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ABSTRACT: It is challenging to explore deep-ultraviolet
(deep-UV) nonlinear optical (NLO) materials that can
achieve a subtle balance between deep-UV transparency
and high NLO activity. Known deep-UV NLO materials
are almost exclusively limited to borates, except few newly
discovered phosphates despite their small NLO activities.
Here we report two asymmetric phosphates, RbBa2(PO3)5
(I) and Rb2Ba3(P2O7)2 (II), which feature [PO3]∞ chains
and [P2O7]

4− dimers formed by condensation of [PO4]
3−

units, respectively. Remarkably, I achieves the desired
balance, with the shortest deep-UV absorption edge at 163
nm and the largest NLO activity of 1.4 × KDP (KH2PO4)
in deep-UV NLO phosphates. According to first-principles
calculations, the enhanced macroscopic SHG response of I
can be attributed to the [PO3]∞ chains which exhibit
significantly larger microscopic SHG coefficients as
compared with the [P2O7]

4− dimers.

Deep-ultraviolet (deep-UV) nonlinear optical (NLO)
materials can produce coherent light of wavelengths

below 200 nm, which plays a unique and crucial role in a
number of scientific instruments that have opened up
unprecedented opportunities to explore novel phenomena in
physics and materials science.1−6 A rigorous prerequisite for a
deep-UV NLO material is that it should be transparent in the
spectral region with the wavelength below 200 nm. Deep-UV
NLO materials are thus almost exclusively limited to borates
which possess both relatively large SHG response and short UV
absorption edge.7−9 Notable examples include a number of
beryllium borates, such as KBe2BO3F2 (KBBF),10,11 NaBe-
B3O6 ,

12 Na2CsBe6B5O15 ,
13 Na2Be4B4O11 , and Li-

Na5Be12B12O33,
14 and some beryllium-free borates, such as

K3B6O10Cl,
15 Ba4B11O20F,

16 and Li4Sr(BO3)2 discovered by our
group.17 It was not until quite recently that the first nonboron-
containing deep-UV NLO phosphates, Ba3P3O10X (X = Cl,
Br),18 were discovered, which highlights phosphates as novel
deep-UV NLO materials. Unfortunately, their SHG responses
(about 0.6 × and 0.5 × KDP, KH2PO4) are rather small as
compared to that of KBBF (∼1.21 × KDP).19

In order to acquire enhanced SHG response, the common
strategy is to introduce NLO-active structural units, such as
second-order Jahn−Teller (SOJT) distorted octahedra of d0

cation centers or stereoactive lone pair cations,20−22 polar
chalcogenide units,23 and d10 cations centered polyhedra with
large polar displacement.24,25 However, the presence of large
SHG response in a material is usually conflicting to short
absorption edge; the aforementioned units can cause the
absorption edge of a material to red-shift evidently. A notable
example is the phosphate KTiOPO4 (KTP);26 the SOJT
distorted TiO6 octahedra in an aligned arrangement make the
dominant contribution to the strong SHG response of KTP, but
they also result in a disadvantageous absorption edge at 350 nm
being far from the deep-UV region.27 Therefore, it is always a
challenge to explore applicable deep-UV NLO materials since it
needs to achieve a subtle balance between deep-UV transparency
and large SHG response.
It is well-known that large alkaline and alkaline-earth cations

are susceptible to asymmetry and have short absorption edge.
Meanwhile, the microscopic groups with tetrahedral config-
uration are believed to be beneficial to short UV absorption
edge.28 Since the known P-O groups are exclusively formed by
asymmetric PO4 tetrahedra, it can be expected that their
synergistic combination with large cations will greatly increase
the likelihood of creating new deep-UV NLO phosphates. Here,
we show two asymmetric phosphates, RbBa2(PO3)5 (I) and
Rb2Ba3(P2O7)2 (II), both which are deep-UV transparent and
NLO-active. Remarkably, I achieves the desired balance, with the
shortest deep-UV absorption edge at 163 nm and the largest
powder SHG efficiency of 1.4 × KDP in deep-UV phosphates.
First-principles calculations were carried out to elucidate the
SHG origin.
Single crystals of I and II were grown through spontaneous

crystallization from high-temperature melts which were prepared
in platinum crucibles by melting mixtures of analytically pure
Rb2CO3, BaCO3, and (NH4)2HPO4 at molar ratios of 1:4:10 and
2:2:5, respectively. The phase purity was confirmed by powder X-
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ray diffraction (XRD). The experimental XRD patterns well
match the calculated ones based on single-crystal XRD analysis
(see Figures S1 and S2). The inductively coupled plasma element
analysis of I and II gave molar ratios of Rb:Ba:P = 1.1:2:5.2 and
Rb:Ba:P = 2.1:3:4.1, respectively, which are consistent with the
compositions determined by single-crystal XRD analysis.
I and II crystallize in asymmetric space groups of monoclinic

Pc and orthorhombic P212121, respectively, and their crystal
structures are displayed in Figure 1. In the structure of I, there are

five crystallographically independent phosphor atoms, which are
all coordinated with four oxygen atoms to form [PO4]

3−

tetrahedral units and further construct infinite one-dimensional
(1D) [PO3]∞ chains via corner-sharing (Figure 1a). The 1D
[PO3]∞ chains extend themselves wavily up and down the ac
plane and are related to each other by the c-glide plane (x, 1/2, z)
(Figure 1b). In the crystal structure of II, there are four
crystallographically independent phosphor atoms, which are all
coordinated with four oxygen atoms to construct two sets of
zero-dimensional (0D) [P2O7]

4− dimers that are formed by two
[PO4]

3− tetrahedral units via corner-sharing (Figure 1c). The 0D
[P2O7]

4− dimers are isolated from each other and operate
themselves by the 21-screw axes, e.g., (1/4, 0, z) and (x, 1/4, 0)
(Figure 1d). The PO4 tetrahedra in I and II are distorted with O-
P-O angles in the ranges of 99.0(3)°−120.7(3)° and 100.1(5)°−
115.3(6)°, respectively, and P-O bonds in the ranges of
1.470(5)−1.634(6) Å and 1.500(11)−1.64(1) Å, respectively.
Such distortions result in the asymmetric local coordination
without anymirror plane symmetry in 1D [PO3]∞ chains and 0D
[P2O7]

4− dimers, just like the cases of 0D [P3O10]
5− trimers in

Ba3P3O10X (X = Cl, Br).18 In the structure of I, Ba atoms are 8-
coordinated by O atoms with Ba-O bond lengths ranging from
2.635(6) Å to 3.059(5) Å, and Rb atoms are 10-coordinated byO
atoms with Rb-O bond lengths ranging from 2.779(6) Å to
3.494(6) Å (Figure S3). In comparison, Ba atoms in II are 7- or 8-
coordinated with Ba-O bond lengths of 2.57(1)−3.003(10) Å,
and Rb atoms are 10- or 11-coordinated with Rb-O bond lengths

of 2.785(10)−3.573(10) Å (Figure S4). These large Ba and Rb
atoms form asymmetric polyhedra, and a further combination
with the asymmetric P-O clusters results in the crystallographical
asymmetry of both compounds.
The thermal stability of I and II was investigated by the

differential scanning calorimetric (DSC) analysis on a
NETZSCH DTA404PC thermal analyzer (the DSC was
calibrated with Al2O3). As shown in Figure 2a, the DSC data

of I show only one sharp endothermic peak around 812 °C in the
heating curve and one sharp exothermic peak at 683 °C in the
cooling curve, which indicates that I is a congruently melting
compound. In this work, single crystals of I were obtained from
its stoichiometric melt, further demonstrating that I melts
congruently. As shown in Figure 2b, the DSC data of II show one
sharp endothermic peak around 1138 °C in the heating curve and
a very small exothermic peak at a much lower temperature of 814
°C in the cooling curve. The residues after the DSC analysis were
characterized by powder XRD analysis. Their XRD pattern is
distinct from that before melting (Figure S5), demonstrating that
II melts incongruently.
UV/vis/NIR diffuse reflectance spectra were collected for

both I and II on a PerkinElmer Lamda-900 UV/vis/NIR
spectrophotometer. As shown in Figure 3a,b, there is no obvious
absorption peak in the energy range of 6.2−1.3 eV (correspond-
ing to a wavelength range of about 200−900 nm), indicating that
both I and II are transparent down to the deep-UV spectral

Figure 1. (a) [PO3]∞ chain. (b) Crystal structure of I. (c) Two sets of
[P2O7]

4− dimers. (d) Crystal structure of II. The positions of selected 21
screw axes and glide planes are indicated.

Figure 2. DSC curves of (a) I and (b) II.

Figure 3.UV/vis/NIR diffuse reflectance spectra of (a) I and (b) II. (c)
Deep-UV transmittance spectrum of I. (c) SHG intensity vs particle size
at 1064 nm. The solid curves are drawn to guide the eyes and are not fits
to the data.
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region. To further determine the exact absorption edge, we
measured the deep-UV transmittance spectrum of I using a
spectrophotometer (VUVas2000, McPherson) in the wave-
length range of 120−220 nm. A crystal with dimensions of about
4 × 4 × 1 mm3 (Figure S6) was used for the measurement
without polishing. As shown in Figure 3c, the UV absorption
edge of I is as short as 163 nm (corresponding to a very large
band gap of 7.61 eV). Such an absorption edge is shorter than
that of Ba3P3O10Cl (180 nm).18 It is also comparable to those of
beryllium borates, such as KBBF (155 nm),11 Na2Be4B4O11 (169
nm), and LiNa5Be12B12O33 (171 nm),14 and those of beryllium-
free borates, such as Li4Sr(BO3)2 (186 nm)17 and K3B6O10Cl
(182 nm).15 Since both I and II are asymmetric, we carried out
powder SHG measurements by the Kurtz−Perry method29 with
a Q-switched Nd:YAG laser of λ = 1064 nm. Polycrystalline KDP
samples were used as the references. The curves of SHG signal as
a function of particle size are shown in Figure 3d. The SHG
intensity of I increases with increasing particle size before it
becomes constant, while the SHG intensity of II initially
increases and then decreases with increasing particle size.
According to the rule proposed by Kurtz and Perry,29 I is
phase-matchable whereas II is not at the wavelength of 1064 nm.
In the same particle size of 125−188 μm, the SHG efficiencies of
I and II are about 1.4 and 0.3 times that of KDP, respectively. The
SHG efficiency of I is significantly larger than those of
Ba3P3O10Cl (0.6 × KDP) and Ba3P3O10Br (0.5 × KDP).18 It is
also comparable to those of beryllium borates, such as KBBF
(1.21 × KDP),19 NaBeB3O6 (1.60 × KDP),12 Na2CsBe6B5O15
(1.17 × KDP),13 Na2Be4B4O11 (1.3 × KDP), and Li-
Na5Be12B12O33 (1.4 × KDP)13 as well as that of beryllium-free
Li4Sr(BO3)2 (2.0 × KDP).17 Therefore, I has promising
prospects to be a good deep-UV NLO material due to its
congruently melting property, short absorption edge, and large
SHG response as well as the phase-matchability.
In order to elucidate the mechanism of optical properties of I

and II, the first-principles calculations were performed by the
plane-wave pseudopotential method implemented in the CA-
STEP package.30,31 The electronic band structures of both
crystals were obtained (see Figures S7 and S8). Figure 4 displays

the density of states (DOS) and the partial density of states
(PDOS) projected on the constitutional atoms. Several
electronic characteristics can be deduced: (i) The region lower
than−7 eV is composed of the isolated inner-shell states with Rb
3s3p, Ba 4s4p, P 2s2p, and O 2s orbitals, which have little
interaction with neighboring atoms. (ii) The upper part of
valence band (VB) is mainly composed of the p orbitals of

oxygen (2p) and phosphorus (3p), indicating that there are
relatively strong covalent bonds between O and P. (iii) The
bottom of the conduct band (CB) consists of the mixture of the
orbitals on all constituent atoms. Since the optical response of a
crystal mainly originates from the electronic transitions between
the VB and CB states close to the bandgap,32 the P-O groups
determine the optical properties, e.g., SHG effect; i.e., the NLO
activities of I and II originate from the condensation of [PO4]

3−

tetrahedral units that built the 1D [PO3]∞ chains and 0D
[P2O7]

4− dimers, respectively. In addition, the shortened UV
absorption edge of I (163 nm, 7.61 eV) in comparison with that
of Ba3P3O10Cl (180 nm, 6.87 eV) can be explained by the
presence of Cl 3p orbitals on the top of VB in the latter (see
Figure S4a in ref 18), which pushes the electronic level at the VB
maximum upward and thus narrows the energy bandgap. The
SHG coefficient dij was calculated by the formula developed by
Lin et al.33,34 Under the restriction of Kleinman’s symmetry,35 I
has six nonzero independent SHG coefficients owing to its Pc
space group, while II has only one nonzero independent SHG
coefficient because of its P212121 space group. The largest two
SHG coefficients for I are d12 = 0.371 pm/V and d13 = −0.591
pm/V, respectively (all SHG coefficients see Table 1). These

values are in good agreement with our measured value, which is
1.4 times that of KDP (d36(KDP) = 0.38 pm/V).36 In the case of
II, the calculated, sole SHG coefficient is d14 = 0.073 pm/V,
which is consistent with its weak powder SHG response (0.3 ×
KDP). Moreover, we adopted a real-space atom-cutting
technique to investigate the microscopic structural origins for
the SHG effects in both crystals, and the results are also given in
Table 1. Evidently, the P-O groups, i.e., 1D [PO3]∞ chains of I
and 0D [P2O7]

4− dimers of II, make the dominant contributions
to the SHG coefficients of both compounds, whereas the
contributions of the cations (Rb+ and Ba2+) are negligibly small.
The optical properties can also be elucidated from the

structural features in I and II. In accordance with the anionic
group theory,37 for both compounds the P-O groups are the
dominating active units, which determine the SHG coefficients.
Table 2 shows the optical properties and structural characteristics
of the known deep-UVNLO phosphates. It can be seen that I has

Figure 4. DOS and PDOS plots of (a) I and (b) II.

Table 1. Calculated SHG Coefficients and the Atom-Cutting
Results of I and II

species dij
total

(pm/V)
Rb+

(pm/V)
Ba2+

(pm/V)
P-O groups
(pm/V)

I d11 0.066 0.026 −0.025 0.074
d12 0.371 −0.013 0.023 0.329
d13 −0.591 −0.013 −0.055 −0.421
d15 0.007 0.017 −0.035 0.023
d24 0.197 0.007 0.000 0.179
d33 0.073 −0.013 −0.019 0.135

II d14 0.073 0.016 −0.030 0.121

Table 2. Optical Properties and Structural Characteristics of
Deep-UV NLO Phosphates

species space group P-O groups absorption edge (nm) SHGa

IIb P212121 [P2O7]
4− <200 0.3

Ba3P3O10Br
c P212121 [P3O10]

5− <200 0.5
Ba3P3O10Cl

c Pca21 [P3O10]
5− 180 0.6

Ib Pc [PO3]∞ 163 1.4

aIn multiples of KDP. bThis work. cData from ref 12.
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almost the shortest absorption edge yet exhibits the largest SHG
response in deep-UV NLO phosphates. We also note that the
SHG responses follow the condensation degree trend of
[P2O7]

4− < [P3O10]
5− < [PO3]∞. This suggests that, with the

prolongation of the P-O groups from 0D [P2O7]
4− dimers and

0D [P3O10]
5− trimers to infinite 1D [PO3]∞ chains, the NLO-

active groups become more vulnerable to be perturbed by an
intense electric field of a laser, so produce a more pronounced
SHG response,38 as confirmed by the atom-cutting analysis. In
fact, the observation, microscopic units condensed into 1D
chains are beneficial to the generation of large SHG effect, has
also been demonstrated in infrared NLO materials, e.g.,
A3Ta2AsS11 (A = K and Rb)23 and AAsSe2 (A = Li, Na).39

Therefore, we believe that it is an effective approach to designing
deep-UV transparent phosphates with high NLO-activity via the
condensation of [PO4]

3− units, specifically, into 1D chains.
Further in-depth investigations are progressing.
In summary, two asymmetric phosphates, RbBa2(PO3)5 (I)

and Rb2Ba3(P2O7)2 (II), were synthesized. Remarkably, I
achieves a desirable balance, with the shortest UV absorption
edge at 163 nm and the largest SHG response of 1.4 × KDP in
deep-UV NLO phosphates. Theory calculations reveal that the
enhanced macroscopic SHG response of I is attributed to the 1D
[PO3]∞ chains which exhibit significantly larger microscopic
SHG coefficients as compared with the 0D [P2O7]

4− dimers.
This work provides a new approach to designing highly NLO-
active phosphates while maintaining deep-UV transparency via
the condensation of [PO4]

3− units into 1D chains. Future efforts
will be devoted to the growth of large crystals and related physical
property studies for compound I as well as the in-depth
investigations on the SHG mechanism.
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