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BasAgGasPng (Pn = P, As): New Pnictide-Based
compounds with Nonlinear Optical Potential

Ming-yan Pan,? Zu-ju Ma,® Xiao-cun Liu,® Sheng-ging Xia, ** Xu-tang Tao  and Ke-
chen, Wu *

Two new quaternary pnictide-based multinary compounds, BasAgGasPg and BasAgGasAsg,
were synthesized from the Pb-flux reactions. By using the single crystal X-ray diffraction
technique the structures are determined to crystallize in a new type with the
noncentrosymmetric (NCS) space group /ba2 (No. 45) (cell parameters: a = 7.294(9)/7.4769(8)
A, b = 18.03(2)/18.5766(19) A, ¢ = 6.557(8)/6.7590(7) A for the P- and As-containing
compounds, respectively. Theoretical calculations indicate strong SHG responses for both
compounds, which are approximately two times larger than that of AgGaSe,. Based on the
calculated cutoff-energy-depending static SHG coefficients, the large NLO coefficients of
these compounds should originate from the distorted GaPn, tetrahedra, which construct various
layers and chains giving rise to a large polarization. Both compounds have moderate
birefringence (An), 0.157 and 0.206 for Ba;AgGasPg and BayAgGasAsg, respectively, suitable

for the phase-matching condition in the SHG process.

Introduction

Nonlinear optical (NLO) materials are indispensable for the
application on laser frequency conversion. Compared with
those materials in ultraviolet/visible/near-infrared region,l'6
practical NLO crystals for the mid-infrared applications are
relatively rare and currently, the most promising candidates are
still based on several types of chalcogenide and pnictide
semiconductors, such as AgGaSz,7’8 AgGaSez,g’10 ZnGeP, 113
Thus, exploration of new materials with high performance for
such applications will be necessary. Aiming at this purpose,
there were many chalcogenides synthesized recently which
have already showed potential for the mid-infrared
utilization.'*!” The idea of designing these compounds are
through the combination of different kinds of metal centers
with different preferences on size coordination and packing
characteristics, which can be a good routine to construct new
noncentrosymmetric (NCS) compounds with large polarity.
Such examples have been frequently reported, such as
K;3Ta,AsS;1,"® BaysGagSb,Sy;'"and Ba,CuGasS;,.2°

The discovery of new pnictide-based NLO compounds was
relatively rare and in this field studies seem still predominantly
focused on the classical binary semiconductors like GaAs®'*
and ternary chalcopyrite semiconductors such as CdSiP,,*
CdGeAs,.”* In our previous work, we have discovered a new
quaternary  arsenide Ba;;SigSngAsy,> crystallizing  in
noncentrosymmetric structure and featuring adamantane-like
[SizAsyo] clusters for which strong polarity can be expected. In
this work we extend our studies to phosphides and successfully
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obtained two quaternary pnictides BayAgGasPg and
BasAgGasAsg. These two compounds are isostructural and both
crystallize in the noncentersymmetric (NCS) space group /ba?2
(No. 45). The measured optical band gaps for Ba;AgGasPg and
BajAgGasAsg are 1.4 eV and 0.8 eV and according to the
theoretical evaluation, these two compounds have large second
harmonic generation (SHG) coefficients, which are about two
times larger than that of AgGaSe,.

Results and Discussion

Structure Description

BayAgGasPg and BasAgGasAsg are isotypic compounds and
they both crystallize in the orthorhombic noncentrosymmetric
(NCS) space group /ba2 (No. 45). In each unit cell, there are
totally 8 Ba?*, 2 Ag" and 10 Ga®" cations, which are charge-
balanced by 16 P* or As® anions. As indicated in Figure 1, the
structure can be viewed as stack of GaP layers, sandwiched by
the (Ag,Ga)P, chains. In this manner, a three dimensional
polyanion framework [AgGasPg]® is constructed. In each GaP
slab, an interesting Ga;P; six-membered ring is formed, similar
to the NiSi network of TiNiSi*® The (Ag,Ga)P, polyanion
chain is isotypic to the ZnP, chain in Ba,ZnP,,”’ except for the
difference that the Ag and Ga atoms are disordered within the
Zn sites in the Ba,ZnP, structure. A detailed view of the GaP
plane is shown in Figure 1b, the distorted GaP, tetrahedra are
related by n-glide plane symmetry {x+1/2, -y+1/2, z} or {-
x+1/2, y+1/2, z}, which gives rise to a large polarization along
the c-axis but cancel out the polarization along a- or b-axis.
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Besides, the (Ag,Ga)P, chains propagating along the c-axis
with 2;-symmetry will also enlarge the polarization (Figure 1c).
These crystallographic results indicate that BayAgGasPg and
Ba,AgGasAsg may have strong SHG responses originating
from the anions framework (AgGasPg)*, which is proved by the
cutoff-energy-dependent SHG coefficient calculation below.

Table 1. Selected crystal data and structure refinement parameters for
BasAgGasPs and Ba,AgGasAss.

Formula Ba;AgGasPs BasAgGasAss
Fw / g-mol’ 1253.59 1605.19
T/K 296(2) 296(2)
Vlj:‘fe‘f;"grih Mo-Ka, 0.71073 A

Crystal system Orthorhombic

Space group Iba2 (No. 45)
a/k 7.294(9) 7.4769(8)
b/A 18.03(2) 18.5766(19)
c/A 6.557(8) 6.7590(7)
viA 862.0(18), Z=2 938.79(17), Z=2
Peae/ grem™ 4.830 5.679
GOOF 1.121 1.172
Final R indices R;=0.0450 R;=0.0207
" [1>200)] wR,=0.1177 WR, = 0.0496
Final R indices R;=0.0488 R;=0.0213
" [all data] WR,=0.1211 WR, = 0.0499

* Ry = YIIFo| — [Fell/XIEo; Ry = [X[w(F," — E)*VE[w(F )", and w =

1/[6°F,> + (A-P)* + B-P], P = (Fo2 + 2Fc2)/3; A and B are weight coefficients.

Since BajAgGasPgy and BajsAgGasAsg have the
structure type, only Ba;AgGasPg is chosen for detailed structure
analysis. As mentioned above, the GaP, tetrahedra are very
distorted: although the Ga-P bonding distances have very minor
differences (2.365(5) ~ 2.380(4)A), the related Z/PGaP bonding
angles fall into a broad range from 95.98(13) to 123.24(19)°,
which significantly deviate from the bonding angle of a regular
tetrahedron. These values are also comparable to those
analogues such as BasGa,Ps,”® EuGa,P,.” However, the
interatomic distances between the mixed Ag/Ga and P atoms
range from 2.529(7) to 2.546(7) A, obviously longer than the
regular Ga-P bonds. Compared with the typical Ag-P covalent
bonds in BaAgP (2.596 A),*® it is not surprising to observe that
these (Ag,Ga)-P bonds are a little shorter. These results
strongly suggest the substantial mixing between the Ga and Ag
atoms in the center of P, tetrahedra. The mixing between the
Ag and Ga atoms is further supported by a simple electron
counting of the system. As mentioned above, an equal
distribution of Ag and Ga at the mixed site will result in the
stoichiometric formula (Ba®"),Ag’(Ga*")s(P*)s, which is
exactly charge-balanced. This phenomenon implies that the

same
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electron requirement still plays a key role in governing the
structural formation of these multinary phases, which is
supported by the theoretical calculations as well as the related
optical absorption properties below.
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Figure 1. (a) Polyhedral structure view of BasAgGasPs, viewed down
the a-axis. The Ba, Ga and P atoms are represented by purple,
green and pink spheres, respectively. The mixed (Ag,Ga)Pa
tetrahedra are plotted in yellow colors. (b) A close-up view of the
GaP layer along the b-axis. (c) (Ag,Ga)P4 chain structure with Ag
and Ga atoms mixed at the center of P4 tetrahedra.

Thermal stability

The results of differential thermal analysis (DTA) and
thermogravimetry (TG) measurements are presented in Figure
S1 (Supporting Information). For BasAgGasPg, there is no
significant mass loss observed over the whole measured
temperature range, and an endothermic peak appearing at
around 600 K in the DSC curves should be designated as the
melting process of Pb left from the flux. For Ba;AgGasAsg, the
endothermic peak at around 1200K indicates the decomposition
process of the compound, which results in amorphous phases
confirmed by the powder XRD patterns.

Optical Absorption Spectrum

The absorption spectra of BasAgGasPg and BajsAgGasAsg
were collected by using the diffusive reflectance technique at
room temperature and the data are presented in Figure S3. The
measured optical band gaps are 1.4 eV and 0.8 eV for
BayAgGasPg and BayAgGasAsg, respectively. These values are
consistent with their black color and follow the theoretical
prediction base on the DFT methods. There are also some small
peaks appearing in the curves, which probably correspond to
the absorption processes of some unknown amorphous
impurities and obviously can not be designated through the
powder X-ray diffraction patterns (Figure S2).

Electronic structure and Nonlinear Optical Property
calculations

The electronic
BajAgGasAsg

band
presented

structures of BajsAgGasPg and

are in Figure S4 (Supporting
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Information). These compounds both exhibit direct band gaps,
which are 1.1 and 0.7 eV for the phosphide- and arsenide-
respectively. The
observations suggest close results of 1.4 and 0.8 eV, a little

containing compounds, experimental
larger than the theoretical prediction owing to the well-known
underestimation of the band gaps by PBE methods. The
calculated Density of States (DOS) for BayAgGasPg and
Ba,AgGasAsg are similar due to the same structure type. Thus,
here we only choose Ba;AgGasPg for detailed discussions and
the data of BasAgGasAsg are provided in Supporting
Information (Figure S5). The total and partial DOS for
Ba,AgGasPg are shown in Figure 2. The highest valence band
(HVB) is mainly derived from P 3p states, whereas the lowest
conduction band (LCB) is a mixture of P 3p, Ga 4p and Ba 5d
orbitals. The valence bands (VB) from -7.0 ¢V to the Fermi
level (Ef) are substantially contributed by Ga 4p and P 3p,
indicating strong covalent bonds between the Ga and P atoms,
which as well will play a very important role in affecting the
related optical properties. The states of Ba mainly occupy the
region above Ey, implying that the role of Ba is still electron
donor and the interactions between cation and anions are
probably rather weak.

DOS

Energy (eV)

Figure 2. Calculated total DOS and projected DOS for BasAgGasPs.
The dotted line marked the Femi level.

Subsequent optical property calculations were thus applied
with scissor values of 0.24 and 0.1 eV for BayAgGasPg and
BasAgGasAsg. It has been proved to be adequate for predicting
the static SHG coefficients of semiconductors using the “sum
over states” method by adding scissor operators.’’* The
corresponding absorption coefficient a and birefringence (An)
were also calculated. The basic absorption edges (Figure S6)
are 1.15 and 0.65 eV for BajAgGasPg and BajAgGasAsg,
with the The
birefringence (An) (Figure S7) are also moderate, 0.157 and
0.206 for BayAgGasPg and Ba,AgGasAsg, respectively. These
theoretical results suggest that these two crystals may be

comparable experimental results. static

suitable for the phase-matching condition in the SHG process.
In order to calculate the nonlinear optical properties, a model

with C2 (No. 5) symmetry was built (Figure S10) to solve the

disorder between Ag and Ga atoms. Based on the Kleinman

This journal is © The Royal Society of Chemistry 2015
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symmetry ** as well as the space group, Ba,AgGasPg has four
nonvanishing independent SHG coefficient tensors (dy4, di¢, d22
and ds4). Among them, the value of dj¢ is the smallest, so only
d\4, dy, d34 are shown. As indicated in Figure 3, the frequency-
dependent SHG coefficient d3; of BajAgGasPg is 77.4pm/V,
which is about two times larger than the ds¢ of AgGaSez.35
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Figure 3. Calculated frequency-dependent second harmonic
generation coefficients for BauAgGasPs.
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Figure 4. Cutoff-energy-depending static SHG coefficients for
BasAgGasPs. The dotted line mark the different regions in VB and CB.

The origination of large SHG responses for these compounds
are further analyzed based on the calculated cutoff-energy-
dependent SHG coefficient (ds4), shown in Figure 4. From the
picture it is clear that the SHG response is mostly affected by
the energy bands over the ranges of VB-2 (-6.5 to -3 eV), VB-1
(-3 to 0 eV), and CB-2 (4 to 10 eV). The VB-1 and VB-2 are
dominated by P 3p, Ga 4p and Ag 4d, whereas the CB-2 is
contributed by P-3p, Ga-4p and Ba-5d states. Thus, the overall
SHG efficiency should be mostly influenced by P-3p and Ga-4p
states. So we believe that the large NLO coefficient of
BayAgGasPg arise from the distorted GaP, tetrahedra with a
polarization parallel to the c axis.
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Experimental Section

Synthesis

All manipulations were performed in an argon-filled glovebox.
Starting materials were used as received: Ba (Alfa, 99%), Ga
(Alfa, 99.999%), Ag (Alfa, 99.99%), Pb (Alfa, 99.99%), P
(Alfa, 99.999%), As (Alfa, 99.999%). The title compounds
were first synthesized from Pb-flux reactions with loading ratio
of Ba:Ga:Ag:Pn:Pb = 3:1:1:5:25. The reactants were loaded in
an alumina crucible and then sealed in fused silica tube under
vacuum. The container was then moved to a programmable
first heated to 900 °C and
homogenized at this temperature for 20 h, and then slowly

furnace, the mixture was
cooled down to 500 °C at a rate of 5 °C/h. Finally the excessive
flux was quickly decanted by centrifuge. Both compounds are

stable to air and moisture. The bulk materials remain

unchanged after exposed to ambient air for more than one week.

Stoichiometric reactions can greatly improve the yield of the
target crystals but a side product of GaPn *® was hardly avoided
in spite of various attempts. The excess Pb flux can be
dissolved into the mixture of glacial acetic acid and hydrogen
peroxide to improve the purity of the products. Although
synthesized by using the same procedure, the crystal quality of
phosphide compound is relatively poorer compared to the
arsenide analogue. The refined cell parameters of BajAgGasPg
have errors of almost ten times as large as those of
Ba,AgGasAsg. However, the single crystal diffraction data of
Ba,AgGasPg is good for the structure solution and refinement.

Single crystal structure deter mination

Single crystals were selected in glovebox and cut in Paratone N
oil to suitable size, and then were mounted on glass fibers for
data collection. The data collections were carried on a Bruker
SMART APEX-II CCD area detector with graphite-
monochromated Mo-Ko radiation (A =0.71073 A) at 296K
using  scans. The frame width was 0.5° and the exposure time
is 15s per frame. Data reduction and integration, together with
global unit cell refinements were done by the INTEGRATE
program incorporated in APEX2 software.’’ Semi-empirical
absorption corrections were applied using the SCALE program
for area detector.’” The structures were solved by direct
methods and refined by full matrix least-squares methods on F?
using SHELX.*® Both structures were refined to converge with
anisotropic displacement parameters.

During the subsequent structure refinements with anisotropic
thermal parameters, one 4a site coordinated by the Pny
tetrahedron exhibits very abnormal thermal parameters, which
can not be solved by applying either Ga or Ag atom. Thus,
refinements with this position occupied by mixed Ga and Ag
were tried, which resulted in almost equal occupancies of Ga
and Ag. For example, in Ba;AgGasAsg the freed occupancies
for Ga and Ag are 50.7% and 49.3%, respectively. In addition,
the other Ga site at 8c has a freed occupancy of 99.5%. With
this consideration, the problematic 4a site was finally treated as
equally occupied by Ga and Ag and the other 8¢ metal site was
treated as fully occupied Ga, which would turn the formula into

This journal is © The Royal Society of Chemistry 2015

These
crystallographic results are well consistent with the analyses

stoichiometric and charge-balanced BayAgGasPng.
from Energy Dispersive X-ray Spectroscopy. In the last
refinement cycles, the atomic positions for the two compounds
were standardized using the program STRUCTURE TIDY.** %
data
summarized in Table 1. Atomic positions and anisotropic

Crystallographic and structural refinements are
displacement parameters are provided in Table S1. Selected
bond lengths are given in Table S2. Further information in the
form of CIF has been deposited with Fachinformationszentrum
Karlsruhe, 76344 Eggenstein-Leopoldshafen, Germany, (fax:
(49) 7247-808—666; e-mail:
crysdata@fizkarlsruhe.de)—depository CSD-number 429792

and 429793 for Ba;,AgGasPg and BayAgGasAsg, respectively.

Powder X-ray diffraction

Powder X-ray diffraction patterns were taken at room
temperature by a Bruker AXS X-ray powder diffractometer
using Cu-Ko radiation. The data were recorded in a 26 mode
with a step size of 0.02° and the counting time of 10 seconds. In
Figure S2, the comparison between experimental and simulated
data indicates the purity of the samples, which were used for

subsequent measurements.

Differential Thermal Analysisand Thermogravimetry
Measurements (DTA/TG)

The thermal stability was tested on the polycrystalline samples
of BajAgGasPg (mass: 37.0560 mg) and BasAgGasAsg (mass:
17.6820 mg) with a Mettler-Toledo TGA/DSC/1600HT
instrument under the protection of high-purity argon gas.
Thermogravimetric Analysis (TGA) and Differential Scanning
Calorimetry (DSC) experiments were performed as well and the
measured temperature range is from 300 to 1273 K with a
heating rate of 10 K/min applied.

UV-Vis-NIR Diffuse Reflectance Spectrum

The optical diffuse reflectance spectra were measured using a
Hitachi
sphere attachment and BaSO, is used as a reference at room

U4100 spectrometer equipped with an integrating

temperature. The absorption spectrum was calculated from the
reflection spectrum via the Kubelka-Munk function: a/S = (1—
R)Z/ZR, in which o is the absorption coefficient, S is the
scattering coefficient, and R is the reflectance.*!

Elemental Analysis

Energy Dispersive X-ray Spectroscopy was taken on picked
single crystals of the four compounds with a Hitachi FESEM-
4800 field emission microscopy equipped with a Horiba EX-
450 EDS. The energy dispersive spectra (EDS) taken on visibly
clean surfaces of the measurement proved the identical results
as the crystallographic data.

Computational details

The electronic band structures, density of states (DOS) and
optical properties were calculated by the Vienna Ab initio

simulation package (VASP)*?* with the Perdew-Burke-

J. Mater. Chem., 2015, xx, xx-xx | xx
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Ernzerh (PBE)* exchange-correlation functional. The projected
augmented wave (PAW)* method with the valence states 4s
and 4p for As and Ga, 4d and 5s for Ag, Ss, 5p and 6s for Ba,
respectively, has been adopted. A plane-wave cutoff energy of
450 eV and a 1x3x3 k-point grid were used to get convergent
lattice parameters throughout the geometric optimization of the
lattice cell. Both the cell and atomic relaxations were carried
out until the residual forces were below 0.05 eV/A. A grid with
more dense k-points of 4x12x12 was used to calculate the
optical properties and DOS of the crystals. More than 350
empty bands were used in optical property calculations, and
scissors operators of 0.1 eV and 0.24 eV were applied for
Ba,AgGasAsg and BayAgGasPg, respectively.

The static and dynamic second-order nonlinear susceptibilities
*°(-20;0,0) were calculated based on the length-gauge
formalism derived by Aversa and Sipe*’ and modified by
Rashkeev er al*® The imaginary part of static second-order
optical susceptibility can be expressed as:

o i+ i)

3
abe _ € "
z 47°Q ,z

mml ,k

o1, + o, f, +of,, ]+

2w,,0,,0,

ml

. 3
LI A )+ 70 )+ 1 i+ 10 )
J nm a c a C c a b
4120 z 2 Vo Ve T Vo )5 Vom Voo F Fonca )5 Vo Vo + T
ik Dy

Where r is the position operator, m, n and | are different band

indices, respectively, "®w =1 1@, ig the energy difference

for the bands m and n. In order to better understand the
contribution of different states to the susceptibility, the value of
m and n could be tuned in our program to include some special
bands. In both compounds, the equally mixed Ag and Ga2
atoms at the same sites are arranged in a checkerboard pattern
in the anionic structures, which is described in details in
supporting information (Figure S10).

Conclusions
In conclusion, two new quaternary pnictide-based
compounds, BajAgGasPg and BajsAgGasAsg, have been

synthesized by the Pb-flux reactions. They are isostructural and
crystallize in a noncentrosymmetric space group /ba2 (No. 45),
the
techniques. The structure can be interpreted as condensed with
TiNiSi-type [GaPn] slabs and (Ag,Ga)Pn, linear chains with Ag
and Ga metals equally occupying the tetrahedral centers. Such a

determined through single-crystal X-ray diffraction

structural feature gives rise to a large polarization along the c-
axis and result in strong SHG effects. The calculated cutoft-
energy-dependent SHG coefficients are 77.4 pm/V and 107.1
pm/V for BasAgGasPg and BasAgGasAsg, respectively, which
are about two times larger than the d;¢ of AgGaSe,. In addition,
the birefringence (An) is moderate for both compounds as well,
0.157 and 0.206 for BasAgGasPg and BasAgGasAsg, implying
that the two crystals may be suitable for the phase-matching
condition in the SHG process.
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Synopsis

Two new quaternary pnictide-based compounds with noncentrosymmetric space group /ba2 (No. 45), BasAgGasPs and BasAgGasAss, were
synthesized through the Pb-flux reactions. Their structure feature TiNiSi-type [GaPn] slabs and (Ag,Ga)Pn; linear chains with Ag and Ga atoms
equally occupying the tetrahedral centers, which results in large polarization along the c-axis and strong SHG response. The calculated
cutoff-energy-dependent SHG coefficients are 77.4 pm/V and 107.1 pm/V for Ba;AgGasPs and BasAgGasAss, respectively, which are about two times

larger than the dss of AgGaSe,.
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