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KBazM,F14Cl (M = Zr, Hf): novel short-wavelength
mixed metal halides with the largest second-
harmonic generation responses contributed by
mixed functional moietiesy
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The development of short-wavelength nonlinear optical (NLO) materials is indispensable and urgently
required for further applications. Halides have been disregarded as potential NLO materials with deep-
ultraviolet (DUV) cutoff edges due to their weak second-harmonic generation (SHG) response and poor
birefringence. Here, two novel and isostructural halides, KBazM,F14Cl (M = Zr (KBZFC), Hf (KBHFC)),
possess structures that are formed by isolated MF; monocapped triangular prisms and dissociative K,
Ba*, and Cl™ ions. Compared with reported metal halides that are transparent to the DUV region, KBZFC
and KBHFC possess the strongest SHG responses (approximately 1, 0.9 x KH,PO,), which are
contributed by the synergistic effect of MF, (M = Zr, Hf) groups, Ba>* cations, and Cl~ ions. The zero-
dimensional structures favour sufficient birefringences (0.12, 0.10 @ 1064 nm) for phase-matchable (PM)
behaviours. The discovery of KBZFC and KBHFC showcases the potential of NLO mixed metal halides

rsc.li/chemical-science transparent to the DUV region.

Introduction

Nonlinear optical (NLO) materials are variable frequency crys-
tals that play an indispensable role in modern laser science and
technology.’” In the past few decades, new NLO materials with
balanced performances have been vigorously explored, and
deep-ultraviolet (DUV) NLO transparent materials (wavelength <
200 nm) have been applied in a range of cutting-edge fields such
as semiconductor manufacturing, photolithography, advanced
scientific research, and laser communication.?™**

Nevertheless, it is particularly difficult to design functioning
DUV transparent NLO materials because of the conflict between
the short UV cutoff edge (1 < 200 nm) and the large second-
harmonic generation (SHG) effect (d;; > d36 (KH,PO, (KDP)) =
0.39 pm V'), along with the phase-matchable (PM) ability.!*>2
Currently, only KBe,BO;F, (KBBF) has been commercially
applied and can realize DUV laser conversion via a direct SHG
process. However, its layered habit and highly toxic raw
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materials hinder its further development.”® Therefore, there is
an urgent need to develop high-performance NLO materials
with a DUV cutoff edge beyond that of KBBF.

At the present stage, m-conjugated systems with planar
building units, that is, borates, carbonates, nitrates, and their
derivates, are promising candidates for NLO materials because
of their strong SHG intensities and large birefringences.**>°
Non-m-conjugated systems are also considered as potential
systems in the DUV region because the relatively low electron
energy of the ¢ bonds of the tetrahedral groups is conducive to
alarge band gap, viz., a short UV cutoff edge.**** Related studies
and many materials with excellent NLO properties have been
reported, including K,Al,B,0;,** B-Rb,Al,B,0,,** Li,BaSiO,,*
MgB;0-F;,* CsB,O¢F,"” and K;Sc;(PO,)(POsF),F5.> The mate-
rials with fluorinated oxygen-containing building units catch
our attention because elemental F possesses the largest elec-
tronegativity and the highest occupied molecular orbital-lowest
unoccupied molecular orbital (HOMO-LUMO) gap that is
beneficial for the blueshift of UV cutoff edges,*”*° which
suggests whether metal halides can be applied in the DUV
region.

To date, few metal fluorides have been reported with DUV
cutoff edges, namely, BaMgF,, SrAlFs, BaZnF,, Li,CaMFg (M =
zirconium (Zr), hafnium (Hf)), and K;Ba,Zr¢F3;.**™** However,
BaMgF,, SrAlFs5, and BaZnF, show weak SHG intensities (0.085,
0.65, 0.16 x KDP) and poor birefringences (0.0077, 0.0242,
0.0164) that are insufficient for PM behavior. Li,CaMFg (M = Zr,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Hf) and K;Ba,Zr¢F3; were newly reported by our group, and were
synthesized by introducing transition metals (TMs) Zr and Hf
into halides for remarkable benefits, as follows. (1) Asymmetric
d°-TMs-based building units are conducive to the formation of
noncentrosymmetric (NCS) structures.**™*® (2) The interaction of
elemental Zr and Hf with weak electronegativity and F atoms
tends to blueshift the cutoff edge of the materials. (3) Zr and Hf
halides tend to possess various polyhedral units and bonding
modes, which can form zero-, one-, two-, and three-dimensional
frameworks.

Most of the Zr and Hf halides form low-dimensional struc-
tures,” and the large anisotropy is in favor of perfecting the
shortcomings of the non-PM behavior of reported fluorides with
a DUV cutoff edge.”® Nevertheless, Li,CaMFg (M = Zr, Hf) and
K;Ba,ZreF3, show moderate SHG intensity (0.36, 0.30, and 0.5 X
KDP) at 1064 nm. To further boost the SHG efficiency of halides,
the Cl atom is incorporated because of its favorable chemical
covalence and flexibility, and relatively large polarizability,**
which has been proven by mixed metal halides showing
improved overall NLO performance involving Pb;gOgCl;51s5,%*
Rb,CdBr,I,,”* Cs,HgI,Cl,,** Pb,F;,Cl,,** and CsZnBO;X, (X, =
F,, Cl,, and FCI).*®

Guided by these considerations, our group postulated that
the combination of Zr and Hf atoms with alkali/alkaline earth
metal cations with full shells, as well as mixed halogen anions,
is beneficial for obtaining new NLO materials with a large SHG
intensity and short UV cutoff edge. Accordingly, our extensive
explorations resulted in the discovery of two novel and iso-
structural halides, KBazM,F;,Cl (M = Zr (KBZFC), Hf (KBHFC)).
Remarkably, as the first mixed metal halides reached the DUV
region, KBZFC and KBHFC exhibited strong SHG effects (1.0,
0.9 x KDP) and large birefringences (0.12, 0.10 @ 1064 nm).
The syntheses, crystal structures, theoretical calculations, and
the structure-property relationships of KBZFC and KBHFC are
described in detail in this work.

Results and discussion

Single crystals of KBZFC and KBHFC were obtained by hydro-
thermal synthesis (for additional details, see the ESIt). The
purities of the samples were confirmed by powder X-ray
diffraction (PXRD) (Fig. Sla and bt). Elemental analyses
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revealed the presence of K, Ba, Zr/Hf, F, and Cl elements in
single crystals of KBZFC and KBHFC (Fig. Sic and dt), which
conformed to the results of single crystal X-ray diffraction
(SCXRD) analyses.

Crystallographic analyses (Table S1t) reveal that KBZFC and
KBHFC belong to the tetragonal system with NCS space group
Pam2 (No. 81). Since they are isostructural, KBZFC was chosen
and is described in detail. The asymmetric unit consists of two
Ba, one Zr, one K, one Cl, and three F atoms, and the isotropic
atomic displacement parameters (ADP) for atoms are all regular
(Table S2 and Fig. S27). As illustrated in Fig. 1, the Zr** ion is
coordinated with seven fluorine atoms to form a ZrF, mono-
capped triangular prism with three sets of Zr-F bond lengths
(2.130(3), 2.056(2), and 2.025(3) A) (Table S3t). These ZrF,
monocapped triangular prisms are isolated and arranged along
the ¢ axis with a slight difference in direction, as evident from
the orientation of the F(1) (cap) and its opposite side formed by
F(3) atoms (Fig. S37).

The K*, Ba**, and Cl~ ions reside in the interval of the zero-
dimensional (0D) framework, compensating for the charge.
Each K atom is twelve-coordinated with fluorine atoms to form
a KF;, icosahedron, with K-F bond lengths of 2.8997(4) and
2.9184(17) A. The Ba(1) atom is twelve-coordinated with ten F
and two Cl atoms, with Ba-F bond distances in the range of
2.721(3)-3.3091(14) A and Ba-Cl bonds of 3.18278(18) A. Each
Ba(2) atom is bonded to twelve F atoms, with bond lengths
ranging from 2.8997(4) to 2.7739(17) A. It should be noted that
the Cl atom only bonds to the Ba(1) atom, which can be seen as
dissociative in the interspace. The bond valence sum (BVS)
results for K', Ba*", zr*"/Hf'", F~, and Cl~ ions are 0.97, 2.13-
2.23, 4.00, 0.93-1.09, and 1.06 for KBZFC, and 0.98, 2.11-2.25,
4.12, 0.82-0.97, 1.08 for KBHFC, respectively (Table S27).%

Related information for NCS halides with mixed fluorine and
chlorine atoms are summarized in Table S4,1 and six of them
belong to the tetrahedral system (/4: SbCI3F,,*® SbF, ¢Cls 4,%°
I14:TaCL,F,% SbCI,F,"* SbCI,F,,"> and I42m: CsSbF;CI®®). They
show similar 0D structures, and a representative of the group,
CsSbF;Cl, is composed of four fundamental building units, the
[SbF;Cl,] anionic group, which is interconnected by shared F
atoms that form isolated [Sb,F;,Cl,] units. Apparently, the Cl
atoms are coordinated atoms, and are distinguished from the
dissociative atoms in KBZFC and KBHFC. As summarized in

Fig. 1 (a) Isolated ZrF, monocapped triangular prisms. (b) Coordination modes of K* and Ba®* cations. (c) The structure of KBZFC.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table S5, mixed metal halides exhibit various structures and
excellent NLO properties. Pb,F,,Cl, and Pb,F,,Br, display large
rings formed by [Pb,F,,]'°" units, and Cl/Br atoms fill in the
middle of the rings.**** Nevertheless, the MF, units in KBZFC
and KBHFC form the 0D structure that compensates for large
anisotropy.

Compared with K;Ba,ZreF;4,* the incorporation of CI™
anion largely changes the crystal structure and dimension.
Specifically, K3Ba,ZrgF3, features {[Zr¢Fs,]" } chains formed by
cis-[ZrgF34]'"° clusters, with K* and Ba®" cations situated
between the chains. KBZFC and KBHFC characterize the 0D
structure composed of MF units because the Cl™ anions are not
connected to Zr/Hf atoms. In terms of element composition,
KBZFC and KBHFC are firstly combined by alkali, alkaline
earth, d°-~TMs, and mixed halogens. Additionally, they are firstly
reported as NLO mixed metal halides that extend to the DUV
region.

The recorded UV-vis-NIR diffuse reflectance spectra of
KBZFC and KBHFC are displayed in Fig. 2a and show no
obvious absorption peak in the range of 200-800 nm, which
indicates a short UV cutoff edge below 200 nm and high
reflectance of 73% and 72%, respectively. Additionally, crystals
with sizes of 3 x 3 x 0.4 mm for KBZFC and 5 X 4 x 0.4 mm for
KBHFC were used to collect their transmittance spectra in the
range of 190-800 nm. The values are 194 and 192.8 nm, which
confirm their DUV transparency capability (Fig. 2b). Apparently,
KBZFC and KBHFC are the first mixed metal halides that extend
to the DUV region (Fig. 2c). The symmetric stretching of the Zr/
Hf-F bond was observed at 434/458 cm ',%° and the IR-
transparent regions of KBZFC and KBHFC span from 2.5 to
23.0 um (2.7 to 23.0 um) (Fig. S4+).

According to the thermogravimetric curves, KBZFC and
KBHFC are thermostable up to 362 °C and 353 °C, respectively.
They displayed similar decomposition curves corresponding to
the loss of ZrCl,/HfCl, and ZrF,/HfF, molecules from 362/353 °©
C to 1000 °C (Fig. S5a and b¥). After heating to 1000 °C, the
remaining product was Ba,ZrFg/Ba,HfFs and some unknown
phases (Fig. S5c¢ and df).

Because KBZFC and KBHFC crystallize in the NCS space
group, the SHG measurements were estimated under 1064 nm

Reflectance/%
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Pb,F,,Br, K,SbF,Cl, HgBrl f-HgBrCl Rb,Sn,CLBr, Cs,Hg,Br.l,H,0

Fig. 2 (a) UV-vis-NIR diffuse reflectance spectra of KBZFC and
KBHFC. (b) DUV transmittance spectra of KBZFC and KBHFC. (c)
Comparison of the absorption edges of KBZFC and KBHFC with re-
ported mixed metal halides.

8502 | Chem. Sci,, 2024, 15, 8500-8505

View Article Online

Edge Article

=
=
]
g
E1
=

—KDP
3 | —— KBZFC
3.|—— KBHFC

200-250 m

SIIG Intensity/a.u.
SHG intensity/volt

0 50 100

50 w0 20 G002 000l 00000 ooor | oom2
Partiele sizc/um 1S

Fig. 3 (a) Powder SHG measurements of KDP, KBZFC, and KBHFC at
1064 nm. (b) SHG signals from KBZFC and KBHFC compared with
benchmark KDP at 200-250 pum.

laser radiation based on the Kurtz-Perry method.*® A poly-
crystalline sample of KDP was utilized as a reference during the
test. The results indicate that KBZFC and KBHFC feature PM
behaviour and exhibit large SHG effects approximately 1.0 and
0.9 times that of KDP, respectively (Fig. 3). To date, only three of
the thirty-two reported NCS metal halides with mixed fluorine
and chlorine have been found to be SHG-active,***>% and their
absorption is confined to the UV and even visible regions (Table
S4t). Additionally, the NLO properties of other NCS halides with
mixed halogens are summarized in Table S5, which highlights
KBZFC and KBHFC as the first to reach the DUV region, and
they show the largest SHG effects among all the reported metal
halides with DUV cutoff edges.

The birefringences of KBZFC and KBHFC were measured by
polarized light microscope at 546 nm (Fig. S61). The crystal
thicknesses are 6.75 and 8.17 pm, and the optical path differ-
ences are 0.739 and 0.738 pm. As a result, the experimental
birefringences of KBZFC and KBHFC are 0.11 and 0.09 @
546 nm, respectively.®’

To further elucidate the microscopic mechanism of the
optical properties of KBZFC and KBHFC, density functional
theory (DFT) was used to examine the electronic structures. The
band structure analyses reveal that KBZFC and KBHFC are
indirect band gap materials because the valence band (VB) and
the conduction band (CB) are located at different k points (G to
X), with bandgap values of 5.43 and 6.03 eV, respectively
(Fig. S7a and S7bt). These values are smaller than the experi-
mental values (6.39, 6.43 eV) and are reasonable for the limi-
tation of the exchange and correlation function of the
generalized gradient approximation-Perdew-Burke-Ernzerhof
(GGA-PBE).

For interpretation of the charge transfer among the compo-
nent atoms, the total density of states (DOS) and partial density
of states (PDOS) of KBZFC and KBHFC are presented in Fig. S7c
and d.T The upper region of the VB and the bottom of the CB
were taken into consideration for the optical properties only
related to the vicinity of the forbidden band. The VB from —5 eV
to the Fermi level was mainly contributed by the Cl 3p
nonbonding states, while the CB was mainly derived from
unoccupied Zr 4d/Hf 5d and F 2p orbitals. Therefore, the band
gaps of KBZFC and KBHFC were determined by the MF, (M =
Zr, Hf) units and Cl™ anions.

Restricted by tetragonal space group P4m2, KBZFC and
KBHFC exhibit two nonzero tensors d,4 and d;e. The maximum
calculated values are 0.8665 pm V™' (2.2 x KDP) for KBZFC and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 SHG density in (a and d) VBs and (b and e) CBs. (c and f) EDD maps of KBZFC and KBHFC.

d3; = 0.6875 pm V! (1.75 x KDP) for KBHFC, which are larger
than the experimental values (1.0, 0.9 x KDP). This discrepancy
is reasonable because the calculated value is based on a periodic
and large crystal, while the experimental value depends on the
quality and the size of the selected crystals.®®”°

The SHG-weighted electron density (SHG density) of d3; was
calculated to clarify the contributors of SHG intensity (Fig. 4a, b,
d and e). For KBZFC, the empty electronic states of F 2p and Cl
3p are the dominant contributors to the SHG effect in the VB. In
the CB, the unoccupied Zr 4d orbitals play a major role, together
with the Ba 5d and F 2p orbitals to a small extent. For KBHFC,
the empty electronic states of Cl 3p dominantly contribute to
the SHG effect in the VB, and the empty electronic states of F 2p
also contribute. In the CB, the unoccupied Ba 5d greatly
contributes, the unoccupied Hf 5d offers few contributions, and
F 2p orbitals provide very few contributions. Combining the
SHG contribution densities of the VB and CB, the SHG-
contributed percentages of the groups/ions are 60.71/33.12,
14.23/23.33, 25.48/43.81, and —0.43/—0.27% for MF,, Ba®',
Cl7, and K* in KBZFC and KBHFC, respectively (Table S67).

The results show that the MF, units and the Cl™ ions
predominantly contribute to the SHG response. Ba>* cations
contribute much less to the lower ratio in the structure, and K*
cations negatively contribute to SHG progress. Although Cl
atoms connect to Ba atoms in KBZFC and KBHFC, the intro-
duction of Cl™ ions increased the SHG intensity, which was
demonstrated by the examples of KBZFC and KBHFC (1, 0.9 X
KDP) vs. K;Ba,Zr¢F;; (0.5 x KDP).

To develop this system, subsequent attempts can be made to
obtain NCS halides with other F/Cl ratios or MF,CI, groups.
KBZFC and KBHFC are positive uniaxial crystals with n. > n, at
1064 nm. The calculation of linear optical properties indicates
that KBZFC and KBHFC exhibit large birefringences (0.12, 0.10
@ 1064 nm) that are sufficient to satisfy the PM requirement
and were proven by the shortest calculated PM wavelengths
(Fig. S7e and ff), which may contribute to the 0D structure
composed by isolated and ordered MF; units.

© 2024 The Author(s). Published by the Royal Society of Chemistry

The theoretical birefringences at 546 nm are 0.12 for KBZFC
and 0.10 for KBHFC, which are basically in alignment with the
calculated birefringence values and are greatly enhanced
compared with the reported DUV transparent fluorides BaMgF,
(0.0077), SrAlFs; (0.0242), BaZnF, (0.0164), Li,CaMFg (M = Zr,
Hf) (0.05, 0.03), and K3Ba,ZrF3; (0.08).*™** The calculated
electronic density difference (EDD) maps further illustrate the
apparent charge transfer from Zr/Hf to F atoms and ordered
dense electron cloud in the ac plane (Fig. 4c and f), which favors
the superposition of optical anisotropy and illustrates the
birefringence source of KBZFC and KBHFC.

Conclusions

KBa;M,F,,Cl (M = Zr (KBZFC), Hf (KBHFC)), the NCS
zirconium/hafnium halides, were synthesized with the incor-
poration of Cl atoms and firstly reported as NCS mixed metal
halides that display DUV cutoff edge. KBZFC and KBHFC
successfully achieve an optimal balance between several strin-
gent criteria, that is, large SHG intensities (approximately 1.0,
0.9 x KDP), short UV cutoff edge extending to the DUV region,
and sufficient birefringence (0.12, 0.10 @ 1064 nm). Apparently,
KBZFC and KBHFC are promising NLO materials with a short
UV cutoff edge, and they signify a new path for developing the
next generation of NLO halides with a DUV cutoff edge.
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The experimental section, and additional tables and figures are
available in the ESL.}
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