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groups, BO; and B;O4 As such, the SHG coeflicients of

ABSTRACT: Lic_52PO4; a new deep-ultraviolet (UV) phosphates are relatively small." Notably, phosphates containing
transparent‘materlal,.was synthesized by th‘f flux method. additional B—O groups, i.e., borophosphate or borate-phosphate,
The material contains unusual edge-sharing LiO,-PO, can exhibit relatively large SHG responses, e.g, BPO, (2 X
tetrahedra. It exhibits a very short absorption edge of 4 KH,PO,, KDP),> MBPO; (M = St, Ba) (~1 X KDP),'"® and
= 174 nm and generates the largest powder second recently discovered Bay(ZnBO,,)PO, (4 X KDP)."" However,

harmonic generation (SHG) response for deep-UV
phosphates that do not contain additional anionic groups,
ie, 2.6 times that of KH,PO, (KDP). First-principles
electronic structure analyses confirm the experimental
results and suggest that the strong SHG response may
originate from the aligned nonbonding O-2p orbitals. The
discovery and characterization of LiCs,PO, provide a new

they are not simple phosphates, and their SHG effect is closely
related to the introduced B—O groups. Generally, SHG
responses of phosphates can be enhanced by introducing
additional distortive structural units, such as d° transition metal
cations susceptible to second-order Jahn—Teller (SOJT) effect
(Ti*, Nb**, Mo®, etc.),'” cations with stereoactive lone pairs
insight into the structure—property relationships of (PbH' Bi™", Te™, e2t+c.),13 or czlio cl;litligns that undergo an off-center
phosphate-based nonlinear optical materials with large displacement (Zn** and Cd**).""""* Yu et al. recently introduced

SHG responses and short absorption edges. all these three types of structural units into a family of phosphate
materials which exhibit strong SHG responses ranging from 2.8

to 13.5 X KDP."*™ However, employing these strategies in
phosphates will also cause an unwanted red-shift in the
absorption edge, that hinders the application in the deep-UV.
In order to enhance the SHG response of phosphates while
also retaining the deep-UV transparency, other structural design
strategies have been put forward. For example, the pioneering
work by Yu et al. took advantage of the asymmetric C;-P30,,°~
building units leading to the good NLO properties of Ba;P;0,,X
(X =Cl,Br).® Zhao et al. developed an approach based on the use
of flexible P30,,°" building units in BasP4O,,."° They also
suggested that polymerization of P—O groups may help to
increase the distortion of PO, tetrahedra, as represented by
RbBa,(PO;)s.'® It is noted that these compounds are all

discovery challenge.' To date, new potential deep-UV NLO polyphosphates and that the polymerized P—O groups are
materials are mostly limited to borates, such as necessary for SHG enhancement. Until now, there has not been

NaSr;Be;B;00F,,” Ba,B;;05F,” Cs,SiB,0,," Li,Sr(BO;),,’ an example of deep-UV transparent orthophosphates, namely,

onlinear optical (NLO) materials, particularly for deep-

ultraviolet (UV) applications, have provoked considerable
interest owing to their promising applications in laser and
photonic technologies." Up to now, only KBe,BO;F, and
RbBe,BO;F, can generate deep-UV coherent light wavelengths
below 200 nm by direct second harmonic generation (SHG)."®
However, the strong layering tendency limits their practical
application. Hence, the exploration and development of the next
generation deep-UV NLO materials are in great demand. Yet,
exploration of suitable deep-UV NLO materials that possess
relatively large SHG response, wide deep-UV transparent
window, and phase matching ability is a serious materials

Rb,ALB,0,,F,° and K;Ba,Li,Al,B,O,.F. phosphates with isolated PO, tetrahedra, exhibiting large SHG
Beyond borates, leading by the discovery of Ba;P;0,,X (X = responses (>1 X KDP). Here, we describe a new orthophos-

Cl Br),® a new thought of finding deep-UV NLO materials in phate, LiCs,PO,, possessing an unusual edge-sharing LiO,-PO,

phosphates has recently been proposed. Compared with borates, tetrahedra connectivity. A record SHG response of 2.6 X KDP

phosphates exclusively contain asymmetric PO, tetrahedra as under 1064 nm radiation is observed. This is quite unusual as

building units, and they usually exhibit short UV cutoff edges. LiCs,PO, does not contain additional anionic groups, and the

However, phosphates suffer from their own drawback: the

microscopic second-order nonlinear susceptibility of the PO, Received: June 13, 2016

units is 1 order of magnitude smaller than that of the planar B—O Published: July 12, 2016
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SHG response cannot be fully explained by the traditional
anionic group concept.'”

Pure and polycrystalline LiCs,PO, was synthesized via
conventional solid-state techniques, and the phase purity was
confirmed by powder XRD diffraction studies (Figure S1).
Centimeter-size crystals of LiCs,PO, were obtained utilizing a
Li,CO; self-flux (Figure la). LiCs,PO, crystallizes in the
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Figure 1. Macroscopic and atomic scale structure of LiCs,PO,. (a)
Photo of 15 X 14 X 4 single crystal. (b) The 3D framework with Cs—O
bonds omitted viewing along the g-axis. (c) Coordination environment
of the LiO, tetrahedra. (d) The 6° net (white sticks) of 2D (LiPO,)*~
layer. LiO, (blue) and PO, (green) groups are viewed as two kinds of 4-
connected nodes.

noncentrosymmetric and polar space group of Cmc2; (no. 36).
The crystal structure may be described as two-dimensional (2D)
(LiPO,)* layers along the a axis with the Cs* cations residing
between the layers (Figure 1b). The P atom is tetrahedrally
coordinated to oxygen atoms, generating the PO, tetrahedra with
P—O bond lengths varying from 1.545(4) to 1.559(7) A. The Li
atoms form distorted LiO, tetrahedral structures with Li—O
bond lengths ranging from 1.903(10) to 2.076(17) A. Each LiO,
tetrahedron is connected through one edge and two corners with
the PO, tetrahedra (Figure 1c). These groups are connected
forming a 2D (LiPO,)*" layer (Figure 1d). Topologically, both
LiO, and PO, tetrahedra can be viewed as 4-connected nodes,
and the topology of the 2D layer can be described as a Shubnikov
hexagonal plane net'® with Schlifli notation'” of (6*) (Figure
1d). Additionally, the two unique Cs atoms are both 8-coordinate
and form distorted CsOyg polyhedra with the Cs—O bond lengths
ranging from 3.004(7) to 3.695(5) A. Bond valence
calculations™ (Li, 1.02; Cs, 1.04—1.12; P, 4.78; O, 1.82—2.08)
indicate that the all atoms are in their normal oxidation states.
From a structural point of view, LiCs,PO, differs from recently
reported deep-UV NLO-active phosphates, such as Ba;P;0,,X
(X = Cl, Br),” BagP40,,"° RbBa,(PO,)s,'® and ALa(PO;), (A =
K, Cs),”" in two aspects. First, LiCs,PO, is an orthophosphate
with isolated PO, tetrahedra, whereas the others are poly-
phosphates containing polymerized P—O groups (Table 1), such
as [P,0,] dimers, [P;0,,] trimers, and [PO;]* chains. Second, it
is noteworthy that a special Lil—O2—P1—03 ring, that is an
edge-sharing LiO,-PO, configuration, is found in LiCs,PO,
(Figure 1c). According to the third rule of Pauling, except for
some very special situations, the edge-sharing of tetrahedral units
is often avoided in crystal structures.”” In LiCs,PO,, the Li--P
interatomic distance within the Lil—02—P1—03 ring is 2.59 A,
which is significantly larger than the ionic radii sum of Li and P
ions. Thus, the cation—cation electrostatic repulsions are
relatively small so that the influence on the stability of the
ionic structure is not obvious. However, to our best knowledge,
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Table 1. Optical and Structural Properties for Deep-UV NLO
Phosphates

cutoff edge SHG response (X
material P—O groups (nm) KDP)
LiCs,PO, 174 2.6"
LiCaPO,> isolated [PO,] — 02"
LiNay(PO,),* -2 03"
16

Commtriog Fodams T8
Ba;yP;0,,CI° 180 0.6
BayP;0,Br" [P;0,,] trimer <200 0.5
Ba,P40,'° 167 0.8
CsLa(PO,),*" 167 0.5
KLa(PO,),*"® [PO;]* chain 162 0.7
RbBa,(PO,)s"° 163 14 (1.5%)

“Indicates not reported. bEstimated from powder SHG data in this
work.

such an example of edge-sharing LiO4-PO, tetrahedra is first
observed in LiCs,PO,.>

Motivated by the unusual structural feature and polar space
group of LiCs,PO,, we measured its powder SHG properties
under dry conditions. The curves of the SHG signals as a function
of particle size were recorded using KDP as reference. As shown
in Figure 2a, the SHG intensity of LiCs,PO, increases with
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Figure 2. Linear and nonlinear optical properties of LiCs,PO,. (a)
Phase-matching curves. Lines are guide for the eye. The inset presents
the green SHG output light when a bulk single crystal irradiated by 1064
nm laser. (b) The UV optical transmittance spectrum on single crystal.
The inners present the cutoff edge (left) and the corresponding band

gap (right).

increasing particle size, which is consistent with type-I phase-
matching behavior.”* The inset of Figure 2a also demonstrates
green SHG output light from bulk single crystal of LiCs,PO,,
which further confirms its phase-matching ability at fundamental
wavelength of 1064 nm. In the particle size range of 105—150
um, LiCs,PO, exhibits a SHG response of 2.6 X KDP (Figure
2a). In comparison, we recorded the SHG responses of NLO-
active RbBa,(PO,),,'® LiCaPO,,** and LiNa(PO,),”° under the
same experimental condition (Table 1). RbBa,(PO;); was
previously thought to be the one possessing the “largest” SHG
response of 1.4 X KDP (~1.5 X KDP according to our results)
among all deep-UV NLO phosphates.'® Remarkably, LiCs,PO,
has an even larger SHG response, and it is 1.7 times that of
RbBa,(PO,);. It is also interesting to see that the other two
NLO-active orthophosphates only show very weak signals (0.2 X
and 0.3 X KDP for LiCaPO, and LiNas(PO,),, respectively),
although they consist of the same isolated PO, groups.

In order to determine the transparency range of LiCs,PO,, we
measured the deep-UV transmittance spectrum by using a 1 mm
thick crystal plate. As shown in Figure 2b, it shows a broad
transparent range, and its UV cutoff edge is as short as 174 nm

DOI: 10.1021/jacs.6b06053
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(corresponding to a direct band gap of 7.02 eV), which is
comparable to the newly developed NLO-active phosphates
(Table 1). The short cutoff edge of LiCs,PO, further
demonstrates that phosphates could be good candidates for
deep-UV NLO materials.

Why does LiCs,PO, exhibit a large SHG response? We first
applied the anionic group concept,'” which suggests that
macroscopic SHG behavior mainly originates from geometrical
superposition of the microscopic second-order susceptibility of
the NLO-active anionic groups. As shown in previous studies, the
acentric distorted PO, groups are the dominating NLO-active
units, which determine the SHG coefficients.® In order to
quantitatively demonstrate the degree of acentric distortion of
PO, tetrahedron, we calculated its deviation (Ad) from the
idealized tetrahedral symmetry.”® The PO, tetrahedra in
LiCs,PO, show a very small distortion with Ad = 0.11%,
whereas the distortions of condensed PO, tetrahedra found in
other NLO-active polyphosphates are much larger. Besides,
LiCs,PO, has the smallest number density (per unit volume) of
PO, tetrahedra, yet the material exhibits the largest SHG
response in the deep-UV NLO phosphates (Tables 1 and S4).
Moreover, since the alignment of anionic groups can be
influenced by cation size effect,” dipole moment calculations™
were performed, which reveal that PO, tetrahedra have two
different orientations (Table S5 and Figure S2). In LiCs,PO,, the
distortion of PO, units is the smallest among all the phosphates
discussed here, and these PO, units are NOT cooperatively
aligned. Therefore, it is difficult to explain the large SHG
response of LiCs,PO, using the anionic group concept alone.

We performed first-principles calculations using the plane-
wave pseudopotential method with the CASTEP package.”
LiCs,PO, is insulating with a direct band gap of 5.07 eV (Figure
S3), which is substantially smaller than the experimental value of
7.02 eV (a well-known artifact of the local density approximation
functional). Therefore, the “scissors” correction approximation®’
was employed. According to the mm2 symmetry, the calculated
SHG coefficients of LiCs,PO, are d,s = d3; = —0.65 pm/V, d,, =
ds3, =0.22 pm/V, and d3; = 0.61 pm/V. Among them, d;5 and d3;
are approximately two times that of KDP (dss*°F = 0.39 pm/V),
which agree well with the experimental powder SHG measure-
ments. In addition, the electronic structure was calculated to
explore the intrinsic relationship between the structure and
optical properties (Figure 3a). As seen from the partial densities
of electronic states (PDOS), the valence band (VB) near the
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Figure 3. Electronic structure of LiCs,PO,. (a) The PDOS and band-
resolved VE process; (b) the orientation of the O-2p orbital based on
orbital analysis; and (c) deformation charge density map.
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Fermi level is mainly due to the contributions of the 2p orbitals of
oxygen atoms, while the conduction band (CB) is formed
primarily by the hybridization orbitals of O and P atoms and Li-
Is orbital. To identify NLO-active electronic states and
corresponding structural units, the so-called band-resolved
method”™ was employed. Only virtual-electron (VE) process
was shown and plotted at the bottom of Figure 3a because it
shows dominant contribution for SHG response, about 94.7%.
Similar to borate-based NLO materials,” the main response
region is located at the narrow range (—3 to 0 eV) of VB near the
Fermi level, which is almost entirely occupied by the nonbonding
2p orbitals of oxygen atoms. Therefore, these nonbonding O-2p
orbitals should play the key role for the SHG response.

Next, to provide insights for the mechanism of SHG
enhancement, we consider the special edge-sharing tetrahedra
connectivity in LiCs,PO,. Interestingly, one can see that two
nonbonding O-2p orbitals involving in the edge-sharing linkage
(belong to O2 and O3 atoms) have the same direction, namely,
are preferentially oriented (Figure 3b). In addition, Figure 3c
gives the deformation charge density map of this compound,
which reveals some differences between O1 and 02/03 atoms in
electron configurations. It also confirms that there are some
degrees of covalence interaction between Li and 02/03 atoms.
More importantly, all nonbonding O2 and O3-2p orbitals have
preferentially orientation along the a axes as a result of the edge-
sharing tetrahedra connectivity (Figure S4). These aligned
nonbonding O-2p orbitals may increase the microscopic second-
order susceptibility, yielding the large SHG response. This
phenomenon is, in some ways, very similar to the cases of large
SHG response caused by “constructively aligned” stereochemi-
cally active lone-pair electrons, as observed in many NLO
materials containing SOJT cations,”* though the underlying
mechanisms are different. Furthermore, the nonbonding O-2p
orbitals have different directions in LiNas(PO,), and LiCaPO,
(Figure SS). Although sharing similar PO, tetrahedra as NLO-
active units, LiNa;(PO,), and LiCaPO, do not exhibit any
geometric structural benefit from nonbonding O-2p orbitals, and
they generate a very weak SHG response. As a consequence, we
can draw a conclusion that the SHG response of LiCs,PO,
originates from the geometrical superposition of the microscopic
second-order susceptibility of PO, groups and the preferred
spatial orientation of nonbonding O-2p orbitals.

In summary, we have discovered a new deep-UV transparent
material, LiCs,PO,. This orthophosphate consists of regular
isolated PO, units but produces large powder SHG efficiency of
2.6 times that of KDP. It also exhibits a very short UV cutoff edge
down to 174 nm and type I phase matching behavior. This work
impressively shows the innovative potential of phosphates as new
NLO materials with both large SHG response and deep-UV
transparency. For the first time, we captured that the SHG
enhancement of LiCs,PO, is intimately associated with its
unique structural feature, i.e., the edge-sharing LiO4PO,
tetrahedra and aligned nonbonding O-2p orbitals. Our future
work will be devoted to uncovering the underlying relationship
between SHG response and nonbonding O-2p orbitals and to
the syntheses of other phases in the related systems.
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