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Uncovering a Vital Band Gap Mechanism of Pnictides

Jindong Chen, Qingchen Wu, Haotian Tian, Xiaotian Jiang, Feng Xu, Xin Zhao,

Zheshuai Lin, Min Luo,* and Ning Ye*

Pnictides are superior infrared (IR) nonlinear optical (NLO) material
candidates, but the exploration of NLO pnictides is still tardy due to lack of
rational material design strategies. An in-depth understanding
structure—performance relationship is urgent for designing novel and eminent
pnictide NLO materials. Herein, this work unravels a vital band gap
mechanism of pnictides, namely P atom with low coordination numbers (2
CN) will cause the decrease of band gap due to the delocalization of
non-bonding electron pairs. Accordingly, a general design paradigm for NLO
pnictides, ionicity—covalency—metallicity regulation is proposed for designing
wide-band gap NLO pnictides with maintained SHG effect. Driven by this
idea, millimeter-level crystals of MgSiP2 are synthesized with a wide band gap
(2.34 eV), a strong NLO performance (3.5 x AgGaS,), and a wide IR
transparency range (0.53-10.3 pm). This work provides an essential guidance
for the future design and synthesis of NLO pnictides, and also opens a new

1. Introduction

Infrared (IR) nonlinear optical (NLO) ma-
terials, capable of generating a coherent IR
laser through frequency conversion, play an
indispensible role in medical diagnostics,
atmospheric detection, laser weapons, and
laser telecommunications.!l Currently, the
applications of commercial IR NLO mate-
rials, AgGaS,, AgGaSe,, and ZnGeP,, are
very limited due to their intrinsic defects,
e.g., low laser damage thresholds (LDT) of
AgGas,, non-phase-matching behavior of
AgGaSe,, and strong two-photon absorp-
tion of ZnGeP,.[?] Therefore, it is indispen-
sible to design new NLO crystals with large
SHG effect, high LDT, suitable band gap,
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and moderate birefringence.

Chalcogenides and pnictides are both
distinguished IR NLO material candi-
dates. Over the past decades, chalcogenide
NLO crystals have been widely investigated, and developed
numerous state-of-the-art IR NLO materials like BaGa,S,,
BaGa,Se,, BaGa,GeS,, BaGa,GeSe,, LIMX, (M = Ga and In;
X =S and Se) and AgGaGe, S, (1 =2, 3,4,and 5), etc.’) In re-
cent years, the exploration on pnictide NLO crystals has emerged
after years of silence. Compared with chalcogenide NLO crystals,
pnictide those, especially diamond-like pnictides, have natural
advantages as NLO materials because they have larger second-
order NLO coefficients and higher thermal conductivity due to
larger micro second-order NLO susceptibility of [MPn,] (M =
metal, Pn = P, As) tetrahedra and weaker phonon anharmonicity,
respectively.*] In addition, pnictides have good IR transmittance
and wide transparency range generally exceeding 10 pm. These
merits make them promising in high powerful laser output at
long-wave (8-14 um) IR region. Unfortunately, most of pnictides
suffer narrow band gap (<2.33 eV), which means they cannot be
efficiently pumped with widely available 1 ym laser sources due
to serious two-photon absorption and free carrier absorption, lim-
iting their practical applications. In addtion, too narrow band gap
is also unfavourable to the LDT because they are generally pos-
itively related. Therefore, broadening the band gap meanwhile
maintaining a large SHG effect becomes crucial but challeng-
ing in pnictide NLO material design. In general, the band gap of
chalcogenides and oxides can be effectively widen by introduction
of strongly electropositive alkali (Li, Na, K, Rb, and Cs) and alka-
line earth metals (Mg, Ca, Sr, and Ba). The combination of highly
ionic metals and SHG-active groups e.g. planar trigonal groups
([BOs], [B3 O], [CO;], and [NO,])P°) and tetrahedra groups ([SO,],
[PO,], [PS,], [GaS,], and [GeS,])!®] has brought out a plethora of
excellent NLO crystals.

© 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 1. HOMO-LUMO band gap, hyperpolarizability, and polarizabil-
ity anisotropy of (CdP,)'0, (GaP,)°~, (GeP,)?", (SiP4)®", and (GaS,)*~
from diamond-like pnictides CdSiP,, GaP, ZnGeP,, CdSiP,, and AgGa$,,
respectively.

Unexpectedly, this material design paradigm cannot work well
on increasing the band gap of pnictides. Most multicomponent
phosphides containing heavier alkali (Na, K, Rb, and Cs), alkaline
earth metals (Ca, St, and Ba), and IB, IIB, IIIA, and IVA elements,
do not exhibit wider band gap, e.g. Baln,P, (0.4 eV), BaGe,P,
(1.36 eV), BaGe,P,, (1.6 eV), Ba;Ga;P; (1.25 eV), Ba,AgGa;Py
(14 eV), Ba,SiP, (1.45 eV), Sr,SiP, (141 eV), Ba,Si,P, (1.88
eV), p-Ca,CdP, (1.55 eV), Ba;Ga,GeP;, (1.39 eV), CaCd,P, (1.78
eV), Ba,ZnP, (0.6 eV), NaCd,Pn, (1.2 eV), NaSnP (0.51 eV),
StSi, Py, (1.1€V), BaSi,P,, (1.1 eV), and KSi, P, (1.72 €V).") One
could simply attribute the reason to the weaker electronegativ-
ity of P/As element than S/Se element. Nevertheless, there exist
some deeper factors influencing the band gap of pnictides. For
instance, our group’s previous works have revealed the highly
polymerized Ge—Ge homocationic bond with certain metallicity
may decrease the band gap of pnictides.l”’! However, the reason
why alkali/alkaline earth metals pnictides without homocationic
bond frequently exhibit the narrow band gaps are still unclear,
and to our knowledge, no related studies are reported. Gener-
ally, the system of stoichiometric phosphides composed of IA/ITIA
and IIB/IIIA/IVA element can be divided into anionic frame-
work constructed by tetrahedron groups [MP,], and counter
cations IA*/IIA**. Accordingly, the HOMO-LUMO band gap, hy-
perpolarizability and polarizability anisotropy of familiar SHG-
active tetrahedral anionic groups, (CdP,)'°~, (GaP,)®", (GeP,)®",
(SiP,)%, and (GaS,)>~ were investigated. As presented in Figure
1, the [SiP,]®~ group exhibited considerably wide HOMO-LUMO
band gap of 3.1 eV comparable to (GaS,)’~ (3.3 eV), and large
hyperpolarizability, indicating phosphidosilicates might be most
protential NLO material candidates with band gap exceeding or
close to 2.33 eV meanwhile strong NLO effect. Unfortunately,
a substantial percentage of alkali/alkaline earth metal phosphi-
dosilicates have narrow band gap (<2.0 eV), e.g. SrSi,P, (1.1
eV),% KSi,P, (1.72 eV),%! Ba,SiP, (1.45 eV),i% Sr,SiP, (1.41
eV),l% Ba,Si,P, (1.88 eV).*"] In contrast, those pnictides not
containing alkali/alkali earth metals or containing halogens or
lighter alkali/alkali earth metals Li and Mg, exhibit wider band
gap such as GaP (2.4 eV), Zn,PI, (2.85 eV), Cd;PlL; (2.44 eV),
and Cd,PCl, (>2.5 eV), Li;AlIP, (2.75 eV), and MgSiP, (2.33
eV).['% Pnictides are generally classified into Zintl compounds
and obey the electron count rulel'!] describing that the electropos-
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itive cation donates its valence electrons to a negatively charged
polyanion network for which the octet closed shell is fulfilled.
Then, why the increase of electronegativity difference between
cation and polyanion don’tlead to wider band gap in stoichiomet-
ric phosphides containing heavier alkali (Na, K, Rb, and Cs) and
alkaline earth metals (Ca, Sr, and Ba) like doing in chalcogenides
and oxides? It is imperative to reveal the unknown underlying
law influencing the band gap of pnictides.

Aiming at getting sight into this band gap mechanism and
guiding the design of wide-band gap NLO pnictides, we inves-
tigated the A"-Si-Pn, family and it structural variation of A',-Si-
Pn, family (A' = Li, Na, K, Rb and Cs; A"' = Cd, Mg, Ca, St; Pn =
P and As).['>13] A abnormal “band gap reduction” was observed
among them. MgSiP,, Li,SiP,, and CdSiP, exhibited wider cal-
culated band gap of 2.41, 2.32, and 2.13 eV, and the band gap
decreases from 2.41 eV of MgSiP, to 1.81 eV of Cs,SiP, with the
increase of electropositivity and atomic radius of A site. Via com-
bining first-principles calculation and classical Zintl-Klemm con-
cept, the band gap mechanism of alkali/alkali earth pnictides was
revealed. A new idea designing wide-band gap NLO pnictides, i.e.
ionic—covalent-metallic nature control, was proposed based on
this mechanism. Furthermore, we synthesized millmeter-level
crystals of MgSiP,, which has reported largest band gap of 2.34
eV among chalcopyrite pnictides, and simultaneously exhibited
strong SHG effects and wide IR range, indicating it is a promiss-
ing NLO material candidates.

2. Results and Discussion

MgSiP, and CdSiP, have classical chalcopyrite structure (I-42d)
with three-dimensional (3D) covalent framework consisting of
[SiP,] tetrahedra, and Mg/Cd cations fill the tunnels coordinated
with four nearest P atoms (Figure 2a). As the increase of the
ionicity and radius of A site cation, the “dimensional reduc-
tion” effect!’*! increases and 3D Si-P framework gradually col-
lapses. CaSiP, (Figure 2b) and SrSiAs, (Figure 2c) have 2D lay-
ered (SiPn,)?~ network, and Ca’* and Sr?* locate on interlayer
as counter cations. Although Li,SiP, (Figure 2e) holds the 3D
Si-P network, the layered tendency begins to emerge featuring
the decreasing Si-P-Si connections along b-axis. The structure of
Na,SiP, (Figure 2f), K,SiP,, Rb,SiAs,, and Cs,SiP, (Figure 2g)
become one-dimensional with (SiPn,)?~ chains and counter ions.
Meanwhile, the variety of A site cation creates different coordi-
nation environment of Pn atoms. In order to make a qualitative
and intuitive comparison, the title phosphides are emphatically
investigated (Figure S1, Supporting Information). In MgSiP, and
CdSiP,, the P atoms are all connected with nearest neighbor two
Si atoms and two Mg/Cd atoms, and Mg/Cd and Si atoms are
tetrahedrally coordinated with four P atoms, so their structure
can be viewed as 3D tetrahedral covalent framework, where the
bonding interaction between Mg/Cd and P atoms is dominated
by covalency. The P atoms in Li, SiP, have four near Li with two
shorter Li-P distance and two longer Li-P distance while all Li
atoms are coordinated tetrahedrally with four P atoms (Figure
S2, Supporting Information). Due to the stronger electropositive
and larger size of their A site atom in CaSiP,, Na,SiP,, K, SiP,,
and Cs, SiP,, the A-P bonding interaction is mainly nondirected
and unsaturated electrostatic force. According to Zintl-Klemm
concept,!''*21] the anionic framework in their structures should

© 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 2. Crystal structure evolution of the title compounds (a—c, e-f) and

Na,SiP,

achieve an octet closed shell by a complete charge transfer from
the electropositive to the electronegative component. Due to the
absence of homoatomic bonds, the formal chemical formula can
be expressed as A?*(Si*F)(P37), or (A*),(Si*")(P*>7),. P atoms ac-
cept two electrons from nearest neighbor Si atoms forming two
Si-P covalent bonds. The residual charge on P3~ was provided
by near A site atoms, making two lone electron pairs under
ideal condition (Figure 2d,h). To confirm this charge distribution
model, the electron localization function of title phosphides was
performed.

The electron localization function (ELF) maxima of the Si-P
bonds for title compounds are almost halfway between Si and
P atoms, and show high localization, which indicates strong co-
valent character between them. In the ELF plots of MgSiP, and
CdsSiP, (Figure 3a,b), there are two isolated attractors between
one P atom and two near Mg/Cd atoms, indicating the chemical
bonding of Mg/Cd-P can be defined as a polar covalent bond with
the localized attractors shifting to P atoms. In Li, SiP, (Figure S3a,
Supporting Information), there is localized and coherent attrac-
tors on P atom toward two nearer Li, indicating certain covalency
of shorter Li-P bonds. Whereas, the ELF maxima of P atoms to-
ward A cations (A = Ca, Na, K, and Cs) become dispersive with
larger parallel-spin pair probability volume indicates nonbond-
ing electron pairs behavior, and ELF distribution around the A
site cations (Figure 3c,d and Figures S4 and S5, Supporting Infor-
mation) is almost spherical which is typical for nondirected elec-
trostatic interactions between A cations and anions.!"! Usually,
the electronic structure of compounds determine their physical
properties. Accordingly, their differential electronic states might
cause distinguishing band gap. Herein, the electronic structure
of title compounds was calculated based on HSE06 exchange-
correlation functional.['® As shown in Table 1, MgSiP, exhibits
widest calculated band gap of 2.41 eV and CdSiP, has band gap
of 2.23 eV, which is coincident with their experimental value of
2.33 and 2.15 eV.['%V] 1i,SiP, has second largest band gap of
2.38 eV accordant with its yellow crystal color.*d] The calculated
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charge transfer model of A''-Si-Pn, (d) and A',-Si-Pn, (h).

band gap of CaSiP, is 2.04 eV corresponding to its red crystal
color,!%l and that of Na,SiP, is 1.98 eV matching up with its
dark red crystal color.'”! The band gap of title phosphides de-
clines from 2.41 to 1.83 eV with the variety of atomic radius and
electropositivity of A site cations from Mg?* to Cs* (Figure 4).
Counterintuitively, the introduction of Ca, Sr, Na, K, Rb, and Cs
with stronger ionicity did not broaden but decrease the band gap.
By comparing the ELF pattern, it can be found that the so called
lone electron pairs are gradually formed and become more dis-
persive with the weakened bonding nature between A-P inter-
action. In zintl phase, these lone electron pairs are located en-
ergetically close to the Fermi level, and there exists repulsion
between them which is associated with increased band disper-
sion or destabilization of the corresponding bands. In addition,
lattice vibrations, to some degree, will change the magnitude of
repulsive lone pair interactions due to electron—phonon interac-
tion, which can lead to a band shift of narrow bands (localized
electrons) above the Fermi level resulting in an electron trans-
fer from localized to delocalized bands. As the atomic mass of A
site increases, the mass difference between A site and P atom en-
larges resulting in stronger optical branch lattice vibration and re-
pulsive interaction. The electron pairs between IA/IIA and P are
often defined as nearly free electrons (NFE) while that between
IITA/IVA-P are tight-binding electrons (TBE).[?] As the size and
mass of A site cation improve, the NFE and repulsive effect en-
large, may be responsible for the degradation of band gap. How-
ever, it is still confusing that the introducing strongly electropos-
itive alkali and alkaline earth metal element (Ca, St, Ba, Na, K,
Rb, Cs) can promotes the band gap of chalcogenides but cannot
work on pnictides.[?]

Herein, the idea of Zintl chemistry!"'>?!] was used to interpret
this confusing band gap issue, which has been proved applicable
and rational in plenty of Zintl compounds although it is a very
simple chemistry concept. The physical behavior of an element
is related to the valence electrons and orbitals used for chemical
bonding. There is one less valence electron in P element than

© 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 3. Three-dimensional (3D) electron localization function (ELF) isosurfaces at n = 0.5 (left column), electron density difference (EDD) isosurfaces
at 7 = 1/2 X maximum (middle column) and EDD distributions (right column) of MgSiP, (a, e, and i), CdSiP, (b, f, and j), Na,SiP, (c, g, and k), and

K,SiP, (d, h, and |).

Table 1. Key information of the title compounds.

Compound Cal. g [eV] Exp. Eg [eV] Electronegativity of A Atomic radius Ry of A-P bond Maximum value of
site (Pauling scale) of A site EDD field (*10-)
MgSiP, 2.41 2.33 1.31 1.73 2.29 2.373
Li2SiP, 232 N/A 0.98 1.82 N/A 2.115
CdSiP, 2.13 22 1.69 2.18 2.34 2.092
CaSiP, 2.04 N/A 1.0 231 2.55 2.006
Na2SiP, 1.98 N/A 0.93 2.27 2.36 1.937
K2SiP, 1.86 N/A 0.82 2.75 2.64 1.768
Cs2SiP, 1.83 N/A 0.79 3.43 2.93 1.744
MgSiAs, 1.94 1.83 1.31 1.73 2.38 1.908
Rb2SiAs, 125 N/A 0.82 3.03 287 1.480
SrSiAs, 0.79 N/A 0.95 2.49 2.76 1.176
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Figure 4. The relationship between cal. band gaps and atomic radius (a) or electronegativity (b) of A site atoms. Not containing CdSiP,.

S element, which means the achievement of octet closed shell
of P anions requires larger charge transfer. However, P anions
which require larger charge transfer cannot stabilize that large
charge without suitable cation environment, and on loosing
close cation contacts they become highly reductive, ie. “free
some electrons” entering into structural space and causing the
charge delocalization.??] Due to the size effect and electrostatic
force interaction of IA/IIA cations, the P and S anions near them
commonly only have one or two coordination numbers (CN). For
IA/IIA metal sulfides, the octet electrons can be highly localized
around S atoms due to its large electronegativity (y = 2.58)
and high electron affinity (200.41 k] mol~!), so the band gap is
enhanced. However, due to contractive electronegativity (y =
2.2) and much lower electron affinity (72.04 k] mol™") of P atom,
the nonbonding electron pairs of P atoms become delocalized.
To form stable octet electronic configuration, P atoms need to
form three TNE bonds (3s® are generally inert) at least. It is
commonly assumed that that chemical bonding in Zintl phase
has a mixed ionic—covalent-metallic nature.[”*) Bonding within
the polyanionic framework [SiP,]>~ using the Zintl formalism is
considered localized, two-center-two-electron bonding, whereas
in the cases where the A-P bond is not pure ionic interaction
anymore, and it is better described as “polar intermetallics”(*"!
when emphasizing that the extent of charge transfer from the
cation to the polyanionic unit is incomplete, include delocal-
ized multicenter bonding. In other words, the improvement
of ionicity degrades the covalent degree of P atom resulting in
“leakage electron” and the increase of metallicity. Therefore,
the band gap cannot be effectively widened by the introducing
of heavier IA/IIA metals. The reason why MgSiP, and Li,SiP,
possess wider band gap among them is that both Mg and Li
have somewhat covalent ability to P atoms and the electron pairs
between Mg/Li-P bonds tend to TBE. Structurally speaking, Mg
and Li are electropositive element limits for diamond-like com-
pounds not breaking tetrahedral network due to their small size
and certain covalent capability, e.g. diamond-like compounds,
MgSiP,, Mg,In,Si,P,, LiGa$,, and Li,Mg,GeS,.[**! The Mg-Pn
and Li-Pn bonds are dominated by polar covalent nature. Accord-
ingly, MgSiP, and Li,SiP, exhibit wider band gap than CaSiP,,
Na,SiP,, K, SiP,, and Cs, SiP,. In addition, under the formation
of 4CN for P atom, MgSiP, exhibits wider band gap than ZnSiP,
and CdSiP, because the larger electropositivity of Mg (yy, =
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1.31, x4, = 1.65, ycq = 1.69) leads to a shift of the covalent
bridge of the bond to the electronegative P atom. Our further
investigation over other pnictides also showed that pnictides
with P atoms of 2CN and 1CN generally have smaller band gap
than those with P atoms of higher CN (Table S2, Supporting
Information).

To get insight into the atomistic origins of band gap, the partial
density of states was systematically analyzed. The top of valence
band for all title phosphides is mainly composed of P orbitals but
the constitution of bottom of conduction band is distinguishing
with the variety of A site atoms. In MgSiP,, Li, SiP,, and CdSiP,
(Figure 5a-c), the bottom of conduction band consists of Si, P, and
Mg orbitals together. The orbitals of P and Si play a key role on
the formation of conduction band edge (Figure S7b,f, Supporting
Information) while those of Mg, Li, and Cd dominate on higher-
energy level conduction band attributed to the polar covalency of
Mg/Li/Cd-P bonds. Whereas, in Ca,SiP,, Na,SiP,, K,SiP,, and
Cs, SiP, (Figure 5d-g), the A site orbitals make a leading contri-
bution to the bottom of valence band, indicating the band edge is
determined by the A-P interaction. This suggested that there is
strong orbital coupling between A and P atoms, leading to a delo-
calized electron distribution across a long distance. Intriguingly,
this is contrasting with alkali/alkaline earth metal NLO chalco-
genides and oxides, where the orbitals of strongly ionic A site
atom generally occupy higher energy level of conduction band,
and the band gap mainly depend on anionic framework, and the
wavefunction overlap of A cation and neighboring anion is neg-
ligible. Introducing alkali/alkaline earth metals to chalcogenides
and oxides can effectively reduce the extent of orbital overlap in
various directions in the lattice of the anionic framework, which
leads to narrowing of the electronic bandwidths and widening
of the band gaps.[**] However, this “dimensional reduction” via
introducing alkali/alkaline earth metals into pnictides does not
widen band gap like chalcogenides and oxides. Actually, the A-P
interaction in title phosphides is not ionicity anymore but “po-
lar intermetallics” with more delocalized electron distribution,
pushing the conduction band edge to a lower energy level. Fig-
ure S7 (Supporting Information) exhibits a detailed comparison
of conduction band minimum (CBM) structure of MgSiP, and
CaSiP,, Li, SiP, and K, SiP,, respectively. Compared with CaSiP,
and K,SiP,, MgSiP, and Li,SiP, have flatter energy band and
higher energy level orbital contribution of A site atoms to CBM,

© 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 5. Partial density of states of MgSiP, (a), Li,SiP, (b), CdSiP, (c), CaSiP, (d), Na,SiP, (e), K,SiP, (f), and Cs,SiP, (g). Schematic diagram of

band gap enlargement (h).

which indicates more localized charge distribution in MgSiP,
and Li, SiP, leading to their wide band gap (Figure 5h)

To further confirm our results, the electron density difference
(EDD) analyses were performed, which can visualize the charge
transfer and redistribution after the formation of all chemical
bonds in the system. As is shown in (Figure 3e,f), besides Si-P
bonds, there is still strong covalent interaction formed between
Mg/Cd/ and P atoms featuring high localized electrons, and In
Li,SiP, (Figure S5b, Supporting Information), two shorter Li-P
bonds have relative covalent nature. However, as the atomic ra-
dius and mass of A site element increases, the electronic clouds
of P atoms toward A site atoms gradually vanish (Figure 3gh),
meaning the electrons are more dispersive over the space be-
tween A and P atoms. In other words, the octet shell of P anion is
no longer compact due to the disappearance of covalent interac-
tion between A and P atoms with increasing polar intermetallics.
As shown in Figure 3i,j, the electron distributions of MgSiP,
and CdSiP, are remarkably more localized than those of Na, SiP,,
K,SiP,, and Cs,SiP, (Figure 3k, Figure S5¢, Supporting Infor-
mation). The maximum value of EDD fields gradually decreases
from 0.2373 of MgSiP, to 0.1744 of Cs,SiP,, also indicating the
increase of electron delocalization (Table 1) and similar cases oc-
cur in the title arsenides (Figure S6, Supporting Information).

Consequently, to design band gap-wide NLO pnictides, the
ionic—covalent-metallic nature in system should be comprehen-
sively tailored by suitable composition-structure design. More
importantly, this principle uncovered that the difficult balance
between band gap and second-order NLO performance may be
better achieved in NLO pnictides because the enhanced cova-
lent nature can concurrently elevate these two competing NLO
criteria. For instance, the increasing coordination numbers of P
atom lead to increasing density of [MP4] tetrahedral group, which
might contribute to NLO coefficient when these tetrahedra are
optimally arranged. MgSiP, is a successful example which well
balances the ionicity—covalency and tremendously decrease the
metallicity by Mg-P polar covalent bond. Moreover, its chalcopy-
rite structure with aligned [MgP,] and [SiP,] tetrahedron units
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are favorable to positive geometric superposition of microscopic
second-order NLO susceptibility leading to strong macro-SHG
effect. It was first reported in 1969 and published in Nature as
an important inorganic chemistry discovery.['%) Over the past
decades, its optical and other physical properties based on exper-
iment were rarely investigated due to its high melting point and
difficult crystal growth.[?’] In this work, we successfully synthe-
sized millimeter-level crystals of MgSiP, using BaCl, salt flux and
measured its IR transparency and nonlinear optical properties for
the first time.

Its purity were confirmed through powder XRD diffraction
(Figure S9, Supporting Information). The elemental stoichiom-
etry of Mg:Si:P was roughly 1:1:2 according to energy-dispersive
spectrometry analysis (Figure S10, Supporting Information). The
vis—IR transmittance spectrum (Figure 6a) was measured based
on 0.5 mm-thick crystal wafers. The short wave transparency
cut-off located on 0.53 pm corrensponding to the band gap of
2.34 eV. Notably, attributed to the optimal ionic—covalent-metallic
nature of MgSiP,, it successfully broke through the “2.33 eV
wall” avoiding two-photon absorption for 1 um laser pump. The
IR transparency cut-off is at 10.3 um, which is comparable to
that of CdSiP, and ZnSiP, (~10 pm).?%] The long-wave IR edge
of MgSiP, is determined by two-phonon absorption resulting
from high frequency vibration of Si—P bonds. The one-phonon
Raman scattering spectrum (Figure 6b) was measured to analyze
the vibration distribition of atoms and chemical bonds. The high
frequency peaks were mainly ascribed to the vibrations of stiff
Si—P bonds, while the low frequency peaks mainly arose from
the vibrations of soft Mg—P bonds. The highest frequency vibra-
tion of Si—P bonds at 524 cm™! corresponds to the IR absorption
edge of 10.3 pm (971 cm™') under two-phonon absorption ap-
proximation of diamond-like compounds. The TG/DTA curves
(Figure S11, Supporting Information) showed MgSiP, were sta-
ble up to 870 °C without decomposition, indicating its excellent
thermostability.

The NLO performance was characterized by Kurtz and
Perry method with AgGa$, as the references.[?”! The particle
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Figure 6. UV-vis-IR transmittance spectrum (a) with crystal wafer images of MISP (inset in a), one-phonon Raman scattering spectrum (b), particle
size-dependent SHG intensity curves with references of AgGa$S, (c), Calculated frequency-dependent SHG coefficients (d), calculated refractive index
dispersion curves (e), and SHG density map of occupied state and unoccupied state (f).

size-dependent SHG intensity curve of MgSiP, (Figure 6c)
revealed that it is phase-matchable under 2050 nm laser irradi-
ation, and exhibited strong SHG effects which were 3.5 times
that of AgGaS,. The excellent second-order NLO performance
of MgSiP, orginates from the arrangement-aligned [SiP,] and
[MgP,] tetrahedra with high structure criterion C value of 0.985
(Table S3, Supporting Information). Under the restriction of
Kleinman's symmetry, MgSiP, only has one nonzero indepen-
dent NLO coefficient (Figure 3a,b), namely, d,,, which was 31.2
pm V1 at 2050 nm (0.60 eV). The d,, of MgSiP, was ~2 times that
of AgGaS, (d,, = 13.7 pm V1) and comparable to that of AgGaSe,
(d1s = ~30pm V~1).128] As shown in Figure 7, MgSiP, presents su-
perior balanced performance of optical nonlinearity and band gap
in comparison with the state-of-the-art and recently reported NLO
chalcogenides, comparable to BaGa,Se, and BaGa,GeSe, (see
details in Table S4, Supporting Information). The PDOS plots
(Figure 6e) showed that the top of valence band consisted of P 3p
orbitals while the bottom of conduction band was mainly dom-
inated by 3p orbitals of P, Si, and Mg. The SHG density patterns
(Figure 6f) showed that the SHG effect mainly originated from
[SiP,] tetrahedron units. The atomic contribution to the SHG co-
efficient based on Bader charge analysis showed that Mg, Si, and
P have contributions of 5.7%, 30.5%, and 63.8% to d,,, respec-
tively, which indicates nonignorable effect of [MgP,] tetrahedra.

2.1. Conclusion and Outlook
In summary, we unveiled an important and general band gap

mechanism of pnictides, i.e. P atom with low coordination
numbers (2 CN) will decrease band gap due to the delocal-
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Figure 7. Two-dimensional diagram presenting the balanced performance
of the SHG response and band gap. The benchmark is BaGa,GeSeg with
band gap of 2.31eV and dq; 0f23.6 pm V~'.[2° The green area represents a
high balance of SHG response and band gap and the gray area is opposite.
The red and orange triangle symbols represent some recently reported and
the state-of-the-art NLO chalcogenides, respectively.

ization of nonbonding electron pairs. A tactic for the rational
design of wide-band gap NLO pnictides, ionicity—covalency—
metallicity regulation, was proposed for achieving the desired
balance between the band gap and SHG effect. Guided by this,
millimeter-level MgSiP, single crystal was grown via salt-flux
BaCl,. MgSiP, exhibited a largest band gap of 2.34 eV among
chalcopyrite pnictides overcoming the two-photon absorp-
tion under 1 um laser irradiation, a strong NLO performance
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(3.5x AgGas,) and a wide IR transparency range (0.53-10.3 um).
Furthermore, the ionic—covalent-metallic nature control strategy
opens a new avenue for obtaining NLO pnictides with balanced
band gap and NLO performance. This provides a future explo-
ration direction i.e. designing the structure with P atom of high
coordination number (>2CN), or introduce more electronega-
tive chalcogens and halogens to pnictides for undertaking part
transferring charge and promoting the octet shell stabilization.
This work may also gives some inspiration on other Zintl phase
for thermoelectric, superconductive, and transport materials.

3. Experimental Section

Reagent: Mg (Adamas, 4N), Si (Aladdin, 4N), P (Taitan, 5N), and
BaCl, (Adamas, 3N)
Synthesis:  Reactants of Mg, Si, P, and flux BaCl, with a molar ratio of

1.33/1/2/2.67 were thoroughly grinded and mixed in a glove box under
an Ar gas atmosphere. The mixture was loaded into a graphite crucible,
then flame-sealed into a quartz tube. Subsequently, the tube was placed
in a muffle furnace, and heated to 1100 °C, holding for 3 days, and slowly
cooled to 800 °C at a rate of 3 °C h™", finally cooled to 300 °C at a rate
of 10 °C h~! before naturally cooling. The air- and moisture-stable yellow
crystal grains (90% yield) were obtained and then washed using deionized
water to remove BaCl,. Some millimeter single crystals were picked out
and processed into crystal wafer for further measurements.

Powder X-ray Diffraction and Microprobe Elemental Analysis: Powder
XRD pattern of polycrystalline materials were obtained on a Miniflex-600
powder X-ray diffractometer with Cu Ka radiation (4 = 1.540 59 A) at room
temperature within an angular range of 260 = 10—80° with a scan step width
of 0.02° and a fixed time of 0.2 s. Microprobe elemental analysis were
performed on a field emission scanning electron microscope (SU-8010)
equipped with an energy-dispersive X-ray spectrometer.

Single Crystal X-Ray Diffraction: ~The diffraction data were collected at
room temperature on a Rigaku Oxford Hybrid Pixel Array diffractometer
(Liquid Metaljet D2+) with mirror-monochromatic Ga K, radiation (4 =
1.34050 A) and w-scan technique was used to correct Lorentz and polar-
ization factors. The data was integrated with CrysAlisPro program and the
multiscan method was used to correct the absorption.

Thermal Analysis:  Thermal analysis (DTA) were performed on a NET-
ZSCH STA 449F3 unit in N2 atmosphere at 10 °C min~! heating rate. An
amount of 20 mg of title compounds were ground into fine powder and
enclosed in Al,O; crucible. The well-prepared samples were heated from
room temperature to 1100 °C at a rate of 10 °C min~'.

Optical Properties: The UV—vis—NIR transmittance spectrum from
250 to 2500 nm and the IR transmittance spectra from 4000 to 400
cm~ based on polished crystal wafers were recorded using Lamda-
950 UV/Vis/NIR spectrophotometer Lamda-950 UV/Vis/NIR spectropho-
tometer and Bruker VERTEX 70 FTIR spectrophotometer, respectively.
Polycrystalline second harmonic generation (SHG) measurements were
measured through the Kurtz—Perry method!?’! with Q-switched Nd: YAG
solid-state laser having a wavelength of 2050 nm. The samples were
ground thoroughly and then sieved into six distinct particle size ranges
of 2545, 45—-62, 62—75, 75—109, 109—150, and 150—212 pm. Crystalline
AGS with the same particle size ranges were prepared as the references.

Computational Methods: The first-principles calculation was con-
ducted using a plane-wave pseudopotential package CASTEP based on
density functional theory (DFT).13% The exchange-correlation energy was
described by the generalized gradient approximation (GGA) scheme
of Perdew—Burke—Ernzerhof (PBE) functional.l®'] Norm-conserving
pseudopotentials32] (Mg 2s2sp®3s?, Si 3s23p?, P 3523p®) were employed
to simulate the ion-electron interactions. The kinetic energy cutoff is set
to be 990 eV for MgSiP,. Monkhorst-Pack!3] k-point meshes of 4 x 4 x
2 spanning less than 0.04 A=3 in the Brillouin zone were chosen. The unit
cells were fully optimized using BFGSI3*] method before electronic struc-
ture calculations. Due to the discontinuity of exchange-correlation, band
gaps calculated by the GGA method are usually smaller than experimental
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values. Therefore, a scissors operator[3*] was adopted to raise the conduc-
tion bands to match the experimental value. Using the scissors-corrected
electronic structure, the second-order nonlinear susceptibility was calcu-
lated through the “velocity-gauge” formula, and the SHG density was cal-
culated by a band-resolved method.[*¢] The HOMO-LUMO gap, polar-
izability anisotropy, and hyperpolarizability of anionic groups (CdP,)'°-,
(GaP,4)?, (GeP,4)®, (SiP4)3~, (ZnS,4)®, and (GaS,)>~ were calculated us-
ing DFT implemented by the Gaussian 09 package. The basis set LanL2DZ
with B3LYP (Becke, three-parameter, Lee—Yang—Parr) exchange-correlation
functional was employed. The HSEO6 exchange-correlation functionall'®!
was applied to calculate the precise band gap of A!'SiPn, and A',SiPn,
(A" = Cd, Mg, Ca, and Sr; A" = Li, Na, K, Rb, and Cs; Pn = P and As).
The k-points of Monkhorst—Pack grid used in the calculation of MgSiP,,
MgSiAs,, CdSiP,, CaSiP,, SrSiAs,, Li,SiP,, Na,SiP,, K,SiP,, Rb,SiAs,,
and Cs,SiP, were 4 X 4 X 2,4 X 4X 2,4 X 4x 2,3 X3 X 1,2 X 2 X 2,
2X2%X3,2X1x4,2x4x%x4,3x%x2x4,and2 X 3 X 4, respectively.
The ELF (7)["®] and charge density differece was evaluated with modules
implemented within the Materials Studio software. The EDD reflect the dif-
ference between the bonded charge density and the atomic charge density
at the corresponding point, which is expressed as ApABC = pABC — pA —
pB — pC, pABC represents the charge density of ABC system after the for-
mation of the chemical bonds, pa,pg,and p¢ are the charge density of ideal
A, B, and C atoms, respectively.3”] Through the analysis of charge density
difference, the charge movement and transfer in the process of bonding
and bonding electron coupling can be clearly observed. This method was
used to quantitatively analyze the real-space charge distribution on the
octet shell of P atom in system.

Supporting Information

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

Acknowledgements

The authors thank Abudukadi Tudi for his assistance in Gaussian calcu-
lation. This work was supported by the National Key R&D Program of
China (2021YFB3601503), National Natural Science Foundation of China
(Grant Nos. 51890862, 21975255, and 21921001), and Youth Innovation
Promotion Association CAS (2019303). The affiliations of J.C. and N.Y.
were amended on May 16, 2022 after initial online publication.

Conflict of Interest

The authors declare no conflict of interest.

Data Availability Statement

Research data are not shared.

Keywords
band gap, electronic structure, infrared NLO materials, pnictides
Received: December 14, 2021

Revised: February 5, 2022
Published online: March 31, 2022

[1] a) C. Gmachl, F. Capasso, R. Kohler, A. Tredicucci, A. L. Hutchinson,
D. L. Sivco, J. N. Baillargeon, A. Y. Cho, IEEE Circuits Devices Mag.
2000, 76, 10; b) F. Capasso, R. Paiella, R. Martini, R. Colombelli, C.
Gmachl, T. L. Myers, M. S. Taubman, R. M. Williams, C. G. Bethea,

© 2022 The Authors. Advanced Science published by Wiley-VCH GmbH



ADVANCED

SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

(2]

(3]

(4]

(3]

(6]

(7]

(8]

9]

(1]

Adv. Sci. 2022, 9, 2105787

K. Unterrainer, H. Y. Hwang, D. L. Sivco, A. Y. Cho, A. M. Sergent, H.
C. Liu, E. A. Whittaker, IEEE J. Quantum Electron. 2002, 38, 511; c) D.
Richter, A. Fried, B. Wert, J. Walega, F. Tittel, Appl. Phys. B 2002, 75,
281; d) D. Cyranoski, Nature 2009, 457, 953; e) D. F. Eaton, Science
1991, 253, 281.

a) G. C. Catella, L. R. Shiozawa, J. R. Hietanen, R. C. Eckardt, R. K.
Route, R. S. Feigelson, D. G. Cooper, C. L. Marquardt, Appl. Opt. 1993,
32, 3948; b) A. Harasaki, K. Kato, Jpn. J. Appl. Phys. 1997, 36, 700; c)
P. A. Budni, L. A. Pomeranz, M. L. Lemons, C. A. Miller, J. R. Mosto,
E. P. Chicklis, J. Opt. Soc. Am. B 2000, 17, 723.

a) X. Lin, G. Zhang, N. Ye, Cryst. Growth Des. 2009, 9, 1186; b) J. Yao,
D. Mei, L. Bai, Z. Lin, W. Yin, P. Fu, Y. Wu, Inorg. Chem. 2010, 49,
9212; ¢) X. Lin, Y. Guo, N. Ye, J. Solid State Chem. 2012, 195, 172;
e) L. Isaenko, I. Vasilyeva, A. Merkulov, A. Yelisseyev, S. Lobanov, J.
Cryst. Growth 2008, 310, 5865; €) W. Huang, Z. He, S. Zhu, B. Zhao,
B. Chen, S. Zhu, Inorg. Chem. 2019, 58, 5865.

a) L. Wei, Y. Zhang, X. Lv, Y. Yang, H. Yu, Y. Hu, H. Zhang, X. Wang,
B. Liu, Q. Li, Phys. Chem. Chem. Phys. 2018, 20, 1568; b) L. Wei, X. P.
Wang, B. Liu, Y. Y. Zhang, X. S. Lv, Y. G. Yang, H. J. Zhang, X. Zhao,
AIP Adv. 2015, 5, 127236; c) L. Wei, G. Zhang, W. Fan, Y. Li, L. Yang,
X. Zhao, J. Appl. Phys. 2013, 114, 233501.

a) S. Wang, N. Ye, J. Am. Chem. Soc. 2011, 133, 11458; b) G. Zou, N.
Ye, L. Huang, X. Lin, J. Am. Chem. Soc. 2011, 133, 20001; c) G. Zou,
L. Huang, N. Ye, C. Lin, W. Cheng, H. Huang, J. Am. Chem. Soc. 2013,
135, 18560; d) S. Zhao, P. Gong, S. Luo, L. Bai, Z. Lin, C. Ji, T. Chen,
M. Hong, J. Luo, J. Am. Chem. Soc. 2014, 136, 8560; e) T. Thao, P. S.
H. Tran, J. Am. Chem. Soc. 2015, 137, 10504; f) M. Mutailipu, Z. Xie,
X. Su, M. Zhang, Y. Wang, Z. Yang, M. Janjua, S. Pan, J. Am. Chem.
Soc. 2017, 139, 18397; g) X. Dong, L. Huang, C. Hu, H. Zeng, Z. Lin,
X. Wang, K. M. Ok, G. Zou, Angew. Chem., Int. Ed. 2019, 58, 6528.
a) X. Zhang, L. Kang, P. Gong, Z. Lin, Y. Wu, Angew. Chem., Int. Ed.
2021, 60, 6386; b) X. Liu, L. Kang, P. Gong, Z. Lin, Angew. Chem., Int.
Ed. 2021, 60, 13574; c) B. W. Liu, X. M. Jiang, H. Y. Zeng, G. C. Guo,
J. Am. Chem. Soc. 2020, 142, 10641; d) K. Wu, B. Zhang, Z. Yang, S.
Pan, J. Am. Chem. Soc. 2017, 139, 14885; e) G. Li, K. Wu, Q. Liu, Z.
Yang, S. Pan, J. Am. Chem. Soc. 2016, 138, 7422.

a) N. Guechi, A. Bouhemadou, R. Khenata, S. Bin-Omran, M.
Chegaar, Y. Al-Douri, A. Bourzami, Solid State Sci. 2014, 29, 12; b)
J. Chen, C. Lin, G. Peng, F. Xu, M. Luo, S. Yang, S. Shi, Y. Sun, T. Yan,
B. Li, N. Ye, Chem. Mater. 2019, 31, 10170; c) V. Weippert, T. Chau,
K. Witthaut, D. Johrendt, Inorg. Chem. 2020, 59, 15447; d) Z. Feng, |.
Yang, Y. Wang, Y. Yan, G. Yang, X. Zhang, J. Alloys Compd. 2015, 636,
387; ) M.-y. Pan, Z.-j. Ma, X.-c. Liu, S.-q. Xia, X.-t. Tao, K.-c. Wu, J.
Mater. Chem. C 2015, 3, 9695.

a) J. Mark, J.-A. Dolyniuk, N. Tran, K. Kovnir, Z. Anorg. Allg. Chem.
2019, 645, 242; b) J. Mark, ). Wang, K. Wu, ). G. Lo, S. Lee, K. Kovnir,
J- Am. Chem. Soc. 2019, 141, 11976; c) Y. Sun, C. Lin, J. Chen, F. Xu, S.
Yang, B. Li, G. Yang, M. Luo, N. Ye, Inorg. Chem. 2021, 60, 7553; d) M.-
Y. Pan, S.-Q. Xia, X.-C. Liu, X.-T. Tao, Eur. J. Inorg. Chem. 2015, 2015,
2724; ) T. Belfarh, M. Batouche, T. Seddik, G. Ugur, S. B. Omran, A.
Bouhemadou, X. W. Sandeep, X.-W. Sun, R. Khenata, Phys. B 2018,
538, 35.

a) A. Balvanz, ). Qu, S. Baranets, E. Ertekin, P. Gorai, S. Bobev, Chem.
Mater. 2020, 32, 10697; b) C. Grotz, M. Baumgartner, K. M. Freitag,
F. Baumer, T. Nilges, Inorg. Chem. 2016, 55, 7764; c) Z. Lin, G. Wang,
C. Le, H. Zhao, N. Liu, J. Hu, L. Guo, X. Chen, Phys. Rev. B 2017, 95,
165201; d) A. Haffner, V. Weippert, D. Johrendt, Z. Anorg. Allg. Chem.
2020, 647, 326; e) K. Feng, L. Kang, W. Yin, W. Hao, Z. Lin, J. Yao, Y.
Wu, J. Solid State Chem. 2013, 205, 129.

a) P. G. Schunemann, K. T. Zawilski, L. A. Pomeranz, D. ). Creeden,
P. A. Budni, J. Opt. Soc. Am. B 2016, 33, D36; b) ). Chen, C. Lin, D.
Zhao, M. Luo, G. Peng, B. Li, S. Yang, Y. Sun, N. Ye, Angew. Chem., Int.
Ed. 2020, 59, 23549; c) K. Kuriyama, J. Anzawa, K. Kushida, J. Cryst.
Growth 2008, 310, 2298; d) G. AmbrazeviD ius, G. Babonas, Y. V. Rud,
A. Eileika, Phys. Status Solidi 1981,706, 85.

(1]

(12]

(13]

(14]

(15]

[16]
(17]

(18]
(19]

(20]
(21]

(22]
(23]

(24]

(23]

26]
(27]
28]
(29]

(3]

(31]
(32

33]
(34]

35]
36]

(37]

2105787 (9 of 9)

www.advancedscience.com

a) W. B Pearson, Acta Crystallogr. 1964, 17, 1; b) E. S. Toberer, A. F.
May, G. ). Snyder, Chem. Mater. 2009, 22, 624.

a) A. Haffner, T. Brauniger, D. Johrendt, Angew. Chem., Int. Ed. 2016,
55, 13585; b) A. Haffner, A-K. Hatz, C. Hoch, B. V. Lotsch, D.
Johrendt, Eur. J. Inorg. Chem. 2020, 2020, 617; c) X. Zhang, T. Yu, C.
Li, S. Wang, X. Tao, Z. Anorg. Allg. Chem. 2015, 641, 1545; d) B. Eisen-
mann, M. Somer, Z. Naturforsch., B 1984, 39, 736; e) B. Eisenmann,
J. Klein, J. Less-Common Met. 1991, 175, 109.

a) K. E. Woo, ). Wang, K. Wu, K. Lee, J.-A. Dolyniuk, S. Pan, K. Kovnir,
Adv. Funct. Mater. 2018, 28, 1801589; b) V. Weippert, A. Haffner, D.
Johrendt, Z. Naturforsch., B 2020, 75, 983; c) |. Wolf, D. Weber, H.
von Schnering, Z. Naturforsch., B 1986, 41b, 731; d) L. Toffoletti, H.
Kirchhain, J. Landesfeind, W. Klein, L. van Wullen, H. A. Gasteiger, T.
F. Fassler, Chem. - Eur. J. 2016, 22, 17635.

J. Androulakis, S. C. Peter, H. Li, C. D. Malliakas, J. A. Peters, Z. Liu,
B. W. Wessels, ). H. Song, H. Jin, A. . Freeman, M. G. Kanatzidis, Adv.
Mater. 2011, 23, 4163.

a) ). Mark, K. Lee, M. A. T. Marple, S. Lee, S. Sen, K. Kovnir, J. Mater.
Chem. A 2020, 8, 3322; b) K. E. Woo, ). Wang, J. Mark, K. Kovnir, J.
Am. Chem. Soc. 2019, 141, 13017.

P. Deek, B. C. |. Aradi, T. Frauenheim, E. Janzen, A. Gali, Phys. Rev. B
2010, 87, 153203.

G. Zhang, L. Wei, L. Zhang, X. Wang, B. Liu, X. Zhao, X. Tao, J. Cryst.
Growth 2017, 473, 28.

A. D. Becke, K. E. Edgecombe, J. Chem. Phys. 1990, 92, 5397.

O. Gourdon, D. Gout, G. ). Miller, Intermetallic Compounds, Electronic
States of, Elsevier Ltd, Oxford 2005, p. 412.

K. Wu, S. Pan, Coord. Chem. Rev. 2018, 377, 191.

a) E. Zintl, Angew. Chem. 1939, 52, 1; b) W. Klemm, Angew. Chem.
1950, 62, 133; ¢) H. Schifer, B. Eisenmann, W. Miller, Angew. Chem.,
Int. Ed. Engl. 1973, 12, 694; d) A. Ovchinnikov, S. Bobev, J. Solid State
Chem. 2019, 270, 346.

R. Nesper, Z. Anorg. Allg. Chem. 2014, 640, 2639.

I. E. Zanin, K. B. Aleinikova, M. Y. Antipin, Crystallogr. Rep. 2003, 48,
199.

a) ). Chen, H. Chen, F. Xu, L. Cao, X. Jiang, S. Yang, Y. Sun, X. Zhao,
C. Lin, N. Ye, J. Am. Chem. Soc. 2021, 143, 10309; b) A. Abudurusuli,
J. Huang, P. Wang, Z. Yang, S. Pan, |. Li, Angew. Chem., Int. Ed. 2021,
60, 24131.

a) J. Xiao, S. Zhu, B. Zhao, B. Chen, H. Liu, Z. He, Mater. Res. Express
2018, 5, 035907; b) L. Shi, J. Hu, Y. Qin, Y. Duan, L. Wu, X. Yang, G.
Tang, J. Alloys Compd. 2014, 611, 210.

G. C. Bhar, R. C. Smith, Phys. Status Solidi 1972, 18, 157.

S. K. Kurtz, T. T. Perry, J. Appl. Phys. 1968, 39, 3798.

a) J.-J. Zondy, Opt. Commun. 1995, 119, 320; b) D. N. Nikogosyan,
Nonlinear Optical Crystals: A Complete Survey, Springer, New York
2005, pp. 164.

K. Kato, V. V. Badikov, L. Wang, V. L. Panyutin, K. V. Mitin, K. Miyata,
V. Petrov, Opt. Lett. 2020, 45, 2136

a) J. C. Stewart, D. S. Matthew, J. P. Chris, J. H. Phil, I. J. P. Matt, R.
Keith, C. P. Mike, Z. Kristallogr. - Cryst. Mater. 2005, 220, 567; b) W.
Kohn, L. J. Sham, Phys. Rev. 1965, 140, A1133.

a) J. P. Perdew, K. Burke, M. Ernzerhof, Phys. Rev. Lett. 1996, 77, 3865;
b) ). P. Perdew, Y. Wang, Phys. Rev. B 1992, 46, 12947.

A. M. Rappe, K. M. Rabe, E. Kaxiras, ). D. Joannopoulos, Phys. Rev. B
1990, 41, 1227.

H. J. Monkhorst, ). D. Pack, Phys. Rev. B 1976, 13, 5188.

B. G. Pfrommer, M. C6té, S. G. Louie, M. L. Cohen, J. Comput. Phys.
1997, 131, 233.

R. W. Godby, M. Schliter, L. J. Sham, Phys. Rev. B 1988, 37, 10159.
a) W.-D. Cheng, C.-S. Lin, H. Zhang, G.-L. Chai, J. Phys. Chem. C 2018,
122, 4557; b) M.-H. Lee, C.-H. Yang, J.-H. Jan, Phys. Rev. B 2004, 70,
235110.

R. H. Buttner, E. N. Maslen, Acta Crystallogr. B 1992, 48, 764.

© 2022 The Authors. Advanced Science published by Wiley-VCH GmbH



