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Enhancement of the linear electro-optic effect by high pressure
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It is challenging to design electro-optic (EO) crystals with both a large bandgap and a high EO coefficient.
We propose that some semiconductors synthesized under a high pressure environment can present both a large
bandgap and a high linear EO coefficient because of the enhanced strength of the valence bond. The electronic
band structures and linear EO coefficients of the /I/SiN, (/I = Mg, Sr, Ba) compounds are studied using
first-principles calculation. Our calculated results predict that both SrSiN, and BaSiN,, under a high-pressure
condition, will crystalize into an orthorhombic structure with the same space group of MgSiN, under ambient
pressure. The calculated bandgaps are 5.48, 4.41, and 3.57 eV, respectively, for MgSiN,, SrSiN,, and BaSiN,,
while the calculated linear EO coefficients are 1.55, 12.09, and 21.60 pm/V at a fiber communication wavelength
of 1550 nm. The increasing linear EO coefficients can be interpreted by the enhanced bond strength and a reduced
bandgap. This work indicates that it is feasible to enhance the linear EO coefficient with high pressure.
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I. INTRODUCTION

The electro-optic modulator (EOM), which modulates
the phase, frequency, amplitude, or polarization of light by
low-frequency electric signals within the principle of the
electro-optic (EO) effect, is one fundamental active device
in integrated photonics applications, including intrachip data
transmission [1-6], neuromorphic logic optical chips [7-11],
and photonic integrated circuits for quantum computing
[12—14]. The EO effect describes the change of the complex
refractive index (CRI), N = n + ik of materials in response
to an electric field that varies slowly with time compared with

the frequency of light. The real part of CRI, n(w) =,/ '8‘%
determines the phase velocity, while the imaginary part,

k=, "“?l%sl, determines the optical attenuation of light prop-
agating in the medium, where ¢; (&) is the real (imaginary)
part of the frequency-dependent complex dielectric function
& = &1 +iey. In practice, phase modulation is favored for
high-speed and low-power optical devices; we usually adopt
EO crystals with a relatively large bandgap and a relatively
small attenuation coefficient k at working wavelengths, which
usually is 1550 nm for fiberoptic communication. The linear
electro-optic (LEO) effect, or Pockels effect [15-19], de-
scribes the change of the dielectric tensor €;;(E)/gp = 85})4-
Xl.(]i) (w; w, 0)E, in which ef}) is the dielectric tensor within
linear response theory and Xi(?k) (w; w, 0) is the LEO coefficient
under a low-frequency electric signal E. The complex EO
coefficient Xl.?k)(w; ,0) = a;jx +iBijx  [20] usually has
a symmetric (antisymmetric) real (imaginary) part under
exchange of indices j and k described the second-order
response under an optical field with linear (circular)
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polarization. The real part results from the mechanism of
the shift vector, which characterizes the position difference
between the Wannier centers of the valance and conduction
bands [21-24], while the imaginary part results from the
curvature tensor associated with the band structure near the
Fermi level [25]. In the case of a large bandgap, ¢;;(E) is real
and optical absorption is neglectable, the real refractive index
n=ny=+t % for light with two orthogonal polarizations, in
which ng is the real refractive index within linear response
theory, i.e., the two polarized states have different phase
velocities. For excellent EO crystals, a large EO coefficient
is necessary for a relatively low half-wave voltage V.
The semiconductor LiNbOj3 (LN), which has relatively
large bandgap of 3.61 eV and a LEO coefficient of about
32 pm/V at an input wavelength of 1550 nm [26-28],
is the main commercial EO crystal and is widely used
for EOM devices. For semiconductors with a relatively
small bandgap, larger EO coefficients are feasible, such as
the BaTiOs crystal [29-32]. However, this enhancement
of the EO coefficient is not meaningful because of the
sacrifice of the bandgap. For the typical communication
wavelength of 1550 nm (photon energy ~0.8 eV), resonant
absorption can be safely prohibited in insulators with a
larger bandgap; therefore, it will be more significant if
we can enhance both the EO coefficient and bandgap
simultaneously. It is challenging work to design novel EO
crystals with both a large bandgap and EO coefficient. By
growing the EO crystals on some substrates, the interface
strain can improve the EO coefficient somewhat [26,33-36].
However, strain engineering cannot enhance the EO effect
efficiently.

In this work, we start from the two-band model of a mas-
sive Weyl fermion [37] and predict a high LEO coefficient
resulting from the enhancement of orbital hybridization un-
der high pressure. Then, we take the silicon nitride (SizNy)
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electron-optical crystal as a prototype, and replace one silicon
atom by two alkaline-earth metal atoms and predict that both
SrSiN, and BaSiN; under high pressure will crystalize into
an orthorhombic structure with the space group Pna2; of
MgSiN, under ambient pressure by the first-principles cal-
culation. Further, we calculate the band structures and EO
coefficients of isostructural /7SiN, (II = Mg, Sr, Ba) to jus-
tify our proposal, viz., high pressure is an efficient approach
to enhancing the LEO coefficient.

II. PRINCIPLE

From a simple, two-band effective Hamiltonian for a
massive Weyl fermion

A(kz)

Ay + iky) M

ho(l;) _ ( Alky — iky)>

—A(k)

in which positive 2A is the charge transfer energy (or fermion
mass) and A tunes the strength of orbital hybridization,
which is an odd function of momentum because of the
broken spatial inversion symmetry, the eigenvectors for

the valence and conducting bands read u. = C(’go(k)
sin 0 (k )e’“’( ©
and u, = (bmg(k)e ok ), respectively, and cos Q(k) V&R,
—cosO(k)
06 (k)eiek) — Mtk o) = VAL TR
sinf(k)e'v®) = Zol, and d(k) = A2+ 222 [25].

For wide-bandgap insulators, the nonlinear optic response is
dominated by the nonlinear polarization or current induced by
the shift vector, which characterizes the position difference of
the Wannier center between the conduction and valence bands
[20]. We consider the shift vector induced the oscillating
second-order current with frequency w. Under an oscillating

optical field E (w) with frequency w and static electric field

E, within dipole approximation, the oscillating second-order
current density with frequency  reads [38]

T 1)
Jj(@;0,0) = m P / dkn;p Dk, @)Dy
x (K)Eo - Apn(k) @)
Pk, @) = —E D Am®) _po gy 0] 6)

I(w —in) — emn(k)

where the shift vector Dy,(k) = d. iy (k) — iA (k)
is gauge invariant and characterlzes the position difference
of the Wannier centers, Anm(k) 1s the Berry connectlon

and is gauge dependent, and sm,,(k) = gu(k) — 5,1(k) is the
energy difference between the Bloch bands m and n with

the initial Fermi-Dirac distribution p,(,?,}l(i) and ,0,(12)(2),
respectively. The summation in Eq. (2) is performed on all
band indices except m = n, and the interband density matrix
p\D(k, w) in Eq. (3) is proportional to the strength of the

optical field. Since the current j(w;w, 0) is gauge invariant
under any local phase transformation of Bloch functions,
we only focus on the amplitudes of the density matrix and

the Berry connection. With a simple two-band model for a
massive Weyl fermion in Eq. (1), i.e., one valence and one
conduction band, A (k) takes a minimum at the topmost point

of valence band k,, = (0, 0, k,,), and the calculated interband

Berry connection |Ag,(ky)| ~ % is proportional to the
parameter A [25], and is inversely proportional to the bandgap
2A(ky,). Therefore, the amplitude of the first-order density
matrix |p£11))(0 w)| x AZ if the photon energy is much lower

than the bandgap With a proper phase gauge, the shift vector
IDmn(k)| o % Because the amplitude of the Berry connection
|Avc(0)| o'¢ Z near the Weyl point (0, 0, k) and the second-
= P(w;,0)/|Eol|E ()|

is approximately proportional to (%)4, where E, = 2A(k,,)
is the bandgap. This result indicates that strong orbital
hybridization can enhance the LEO coefficient while the
wide bandgap is maintained. With the increase of parameter

, the slope of band dispersion e(k) j:d(k) around the
bandgap will increase. The slope of band dispersion also
characterizes the bond strength. It is well known that high
pressure can compress lattice parameters and enhance orbital
hybridization [39—41]. Therefore, it should be feasible to
enhance the LEO coefficient by high pressure, which renders
a relatively short bond length and a strong valance bond
strength.

order susceptibility, x®(w;w, 0)

III. MATERIAL CANDIDATES

Silicon nitride is an insulator with a bandgap of about
4.78 eV [42] and a relatively low LEO coefficient of about
15 pm/V [43]. However, the high-pressure phases of SizNy
are centrosymmetric [44-46], and the LEO effect is van-
ishing. Therefore, we replace one silicon atom by two
alkaline-earth metal atoms, and the equations of state (EOS)
of IISiN, (II = Mg, Sr, Ba) compounds are calculated by
the first-principles calculation based on density functional
theory with the Perdew-Burke-Ernzerhof (PBE) exchange-
correlation functional [47] implemented in the Vienna Ab
initio Simulation Package [48] code with an energy cut of
500eV and 13 x 13 x 10 k-points sampling, as shown in Sup-
plemental Material Fig. S1 (left) [49]. At ambient pressure,
MgSiN; crystalizes into an orthogonal structure with space
group Pna2; [50,51], while SrSiN, and BaSiN, crystalize
into a monoclinic structure with space group P2;c [52] and
an orthogonal structure with space group Cmca [52], respec-
tively. Both SrSiN, with space group P2;c and BaSiN, with
space group Cmeca are centrosymmetric materials; therefore,
neither of them has a LEO effect. Therefore, we replace the
magnesium atoms in MgSiN, by strontium atoms and barium
atoms to form SrSiN, and BaSiN;, respectively, with the
space group Pna2; (No. 33) [the crystal structure of //SiN,
(I = Mg, Sr, Ba) is shown in Supplemental Material Fig. S1
(right) [49]] and compare the structural stability of SrSiN,
(BaSiN,) with the Pna2, and P2;c (Cmca) space groups by
the total energy calculation with a different volume of unit
cells. The calculated EOS of SrSiN, and BaSiN, is shown
in Fig. 1, which demonstrates that both SrSiN, and BaSiN,;
can crystalize into the Pna2; space group under high pressure.
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FIG. 1. Both SrSiN, and BaSiN, will crystalize into an orthorhombic structure with space group Pna2; under high pressure, and the phase
transition pressure is determined to be 12.91 and 13.74 GPa, respectively. (a) Calculated EOS of SrSiN, with space groups Pna2, and P2,c,
where the inset shows the crystal structure of the space group P2,c and Pna2,, respectively. Strontium, silicon, and nitrogen atoms are shown
as bronze, blue, and gray spheres respectively. (b) EOS of BaSiN, with space groups Pna2; and Cmca, where the inset shows the crystal
structure of the space group Cmca and Pna2,, respectively. Barium, silicon, and nitrogen atoms are shown as bronze, blue, and gray spheres,

respectively.

The calculated pressure of this phase transition is about 12.91
and 13.74 GPa for SrSiN, and BaSiNj,, respectively. The
orthorhombic I7SiN, compounds with space group Pna2, are
noncentrosymmetric crystals with a nonvanishing LEO effect,
and they afford an excellent platform to study the LEO effect
of crystals synthesized under a high-pressure environment.

IV. ELECTRONIC STRUCTURES
AND LINEAR OPTICAL PROPERTIES

After the phase transition under high pressure is confirmed
by the total energy calculations, the electronic structure and
linear optical properties are calculated by an all-electron,
full-potential linearized augmented plane wave implemented
in ELK code [53] with energy cut Ryt X Knax = 7.0 and
13 x 13 x 10 k-points sampling. The muffin-tin radius Ryt
reads 2.2, 2.6, and 2.8 a.u. for magnesium, strontium, and
barium, respectively. The optimized structural parameters of
1ISiN, (II = Mg, Sr, Ba) are tabulated in Supplemental Ma-
terial Table SI [49]. Since there is no heavy element, the
spin-orbital coupling (SOC) effect is very weak in the non-
centrosymmetric material MgSiN, compound, as shown in
Supplemental Material Fig. S2 [49]. Therefore, we ignored
the SOC effect in the first-principles calculation. We also
ignored the exciton effect, because the exciton binding energy
is usually very low in the bulk of our proposed materials

[50,54]. The calculated band structure of orthogonal MgSiN,
with space group Pna2; by the PBE exchange-correlation
functional is shown in Supplemental Material Fig. S2(a)
[49], and the calculated bandgap is 3.93 eV, which is seri-
ously underestimated, in contrast to the experimental value
5.62 eV by de Boer et al. [55]. The calculated band structure
of MgSiN, with space group Pra2; obtained with the mod-
ified Becke-Johnson (MBJ) approximation [56] is shown in
Fig. 2(a), and the calculated bandgap of 5.48 eV is consistent
with the experimental value [55]. The economical MBJ ap-
proximation can also afford relatively accurate bandgaps for
insulators and good agreement with hybrid functions or the
GW method [57]. The calculated band structures of SrSiN,
and BaSiN,; with space group Pna2; with MBJ approximation
are shown in Fig. 2(b) and 2(c), respectively. The calculated
bandgaps of SrSiN, and BaSiN, are 4.41 eV and 3.57 eV,
respectively, and the weight of s orbitals from alkaline-earth
metal atoms (silicon and nitrogen atoms) are marked by red
circles. The calculated partial density of states (PDOS) of
MgSiN,, SrSiN,, and BaSiN, with space group Pna2; ob-
tained within MBJ approximation is shown in Fig. 2(d)-2(f).
The calculated electronic structures show that p orbitals of
the silicon/nitrogen elements dominate the top of the valance
band, while the s orbitals from alkaline-earth metal ele-
ment dominates the bottom of the conduction bands in all
1ISiN, (II = Mg, Sr, Ba) compounds. Our calculated results
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FIG. 2. Band structures of MgSiN, (a), SrSiN; (b), and BaSiN, (c) with space group Pna2, by the first-principles calculation within the
MBI approximation. The calculated PDOS of MgSiN, (d), StrSiN; (e), and BaSiN, (f) with space group Pna2; is obtained using the MBJ
approximation. The PDOS of the magnesium, strontium, barium, silicon, and nitrogen atoms are shown, as well as the projection onto the s
orbital (red) of the alkaline-earth metal atomic species and the p orbitals (blue) of the silicon/nitrogen atomic species.

demonstrate that the bandgap of IISiN, (/I = Mg, Sr, Ba)
compounds becomes smaller with the increasing atomic mass
of alkaline-earth metals, and the reduced bandgap can be inter-
preted by a reduced charge transfer energy between s orbitals
of alkaline-earth metals and p orbitals of silicon/nitrogen el-
ements with the increase in mass of alkaline-earth metals. In
the band structure of SrSiN,, obvious sp hybridization occurs
at the I'(0,0,0) point, as shown in Fig. 2(b), and presents
the character of a massive Weyl fermion and strong bond
strength.

Within linear response theory, linear optical properties
(including both interband and intraband contributions) are
also calculated by ELK code with same computational details

as the band structure. The calculated dielectric function &(w)
of MgSiN,, SrSiN,, and BaSiN, is shown in Supplemental
Material Fig. S3 [49], and the real part of CRI n(w) and
the imaginary part of CRI k(w) of MgSiN,, SrSiN,, and
BaSiN, are shown in Fig. 3(a) and 3(b), respectively. With
the atomic mass of the alkaline-earth metal increases in the
IISiN; compounds, both the calculated refractivity n,.(w)
and the extinction coefficient (or attenuation index) ky(w)
increase gradually with the low frequency of incident photons
before resonant absorption. The calculated refractivity n,,(w)
of MgSiN,, SrSiN,, and BaSiN, at the static limit are
about 1.84, 2.00, and 2.28, and the refractivity of BaSiN,
is larger than that of LN [15]. Additionally, the extinction
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FIG. 3. The real part of CRI n(w) (a), the imaginary part of CRI k(w) (b), and the calculated photon energy-dependent birefringence (c) of
1ISiN, (11 = Mg, Sr, Ba) with space group Pna2; by the first-principles calculation.

coefficient (or attenuation index) k,,(w) is almost zero, with
the low frequency of incident photons indicating neglectable
absorption and attenuation when the light, with wavelength
1550 nm, propagates through the //SiN, compounds.

Moderate birefringence An = n,, — n,, is another crite-
rion for an excellent nonlinear optical crystal. At the static
limit, both MgSiN, and BaSiN, present a relatively small
birefringence, as shown in Fig. 3(c), and SrSiN, presents a
relatively large birefringence. The calculated birefringence of
SrSiN, at an input wavelength of 1550 nm is about 0.034,
which is smaller than that of LN [15]. The calculated birefrin-
gence of both MgSiN, and SrSiN; increases with the increase
in frequency of incident photons, while BaSiN; has a peak at
an input wavelength of about 500 nm.

V. THE LEO COEFFICIENT

The LEO coefficient contributed by the shift vector
mechanism is calculated by the first principles calculation
code ABINIT [58] within the sum-over-state approximation
[59]. The scissor operator is determined to be the en-
ergy difference between the MBJ and PBE bandgap, and
k-points sampling is set to be 26 x 26 x 20. Because

TABLE I. The bandgap, LEO coefficient, and birefringence An
of 1ISiN, (II = Mg, Sr, Ba) compounds with space group Pna2,,
Si3Ny4, and LN obtained by the first-principles calculation.

LEO coefficient
Compound Bandgap (eV) (pm/V) at 1550 nm An (static) Reference

MgSiN, 5.48 1.55 0.023 4
SrSiN, 4.41 12.09 0.034 a
BaSiN, 3.57 21.60 0.033 4
SizNy 4.78 15 0.022 [31,37]
LiNbO; 3.61 32 0.073  [25,27,28]

2Current work.

of the mm2 point group, there are seven nonvanishing
elements. The calculated element Xjfz) (w; w, 0) is dominating,
in contrast to the other elements. The calculated frequency-
dependent LEO coefficient x)(w;®,0) of the MgSiN,,
SrSiN,, and BaSiN,; compounds is shown in Fig. 4(a). In
the energy range of 0 to 2.0 eV, the LEO coefficient of
the IISiN, (II = Mg, Sr, Ba) compounds increases with the
increase of photon energy, while the imaginary parts of the
LEO coefficient of the IISiN, (/I = Mg, Sr, Ba) compounds
are neglectable in the energy range of 0 to 2.0 eV. The cal-
culated LEO coefficients of MgSiN,, SrSiN,, and BaSiN;
are 1.55, 12.09, and 21.60 pm/V at a fiber-optic commu-
nication wavelength of 1550 nm. Both SrSiN, and BaSiN;
synthesized under a high-pressure condition present a much
higher LEO coefficient, while the LEO coefficient of MgSiN,
is very low. We define parameter A = ng)(a);a), 0) x E,,
which is the product of the bandgap and LEO coefficient at
1550 nm. As shown in Fig. 4(b), the parameter A increases
rapidly with the decrease in bandgap in the //SiN, (II = Mg,
Sr, Ba) compounds. In contrast, the typical semiconductor
SizNy4 (LiNbO;3) has a bandgap of 4.78 eV (3.61 eV) and a
LEO coefficient of 15 pm/V (32 pm/V) at a wavelength of
1550 nm [15,42,43]. As typical EO crystals, both SizN4 and
LiNbO; present relatively high A. Additionally, both SrSiN;
and BaSiN, have a larger quantity x3)(w;w,0) x (Ep)*
than that of MgSiN,. From our previous analysis, the LEO
coefficient Xg;(“’? , 0) should be proportional to ( A/E,)*.
For both SrSiN, and BaSiN,, the relatively large quantity
ng)(w;a), 0) x (E,)* can be interpreted by the increase in
bond strength A, which is enhanced by the high pressure.
Although the IISiN, (II = Mg, Sr, Ba) compounds have
a relatively lower LEO coefficient than that of LiNbOs,
our calculated results validated that the LEO coefficient
is not determined by the bandgap exclusively, and it is
feasible to enhance the LEO coefficient by high pressure,
while the large bandgap is maintained or slightly reduced.
The bandgap, LEO coefficient, and birefringence An of
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BaSiNy, Si;Ny, and LN, where A = xx(}z,g(a); o, 0) x E,.
1ISiN, (II = Mg, Sr, Ba) compounds, Si3Ny4, and LiNbO3 are
shown in Table I.

Last, it is necessary to determine the half-wave voltage
of the IISiN, (/I = Mg, Sr, Ba) EO crystal. There are two
types of EOM, i.e., longitudinal modulation and transverse
modulation. The half-wave voltage working at longitudinal
modulation is given by V; = ﬁ, where A = 1550 nm, and
the half-wave voltages of SrSiNz and BaSiN, are 8.01 kV
and 2.91 kV, respectively. The half-wave voltage working at
transverse modulation is given by V, = % [60], adopting
the same Mach-Zehnder structure as the IiiNbO3 EOM [61].
With parameters A = 1550 nm, d = 10 um, and L = 8 mm,
and the half-wave voltage of SrSiN, and BaSiN; are 20.03 V
and 7.28 V, respectively. The half-wave voltage of SrSiN, and
BaSiN; is larger than that of LiNbOj3 (6.05 V) [60].

VI. CONCLUSION

From the theoretical analysis of a nonlinear optical re-
sponse within the shift vector mechanism, we conclude that
orbital hybridization or bond strength can also affect the

21) (w; w, 0) at an input wavelength of 1550 nm of MgSiN,, SrSiN,,

LEO coefficient. First-principles calculations reveal that both
SrSiN, and BaSiN; under a high-pressure condition will crys-
talize into an orthorhombic structure with the same space
group Pna2; of MgSiN, under ambient pressure. For 1ISiN,
(I = Mg, Sr, Ba) compounds, the bandgap decreases with
the increase of atomic mass of alkaline-earth metals, and the
LEO coefficient increases. The product of the second-order
susceptibility XSZ) (w; w, 0) and bandgap indicates that the in-
crease of the LEO coefficient is not exclusively determined
by the reduced bandgap, and the enhanced bond strength is
also of critical importance. Our calculated results justified our
design principle, viz., high pressure can enhance the bond
strength and the LEO coefficient. This work is significant for
the design of excellent EO crystals with both a large bandgap
and LEO coefficient.
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