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a b s t r a c t

Monoclinic NaAsSe 2 (c-NaAsSe2) has been reported to be a potential IR nonlinear optical material due to
the very strong second harmonic generation (SHG). Here, we present a systematic density functional the- 
ory (DFT) study on the elasticity, SHG response, linear electro-optical (EO) effect, and piezoelectricity of
this compound and analyze the microscopic origins of these properties. We find that c-NaAsSe2 has smal- 
ler values of elastic moduli than those of AgGaSe 2, and behaves in a ductile manner. The strong SHG 
response observed experimentally is well predicted by the 2n + 1 theorem and the ‘‘sum over states’’
expressions based on the DFT. As with the strong SHG response, c-NaAsSe2 also presents large linear 
EO coefficient (r11 = 32.7 pm/V, as large as that of LiNbO 3), and piezoelectric coefficient (e11 = 1.27 C/
m2, about seve n times larger than that of a-quartz). The highly distorted structure and the strong hybrid- 
izatio ns between As and Se sp orbitals are identified as the chief sources of these unique properties. Our 
results demonstrate the potential applications of c-NaAsSe2 in piezoelectric, electro-optical, and nonlin- 
ear optical devices.

� 2013 Elsevier B.V. All rights reserved.

1. Introduction 

Multifunctiona l materials that simultaneously possess several 
outstanding properties are of tremendous fundamenta l and practi- 
cal interest. They promise to provide the foundation for a new class 
of devices in which the electrical, optical, and other properties are 
coupled to one another. Among the well-known multifunctio nal 
materials, the non-centrosym metric (NCS) crystals are considered 
as the most important part because of their peculiar symmetry- 
dependent properties, such as SHG, ferroelec tricity, linear EO effect 
and piezoelectricity [1–7]. Take LiNbO 3 for example, it is a typical 
multifunctio nal material with the NCS structure for applications in
electro-optical , acousto-opti cal, piezoelectric and nonlinear optical 
devices [8]. In searching for new NCS materials, much attentions 
have been paid to the compound s that contain second-order 
Jahn-Teller distorted cations such as d0 transition metal ions [9],
p-cations with stereochemi cal activity of a lone pair electrons of
ns2 [10–12], or d10 cations with large polar displacemen t
[5,13,14]. Less attention has been paid to the NCS compounds that 
contain only main-group elements.

Recently, some NCS alkali-metal chalcoge nide compounds , such 
as NaAsSe 2 [15], KPSe 6 [16], K2PSe6 [17], and LiAsS 2 [18] have
attracted much attention because of their very strong nonlinear 

optical effect compared with the commerc ially used IR nonlinear 
optical material, AgGaSe 2. Among them, c-NaAsSe2 shows the 
greatest SHG response, about 75 times stronger than that of
AgGaSe2 in the wavelength range of 700–900 nm [15]. It is
suggested to be a very promising nonlinear optical material for 
IR applications. Song et al. demonstrated that the quasi-one- 
dimensio nal structural character of c-NaAsSe2 plays an important 
role in the very large SHG coefficients [19]. In view of such a large 
SHG response, it will be interesting to see if it has the same or
better performance in the piezoelectric and optoelectroni c devices 
for its unique asymmetric structure. In addition, an accurate 
description of the mechanical properties is urgently needed for a
promising nonlinear optical material. First-principles methods 
provide an accurate and effective way to explore the complex rela- 
tionship between the structures and the macroscopic propertie s
that are difficult to investiga te experimental ly [7,20–26]. In this 
report, we provide a systemati c study on the elasticity, SHG 
response, linear EO effect and piezoelec tricity of c-NaAsSe2 from
first principles and analyze the mechanism of these properties.
Due to the lack of experime ntal data for some propertie s of
c-NaAsSe2, a-quartz, GaAs, and AgGaSe 2 are used to assess the 
accuracy of the computati ons.

The paper is organized as follows. In Section 2, we describe the 
crystal structure of c-NaAsSe2 and the computational methods. In
Section 3, we present and discuss the results we have obtained and 
compare them with some experimental data. Finally, in Section 4,
we present the main conclusions of this work.
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2. Model and computational details 

c-NaAsSe2 crystallizes in the NCS space group Pc, in which densely packed par- 
allel AsSe 21� polymeric anionic chains are formed by corner sharing of [AsSe 3]3�

pyramids, and the alkali-metal ions Na+ are located in the chains [15], as shown 
in Fig. 1. It could be briefly described as a highly distorted a-NaAsSe2 [15,27] by
shifting Na, As and Se ions from their regular positions.

We first perform the structural relaxation carefully by using different exchange 
and correlation functionals, including the local-density approximation (LDA)
[28,29] implemented in the ABINIT package [30,31], the projector-augmented wave 
(PAW) [32] method with the LDA and the Perdew–Burke–Ernzerhof (PBE) [33] ex-
change and correlation functionals implemented in the VASP package [34]. Among 
these functionals, the LDA in the ABINIT code yields the closest lattice parameters 
and bond distances to experiment. The calculated equilibrium lattice parameters 
of c-NaAsSe2 crystal are a = 11.39 Å, b = 5.78 Å, c = 11.60 Å, and b = 89.15 �, which 
are well within the theoretical uncertainties, almost two percent deviation with re- 
spect to the experimental ones: a = 11.68 Å, b = 5.90 Å, c = 11.82 Å, and b = 90.45 �.
Therefore, all the other studies on the elasticity, SHG, linear EO effect and piezoelec- 
tricity are based on this optimized structure. The self-consistent norm conserving 
pseudopotentials are generated by using the Troullier–Martins scheme [35]. For 
Na, 3s electron, and for As and Se, 4s and 4p electrons are treated as the true va- 
lence. A high plane-wave energy cutoff of 45 Hartree and Monkhorst–Pack [36] k-
point meshes of 4 � 6 � 4 are found to be sufficient to reach convergence for the 
lattice relaxation and the properties calculations. The method of density-function 
perturbation theory (DFPT) implemented in ABINIT code is used to calculate the re- 
sponse properties [37]. Three kinds of perturbations, including strain, electric-field,
and atomic-displacement, are combined selectively to obtain the elastic constants,
SHG coefficients, linear EO tensor, and piezoelectric tensor [38–41].

The static SHG coefficients are calculated by two methods in this work [42]. The 
one, as described above, is the 2n + 1 theorem based on the DFPT without the scissor 
correction [5,40]. In this scheme, the nonlinear optical susceptibility is calculated by a
third-order derivative of the energy with respect to low-frequency electric fields,
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According to the 2n + 1 theorem, the evaluation of third-order energy deriva- 
tives requires no higher-order derivatives of the wave functions than the first
one. The first-order wave functions can be obtained from linear response. For more 
details of this scheme, see Ref. [40].

The other method is using the ‘‘sum over states’’ (SOS) expressions carried out 
by Rashkeev and co-workers based on the plane-wave code VASP [43–45]. In the 
static case, the imaginary part of the static second-order optical susceptibility can 
be expressed as:
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where r is the position operator, ⁄xnm = ⁄xn � ⁄xm is the energy difference for the 
bands m and n, fmn = fm� fn is the difference of the Fermi distribution functions, sub- 
scripts a, b, and c are Cartesian indices, and rb

mn;a is the so-called generalized deriva- 
tive of the coordinate operator in k space,
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bands n and m.

3. Results and discussion 

3.1. Elasticity 

To study the elasticity of c-NaAsSe2, we first obtain the elastic 
constant s including the relaxed ion elastic stiffness tensor and 
the correspondi ng compliance tensor by the linear perturba tion 
theory approach [41,46]. These constants are then used to
determine some commonly used quantities for identifyin g the 
stiffness of a material [47], such as bulk modulus (B), shear modu- 
lus (G), Young’s modulus (E), and Poisson’s ratio (m). The orienta- 
tion-aver aged elastic moduli, including B and G are calculated by
the Voigt–Reuss–Hill approximat ion [48,49]. With the values of B
and G, we define the average Young’s modulus E = (9BG)/(3B + G)
and Poisson’s ratio m = (3B � 2G)/(6B + 2G) [50]. Because of the lack 
of experimental data on the elasticity of c-NaAsSe2, we also calcu- 
late these quantities for AgGaSe 2. The results are listed in Table 1.

We find that the calculated m and B/G of AgGaSe 2 are in good 
agreement with the experiments, [51] while the predicted B, G
and E are somewhat overestimat ed owing to the underest imation 
of the lattice constant [52]. The calculated B, G, and E of AgGaSe 2
are about three, two, and two times larger than that of c-NaAsSe2,
respectively , implying that AgGaSe 2 has stronger abilities to resist 
volume compression , elastic deformation , and linear compress ion 
than c-NaAsSe2. These data suggest that c-NaAsSe2 is much softer 
than AgGaSe 2, which can be properly understood from their differ- 
ence in the bond length. In AgGaSe 2, the Ag–Se bond length is
2.58 Å, and the Ga–Se bond is 2.44 Å [53]. While in c-NaAsSe2,
the average bond lengths of Na–Se and As–Se bonds are about 
2.9 and 2.45 Å, respectivel y. The shorter average bond lengths in
AgGaSe2 lead it to display stronger bond strength and larger elastic 
moduli than those of c-NaAsSe2. The ratio of B/G is also of interest 
since it qualitatively reflects the ductility of a material [21]. The 
critical value of B/G separating brittle from ductile materials is
about 1.75 [54]. If B/G < 1.75, the material tends to be brittle;
otherwis e, the material tends to be ductile. The result value of B/
G for c-NaAsSe2 is 2.85, hence classifying it as ductile. Our works 
give a quantitative description of the elasticity for c-NaAsSe2 for
the first time, which is important for its practical applicati ons.

Fig. 1. Perspective view of c-NaAsSe2 along the a-axis (a), and the b-axis (b). The red, cyan, and green particles denote the Se, As, and Na atoms, respectively. The cyan 
polyhedrons highlight the corner sharing [AsSe 3]3� pyramids. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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