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The design of pnictide nonlinear optical crystals is quite different from chalcogenide and oxide those,
in which a new paradigm need be developed to regulate the band gap, one of key optical parameters.
In this work, two non-centrosymmetric halidepnictides, [Cd,P],[CdBr4] (CPB) and [Cd,As],[CdBr4] (CAB)
were reported. The complete octet binding electrons of pnictogens were constructed by four Cd-P polar
covalent bonds under the anchoring effect of halogens, creating an extremely flat valence band maximum
with band dispersion of only 0.17 eV. As expected, the balance of the covalency and ionicity in CPB and
CAB was successfully realized, leading to a wide band gap of 2.58 eV and 1.88 eV. Remarkably, CPB not
only has a widest band gap among Cd-containing pnictides, but also exhibits a SHG effect of 1.2 x AgGaS,,
moderate birefringence (0.088@visible light and calcd. 0.043@2050 nm) and a wide IR transmission range.
This is the first time that the octet binding electrons construction strategy was utilized to design non-
diamond like NLO pnictides with excellent performances.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The development of 8-14 pm long-wave infrared (IR) tun-
able high-power laser is an international cutting-edge research
topic [1-3]. The solid-state laser technology with nonlinear opti-
cal (NLO) crystals as core components is the main means of realiz-
ing long-wave infrared laser outputs with broad tunability, narrow
linewidth [4-8]. High-performance infrared NLO crystals require
balanced regulation of frequency conversion efficiency, laser dam-
age threshold (LDT), band gap and birefringence. Pnictides gen-
erally have a large second harmonic generation (SHG) effect and
a wide IR transmission range, which are excellent long-wave IR
NLO crystal candidates [9]. Nevertheless, pnictides suffer narrow
bandgap (<2.5 eV for most phosphides and <1.8 eV for most
arsenides) due to relatively weak electronegativity difference be-
tween pnictogens and metal component elements. A suitably wide
band gap (>2.33 eV) is vital for IR NLO crystals because the LDT is
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directly proportional to the band gap, and it determines whether
the title crystals can be pumped using mature 1064 nm laser with-
out two-photon absorption. In chalcogenides and oxides, the band
gap can be effectively increased by introducing strongly electropos-
itive alkali and alkaline earth metals, to reduce orbital overlap and
enhance the ionicity of the system [10-18]. However, our previous
work [19] has revealed that this paradigm is not applicable to reg-
ulate the band gap of pnictides (Scheme 1). The IA/IIA ions tend
to reduce the covalency of pnictogen (Pn) atoms to unsaturated
coordination (CN) mode (usually 1CN or 2CN), whereas the con-
tractive electron affinity and electronegativity of Pn atoms are in-
capable of stabilizing multiple non-bonded electron pairs resulting
in their delocalized distribution. Consequently, the metallic inter-
action occurs between alkali/alkaline-earth metals and neighboring
Pn atoms, degrades the band gap. To realized a wide band gap, all
composed Pn atoms with at least 3CN are required.

An effective strategy is to explore multiple pnictides diamond-
like structure where all pnictogen atoms have 4CN, realizing sat-
urated coordination mode. Under this framework, the comprehen-
sive regulation of key properties can be expected to be achieved
through rational chemical element matching, e.g., diamond-like
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Scheme 1. The influence of covalent coordination mode of Pn atom on band gap.

pnictides, MgSiP,, MgSiAs, and Mg,In3Si,P;, exhibited outstand-
ing optical performances [20-22]. Another alternative strategy is to
exclusively incorporate strongly electronegative halogens into pnic-
tides. Since the halogens interact directly with the metal cations
and keep a distance from the Pn atoms, the covalent space of
the Pn atoms will not be compressed by halogens. For example,
Cd3P[3, Cd3ASI3, Cd4A52C13, Cd4P2C13, and Cd2P3C1 have all compo-
nent Pn atoms with saturated coordination, exhibiting a large band
gap (2.0-2.4 eV) [23,24]. M"'-containing halidepnictides (M!! =Zn,
Cd, Hg, Sn, etc.) are the largest class of halidepnictides, have
structural diversity and functional versatility [25-29]. Nevertheless,
their nonlinear optical performances are rarely investigated.

Based on these results, two non-centrosymmetric halidepnic-
tides [Cd,Pn],[CdBrs] (Pn=P and As) were synthesized. As ex-
pected, the tetrahedron-coordinated mode, i.e., octet binding va-
lence electron configuration of all Pn atoms were successfully con-
structed in the anti-tridymite type covalent framework [Cd,Pn],
under the electrostatic anchor of Br. Simultaneously, synergiz-
ing with ionic tetrahedral units [CdBry], the wide band gap of
[Cd,P],[CdBry4] (2.58 eV) and [Cd,As],[CdBr4] (1.88 eV) was real-
ized. Remarkably, [Cd,P],[CdBr4] not only exhibited a widest band
gap among Cd-containing pnictides, but also has a SHG effect
of 1.2 x AgGa$S,, moderate birefringence (0.088@visible light and
calcd. 0.043@2050 nm) and a wide IR transmission range (up to
~13.6 nm), indicates it is a potential long-wave IR NLO crystal.

[Cd,P],[CdBry] (CPB) and [Cd,As],[CdBry] (CAB) were synthe-
sized from a mixture of Cd3Pn, (3N, Aladdin) and CdBr; (3N,
Adamas) through a mild solid-state reaction (the experimental de-
tails are provided in Supporting information). The good fitting of
experimental and simulated polycrystalline XRD patterns (Fig. S2
in Supporting information) indicates that the pure phase of title
compounds was obtained. The results of Energy-dispersive spec-
trometry analysis showed that the average atomic ratio of Cd: Pn:
Br is 5:2:4, which was consistent with the results of single crystal
X-ray diffraction structure solution (Fig. S3 in Supporting informa-
tion).

CPB crystallized in non-centrosymmetric space group Pna2,
with unit cell dimensions of a=12.1965(10) A, b=13.6733(10) A,
c=7.7112(6) A, Z=4 (Table S1 in Supporting information). There
are 11 crystallographically independent sites including five Cd, four
Br and two P atoms in one asymmetric unit. Its crystal structure
is composed of anti-tridymite type [Cd4Pn,]** covalent cationic
framework and channel-filling [CdBr,]2~ tetrahedral anionic iso-
lated units (Fig. 1a). In [Cd4Pn,]**, the near linear CdP, units was
tetrahedral-connected via P linkers, achieving a three-dimensional
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Fig. 1. (a) Crystal structure of CPB. (b) [Cd4Pn;]?* covalent cationic framework. (c)
The nearest and second nearest atomic coordination environments of P from two
different views. (d) EDD isosurfaces of CPB at 1 =0.55.

framework (Fig. 1b). Since the valence electrons of Cd are 4d105s2,
o bonds with Cd 5s-P 3p orbital hybridization are formed in
linear (CdP,) units. Noting that this two-coordinated Cd atom
is fairly rare in inorganic compounds. From another perspective,
[Cd4Pn,]*+ framework can also be considered to be (Cd4P) anti-
tetrahedra via sharing vertex Cd atoms. Six (Cd4P) tetrahedra are
interconnected to form a 12-membered ring (CdqgPg) further ex-
tended along the c-axis to form a three-dimensional open frame-
work. The Cd-Br bonds in (CdBr,) tetrahedra atoms range from
2.536 A to 2.715 A, shorter than CdBr, (2.76-2.79 A), Cd4P,Br;
(2.734-3.063 A) and Cd,P5Br (2.854-3.259 A). That means there ex-
ists certain covalency in Cd-Br bonds. Both (Cd4P) anti-tetrahedra
and (CdBr,4) tetrahedra have a certain polarity along c-axis, con-
tributing to inherent dipole moment of 15.04 Debye/unit cell. CAB
crystallized in a chiral space group P2:2;24, with unit cell dimen-
sions of a=7.8405(10) A, b=13.6415(15) A, c=37.217(4) A, Z=12.
The crystal structure is similar with CPB, consisting of [Cd4As, |*+
framework and [CdBr4]?~ units (Fig. S4 in Supporting information).
The difference is that the atomic distribution of CAB undergo a
symmetry transformation of glide plane (at x, y direction of CPB)
to 2; screw axes (at x, z direction of CAB), resulting in the absence
of inherent dipole moment.

XPS fine specta were performanced to the valence state of com-
ponent element. As shown in Fig. S8 (Supporting information), the
binding energy of Cd 3ds, (405.9 eV) and Br 3ds;; (69 eV) in
both CPB and CAB is consistent with those in CdBr, (406, 69.2
eV), indicates the valence state of Cd and Br is 2+ and 1-, re-
spectively. The binding energy of P 3p3, (128.4 eV) and As 3ds),
(411 eV) is consistent with those in InP (128.7 eV) and GaAs
(40.9 eV), imply they have 3~ valence. The small peaks at high
binding energy of P (133.5 eV) and As (44.5 eV) belong to light
oxidation phenomenon. Therefore, both CPB and CAB have specific
valent electronic formula, i.e., [Cd4Pn,]?+t[CdBr4]2~. The Pn atoms
are coordinated with four Cd atoms, making the coordination of
Pn desired saturation mode, favorable to band gap. To figure out
why they can form such complete tetrahedron-coordination mode,
we analyzed their nearest and second nearest atomic coordina-
tion environments. Due to the structure similarity of CPB and CAB,
only the case of CPB is discussed herein. Two independent sites
of P atoms, P1 and P2 have proximate nearest and second near-
est coordinated conditions. For central P atom, whether the neigh-
bouring Cd atoms or the sub-neighbouring Br and P atoms are
trigonometry-arranged along one edge (pseudo threefold axial) of
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Fig. 2. (a) UV-vis-NIR diffuse reflectance spectra. (b) Raman spectra. (c) Particle
size-dependent SHG intensity curves of CPB. (d) SHG signal of CPB with a particle
size of 250-325 pm.

[Cd4P] tetrahedron (Fig. 1c). Due to the electrostatic interaction of
Br atoms on Cd, the Cd atoms are anchored in the tetrahedral ori-
entation of P forming four polar covalent bonds, which leads to
a stable octet electronic configuration of P atoms. As depicted in
the electron density difference (EDD) analysis (Fig. 1d), almost all
P atoms have a tetrahedron-rounding electronic structure, which
are four bonding electron pairs of P-Cd bonds.

As expected, the measured band gap of CPB and CAB are
larger than most phosphides and arsenides like CdSiP, (~2.2 eV),
CdGeAs, (~0.6 eV ) (Table S5 in Supporting information), which
are 2.58 and 1.88 eV (Fig. 2a), respectively. In especial, the band
gap of CPB is known to be widest among Cd-containing pnic-
tides, indicates that it can be efficiently pumped with mature
1064 nm laser source without two-photon absorption. The mech-
anism of band gap will be analyzed in first-principles calculation
section below. One-order Raman spectra (Fig. 2b) showned that
the highest-frequency phonon mode located on 272 cm~! for CPB
and 365 cm~! for CAB, assigned to the vibration of Cd-P and Cd-
As bonds. According to the two-phonon absorption approximation,
the IR transmission cutoff can be reckoned as 13.7 pm for CPB
and 18.4 um for CAB, corresponding to shortest the length of Cd-P
(2.414 A) and Cd-As (2.503 A) bond. The powder SHG responses of
CPB and CAB were systematically investigated with AgGaS, (AGS)
as references through the Kurtz and Perry method [30]. CPB ex-
hibited a phase-matching SHG effect of 1.2 x AGS (Figs. 2c and
d), attributed to the benign arrangement of the groups. Unfortu-
nately, the SHG response of CAB cannot be observed might because
the unfavorable arrangement of the groups counteracts the only
second-order susceptibility component 1,3 under the restriction
of Kleinman’s symmetry.

To deeply investigate composition-structure-property relation-
ship, the first-principles calculations were performed. The band
structures showed that CPB and CAB have a underestimated direct
band gaps of 2.37 and 1.84 eV, respectively (Fig. 3a and Fig. S5a
in Supporting information). The valence band maximum (VBM)
is dominated by P-3p/As-4p and the conduction band minimum
(CBM) is mainly originated from Cd-5s5p (Fig. 3b and Fig. S5b in
Supporting information). To understand their wide band gap mech-
anism, we analyzed the electron density difference (EDD) and elec-
tron localization function (ELF) field distribution because the band
gap is invariably determined by valence electron behaviors of com-
posed atoms. As shown in Fig. 3c and Fig. S5c¢ (Supporting infor-
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Fig. 3. (a) Calculated band structure, (b) PDOS, (c) EDD field distribution, (d) ELF
field distribution of CPB.

mation), each Cd-Pn bonds in (Cd4Pn) tetrahedra has an isolated
EDD maxima shifting to Pn atoms, indicates that the polar cova-
lent bonds are formed between Cd and P atoms. The small-sized
EDD maxima of three short Cd-Br bonds in (Cd4Pn) tetrahedra also
suggests that there exists certain covalency in them. Due to the
formation of octet closed shell of Pn atom via four polar covalent
Cd-Pn bonds, the valence electrons of Pn realize tight-binding state
with high localization (Fig. 3d and Fig. S5d in Supporting informa-
tion). Unlike the electronic distribution of weak IA/IIA-Pn interac-
tion where the electron pairs of Pn are nearly free and delocal-
ized, four bonding electron pairs within (Cd4Pn) units all have high
electron density and localization. It is known that highly local-
ized valence electrons at VBM can decrease band dispersion (BD).
Since VBM was dominantly composed of P-3p/As-4p, these local-
ized valence electrons flatten VBM with BD not exceeding 0.17 eV
(Fig. 3a insert). That is remarkable compared to Ba,Si3Pg (BD=0.4
eV, E;=1.88 eV), BaGe,P, (BD=09 eV, Eg=132 eV), LaSiP3
(BD=1.2 eV, Eg =136 eV) and CaCd,P, (BD=1.0 eV, Eg=1.55 eV),
which all have high valence band dispersion, resulting small band
gap [31-34]. As a consequence, the covalency and ionicity of sys-
tem achieve a balance, and the metallicity is maximally reduced,
which leads to the effective enhancement of band gaps.

Under the restriction of Kleinman’s symmetry, CPB has three
independent nonvanishing second-order susceptibility tensor com-
ponents, namely, ds;, d3p, and dz3, which were 14.67, 1.39, -7.05
pm/V@2050 nm, respectively (Fig. 4a). The largest tensor compo-
nents, d3; was comparable to that of AgGaS, (dy4 =13.7 pm/V), ac-
cordant with the measured SHG intensity. The sole NLO coefficient
of CAB, dy4 is only 1.74 pm/V@2050 nm (Fig. S7a in Supporting
information), which supports that there is no SHG response ob-
served. To further study structure-NLO performance correlations,
the geometrical factor g and structural criterion C of (Cd4Pn)
and (CdBry4) tetrahedron groups was calculated based on anionic
group theory [35], which can represent arrangement level along
largeset NLO susceptibility component (C= gk max, ranges from 0
to 1 which represents most unfavorable and most favorable ar-
rangement of groups, respectively.). CPB has C value of 0.62, well
consistent with its begign SHG effect and calculated d3;. While
the C value of CAB is only 0.01, further supports that CAB has a
very small calculated di4 and no observed SHG response (Table S7
in Supporting information). The SHG-weighted density of d3; was
performed to visualize the SHG contribution of groups or atoms.
The plot (Fig. 4b) showed that both (Cd4P) and (CdBr,4) groups have
an essential contribution to NLO process. The Bader charge anal-
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Fig. 4. (a) Calculated frequency-dependent SHG coefficients, (b) d3; SHG-weighted
density of the occupied electronic state, (c) calculated refractive index dispersion
curves and (d) measured birefringence using a cross-polarizing microscope under
visible light of CPB.

ysis uncovered that the concrete SHG contribution of (Cd4P) and
(CdBry4) groups 69.6% and 30.4%, respectively. The calculated bire-
fringence of CPB and CAB were 0.043 and 0.045@2050 nm, respec-
tively (Fig. 4c and Fig. S7b in Supporting information). The shortest
phase-matching wavelength of CPB is ca. 940 nm, which ensured
it could be pumped by a mature 1064 nm laser source. Further-
more, we also measured the birefringence of CPB using a cross-
polarizing microscope [36]. The thickness of the measured crystal
is 8.5 ym, and the interference color of cross polarized light was
the first order blue corresponding to the retardation of 750 nm.
Based on the formula R=An xd (the detailed physical principle
is described in Supporting information), the birefringence An was
evaluated as 0.088 under visible light, consistent with the calcu-
lated value of 0.094@532 nm (Fig. 4d).

In summary, two halidepnictides with wide-band gap,
[Cd,P],[CdBry4] (CPB) and [Cd,As],[CdBry] (CAB) were synthesized
based on halogen-assisted octet binding electrons construction
of pnictogens (Pn). The four valence electrons pairs of Pn with
high electron density and localization were formed by four polar
covalent Cd-P bonds, creating an extremely flat valence band
maximum. Finally, the delicate balance of the covalency and
ionicity was successfully realized by the synergy of [Cd4Pn;]
and [CdBr4] modules, contributing to the increase of band gap.
Remarkably, CPB realizes a widest band gap among Cd-containing
pnictides, and also exhibits a SHG effect of 1.2 x AgGaS,, moderate
birefringence (0.088@visible light and calcd. 0.043@2050 nm)
and a wide IR transmission range (up to ~13.6 pm), indicates
it is a promissing NLO crystal. Furthermore, the octet binding
electron construction strategy may provide important guidance for
designing wide band-gap NLO pnictides.
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