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A B S T R A C T

Strain offers a degree of freedom to realize the adjustability and enhancement of optical anisotropy. Herein, we 
theoretically and comprehensively investigate the tunable optical anisotropy and multiplied-enhancement 
birefringence of α-MoO3 under in-plane strain, and further reveal the strain modulation mechanism by band 
structure and dipole moment of strained α-MoO3. We find the optical anisotropy of strained α-MoO3 is highly 
tunable. The starting operation wavelength λs and the birefringence Δn descend under a-axis strain and ascend 
under c-axis strain, and under biaxial strain they fall within the range of their counterparts under a-axis and c- 
axis strain. We also find the |Δn|max is 0.288 @ 509 nm, whose percent ratio to that of unstrained α-MoO3 is as 
high as 436%. Besides, the λs is extended to approach the UV region by the c-axis compressive strain. The band 
structure results indicate bandgap Eg plays a dominate role in determining the strain-modulating λs, and the 
enhancement of Δn of strained α-MoO3 originates from the contribution of ionic dipole moment. The strained 
α-MoO3 can make device tunable and vastly improve the its performance, and the proposed calculation method 
and strain modulation mechanism in this paper can be extended to other optically anisotropic and birefringent 
materials.

1. Introduction

As a representative member of low-symmetry materials, the lattice 
structure of α-MoO3 belongs to orthorhombic system, whose space group 
is Pbnm (No. 62) [1,2]. As a result, the low-symmetry structure brings 
α-MoO3 optical anisotropy [3–5]. Optical anisotropy adds the research 
dimension and physics that the isotropy materials do not possess, such as 
birefringence Δn [6,7] as well as dichroism Δk [8,9]. Also, optical 
anisotropy provides an extra and unique opportunity to construct 
polarization-related devices based on α-MoO3, such as polarizer [10], 
polarization converters [11], and etc. Moreover, α-MoO3 owns a wide 
bandgap Eg like other transition metal oxides [12,13], which is 3.128 eV 
calculated in this paper and in accord with the experimental data 
[14,15] and other theoretically calculated results [16,17]. Such wide 
bandgap contributes to the fall and even absence of absorption in visible 
and infrared region. Accordingly, α-MoO3 potentially stands a chance of 
being a visible and infrared birefringent material, which is due to the 
fact that the α-MoO3′s absorption drops and even vanishes within such 

region and the optical anisotropy still exists. For the birefringent ma-
terial, the birefringence Δn is generally employed to quantify and 
compare the magnitude of optical anisotropy. The commercial bire-
fringent materials such as quartz and MgF2 are widely-applied. Their 
birefringence Δn, however, are relatively low (Δnquartz = 0.009 [18] and 
ΔnMgF2 = 0.011 [19] in visible and NIR region). More recently, the low- 
symmetry materials like α-MoO3 are regarded as a promising candidate 
to replace the commercial birefringent materials because of their greatly 
optical anisotropy. The calculated in-plane Δn of strain-free α-MoO3 in 
this paper is only about 0.1, which also accords with experimental result 
[20,21]. Although such Δn of strain-free α-MoO3 is about one order of 
magnitude higher than those of quartz and MgF2, there still remains 
much room for enhancement of Δn to obtain high-performance of cor-
responding devices, such as waveplates [22,23], Dyakonov surface 
waves devices [24,25]. Huge Δn means the thickness of waveplates 
d can be immensely decreased as the phase retardance δ is in proportion 
to Δn and d [23], and the specific function of waveplates determines δ 
(For instance, the δ of quarter-waveplate is 90◦ [26]). The reduction of 
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waveplate thickness helps to realize the miniaturization of devices, and 
thus can be integrated into corresponding miniature optical instruments. 
For Dyakonov surface waves devices, the main bottleneck that needs to 
break through in this research field is the limited propagation angular 
range Δθ while the giant Δn brings the expansion of Δθ [27]. Therefore, 
the birefringence Δn is required to be further enhanced. Besides, if the 
optical anisotropy of α-MoO3 becomes tunable under external stimula-
tion, the corresponding devices based on α-MoO3 are capable of being 
adjustable.

Strain offers a degree of freedom to realize the adjustability and 
enhancement of material properties. Despite the fact that there are many 
other external stimulations like temperature [10,28], pressure [29,30], 
electric or magnetic field [31–33], and so on, which provide a helpful 
and useful way to tune the properties of materials in optics and elec-
tronics. Stress, however, is relatively convenient to experimentally 
realize with diverse method, such as using flexible or patterned sub-
strates [34,35], lattice mismatch [36,37], AFM tip [38,39] and etc. 
Besides, instead of complicate calculation parameter settings of other 
external field modulation, the implementation of strain modulation in 
first-principles calculations is also facile as one just needs to change the 
lattice constant of material under the corresponding strain. Apart from 
convenience and diversity of implementation method, the finesse of 
strain modulation is also distinguished from other modulation method 
as one can apply stress along different directions with tunable magni-
tude. For example, the stress applied in materials can be uniaxial or 
biaxial or even along an arbitrary direction if necessary, which is pretty 
vital for anisotropic materials. Also, the magnitude of strain, can be 
classified into tensile or compressive strain, makes the modulation fine 
and tunable. Moreover, a wide variety of material properties can be 
regulated by the strain [40,41], especially the optical and electronic 
properties. In optics, strain is capable of modulating the behavior of 
photoluminescence, absorption, and so on [42–44], and the electronic 
bandgap is tunable under strain [45,46]. For α-MoO3, literature reported 
that the electronic band structure can be regulated by biaxial strain [47], 
indicating the properties of α-MoO3 is sensitive to the stress. Neverthe-
less, as far as we know, there are only a small minority of theoretical 
researches quantitatively investigating the optical anisotropy under 
strain. Besides, theoretical researchers tend to display the results under 
strain, such as anisotropic complex refractive indices, anisotropic ab-
sorption coefficients, and etc., lacking of further analysis and discussion 
and revealing the mechanism behind, let alone experimental scientists 
studying the variation of birefringence under strain.

In this work, with the help of first-principles calculations, we 
comprehensively investigate the tunable optical anisotropy and 
multiplied-enhancement birefringence of α-MoO3 under in-plane strain, 
and further reveal the strain modulation mechanism by calculating band 
structure and dipole moment of strained α-MoO3. The selection of 
α-MoO3 is because of not only its optical anisotropy caused by the low- 
symmetry structure but also the wide bandgap Eg, making α-MoO3 a 
promising candidate of birefringent materials. The strain is selected to 
further modulate and enhance the birefringence Δn of α-MoO3 owing to 
its facile implementation and fineness with desired directions and 
magnitude. Firstly, we study the anisotropic properties of unstrained 
α-MoO3, including band structure as well as the derived electronic 
anisotropy and optical anisotropy. After confirming the birefringent 
material characteristics of α-MoO3, the in-plane strain, including a-axis, 
c-axis, and biaxial compressive and tensile strain, is applied to further 
modulate optical anisotropy and improve birefringent performance pa-
rameters. To understand the strain modulation effect on optically 
anisotropic and birefringent α-MoO3, the band structure and dipole 
moment under in-plane strain are calculated.

2. Computational details

The optical and electronic properties of intrinsic and strained 
α-MoO3 were calculated by the Vienna ab initio package (VASP) [48]

with the Perdew-Burke-Ernzerhopf (PBE) functional [49] based on 
projector-augmented-wave (PAW) pseudopotentials. In the geometry 
optimization, the PBE and other different van der Waals (vdW) correc-
tions, as listed in Table S1 of Supplementary Material, were used to find 
the optimized structure of α-MoO3 with lowest percentage error with 
respect to the experimental data. In addition, the strained α-MoO3 is 
only relaxed and optimized the positions of atoms instead of the lattice 
parameters. Apart from PBE functional, HSE06 hybrid functional [50]
was also adopted to calculated the band structure and projected density 
of states (PDOS). To calculate the optical properties of unstrained and 
strained α-MoO3, the independent particle approximation (IPA) method 
is utilized.

The convergence criterion for forces in structure relax was set to 
0.01 eV/Å. After carefully checking, the cutoff energy and the 
Γ-centered Monkhorst–Pack k-point mesh were respectively fixed at 
550 eV and 2 × 7 × 7 to make sure convergence with a criterion for total 
energy less than 10− 5 eV. See Supporting Note S1 as well as Fig. S1 for 
more details about reason for selecting cutoff energy of 550 eV and k- 
point mesh of 2 × 7 × 7. To calculate the PDOS, a finer k-point mesh of 5 
× 17 × 17 (except 5 × 19 × 19 for − 10% in-plane strain) was utilized 
after convergence test. More details can be found in Supporting Note S2
and Fig. S2.

3. Results and discussion

3.1. Anisotropic and birefringent properties of unstrained α-MoO3

Low-symmetry lattice structure and structure relax of α-MoO3. 
Fig. 1a and b illustrates the lattice structure of α-MoO3, where the oc-
tahedron, composed by one Molybdenum (Mo) atom and six Oxygen (O) 
atoms, shares its corners and edges with other octahedrons respectively 
along the c axis and a axis. The different arrangements of the Mo-O 
octahedron along the c axis and a axis give rise to the in-plane anisot-
ropy of α-MoO3. As a typical vdW material, the layered structure ar-
ranges along the b axis of α-MoO3, bonded by the vdW forces rather than 
the covalent interactions in the a-c plane [3]. The different interactions 
in the a-c plane and along the b axis of α-MoO3 will lead to the out-of- 
plane anisotropy.

Before calculating the intrinsic properties of α-MoO3, the lattice 
structure adopted from experimental data needs to be relaxed by PBE 
functional and different vdW corrections. As shown in Table S1, 
although the in-plane lattice constants a and c relaxed by PBE functional 
quite approach to those of experimental data, the out-of-plane lattice 
constant b much larger than the experimental one with a percentage 
error of 14.62%. As is known, PBE functional is not good at dealing with 
the optimization lattice constant of the crystal axis along which the vdW 
interactions exist [7,51]. Therefore, we carried out the geometry opti-
mization via different vdW corrections to obtain the nearest results 
compared with the experimental data. Among the vdW corrections listed 
in Table S1, it is found that the lattice constant b optimized by DFT 
(PBE)-D2 [52] possesses the lowest percentage error with respect to 
the experimental data. Besides, the lattice constants a and c are also 
rather close to the experimental data. As a result, the lattice structure 
relaxed by the DFT(PBE)-D2 vdW correction was selected to further 
calculate the intrinsic properties of α-MoO3.

Band structure and anisotropically electronic properties of un-
strained α-MoO3. Respectively illustrated in Figs. S3 and S4, we firstly 
calculated the band structure as well as PDOS of α-MoO3 by using PBE 
functional method. More details can be found in Supporting Note S3. 
The calculated bandgap energy Eg by PBE method, however, is far from 
the experimental data [14,15]. Hence, we further calculated the band 
structure of α-MoO3, showing in Fig. 1c, with the help of HSE06 hybrid 
functional method. Similar to the case calculated by PBE functional, the 
conduction band minimum (CBM) and the valence band maximum 
(VBM) are still at the Γ point and the T point respectively, which means 
the α-MoO3 is still an indirect bandgap semiconductor. Differently, the 

Z. Guo et al.                                                                                                                                                                                                                                     Applied Surface Science 685 (2025) 162059 

2 



ECBM and the EVBM are much larger than their counterparts calculated by 
the PBE functional, and they are respectively 2.988 and − 0.140 eV. As a 
result, the bandgap energy Eg increases to 3.128 eV, which is much 
larger than that calculated by the PBE functional and in accord with the 
experimental data [14,15] as well as other theoretically calculated re-
sults [16,17]. Moreover, the spin–orbit coupling (SOC) effect have 
scarcely influence on ECBM and EVBM as well as derived Eg. Shown in both 
Fig. S3 and Fig. 1c, the spin orbit splitting phenomenon hardly to be 
observed [53,54] and the calculated band structure with and without 
SOC effect share almost the same shapes. Moreover, the SOC effect has 
no influence on the locations of VBM and CBM, and the energy differ-
ences of ECBM and EVBM between with and without considering SOC ef-
fect are both within several meV. Such tiny differences also bring about 
1~2 meV differences in Eg for both PBE and HSE06 methods. Accord-
ingly, the SOC effect will not be taken into account in the following 
calculations on electronic property of strained α-MoO3.

The anisotropically electronic property of α-MoO3 can be revealed 
from the electronic band structure by calculating the anisotropic carrier 
effective masses. The effective masses m* of electron and hole can be 
calculated from the second order derivative of the CBM and VBM 
respectively. Besides, for the low-symmetry materials, anisotropic 
effective masses can be obtained from different directions in brillouin 
zone (BZ). For bulk α-MoO3, carrier effective mass along the a-axis can 
be obtained within Γ point to Z point while the c-axis carrier effective 
mass can be acquired within Γ point to Y point. Therefore, the aniso-
tropic effective masses of electron and hole along the a-axis and the c- 
axis can be represented as [55,56]

m*
i,j =

∂2Ei

∂k2
j

(i = e, h; j = a, c) (1) 

where the subscripts i (= e, h) and j (= a, c) represent the carrier type 
(electron and hole) and the crystal axes (a-axis and c-axis) of α-MoO3, 
respectively. As shown in Table 1, both effective mass of the electron m*

e 

and effective mass of the hole m*
h demonstrate quite obvious anisotropy 

since the m*
e and the m*

h along the a-axis exhibit much differences from 

those along the c-axis. Specifically, for the electron, the effective mass 
along c-axis m*

e,c is about 1.7 times as the effective mass along a-axis m*
e,a 

while the ratio of effective mass of hole along c-axis m*
h,c to effective 

mass of hole along a-axis m*
h,a approaches as large as 1.2.

Apart from the anisotropy of effective masses, we also calculated the 
carrier mobility μ to further demonstrate the anisotropically electronic 
property of α-MoO3, listed in Table S2. It is found that c-axis mobility of 
electron and hole (μe,c and μh,c) are respectively about 7 and 7.5 times as 
high as those along the a-axis (μe,a and μh,a). We also investigated 
anisotropic the mobility doped with different concentration of electron 
and hole with the help of AMSET method [57,58]. Please see Supporting 
Note S4 and Fig. S5 for more details.

Anisotropically optical and birefringent properties of un-
strained α-MoO3. The anisotropically electronic properties generates 
the anisotropic electric polarizations, especially the anisotropic electric 
polarization in the ultraviolet (UV) and visible region, ultimately 
resulting in the anisotropic dielectric functions [56,59]. Illustrated in 
Fig. S6, the dielectric functions ε of α-MoO3 is highly anisotropic. To be 
specific, the real part of dielectric functions εr demonstrate remarkable 
discrepancies along three crystal axes. Despite the fact that there is no 
absorption under the bandgap energy Eg and thus no difference beyond 
the corresponding wavelength, the imaginary part of dielectric functions 
εi along three crystal axes emerge to be highly different from each other 
near UV region. Such anisotropic dielectric functions (εj = εr,j + iεi,j, j =
a, b, c) means the anisotropic complex refractive indices (Nj = nj + ikj, j 

Fig. 1. Lattice structure of α-MoO3 along the c axis (a) and (b) the a axis, where violet and green balls respectively represent Molybdenum (Mo) and Oxygen (O) 
atoms and the dashed blue boxes represent the unit cell. Electronic band structure of α-MoO3 calculated by hybrid functional of HSE06 method without (w/o) and 
with considering spin–orbit coupling (SOC) effect (c). Anisotropic complex refractive indices (d) and anisotropic absorption coefficients α along three crystal axes (e) 
as well as derived in-plane birefringence Δn and dichroism Δk (f).

Table 1 
Theoretical calculations on the effective mass m* of electron and hole along the a 
axis and the c axis of α-MoO3.

Directions m*
e[m0]a m*

h[m0]a

Along a axis 0.68 1.45
Along c axis 1.17 1.76

a The subscript e and h respectively represent the electron and the hole, and 
m0 is the mass of free electron, which is equal to 9.11 × 10− 31 kg.

Z. Guo et al.                                                                                                                                                                                                                                     Applied Surface Science 685 (2025) 162059 

3 



= a, b, c) in Fig. 1d since anisotropic dielectric functions can be directly 
converted from anisotropic complex refractive indices, according to 
following equations [9,60]

εj = N2
j , j = a, b, c; (2a) 

εr,j + iεi,j =
(
nj + ikj

)2
, j = a, b, c. (2b) 

After deformations and simplifications, the Eq. (2) above can be further 
derived as 

nj =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

εr,j +
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
ε2

r,j + ε2
i,j

√

2

√
√
√
√

, j = a, b, c; (3a) 

kj =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

− εr,j +
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
ε2

r,j + ε2
i,j

√

2

√
√
√
√

, j = a, b, c. (3b) 

In Eq. (3), nj and kj (j = a, b, c) are respectively the refractive index and 
the extinction coefficient along the a, b, and c axis of α-MoO3.

More excitingly, α-MoO3 is a typically birefringent materials, which 
means all the extinction coefficients kj (j = a, b, c) along three axes drop 
to zero in visible and near-infrared (NIR) region while the refractive 
indices nj (j = a, b, c) along the a, b, and c axis exhibit giant differences 
within the same region. For birefringent materials, two main perfor-
mance parameters are the most important, and one is the starting 
operation wavelength λs and the other is the birefringence Δn.

The birefringent materials are required to be fairly low-loss or even 
lossless within its operation wavelength. Therefore, the starting opera-
tion wavelength λs is defined to quantify the operation wavelength re-
gion, which means the birefringent materials work well beyond the 
starting operation wavelength λs. Here, illustrated in Fig. 2e, we adopt 
the absorption coefficient α to define the starting operation wavelength 
λs, which can be calculated directly from the extinction coefficients k 
[9,60]

αj =
4πkj

λ
, j = a, b, c. (4) 

In consequence, according to the Eq. (4), αj (j = a, b, c) along three axes 

share the same tendency with kj (j = a, b, c), and they all gradually drop 
to zero in visible and NIR region and there is no longer existing any peak. 
Therefore, the starting operation wavelength λs can be defined as the 
wavelength corresponding to absorption coefficient α of 1 × 105 cm− 1 

that is fairly low-loss. For the intrinsic α-MoO3, the starting operation 
wavelength λs is 579 nm, which is in the visible region.

The other significant performance parameter is the birefringence Δn 
which is defined as the difference value of refractive index n. Here, as is 
demonstrated in Fig. 1f, we calculated the difference value of in-plane 
refractive index n, i.e. birefringence Δn (= nc − na), as well as the in- 
plane extinction coefficient k, i.e. dichroism Δk (= kc − ka). At the 
starting operation wavelength λs, the birefringence Δn is − 0.066 while 
the dichroism Δk is only 0.012 at the same wavelength. The dichroism 
Δk approaches to zero in the NIR region while the absolute value of 
birefringence Δn gradually rise and.

maintain a relatively high level (e.g. |Δn| = 0.105 @ 1064 nm) in 
visible and NIR region. The calculated birefringence Δn agrees with the 
experimental reported results [20,21]. Also, the Δn and the Δk are 
scarcely influenced by the SOC effect since the calculated Δn and Δk 
considering the SOC effect are almost the same as those without 
considering the SOC effect. Accordingly, the SOC effect is ignored in the 
subsequent calculations on optical properties of strained α-MoO3.

3.2. Strain-tunable optical anisotropy and strain-enhanced birefringent 
performance of α-MoO3

The typically birefringent material α-MoO3 possesses superior per-
formance, which is because of not only the visible-region starting 
operation wavelength λs but also the relatively high birefringence Δn. 
We wonder if the birefringent performance of α-MoO3 can be further 
tunable or even enhanced under strain? First of all, it is of rather ne-
cessity to investigate stability of the unstrained α-MoO3, and the supe-
rior mechanical property of the unstrained α-MoO3 is the foundation of 
stability of α-MoO3 under in-plane strain. With the help of the first- 
principles, we calculated the elastic constants (Table S3) and the 
derived Young’s modulus E as well as Poisson’s ratio ν, and all of them 
indicate the superior mechanical property of the unstrained α-MoO3. 
More details can be found in Supporting Note S5.We also discuss the 
stability of α-MoO3 under in-plane strain, and the stress–strain curve is 
the first matter that needs to be considered and calculated to determine 

Fig. 2. The in-plane birefringence Δn as well as dichroism Δk under a-axis compressive strain (a~c) and the tensile strain (d~f), where the marked wavelength is the 
starting operation wavelength λs.
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the appropriate strain range. As illustrated in Fig. S7a–c as well as 
Fig. S8a–c, the in-plane strain, including the a-axis, c-axis, and biaxial 
strain, are the most convenient to apply and also the most concerned 
about. Shown in Fig. S7d, the in-plane compressive stress maintain a 
linear relation with strain within a range of − 10%, which shares the 
similar situation with the in-plane tensile strain within a range of 10% in 
Fig. S8d. The linear relation between stress and strain suggests that 
α-MoO3 is recoverable and thus stable within this strain range [61,62]
As a consequence, the − 10%~10% in-plane strain is applied to α-MoO3 
to explore its effect on optical anisotropy. Here, the strain is denoted as 
Δl/l0, where Δl and l0 respectively represent the variations of lattice 
constants along in-plane axes (a-axis and c-axis) and the initial lattice 
constants without applying stress. Obviously, to apply in-plane stress is 
to change the in-plane lattice constants of α-MoO3.

We first take the a-axis strain, displayed in Fig. 2, as a representative 
sample to probe into the strain-tunable optical anisotropy of α-MoO3. 
Although the starting operation wavelength λs and the birefringence Δn 
alter under the varying strain, the α-MoO3 still keeps the feature of 
birefringent materials. Specifically speaking, under the strain along the 
a-axis, the λs gradually decreases from 1400 nm to 462 nm as the strain 
changes from strongest compressive one (− 10% a-axis strain) to the 
strongest tensile one (10% a-axis strain), illustrated in Fig. 3a. As sum-
med in Table S4, the dichroism Δk also possess the same variation 
tendency as λs, which is from 0.074 to 0.001. The λs is defined as the 
wavelength of specific absorption coefficient α (= 1 × 105 cm− 1), and 
thus to make α unchanged, according to Eq. (4), the Δk and the λs should 
keep the same variation tendency. Besides, as demonstrated in Fig. 3b 
and summed in Table S4, the Δn reduces gradually from 0.285 to − 0.135 
at the corresponding λs under the same variation of strain. One can see 
Figs. S9 and S10 for more details. Unfortunately, although the absolute 
value of birefringence |Δn| under − 10% a-axis strain is about 4.3 times 
as that of unstrained α-MoO3, the λs is limited at the wavelength of 1400 
nm in the NIR region. At the meantime, the λs is extended to the 
wavelength of 462 nm by applying 10% a-axis strain. However, the 

enhancement of |Δn| under 10% a-axis strain is far less than that under 
− 10% a-axis strain.

Thus, to obtain the excellent birefringent performance, i.e. extended 
λs and giant |Δn|, we further calculated the optical properties of α-MoO3 
under the c-axis compressive and tensile strain, respectively demon-
strated in Figs. S11 and S12. Compared with the case under a-axis strain, 
the modulation range wavelength of λs is vastly reduced in Fig. 3a, 
which is from the wavelength of 509 nm to that of 781 nm. Besides, 
summed in Table S4, the c-axis compressive strain extends the λs to 
approach the UV region, instead of making λs red shift to NIR region like 
the a-axis compressive strain. Additionally, unlike the a-axis compres-
sive strain, the absolute value of dichroism |Δk| under c-axis compres-
sive strain is extremely tiny, which is at level of thousandth shown in 
Table S4. Moreover, the Δn under c-axis strain, summed in Table S4 and 
illustrated in Fig. 3b, is also tunable, which is from − 0.288 to 0.155 at 
the corresponding λs under c-axis strain from − 10% to 10%. More 
excitingly, apart from the tunability, Δn also owns a nearly linear rela-
tion with the c-axis strain, shown in Fig. 3b. It is also found that the |Δn| 
under − 10% c-axis strain is a little higher than that under − 10% a-axis 
strain. Differently and excitingly, the λs under − 10% c-axis strain is 
extended to the wavelength of 509 nm rather than the NIR-region λs 
under − 10% a-axis strain. The birefringent performance of α-MoO3, 
consequently, can be further enhanced by applying − 10% c-axis strain. 
In detail, compare to the unstrained α-MoO3, the − 10% c-axis strain 
makes λs blue shift for 70 nm to get close to the UV region. Meanwhile, 
the percent ratio of |Δn| under the − 10% c-axis strain to that of un-
strained α-MoO3 at its corresponding λs is as high as 436%. Additionally, 
|Δk| under − 10% c-axis strain at λs is only 0.005, which is 58.3% lower 
than that of unstrained α-MoO3.

As is shown in Figs. S13 and S14, the in-plane biaxial strain were also 
calculated, and we find that both the λs and the Δn at the corresponding 
λs under in-plane biaxial strain, respectively displayed in Fig. 3a and b, 
are within the range of their counterparts under a-axis and c-axis strain. 
Applying the in-plane biaxial strain means to apply the same magnitude 

Fig. 3. The starting operation wavelength λs (a) and the birefringence Δn at the λs (b) under in-plane strain. Comparation of Δn of strained (− 10% c-axis strain) and 
unstrained MoO3 with other birefringent materials (quartz [18], MgF2 [19], KH2PO4 [63], LiNbO3 [64], and calcite [18]) and low-symmetry materials (ReS2 [23] and 
black phosphorus, i.e. BP [65]) (c). For convenience of comparison, the Δn of strained and unstrained MoO3 have been recalculated with the relation of Δn = na − nc.
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of a-axis and c-axis strain simultaneously, and thus the birefringent 
performance of α-MoO3 will not exceed the scopes of the λs and the Δn 
under a-axis and c-axis strain.

As illustrated in Fig. S15, we also extracted the Δn at the wavelength 
of 1064 nm which is typical and widely used NIR wavelength [66,67]. 
Due to the fact that the λs under − 10% c-axis strain as well as − 10% 
biaxial strain is fairly larger than 1064 nm, the Δn under such strain can 
be ignored. Even so, Δn under in-plane strain at the wavelength of 1064 
nm still display the similar trend with the Δn at the λs. More specifically, 
Δn under a-axis strain decreases with the strain rising from − 10% to 
10%. On the contrary, by applying the c-axis strain, Δn ascends with the 
increasement of the strain. Furthermore, Δn under c-axis strain also 
exhibits a pretty linear relation with strain with a maximum |Δn| of 0.24 
under − 10% c-axis strain. For the biaxial strain, Δn still almost falls 
within the scope of those under a-axis and c-axis strain.

Shown in Fig. 3c, we also made a comparation of Δn of strained 
(− 10% c-axis strain) and unstrained MoO3 with other birefringent ma-
terials and low-symmetry materials. For birefringent materials like 
quartz [18] and MgF2 [19], despite wide application, their Δn are only 
about 0.009 and 0.011 in visible and NIR region respectively, which is 
about one order of magnitude lower than that of unstrained MoO3 in NIR 
region. Moreover, the Δn of unstrained MoO3 is superior to other bire-
fringent materials like KH2PO4 [63], LiNbO3 [64] as well as low- 
symmetry materials such as ReS2 [23], indicating intrinsic MoO3 pos-
sesses the exceptional birefringent performance. Nevertheless, the Δn of 
unstrained MoO3 is lower than that BP [65] in visible region and far 
below calcite [18] through the visible and NIR region. By applying the 
− 10% c-axis strain, however, the Δn of MoO3 has been tremendously 
enhanced, which outclasses all the birefringent materials and low- 
symmetry materials mentioned above.

3.3. Understanding the strain modulation effect on optically anisotropic 
and birefringent α-MoO3

To understanding the strain modulation effect on optically aniso-
tropic and birefringent α-MoO3, the band structure of strained α-MoO3 
was firstly calculated to reveal the relation between strain and starting 
operation wavelength λs. Besides, to figure out the connection between 
strain and birefringence Δn, dipole moment of α-MoO3 under in-plane 
strain was also calculated.

Band structure and PDOS of α-MoO3 under in-plane strain. The 
band structures of α-MoO3 under c-axis strain, illustrated in Fig. 4a–f, 
were calculated by hybrid functional of HSE06 method, which is taken 

as a typical sample to demonstrate ECBM as well as EVBM and bandgap Eg 
under in-plane strain. Also summed in Table S5, under all the c-axis 
strain, the BZ locations of CBM and VBM remain unchanged, which is 
still Γ and T point respectively. Moreover, the bandgap Eg under c-axis 
strain linearly descends with the increase of the c-axis strain from − 10% 
to 10%. Shown in Fig. 4g and summed in Table S5, compared with the 
relatively low value and near-zero oscillation of EVBM, the relatively high 
value and decline tendency make ECBM become a dominate role in 
determining Eg of Fig. 4h. Band structures under a-axis strain have a 
wide discrepancy with those under c-axis strain. First, as displayed in 
Fig. S16 as well as summed in Table S5, the VBM under − 10% and 10% 
a-axis strain no longer locate the T point in BZ, which is similar to the 
circumstance of the BZ locations of CBM under 5% and 10% a-axis 
tensile strain. Also, though the ECBM plays a leading role in determining 
Eg in Fig. 4h, the rise of ECBM bring Eg ascending instead of descending 
like ECBM under c-axis strain. The results about Eg under c-axis and a-axis 
strain are in keeping with the reported literature [68,69]. For the biaxial 
strain illustrated in Fig. S17 and summed in Table S5, the VBM’s BZ 
locations are the same as the unstrained α-MoO3 while BZ locations of 
CBM under 5% and 10% biaxial tensile strain shift between the Y point 
and the Γ point. Like the case of the λs under biaxial strain, ranges of the 
ECBM and the Eg under biaxial strain, respectively shown in Fig. 4g and h, 
are still between those under a-axis strain and those under c-axis strain, 
and the ECBM and the Eg are closer to those under a-axis strain.

We also discuss the physics behind the change in the Eg under in- 
plane strain with the help of PDOS under all strained cases in 
Figs. S18–S20. As mentioned above, the ECBM instead of the EVBM plays a 
leading role in determining Eg under in-plane strain. As a result, atten-
tions are paid to investigate the variation regular of contributions of 
carriers from specific atom orbital to ECBM under in-plane strain in 
PDOS, which is the key to understand the physics behind the change in 
Eg. As illustrated in Fig. S18, the contributions of carriers from Mo 
atoms’ 4dyz orbital gradually decrease and those from Mo atoms’ 4dxy 
orbital gradually increase with the increasement of a-axis strain from 
− 10% to 10%, leading to the ECBM gradually increasing and thus the 
increase of Eg under a-axis strain. The ECBM as well as Eg, however, is 
gradually and more linearly decreased with the ascend of c-axis percent 
strain. As shown in Fig. S19, the contributions of carriers in Mo atoms’ 
4dxy orbital gradually decrease rather than increase as the c-axis strain 
rise from − 10% to 10%. Therefore, for both a-axis and c-axis strain, the 
increasement of the contributions of carriers from Mo atoms’ 4dxy 
orbital makes ECBM as well as Eg increase and their decreasement makes 
ECBM as well as Eg decrease. The ECBM as well as Eg under a-axis strain is 

Fig. 4. Band structures of α-MoO3 under c-axis strain (a~f) calculated by hybrid functional of HSE06 method without considering SOC effect. Conduction band 
minimum (CBM) energy ECBM as well as valence band maximum (VBM) energy EVBM (g) and bandgap Eg (h) under in-plane strain.
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influenced by both the contributions of carriers from Mo atoms’ 4dyz 
orbital and those from Mo atoms’ 4dxy orbital. For the ECBM as well as Eg 
under c-axis strain, however, the only variation factor is the contribu-
tions of carriers in Mo atoms’ 4dxy orbital. As a result, the ECBM as well as 
Eg is more linear with the c-axis percent strain. Although affected by the 
c-axis strain, the carriers’ contribution behavior of biaxial strain in 
Fig. S20 are more similar to that of a-axis. Therefore, on the one hand, 
the ranges of the ECBM and the Eg under biaxial strain fall between those 
of under a-axis strain and those under c-axis strain. On the other hand, 
the and the ECBM and the Eg are closer to those under a-axis strain.

As is known, the energy corresponding to the interband transition 
usually exceeds the bandgap Eg, and the absorption is often absent below 
Eg [7,70]. As mentioned before, the starting operation wavelength λs is 
defined when the absorption gradually drop to zero and there is no 
longer existing any absorption peak. Hence, the λs is in possession of a 
positive relevance to the Eg. To demonstrated their relation, the λs is 
converted to the starting operation energy Es, by the following relation 
[59]

Es = 1239.84/λs, (5) 

To make the Eq. (5) established, Es and λs need to be the unit of eV and 
nm, respectively. Demonstrated in Fig. S21, Es under in-plane strain 
shares the similar variation trend with Eg under in-plane strain. For the 
a-axis strain, both Es and Eg increase with the strain rising from − 10% to 
10%, and Es also decline with c-axis strain ascending, which is like the 
situation of Eg under c-axis strain. Besides, analogous to Eg under biaxial 
strain, Es under biaxial strain falls within the range of those under a-axis 
and c-axis strain. Above all, we believe that Eg plays a positive and 
significant role in determining the λs under in-plane strain, and thus Eg 
has a dominate effect on the strain-modulating λs. Consequently, the λs 
descending with a-axis strain from − 10% to 10% is due to the 

ascendance of Eg within the same range of a-axis strain. In contrast, 
under c-axis compressive strain, the λs is blue shift and get close to the 
UV region, which is owing to the fact that the Eg under − 10% c-axis is 
highest among those under c-axis strain.

Dipole moment of α-MoO3 under in-plane strain. The calculated 
dipole moment is composed by ionic part and electronic part, and we 
often care more about the dipole moment at the center of the crystal cell 
in unstrained α-MoO3. It is found that both ionic and electronic dipole 
moment are zero in unstrained α-MoO3, which means there is no dipole 
moment existing in intrinsic α-MoO3. When applying in-plane strain, 
however, the unit cell will be changed, illustrated in Fig. 5a and b. As a 
consequence, the unit cell center of unstrained α-MoO3 is no more the 
center of the strained unit cell. Summed in in Table S6, the unstrained 
unit cell center coordinate value in the corresponding strained unit cell 
is higher than the unit cell center coordinate value under compressive 
strain and lower than the unstrained unit cell center coordinate value 
under tensile strain. As a result, the unstrained unit cell center in the 
corresponding strained unit cell will contribute the ionic dipole 
moment, as demonstrated in Fig. 5c and d as well as summed in Ta-
ble S6. When applying the a-axis strain, the ionic dipole moment along 
− z direction pion

− z falls off with the augment of the strain from − 10% to 
10% in Fig. 5c, which exhibits the fair similarity with the birefringence 
Δn under a-axis strain. Besides, show in Fig. 5d, the ionic dipole moment 
along − y direction pion

− y increases linearly with the c-axis strain, which is 
in accordance with the nearly linear growth relation between Δn and the 
c-axis strain.

As mentioned before, anisotropic polarization will give rise to the 
anisotropic dielectric functions, i.e. optical anisotropy [56,59]. Under 
in-plane strain, in spite of no electronic dipole moment, the ionic dipole 
moment exists and becomes giant anisotropy. As we know, the sum of 
the dipole moment pion

− l (l = x, y, z) constitutes the polarization Pl (l = x, 

Fig. 5. The unit cell in x-z plane (a) and x-y plane (b) under compressive and tensile strain as well as without (w/o) strain with respect to the unstrained α-MoO3, 
where x-, y- and z-axis are respectively corresponding to the b-, c- and a-axis of α-MoO3. Ionic dipole moment along − z direction pion

− z (c) and − y direction pion
− y (d).
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y, z), which is [71]

Pl = −
∑

m
pion
− l , l = x, y, z. (6) 

Moreover, the anisotropic polarization Pl (l = x, y, z) will lead to the 
anisotropic dielectric functions εl (l = x, y, z), according to the following 
relation [71]

εl = 1 +
Pl

ε0El
, l = x, y, z. (7) 

In Eq. (7), the ε0 is the dielectric constant in vacuum and El (l = x, y, z) is 
the electric field along the x-, y- and z-axis. According to Eqs. (6) and (7)
as well as the Eqs. (2) and (3) above, the changing trend of the ionic 
dipole moment under strain is capable of ultimately reflecting altering 
tendency of the Δn of strained α-MoO3. The ionic dipole moments under 
biaxial strain are identical to or slightly smaller than those under a-axis 
and c-axis strain. Also, the ionic dipole moments under a-axis strain 
possess the contrary tendency and sign. As a result, the Δn under biaxial 
strain falls within the scope of those under a-axis and c-axis strain. 
Moreover, the enhancement of the Δn under in-plane strain originate 
from the contribution of the ionic dipole moment under in-plane strain.

4. Conclusions

In conclusions, by applying in-plane strain, α-MoO3′s optical 
anisotropy and birefringent performance becomes highly tunable and 
immensely improved, and band structure and dipole moment of strained 
α-MoO3 are also calculate to further reveal the strain modulation 
mechanism. The low-symmetry lattice structure makes intrinsic α-MoO3 
greatly anisotropy in electronics and optics, and we find the unstrained 
α-MoO3 is a typically and excellently birefringent material, which is 
because of not only the visible-region starting operation wavelength λs 
(= 579 nm) but also the relatively high birefringence (|Δn| = 0.105 @ 
1064 nm). The optical anisotropy under in-plane strain is highly 
tunable. Under a-axis strain, the starting operation wavelength λs and 
the birefringence Δn descend while they ascend under c-axis strain. For 
the biaxial strain, both the λs and the Δn fall within the range of their 
counterparts under a-axis and c-axis strain. It is also found that the λs is 
extended to approach the UV region by the c-axis compressive strain. 
More excitingly, the absolute value of birefringence |Δn| under − 10% c- 
axis strain is 0.288 at λs (= 509 nm), whose percent ratio to that of 
unstrained α-MoO3 is as high as 436%. Additionally, |Δk| under − 10% c- 
axis strain at λs is only 0.005, which is 58.3% lower than that of un-
strained α-MoO3. According to the band structure of strained α-MoO3, 
we find that the bandgap energy Eg plays a dominate role in determining 
strain-modulating λs. We also further reveal the physics behind the 
change in the bandgap Eg under the strained condition with the help of 
PDOS under all strained cases. Besides, the changing trend of the ionic 
dipole moment under strain is capable of ultimately reflecting altering 
tendency of the Δn of strained α-MoO3, and the enhancement of the Δn 
under in-plane strain originates from the contribution of the ionic dipole 
moment under in-plane strain.

We believe that the most possible and facile method to obtain 
α-MoO3 under in-plane strain in experiment is to employ the flexible 
substrate [34], due to the fact that the flexible substrate is capable to 
supply the uniform in-plane stress studied by this work and the vdW 
materials like α-MoO3 can be easily exfoliated onto the such substrate 
[3]. To be specific, after being exfoliated onto the flexible substrate, the 
optical anisotropy, quantified by the Δn as well as Δk, can be adjusted 
and enhanced by applying the uniform in-plane stress to the flexible 
substrate, accompanied with the α-MoO3 under in-plane strain. Limited 
by current experimental conditions especially the strain generation 
methods, however, most of experimental researches under high strain 
are within the range of − 4%~6% [72–74]. Therefore, more efforts need 
to be put to realize higher strain applied to the materials to acquire 

higher performances or novel or potential or even unexpected material 
properties. Since the α-MoO3 demonstrates high stability under high 
percentage (±10%) strain, we believe that α-MoO3 under such high 
percentage strain is experimentally possible if the high percentage strain 
is attainable in experiment. Even adopting current experimental con-
ditions, if − 5% c-axis strain is applied to α-MoO3, according to Table S4, 
there will be a redshift of only 19 nm in the starting operation wave-
length λs and the absolute value of the dichroism |Δk| will even decrease 
to 0.002. Also, absolute value of birefringence |Δn| under − 5% c-axis 
strain is 0.188 at λs, which is still a huge enhancement of 285% 
compared with the unstrained α-MoO3.

The strain offers a degree of freedom to regulate α-MoO3′s optical 
anisotropy and birefringent performance, leading to the corresponding 
devices based on α-MoO3 being adjustable. Also, the multiplied- 
enhancement birefringence can further vastly improve the device per-
formance based on α-MoO3, such as waveplates, Dyakonov surface 
waves devices mentioned in introduction section. The proposed calcu-
lation method of optical properties under strain as well as strain mod-
ulation mechanism in this paper can be utilized and extended to other 
optically anisotropic and birefringent materials.
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