDyo.1)BrWO4 were grown by a high
temperature flux method with the aid of LaBr3/NaBr. LaBrs/NaBr flux was removed by water
rinsing. LaBrMoOs, LaBrWO4 and rare earth-doped samples are isostructural and crystallize in
the acentric LaBrMoOy structure type. The 3D framework of LaBrWOj is constructed by two-
dimensional (2D) [LaBrO4]® strips interlinked via distorted 1D [WOs] strands. The unusual 4+1
coordination environment of tungsten surrounded by oxygen atoms was verified by bonding
picture studies. LaBrMoO4 and LaBrWOQO4 were revealed as indirect bandgap semiconductors by
DFT calculations. The bandgaps measured by UV-Vis are 3.3(1) eV and 3.5(1) eV for LaBrMoO4
and LaBrWOu, respectively. LaBrMoQO4, LaBrWOys, and (Lao.9Dyo.1)BrWO4 are good candidates
for NLO application due to high SHG response (LaBrMoOs: 0.47xKDP; LaBrWO4: 1.66xKDP;
(Lao.9oDyo.1)BrWO4: 3.71xKDP), type-1 phase-matching behavior, high ambient stability, and easy-
growth of crystals. Through rare earth elements replacing La atoms, LaBrMoOs, and LaBrWO4
emit various visible lights upon UV lights excitation. The DFT calculations coupled with structural
analysis elucidate that the distortion of lambda (A)-shaped 1D [VIOs]vi=mo, w strands accounts for
the enhanced SHG and PL properties of LaBrWO4 compared to LaBrMoOs. This work
demonstrates the importance of distortion of basic building units contributing to the optical
properties of oxybromides and indicates the potential presence of more multifunctional materials

within the REHaVIO4 (RE=Y, La-Lu; VI=Mo, W; Ha=Cl, Br I) system.
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Heteroanionic LaBrWOs achieves excellent second harmonic generation response and
photoluminescent properties, which originates form the distortion of lambda (A)-shaped one-

dimensional [WOs] strands.
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