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A B S T R A C T   

In recent years, phosphates have become a research hotspot to explore new ultraviolet (UV) nonlinear optical 
(NLO) materials. Herein, two NLO materials MZnPO4 (M = Rb, Cs) are synthesized by cation substitution in 
alkali-zinc orthophosphates. Although they crystallize in different space groups P21 and Imm2, respectively, they 
both have a honeycomb-like topological structure consisting of corner-shared PO4 and ZnO4 tetrahedra and 
separated by "M" cations. Two compounds exhibit mild powder second harmonic generation (SHG) responses 
(1.2 and 0.5 × KDP for RbZnPO4 and CsZnPO4, respectively) with type I phase matching behaviors and short 
absorption edges (226 nm for RbZnPO4 and 231 nm for CsZnPO4). Furthermore, their thermal properties, 
infrared (IR) spectra and theoretical calculations are also mentioned in the paper. The synthesis and structure- 
property relationship described in the system will enable discovery of new NLO materials.   

1. Introduction 

Nonlinear optical (NLO) crystals can realize laser frequency con
version, expand spectral wavelength, and modulate beam intensity and 
phase, so they are the critical materials in the field of optoelectronics, 
especially in progressive laser science and technology [1–4]. Since the 
discovery of Ba3P3O10X (X = Cl, Br) [5], the phosphates have become a 
new system for exploring deep-ultraviolet (DUV) NLO materials. Phos
phates usually have the following four advantages, including (i) P–O 
tetrahedral groups have no obvious absorption in the ultraviolet region, 
which is conducive to the light wave passing through the ultraviolet and 
even deep ultraviolet region, (ii) the structure of phosphate is usually 
rigid, which is conducive to improving its chemical stability and thermal 
stability, (iii) P–O groups have a rich structure, which is conducive to the 
exploration of new compounds, (iv) phosphates are environmentally 
friendly and easy to grow crystals. So far, a lot of phosphates, for 
example, LiCs2PO4 [6], LiHgPO4 [7], Ba2NaClP2O7 [8], β-Cd(PO3)2 [9], 
(NH4)2PO3F [10], (NH4)3(H3O)Zn4(PO4)4 [11], were reported as 
promising NLO materials. However, weak second-order NLO suscepti
bility and small birefringence of phosphates are always the weaknesses 
to overcome. To improve the second harmonic generation (SHG) 
response of phosphates, the strategy of introducing NLO-active basic 

building unit (BBU) is usually chosen [12,13]. The Zn2+ cation, as a d10 

transition metal, has 18e electron configuration with strong polariz
ability and significant deformability and can eliminate unwanted ab
sorption edge red shifting. Guided by this idea, a number of NLO 
materials were discovered, such as CaZn2(BO3)2 (3.8 × KDP, <190 nm) 
[14], Ba3(ZnB5O10)PO4 (4 × KDP, 180 nm) [15], Cs3Zn6B9O21 (3.3 ×
KDP, <200 nm) [16] and AZn2BO3X2 (A = K, Rb, NH4; X = Cl, Br) 
(2.53–3.01 × KDP, 190–214 nm) [17]. 

Single-site substitution method is a common and simple method for 
synthesizing compounds, in which one cation or anion in the parent 
structure is replaced by another ion in the same family of the periodic 
table. Once one of the ions is replaced, stoichiometric similar com
pounds probably exhibit different properties due to different ion sizes 
[18]. There are many successful examples such as ABe2BO3F2 (A = NH4, 
Na, K, Rb, Cs) [19–22], AB4O6F (A = NH4, Na, K, Rb, Cs) [23–27], 
ABCO3F (A = K, Rb, Cs; B––Ca, Sr, Ba) [28,29], M4Mg4(P2O7)3 (M = K, 
Rb) [30], A3BBi(P2O7)2 (A = K, Rb, Cs; B––Sr, Ba, Pb) [31–33], etc. In 
this paper, we successfully synthesized RbZnPO4 and CsZnPO4 by 
single-site substitution method based on AZnPO4 (A = Li, K) [34]. The 
crystal structures of CsZnPO4 (Imm2, No.44) is reported first, and 
RbZnPO4 (P21, No.4) was reported by Elammari [35], their NLO optical 
properties were not studied. In this work, the syntheses, NLO properties, 
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infrared (IR) spectra, thermal properties and first-principles calculations 
of the title compounds were presented. 

2. Experimental section 

2.1. Reagents 

Rb2CO3 (99.8 %), CsCl (99.9 %), ZnO (99 %), ZnCl2 (99 %), RbCl 
(99.5 %), RbF (99.8 %), CsF (99 %), NH4H2PO4 (99 %), LiF (99.9 %) 
were purchased from Aladdin Chemical Co. Ltd. and used as received. 

2.2. Synthesis 

RbZnPO4 and CsZnPO4 were synthesized by high temperature solid- 
state reaction. Rb2CO3, ZnO and NH4H2PO4 were mixed in 1 : 2: 2 M 
ratios, and triturated fully with agate mortar. The mixtures were pre
heated up to 350 ◦C for 24 h to discharge H2O, NH3 and CO2 in muffle 
furnace. Then the muffle furnace was heated to 660 ◦C, with several 
intermediate grindings and mixings. Finally, the polycrystalline samples 
of RbZnPO4 were obtained at 660 ◦C successfully. The polycrystalline 
sample of CsZnPO4 was also synthesized by similar way. Differently, 
CsCl, ZnCl2 and NH4H2PO4 were mixed in 2 : 3: 10 M ratios and the 
calcination temperature of CsZnPO4 was 580 ◦C. 

2.3. Single crystal growth 

Crystals of RbZnPO4 and CsZnPO4 were synthesized via the high- 
temperature solution method. The reagents of RbCl (1.2035 g), ZnCl2 
(0.9634 g), RbF (0.4900 g) and NH4H2PO4 (2.4156 g) for RbZnPO4 were 
mixed, ground completely and packed into a platinum crucible. They 
were heated to 830 ◦C from room temperature and held at the temper
ature for 24 h to obtain a transparent and homogeneous melt. Then they 
were cooled slowly to 750 ◦C at a rate of 2 ◦C/h. After that, they were 
further cooled quickly to the room temperature at a rate of 20 ◦C/h. The 
crystal of CsZnPO4 was also grown by the similar temperature proced
ure. Differently, the reagents of CsZnPO4 were CsF (2.5190 g), ZnO 
(1.3579 g), NH4H2PO4 (5.7570 g), LiF (3.2374 g) and RbCl (1.5120 g) 
respectively. After dropping to 750 ◦C, it was lowered to 680 ◦C at the 
rate of 3 ◦C/h, then the temperature was cooled to room temperature at 
a rate of 50 ◦C/h. Finally, some block, transparent crystals (Fig. S1) were 
acquired successfully for further single-crystal structural determination. 

2.4. Powder X-ray diffraction 

At room temperature, the powder X-ray diffraction (XRD) data of the 
title compounds were determined by, Bruker D8 Advance X-ray 
diffractometer with Cu-Kα radiation (λ = 1.5418 Å). The scanning step 
size was 0.02◦/s per step. The angle range 2θ was 10–70◦. As Fig. S2 
shown, the experimental powder XRD patterns of the two compounds 
were conformed to the calculated ones. 

2.5. Single-crystal X-ray diffraction 

The transparent and well-shaped single crystals with sizes of 0.02 ×
0.18 × 0.015 mm3 for RbZnPO4 and 0.11 × 0.10 × 0.10 mm3 for 
CsZnPO4 were chosen for single-crystal XRD measurement. All diffrac
tion data were obtained on a Bruker Smart APEX II single crystal 
diffractometer furnished with a charge-coupled device (CCD). The 
Bruker Suite software package was used to implement the reduction of 
data. Collection and integration of diffraction data using the SAINT 
program [36]. Digital absorption correction was performed using the 
grain surface indexing method provided with the SADABS program [36]. 
The structures were settled by the direct approach and refined by the 
full-matrix least-square method fitting on F2 using SHELXL-2018 system 
[37]. The atomic symmetry was checked by the PLATON routine until 
upgrade to a highly symmetric space group [38]. The detailed crystal 

structure data and refinement parameters were summarized in Table 1. 
Atomic coordinates equivalent isotropic displacement parameters, 
selected bond lengths and the anisotropic displacement parameters were 
all demonstrated in Tables S1–S6 in the supporting information. 

2.6. Infrared and UV–Vis–NIR diffuse reflectance spectroscopy 

The IR spectra of RbZnPO4 and CsZnPO4 were obtained by the 
BRUKER VERTEX 70 spectrometer ranging from 400 to 4000 cm− 1 

(25–2.5 μm). About 5 mg pure samples were mixed completely with 500 
mg dried KBr and pressed into thin slices for the experiment. The 
UV–Vis–NIR diffuse-reflectance data of the title compounds were 
collected by Shimadzu UV-3600 spectrophotometer ranging from 190 to 
2600 nm at room temperature. 

2.7. Thermal analysis 

Thermal gravimetric (TG) analysis and differential scanning calo
rimetry (DSC) were measured on the HITACHI STA 7300 thermal 
analyzer under nitrogen atmosphere. The samples were placed in Al2O3 
crucible and heated from 30 to 1400 ◦C at a rate of 10 ◦C/min, and then 
cooled to 200 ◦C at a rate of 10 ◦C/min under an atmosphere of flowing 
argongas. 

2.8. Second-harmonic generation measurements 

The powder second-harmonic generation (SHG) responses of 
RbZnPO4 and CsZnPO4 were measured on Q-switched Nd: YAG laser at 
the wavelength of 1064 nm using the Kurtz-Perry method [39]. The 
samples of the two compounds were milled and sifted out different 
measure ranges: 28–82, 82–94, 94–116, 116–195, 195–205. And KDP 

Table 1 
Crystal data and structure refinement for RbZnPO4 and CsZnPO4.  

Empirical formula RbZnPO4 CsZnPO4 

Formula weight 245.81 293.25 
Temperature/K 273.15 293 
Wavelength/Å 0.71073 0.71073 
Crystal system Monoclinic Orthorhombic 
Space group P21 (No. 4) Imm2 (No. 44) 
a (Å) 8.8547(5) 5.4346(3) 
b (Å) 5.4076(4) 9.0825(4) 
c (Å) 8.9475(6) 9.0924(4) 
β (deg) 90.167(2) 90.00 
Volume (Å3), Z 428.43(5), 4 448.80(4), 4 
Calculated density (Mg/ 

m3) 
3.811 4.340 

Absorption coefficient 
(mm− 1) 

17.272 13.708 

F(000) 456 528 
Crystal size (mm3) 0.02 × 0.018 × 0.015 0.11 × 0.10 × 0.10 
Theta range for data 

collection (deg) 
3.24 to 27.49 4.37 to 29.35 

Limiting indices − 11 ≤ h ≤ 10, − 7 ≤ k ≤
6, − 11 ≤ l ≤ 11 

− 7 ≤ h ≤ 7, − 12 ≤ k ≤ 11, 
− 11 ≤ l ≤ 12 

Reflections collected/ 
unique 

6804/1960 [R (int) =
0.0378] 

3464/669 [R (int) =
0.0508] 

Completeness (%) 99.4 98.9 
Data/restraints/ 

parameters 
1960/1/128 669/13/49 

Goodness-of-fit on Fo
2 1.145 1.128 

Final R indices [Fo
2 > 2σ 

(Fo
2)]a 

R1 = 0.0498, wR2 =

0.1146 
R1 = 0.0499, wR2 =

0.1110 
R indices (all data)a R1 = 0.0574, wR2 =

0.1171 
R1 = 0.0509, wR2 =

0.1116 
Flack parameters 0.00 0.5(3) 
Refinement method Full-matrix least-squares on F2 

Extinction coefficient 0.0156(12) 0.0036(12) 
Largest diff. peak and 

hole (e⋅Å− 3) 
1.673 and − 1.519 2.105 and − 2.147 

αR1 = Σ||Fo| – |Fc||/Σ|Fo| and wR2 = [Σw(Fo
2– Fc

2)2/ΣwFo
4]1/2 for Fo

2 > 2σ(Fo
2). 
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samples with the same particle sizes were used as the references. 

2.9. Theoretical calculations 

The electronic structures and optical properties of RbZnPO4 were 
calculated by CASTEP code [40]. During the calculation, the generalized 
gradient approximation of Perdew-Buker-Ernzerhof [41,42] was uti
lized. The valence electrons were set as Rb 4s24p65s1, Zn 3p63d104s2, P 
3s23p3, and O 2s22p4 under the norm-conserving pseudopotentials [43, 
44]. The kinetic energy cutoff of 680 eV was determined, and the nu
merical integration of the Brillouin zone was performed using 3 × 5 × 3 
Monkhorst-Pack k-point sampling [45]. The Heyd-Scuseria-Ernzerhof 
(HSE06) hybrid functional was carried out to provide a more accurate 
bandgap [46] using PWmat code. The refractive indices and the bire
fringence were further calculated via the OptaDOS code [47]. 

3. Results and discussion 

3.1. Crystal structure 

Although RbZnPO4 and CsZnPO4 crystallize in different space groups 
(P21 and Imm2, respectively), they both feature honeycomb-like topo
logical structure consisting of corner-shared PO4 and ZnO4 tetrahedra. 
RbZnPO4 crystallizes in the chiral space group P21 (No. 4) and the 
asymmetric units include [Rb(1)O10]/[Rb(2)O9] polyhedra, [ZnO4] and 
[PO4] tetrahedron (Fig. 1 and Table S1). As depicted in Fig. 1a and b, the 
crystal structure of RbZnPO4 can described as a 3D architecture struc
ture, which consisting of [Zn2P2O13] ͚ layers in the bc plane and Rb atoms 
filling in the gap of the frame. From a topological perspective, the ZnO4 
and PO4 groups can be seen as nodes and extend into a honeycomb-like 
skeleton (Fig. 1c). All the bond distances and angles are in the normal 
range, and the detailed atomic coordinate information are given in 
Tables S1 and S3. The calculated bond valence for RbZnPO4 are sum
marized in Table S7. 

CsZnPO4 crystallizes in the orthorhombic crystal system with a polar 
asymmetric space group Imm2 (No. 44) and the asymmetric units 
comprises of [Cs(1)O12]/[Cs(2)O12] polyhedron and [(Zn|P)O4] tetra
hedra. One disordered oxygen splits into two positions of 0.5 each. 
(Fig. 2 and Table S2). As depicted in Fig. 2a and b, its structural 
framework is similar to RbZnPO4 except replacing the [Zn2P2O13] ͚ in 
RbZnPO4 to [(Zn|P)2O7] ͚ in CsZnPO4 and finally the Cs atoms fill the 
gaps of the frame. From a topological perspective, the ZnO4 and PO4 
groups can be seen as nodes and extended into a honeycomb-like skel
eton (Fig. 2c). All the bond distances and angles are in the normal range, 
and the detailed atomic coordinate information are given in Tables S2 
and S4. The calculated bond valence for CsZnPO4 are summarized in 
Table S8. 

3.2. Thermal behavior analysis 

TG-DSC curves of RbZnPO4 and CsZnPO4 are shown in Fig. S3. From 
the TG curves, there are no obvious weight loss up to 1250 ◦C for two 
compounds, which indicates they have good thermal stability. The 
weight losses of RbZnPO4 and CsZnPO4 start at 1251 ◦C and 1259 ◦C, 
which may be attributed to the decomposition of orthophosphates by 
releasing gaseous oxides containing P. There are two exothermic peaks 
(970 ◦C for RbZnPO4 and 995 ◦C for CsZnPO4) on the cooling curve, 
which maybe the phase change points. However, there was no obvious 
endothermic peak on the heating curve, indicating that the melting 
points of the two compounds should be higher than 1400 ◦C. 

3.3. Spectroscopy analysis 

IR spectra of RbZnPO4 and CsZnPO4 are plotted in Fig. S4, their IR 
spectra possess a certain degree of similarity. Peaks near 1130 and 1018 
cm− 1 for RbZnPO4, 1140 and 1055 cm− 1 for CsZnPO4 are assigned to the 
asymmetric PO4 stretching vibrations. The asymmetric PO4 bending 
vibrations are revealed by the peaks near 574-466 cm− 1 for RbZnPO4 
and 625-580 cm− 1 for CsZnPO4. IR spectra confirm the existence of PO4 
units, which are consistent with the results derived from the single 
crystal X-ray structural analyses and previous reported phosphates [7, 
48]. 

As presented in Fig. 3, the two crystals exhibit broad transmission, 
indicating that the application of RbZnPO4 and CsZnPO4 crystals can 
cover a spectral range from UV to near-infrared. Obviously, the UV 
absorption edges of the two compounds are about 226 and 231 nm. The 
absorption data are converted from the diffuse-reflectance data using 
the Kubelka-Munk function: F(R)––K/S = (1-R)2/2R, where K is the 
absorption coefficient, S is the scattering coefficient, R is the reflectance 
[49], and the experimental band gaps of RbZnPO4 and CsZnPO4 are 5.49 
and 5.37 eV, respectively. 

3.4. Second-harmonic generation properties 

As both RbZnPO4 and CsZnPO4 crystallize in NCS space groups, their 
SHG intensities are evaluated by means of the powder measurements. As 
illustrated in Fig. 4, RbZnPO4 and CsZnPO4 are type-I phase-matchable 
by Kurtz and Perry. The SHG intensities of RbZnPO4 and CsZnPO4 are 
~1.2 and~0.5 × KDP, which are comparable with those of phosphates, 
such as A3Al2(PO4)3 (A = K, Rb) (0.4–0.6 × KDP) [50], LiZnP3O9 (0.2 ×
KDP) [51], LiM3P2O7 (M = Na, K) (0.2–0.25 × KDP) [52]. To better 
understand the structure-property relationship, we made structure to
pological of the two compounds. As seen in the topological graph of 
RbZnPO4 and CsZnPO4 (Figs. 1c and 2c), the angle of the six-membered 
rings (6-MRs) range from 109.39◦ to 125.17◦ in RbZnPO4, and from 

Fig. 1. Crystal structure features of RbZnPO4. The [Zn2P2O13] ͚ layers stack along c-axis direction for RbZnPO4 (a); and a-axis direction for RbZnPO4 (b); Topological 
structure of a single layer. The blue and yellow spheres represent ZnO4 and PO4 groups, respectively (c). 
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116.83◦ to 120.08◦ in CsZnPO4. In addition, the side lengths of the 
6-MRs are in the range of 3.00–3.20 Å in RbZnPO4 while 3.13–3.25 Å in 
CsZnPO4. It is obvious that the topological 6-MRs of the RbZnPO4 is 
significantly more deformable than the CsZnPO4, which should be the 
structural reason for their different SHG responses. RbZnPO4 has a good 
NLO structure compared with CsZnPO4. 

3.5. Computational details descriptions 

Owing to the disorder structure, CsZnPO4 was not included in the 
calculation (Table S9). As the NLO properties are highly dependent on 
the features of the valence and conduction band edges, the band struc
tures and the densities of states have been systematically studied. 
RbZnPO4 is direct band gap compound at G point and its theoretical 
band gap is 5.43 eV (absorption edges corresponding to 228 nm) by 
HSE06 functional (Fig. 5). The more detailed analysis of the top of the 
valence band (VB) and the bottom of the conduction band (CB) are 

carried out. The calculated partial density of states (PDOS) is shown in 
Fig. 6. The top of VB near the Fermi level from − 4 to 0 eV is composed of 
the O 2p, P 3s, 3p and Zn 3d orbitals. The bottom of CB near the Fermi 
level from 0 to 4 eV is composed of P 3s, 3p and Zn 4s, 3p orbitals. These 
indicate that the Zn–O and P–O units should give the mainly contribu
tion to the optical properties. In addition, the SHG coefficient dij was 
calculated. RbZnPO4 has four nonzero independent SHG coefficients 
(d14 = − 0.424 p.m./V, d16 = − 0.427 p.m./V, d22 = 1.374 p.m./V, and 
d23 = − 1.420 p.m./V), the obtained effective SHG response is deff =

0.5367 pm/V (~1.38 × KDP), and is close to the experimentally 
measured value. To investigate the contribution of each atom for SHG 
response, we performed the SHG density calculation of RbZnPO4 
(Fig. S5), the SHG process can be described by two virtual transition 
processes, virtual electron (VE) and virtual hole (VH) processes. We only 
show the SHG density of VE process because it has major contribution to 
SHG. It is clearly to see the main contribution coming from O-2p, P-3s, P- 
3p orbitals in VE processes. As shown in Fig. S6, the calculated refractive 

Fig. 2. Crystal structural features of CsZnPO4. The [(Zn|P)2O7] ͚ layers stack along c-axis direction for CsZnPO4 (a); and b-axis direction for CsZnPO4 (b); Topological 
structure of a single layer. The black spheres (Zn|P)O4 (c). 

Fig. 3. UV–Vis–NIR diffuse reflectance spectra of RbZnPO4 (a) and CsZnPO4 (b).  

Fig. 4. The SHG intensity of RbZnPO4 (a) and CsZnPO4 (b) under laser radiation at 1064 nm. KDP serves as the reference.  
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index curve indicates that nx-ny < ny-nz in the wavelength range of 
300–1800 nm, making it a negative biaxial crystal. The birefringence 
(Δn = nx-ny) is 0.0078 at 1064 nm. The authors believe the first- 
principles method underestimated the birefringence because the rela
tively small birefringence is uneasy to meet the phase matching condi
tion, but the phase matching condition was observed in Fig. 4. More 
accurate but more expensive method like TDDFT would be adopted to 
get more reliable refractive indices and birefringence values. It is well 
known that introduction of F, N, or [OH]- et al. can greatly enhance 
birefringence, so we would try to introduce these elements to increase 
the birefringence like Pan, Xie and Ok do in reference [4,53,54]. 

4. Conclusion 

In summary, we obtained two NLO materials RbZnPO4 and CsZnPO4, 
they crystallize in different space groups. We studied their structural 
features and performances in terms of experimental measurement and 
first-principles calculations. Remarkably, both compounds exhibit mild 
powder SHG responses (1.2 and 0.5 × KDP for RbZnPO4 and CsZnPO4) 
with type I phase matching behaviors and short absorption edges (226 
nm for RbZnPO4 and 231 nm for CsZnPO4). These works will enlighten 
subsequent studies on designing novel inorganic phosphates with 
different structures and functional properties. 
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