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ABSTRACT: Second-harmonic generation (SHG) response and 
birefringence are two critically important properties of nonlinear 
optical (NLO) materials. However, the simultaneous optimization 
of these two key properties remains a major challenge because of 
their contrasting microstructure requirements. Herein, we report 
the first tetravalent rare-earth metal fluorinated sulfate, 
CeF2(SO4). Its structure features novel net-like layers constructed 
by highly-distorted [CeO4F4] polyhedra, which are further inter-
connected by [SO4] tetrahedra to form a three-dimensional struc-
ture. CeF2(SO4) exhibits the strongest SHG effect (8 times that of 
KH2PO4) and the largest birefringence for sulfate-based NLO 
materials, the latter exceeding the birefringent limit for oxides. 
Theoretical calculations and crystal structure analysis reveal that 
the unusually large SHG response and giant birefringence can be 
attributed to the introduction of the highly polarizable fluorinated 
[CeO4F4] polyhedra as well as the favorable alignment of 
[CeO4F4] polyhedra and [SO4] tetrahedra. This research affords a 
new paradigm for the designed synthesis of high-performance 
NLO materials. 

Nonlinear optical (NLO) crystalline materials with second har-
monic generation (SHG) properties play a crucial role in modern 
laser science and technology because their frequency conversion 
abilities can extend the output spectral ranges of laser sources.1-6 
In the past decades, a few NLO materials have been discovered 
and commercialized,7 such as KBe2BO3F2 (KBBF),8 β-BaB2O4 
(BBO),9 LiB3O5 (LBO),10 and AgGaS2 (AGS).11 The desirable 
characteristics for excellent NLO materials are large SHG re-
sponse and sufficient birefringence to achieve phase matching in a 
specific transparency window.12-16 However, it is exceptionally 
challenging to simultaneously maximize these two optical param-
eters because they impose different requirements on the micro-
structure. For example, the NLO crystal SrB4O717,18 exhibits a 
strong SHG response originating from the aligned arrangement of 
tetrahedral [BO4] units, but it suffers from a small birefringence 
caused by the nearly isotropic configuration of the corner-sharing 
[BO4] groups. Efficient routes to new NLO materials with large 
SHG response and birefringence are consequently of enormous 
current academic and commercial interest.3-6,12-16 

Inorganic oxides based on tetrahedral groups,19 including phos-
phates,20-24 silicates,25 and sulfates,26-28 are promising candidates 
for NLO materials because of advantages in their environmentally 
friendly chemical compositions, wide transmittance ranges, and 
ease of crystal growth. Notable examples include commercially 
available KH2PO4 (KDP)20 and KTiOPO4 (KTP)7 as well as the 
recently developed LiCs2PO4,22 Ba2NaClP2O7,23 
NH4NaLi2(SO4)2,26 and Li2BaSiO4.25 However, due to the small 
microscopic second-order polarizability and the weak optical 
anisotropy of the tetrahedral groups,29 the majority of these crys-
talline materials display weak SHG signals and/or small birefrin-
gence that seriously hinder their practical applications. Thus far, 
the design strategies for enhancing the SHG response and bire-
fringence of tetrahedral group-based oxides have mainly focused 
on the introduction of cations susceptible to second-order 
Jahn−Teller (SOJT) distortions [lone-pair cations (e.g., I+, Pb2+, 
Sn2+, Sb3+)30-33 and octahedrally coordinated d0 transition metals 
(d0 TMs, e.g., Ti4+, Nb5+, W6+)34,35]. In comparison, the incorpora-
tion of non-SOJT structural units into tetrahedral group-based 
oxides has been largely ignored as a means to create new NLO 
materials with both strong SHG response and large birefringence. 

In principle, optical properties are related to the electronic 
structures of the conduction band (CB) minimum and valence 
band (VB) maximum, which are influenced by the constituent 
elements, chemical bond types, and molecular stacking configura-
tions. Our previous research has demonstrated that non-SOJT 
structural units offer tremendous possibilities for tuning linear and 
nonlinear optical properties.36 In the present study, we propose a 
strategy of increasing structural distortion by the introduction of 
non-SOJT fluorinated rare-earth (RE) metal-centered polyhedra, 
as a means to enhance the NLO response and the birefringence. 
Unlike SOJT cations, rare-earth cations (particularly those with 
localized 4f electrons37) can induce significant differences in the 
band structures and thereby potentially improve the linear and 
nonlinear optical properties. Polarizable polyhedra38 can be easily 
formed through the partial substitution of O2− in RE-centered 
polyhedra with the more electronegative F−, due to the increased 
ionicity of the RE-F bonds. Tetrahedral anionic groups, which are 
controlled by polarizable metal-centered polyhedra, may exhibit 
enhanced optical anisotropy and polarizability when they are 
aligned uniformly;23 this favors the maximization of SHG re-
sponse and birefringence simultaneously. Following this strategy 
to increase the structural distortion, the first tetravalent rare-earth 



 

fluorinated sulfate CeF2(SO4) has been successfully constructed, 
with its 3D structure built from highly polarizable [CeO4F4] poly-
hedra and [SO4] tetrahedra. Owing to its simple chemical compo-
sition, millimeter-size crystals can be easily obtained via facile 
hydrothermal methods. CeF2(SO4) exhibits the strongest SHG 
response (8 × KDP) among the sulfate-based NLO materials, and 
its large birefringence (0.361 at 546 nm) breaks through the bire-
fringent limit for oxides. Herein, we report its synthesis, crystal 
structure, linear and nonlinear optical properties, as well as com-
putational studies to rationalize its excellent performance.  

 
Figure 1. (a) Coordination environment of the Ce atoms in 
CeF2(SO4). (b) View of the 2D [CeF2]∞ framework along the b 
axis. Oxygen atoms have been omitted for clarity. (c) View of the 
CeF2(SO4) structure along the a axis. Khaki arrows indicate the 
dipole moment direction of adjacent [SO4] groups. (d) Structure 
of CeF2(SO4) viewed along the b axis. 

 
Single crystals of CeF2(SO4) with dimensions up to millimeters 

on a side were synthesized in a hydrothermal reaction of a mixture 
of CeO2, H2SO4, 40% HF, and H2O at 230 oC for 3 days. A pho-
tograph of the transparent yellow blocks is shown in Figure 2a 
(the largest is 2.0 × 1.2 × 0.4 mm3). The yellow crystals are stable 
in air for six months without weight loss or change in appearance. 
Powder X-ray diffraction (XRD) analysis confirmed the purity of 
the product (Figure S1). Energy dispersive spectroscopy analysis 
of crystalline CeF2(SO4) verified the presence of Ce, S, O, and F 
elements, as shown in Figure S2. Thermogravimetric analysis 
(Figure S3) indicates that CeF2(SO4) is thermally stable up to 405 
oC and exhibits a two-step weight loss: the minor weight loss of 
7.22% that occurs in the range 405−520 °C is due to the loss of F2 
(calculated value 6.93%), while in the second stage (550−830 °C) 
the weight loss of 28.29% is tentatively attributed to the release of 
O2 and SO2 (calculated value 27.2%). The final residuals at 900 
oC were confirmed by the powder XRD study to be mainly CeO2 
and CeF3 (Figure S4). 

CeF2(SO4) crystallizes in the non-centrosymmetric (NCS) and 
polar orthorhombic space group Pca21 (No. 29, Table S1). Within 
one asymmetric unit, there are one independent Ce, one S, four O, 
and two F atoms (Figure S5a). Each Ce atom is eightfold coordi-
nated by four O atoms from four [SO4] groups and four fluoride 
atoms, forming a distorted [CeO4F4] polyhedron with Ce-O dis-
tances ranging from 2.306(6) to 2.380(7) Å and Ce-F distances in 
the range 2.204(7) to 2.265(7) Å (Table S2). The fluorine atoms 
act as structure directing agents, significantly affecting the coor-
dination environment of the Ce4+ cation, and leading to the for-
mation of fluorinated tetravalent cerium-centered polyhedra with 
large local dipole moments (Figure 1a). Owing to the unique co-

ordination environment and localized 4f electrons on the Ce4+ 
cation, the highly distorted [CeO4F4] polyhedron is conducive to 
the generation of large optical anisotropy and hyperpolarizability. 
Contiguous [CeO4F4] units are linked in a corner-sharing [F(1) 
and F(2)] mode, leading to distorted eight-membered squares in 
the [CeF2]∞-layer-containing ac plane (Figures 1b and S5b), with 
the ordered in-plane arrangement of the [CeO4F4] units playing an 
important role in further enhancing the birefringence and SHG 
response. The distance between adjacent [CeF2]∞ layers is 6.36 Å 
(Figure 1c). Asymmetric [SO4] groups are located in the [Ce4F4] 
eight-membered rings, serving as interlayer linkers connecting 
four Ce atoms (Figure S5c), and thereby forming the final three-
dimensional structure (Figure 1d). The [SO4] tetrahedra are 
aligned roughly parallel to the c axis (Figure 1c), a spatial ar-
rangement that additively enhances the optical anisotropy and 
allows CeF2(SO4) to display birefringence. Bond valence sum 
calculations on Ce4+, S6+, O2−, and F− gave values of 3.87, 6.05, 
1.90−2.02, and 1.02−1.05, respectively (Table S3). 

The SHG intensities of crystalline powder samples under 1064 
nm laser irradiation indicate that CeF2(SO4) not only exhibits a 
large SHG effect (8 × KDP) within the 105−150 μm particle size 
range, but also realizes phase-matching at 1064 nm (Figures 2a 
and 2b). To the best of our knowledge, CeF2(SO4) shows the larg-
est SHG response among reported sulfate-based NLO materials 
(Table S4). The optical performance was also probed by first-
principles calculations.39 The non-zero independent SHG coeffi-
cients (d31, d32, and d33), under the restriction of Kleinman sym-
metry, are as follows: d31 = −6.316 pm/V, d32 = −7.356 pm/V, and 
d33 = −10.945 pm/V (Table S6).40,41 The calculated average SHG 
coefficient is larger than the experimental result, which can be 
attributed to the fact that the SHG calculations are based on an 
optimized single-crystal structure that may generate a larger SHG 
effect. The origin of the SHG effect was explored further via an 
SHG-weighted electron density analysis. It is clear that the SHG-
weighted electron clouds of d33 are mainly located on the 
[CeO4F4] and [SO4] units (Figures 2c and 2d). The nonbonding O-
2p orbitals make a significant contribution to the SHG effect in 
the occupied states, while in the unoccupied states, the Ce-4f or-
bitals afford the primary contribution to the SHG response. These 
results indicate that under the perturbation of ambient optoelec-
tronic fields, the SHG contribution of [CeO4F4] units is signifi-
cantly larger than that of the [SO4] units (Figure 2d). The specific 
SHG contributions from all units were calculated by a real-space 

 
Figure 2. (a) Phase-matching curve of CeF2(SO4) with 1064 nm 
laser radiation. KDP was used as a reference for the SHG meas-
urement at 1064 nm. The inset shows a photograph of CeF2(SO4) 
single crystals. (b) Oscilloscope traces of the SHG signals for 
powders of CeF2(SO4), and KDP in the same particle size range 



 

105−150 μm. SHG-weighted densities for (c) occupied and (d) 
unoccupied electronic states of CeF2(SO4). 
atom-cutting method. As shown in Table S6, the contributions to 
the largest SHG coefficient d33 are 9.846 pm/V for [CeO4F4] 
(96.5% of d33) and 0.358 pm/V for [SO4] (3.5% of d33). It is evi-
dent that, in comparison to [SO4], the [CeO4F4] units make the 
dominant contributions to the SHG coefficients in CeF2(SO4), 
which is in good agreement with the SHG-weighted electron den-
sity analysis. 

 
Figure 3. Comparison of (a) the original CeF2(SO4) crystal and 
(b) the CeF2(SO4) crystal achieving complete extinction. (c) Cal-
culated frequency-dependent refractive indices of CeF2(SO4). 

 
The birefringence of a CeF2(SO4) single crystal was measured 

on a ZEISS Axio A1 polarizing microscope (Figure 3a), demon-
strating complete extinction (Figure 3b). The retardation value of 
the measured crystal was approximately 6.78 μm with a thickness 
of 18.8 μm (Figure S6), corresponding to a measured birefrin-
gence of 0.361 at the wavelength of 546 nm. The birefringence of 
CeF2(SO4) is larger than those of the commercial birefringent 
crystals α-BBO (exp. 0.122 @ 532 nm) and CaCO3 (exp. 0.172 @ 
589 nm), and indeed it breaks through the birefringent limit of 
extant oxides (Table S5). The calculated linear optical properties 
(Figure 3c) show that the refractive index dispersion curves dis-
play strong anisotropy with ny > nx > nz, indicating that CeF2(SO4) 
is a biaxial negative crystal. The derived birefringence Δn is 0.36 
@ 546 nm, in good agreement with measured birefringence. The 
shortest SHG phase-matching wavelength is 520 nm (Figure S7), 
confirming the phase-matching capability of CeF2(SO4) under the 
experimental 1064 nm laser. To improve our understanding of the 
origin of the large birefringence of CeF2(SO4), a real-space atom-
cutting technique was adopted to evaluate the contribution of the 
constituent groups to the overall birefringence (Table S6). Clear-
ly, the large birefringence of CeF2(SO4) is mainly attributable to 
the optically anisotropic [CeO4F4] units (0.33 @ 546 nm), while 
the contribution of the [SO4] unit is lower but still significant 
(0.10 @ 546 nm). 

The IR absorption bands at 1200 and 900 cm−1 are assigned to 
[SO4] symmetric stretching (Figure S8), while other bands appear-
ing around 616, 505, and 449 cm−1 are assigned to Ce-O/F asym-
metric vibrations. The ultraviolet-visible-near-infrared (UV-Vis-
NIR) diffuse reflectance spectrum (Figure S9) indicates that the 
band gap of CeF2(SO4) is ca. 2.71 eV. Electronic band gap predic-
tion by DFT resulted in an indirect band gap of 1.23 eV (Figure 
S10) for CeF2(SO4), which is smaller than the experimental result, 
an outcome attributed to the derivative discontinuity of exchange-
correlation energy. The partial densities of states of CeF2(SO4) are 
shown in Figure S11. The electronic states of S and Ce overlap 
well with those of the O atoms from the VB to the CB, indicating 
strong covalent interactions in the S-O and Ce-O bonds. The top 
of the VB is dominated by O-2p nonbonding states, and in the 
bottom of the CB, the dominant orbital contributions come from 
Ce-4f orbitals mixed with a small amount of S-3p states. The band 
gap is therefore determined by Ce and O and the SHG response in 
CeF2(SO4) mainly arises from the [CeO4F4] units, because the 
NLO effect is determined by the virtual (electron and hole) excita-
tions among the states near the forbidden band.  

In summary, the first tetravalent rare-earth-metal fluorinated 
sulfate CeF2(SO4) has been obtained by hydrothermal means 
through the combination of highly polarizable [CeO4F4] polyhedra 
and sulfate. CeF2(SO4) features the strongest SHG response (8 × 
KDP) among the reported sulfate-based NLO materials. Simulta-
neously, its birefringence (0.361 at 546 nm) exceeds those of the 
majority of oxides. Detailed theoretical calculations confirm that 
the remarkable linear and nonlinear optical properties mainly 
originate from the favorable alignment of the highly polarizable 
[CeO4F4] units as well as [SO4] groups. This work sheds new light 
on the idea of introducing highly distorted fluorinated polyhedral 
such as [CeO4F4] to improve the SHG response and birefringence 
of sulfate-based NLO materials, and will guide the discovery of 
other novel structure-driven NLO functional materials. 
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