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Linear electro-optic effect in trigonal LiNbQO;: A first-principles study
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Lithium niobate LiNbO; (LN) has emerged as a promising electro-optic (EO) material with applications
in silicon photonics. It demonstrates a large linear EO response, often referred to as the Pockels effect. We
report on a first-principles investigation of the origins of the Pockels response in R3¢ LN. We examine three
contributions to the Pockels tensor, its electronic, ionic (Raman), and piezoelectric components, and demonstrate
that the large value of Raman susceptibility can be traced to specific A; modes that affect the Nb-O bonding. To
examine the origin of the piezoelectric Pockels response, we compute the elasto-optic and piezoelectric tensors.
Importantly, the largest component of the Pockels tensor 733 is dominated by the ionic response, which explains

the insensitivity of the EO effect in LN to frequency.

DOLI: 10.1103/PhysRevMaterials.8.025202

I. INTRODUCTION

The integration of optical components with traditional
silicon technology—silicon photonics—has been growing
rapidly, offering lower power consumption, faster speed, and
larger bandwidth [1,2]. Si is transparent <1.1 eV, and waveg-
uides fabricated in Si demonstrate optical loss of just 0.1
dB/m, making it an ideal material for fabricating integrated
photonic devices with applications in optical communications,
optical neuromorphic, and optical quantum computing. The
ability to utilize existing fabrication infrastructure makes sil-
icon photonics even more attractive. One of the key active
photonic devices is an optical modulator, a device that controls
either the amplitude or phase of light. Among the promising
emerging modulators in integrated silicon photonics are the
phase-shift modulators based on the linear electro-optic (EO)
effect [2-6]. The linear EO or Pockels effect describes the
linear change in the refractive index of the crystal under an
external electric field [7]. It enables the design and fabrication
of low-power, fast-field-effect devices. However, bulk silicon
is centrosymmetric and therefore does not demonstrate the
linear EO effect [8]. Strained Si has a weak linear EO response
[4] and a quadratic or Kerr effect that is too small for practical
applications. Thus, EO materials that can be integrated with Si
and are compatible with stringent contamination requirements
of Si fabrication facilities have attracted significant inter-
est [9]. One such promising material, ferroelectric BaTiO3
(BTO), has been recently studied both theoretically and ex-
perimentally due to its very high Pockels tensor component
742 [8,10-13]. Thin-film BTO has also been successfully in-
tegrated into silicon photonics as a phase-shift modulator
[1,13—-17]. However, the most used EO material currently is
another transition metal oxide ferroelectric, lithium niobate
LiNbO3; (LN) [18]. Trigonal LN has a large linear EO re-
sponse and second-order nonlinear susceptibility, and it has

*demkov @physics.utexas.edu

2475-9953/2024/8(2)/025202(10)

025202-1

been adopted in telecommunications, optical modulators, and
optical frequency converters [18-20]. Thin-film LN (TFLN)
can be integrated onto the Si platform via wafer bonding [20].
The LN-based modulators demonstrate a low VL (a common
figure of merit defined as the voltage needed to achieve a
phase shift of 7= for the given length of the device) of 2.2
V-.cm, low loss (0.1 dB/cm), and high operating frequency
(>100 GHz) [1].

Trigonal R3¢ LN is an order-disorder ferroelectric with a
spontaneous polarization of 70 uC/cm? below its Curie tem-
perature of 1400 K [18]. It has the R3¢ space group with 3m
point group symmetry. The experimental lattice constants are
a=b=c=5.433° with angles « = = y = 55.918° [21].
Both the primitive and conventional unit cells are shown in
Fig. 1. The fractional atomic coordinates for the trigonal LN
primitive cell are given in Table I. The theoretically optimized
lattice constant of 5.477A and angle of 55.867° are reasonably
close to the experimental values. In bulk, the displacements
of Li ions play the main role in establishing the ferroelectric
polarization. Below the Curie temperature, the Li ions move
upward (or downward as a mirror image) with respect to the
triangular oxygen plane, resulting in the spontaneous electric
polarization along the c axis.

First-principles calculations have been successfully used
to explain the mechanism of the linear EO (Pockels) re-
sponse in several oxides [9-11,22-25]. Here, we report on
a first-principles analysis of the linear EO response in R3c
LN. We consider both clamped and unclamped Pockels ten-
sors and explore the contribution of the piezoelectric effect.
While the total magnitude of the unclamped EO tensor is
well known [22], the specific contributions of the ionic and
piezoelectric effects to the Pockels tensor remain unexam-
ined. In a ferroelectric such as LN, the Pockels tensor has
three distinct components—electronic, ionic, and piezoelec-
tric, as all ferroelectric materials are piezoelectric below the
Curie temperature [22]. For example, in both low-temperature
rhombohedral and room-temperature tetragonal BTO, the
Pockels effect is driven in approximately equal measure by
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FIG. 1. Crystal structure of the conventional and primitive trigo-
nal R3¢ LiNbOj3. The ferroelectricity is induced by displacements of
Li ions along the ¢ axis with respect to the plane defined by the three
neighboring oxygen ions.

the ionic and piezo or lattice responses, with the electronic
contribution playing a relatively minor role. The ionic Pockels
response in BTO is driven primarily by the low frequencies
of the relevant optical phonon modes [10,26]. In contrast to
BTO, as we shall demonstrate later, LN lacks a significant Ra-
man response from the lowest frequency optical modes. While
the optical phonons are responsible for the high-frequency
behavior, the lattice or piezoelectric response controls the
low-temperature behavior when the optical modes are frozen
out. Little is known about the details of the Pockels effect
in LN at the microscopic level, which is the focus of our
study. The rest of the paper is organized as follows. Firstly, we
briefly introduce the theoretical framework for computing the
Pockels response. This is followed by a comprehensive anal-
ysis of the microscopic origins of the ionic and piezoelectric
contributions to the EO response in R3¢ LN.

II. BACKGROUND AND METHODS

The Pockels effect refers to the crystal refractive index
change by an applied electric field that is linear in the field [7].
It is expressed as a change of the optical indicatrix as follows
[27]:

1
A<n—2) =A™y =) ik, (1)

ij y

TABLE 1. Theoretical fractional atomic coordinates for R3c
LiNbO;5.

Element X y z
Nb, 0 0 0
Nb, 0.5 0.5 0.5
Li 0.217 0.217 0.217
Li, 0.717 0.717 0.717
0O, 0.894 0.63 0.283
0O, 0.283 0.894 0.63
O3 0.63 0.283 0.894
(O 0.131 0.394 0.783
Os 0.783 0.131 0.394
Os 0.394 0.783 0.131

where n;; is refractive index, (71, ; 1s the inverse of the elec-
tronic dielectric tensor, r;j, the linear EO tensor (or Pockels
tensor) and i, j, and y stand for Cartesian coordinates. The
first two indices refer to the indicatrix and the third to the
electric field. The Pockels tensor can also be written as the
first-order change in the electronic dielectric tensor induced
by an applied electric field E,, [28]:

dé‘,’j = —Zr,-jys,-,-sjjdEy(a)). (2)
k

A detailed description of the Pockels response in the frame-
work of density functional theory (DFT) can be found in
Refs. [10,22,29]. Because all ferroelectric materials are also
piezoelectric, the Pockels tensor in LN can be split up into
three contributions: electronic, ionic or Raman, and lattice or
piezoelectric. The electronic response comes from the inter-
action of the electric field with valence electrons, assuming
the ions are fixed at their equilibrium positions. It is related to
the second harmonic generation effect and is proportional to
X[(jz) [9]. Interestingly, LN has a large nonlinear susceptibility
response which contributes ~20% of the Pockels response
(r;;damped), which is unusually large compared with other EO
materials [30].

The ionic term captures the change in the dielectric sus-
ceptibility tensor induced by shifts in the atomic positions in
response to the applied electric field. It can be expressed as
(22]
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where n; is the principal refractive index, Xi(jl) is the linear
electronic dielectric susceptibility, and 7, refers to a displace-
ment of atom « in the « direction. Here, Z; , is the Born
effective charge, where y is the component of the field, and
u, (k' B) is the mass-normalized eigendisplacement compo-
nent of mode m, describing atom «’ shifting in the 8 direction.
Also, w,, is the frequency of mode m, and €2, is the unit cell
volume. Equation (3) can be simplified as
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The expression in the first bracket of Eq. (3) is the Raman
susceptibility o} divided by +/€2,. It describes the modulation

of the linear dielectric susceptibility x ! by lattice vibrations
[31]. In the second bracket is the mode polarity p,, , , the Born
effective charge multiplied by a phonon eigendisplacement,
that describes the dipole moment associated with each mode.

The piezoelectric contribution is the third and final part
of the Pockels tensor, describing the effect of strain caused
by the converse piezoelectric effect on susceptibility. If the
frequency of the applied electric field is sufficiently high, the
EO response will be clamped, referring to the lattice vectors
staying fixed as the driving frequency is too high for the
lattice to follow. We assume the applied field frequency is
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low enough to trigger the converse piezoelectric effect and
compute the so-called unclamped response It can be written
in terms of the clamped Pockels tensor r;, 1> the piezoelectric
strain coefficients d,,,, , and elasto-optic coefficients p;j,.:

rZV w + Z p’/’“ Hvy: ®)

n,v=1

The piezoelectric strain tensor can be calculated directly
using first-principles software packages such as ABINIT or
VASP. To determine the elasto-optic tensor, we use the finite
difference method to compute the derivatives of the inverse
dielectric tensor with respect to strain [32,33]. We can rewrite
the second term of Eq. (5) in terms of the inverse dielectric
tensor and convert the derivative into a finite-difference form:

_1)p1ezo = Z Pijuvuv- (6)
wn,v=1
Ae™)nT) = Ae™H;(n7)
pij/w ~ £ L 1 27) c ! 1 +0(773)- (7)
nv

Here, n,,, is the (1,v) element of the strain tensor describing
the lattice distortion due to the electric field. The compu-
tational procedure is as follows. First, the high-frequency
dielectric tensor is calculated in the equilibrium configuration.
Then the lattice vectors are strained, and the internal coordi-
nates relax in this new unit cell. We compute the dielectric
tensor for unit cells under different strain values, then evalu-
ate Eq. (7) using a centered, finite-difference derivative with
respect to the parametrized strain. The second term in Eq. (7)
represents higher-order terms that are neglected.

All calculations are performed using DFT with the plane-
wave-based ABINIT software package [34-38]. The local
density approximation (LDA) is employed for the exchange-
correlation term [39]. We use norm-conserving pseudopoten-
tials that include valence electron shells of 1s, 2s; for the
lithium atoms, 4s, 4pe4dsSs; for the niobium atoms, and
2s, 2 p4 for the oxygen atoms [40]. Both the lattice parameters
of the cell and the internal atomic coordinates are fully relaxed
before the Pockels tensor calculation. The crystal structures
are optimized with a force convergence of 1 x 10~* eV/atom,
while the energy criterionis 1 x 1077 eV. A plane-wave cutoff
energy of 1000 eV is used with a 12 x 12 x 12 Monkhorst-
Pack grid for the Brillouin zone integration [41]. We adapt the
2n + 1 theorem using density functional perturbation theory
(DFPT) to calculate the clamped Pockels tensor [10,22]. To
gain a better understanding of our Raman susceptibility re-
sults, we repeat the calculations with the VASP and PHONOPY
software packages [42-46]. The projector augmented-wave
potentials with the LDA exchange-correlation term are used
with the same configuration of valence electrons as ABINIT
[47]. Also, the same force and energy criteria are consid-
ered with a cutoff energy of 600 eV and a 12 x 12 x 12
Monkhorst-Pack grid. To calculate first-order electronic sus-
ceptibility, we use cutoff energy of 1000 eV and a 10 x 10
x 10 k-point grid to ensure convergence of 1 x 107>, This is
necessary when using finite difference to calculate derivatives
of x('. We use a 3 x 3 x 3 supercell to calculate the inter-
atomic force constants for each finite-difference set. The full
phonon dispersion is computed using PHONOPY [48].

TABLE II. Calculated nonlinear optical coefficient d;; for R3c
LiNbO:s.

Element (pm/V) This paper Experiment [18]
dy 1.5 3

ds 8.6 59

ds; 29 30

III. RESULTS AND DISCUSSION

Before we start the discussion of the Pockels tensor, let us
point out some of its the general properties. The Pockels effect
is described by a third rank tensor and has three indices. The
first two indices describe the optical indicatrix of the material,
and the last one indicates the direction of the external electric
field. Because the Pockels tensor is symmetric in the first two
indices, one can merge them into a single index. Thus, in this
paper, we use the Voigt notation for the first two indices of
the Pockels tensor [7]. We investigate both the clamped and
unclamped Pockels effects that can be measured separately
by changing the frequency of the external electric field. We
start our discussion with the clamped Pockels tensor, which
is the sum of electronic and ionic Pockels tensor contribu-
tions. Usually, the electronic part of the Pockels tensor is
expressed as the nonlinear optical coefficient tensor d;; after
applying the Voigt notation for the last two indices, which
is X[(jz) divided by two [22]. Note that, due to symmetry,
there are only three nonzero elements dy, = —dy; = —djs,
d31 = dyp = dyy = dis, and dz3 under the R3¢ space group.
The linear EO tensor in the R3c space group has four in-
dependent elements: 7|13, 7333, 1222, and rj3;. However, the
nonlinear optical coefficient tensor d;j; has only three inde-
pendent elements: d»,, d31, and ds3, because d;j; = ; X,(,Zk) in
R3c symmetry d3; = d3p = doy = d1 5. Because the electronic
EO tensor is defined as rle]lic = n”n” =X ]k) , r‘flfc and releL are
no longer equal, and there are four independent elements for
the EO tensor. We list the nonlinear optical coefficient tensor
components in Table II along with the experimental values
from Ref. [18]. As one can see from the table, the agreement
is fair, with ds3 being the closest to experiment (29 pm/V vs
the experimental value of 30 pm/V).

According to Eq. (3), the ionic Pockels tensor is a product
of the inverse square of the optical phonon I'-point frequency
w?, Raman susceptibility, and the mode polarity summed
over all optical modes. Therefore, the critical step of cal-
culating the ionic response comes from a careful analysis
of the low-frequency phonon modes. In Fig. 2, we show
the calculated phonon dispersion of the ground state R3c
LN. We obtain the I'-point optical phonon frequencies from
the DFPT calculation (results are listed in Table III; all the
E modes are doubly degenerate). We include the Lydanne-
Sachs-Teller corrections [52] for the phonon dispersion, while
the short-range (excluding long-range Coulomb effects) fre-
quencies are used in the ionic Pockels tensor calculation.
We compare the ABINIT (DFPT) results with those obtained
using VASP calculated using a finite-difference method with a
value of 0.01A for the displacement. The symmetry and the
corresponding optical phonon frequencies at the I" point are
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FIG. 2. Phonon dispersion of R3c LiNbO;. The long-range
Coulomb interaction correction that splits longitudinal and transverse
optical modes is considered at the I" point.

reported in Table III. The optical modes at the high-symmetry
I' point are described by the symmetry representation I' =
4A| + 9E + 5A,, with the E modes exhibiting double degen-
eracy (27 optical modes in total). While both A; and E modes
display Raman and infrared (IR) activity, the remaining five
A, modes are expected to be Raman/IR inactive and can be
detected by inelastic neutron scattering [49,53]. Except for
the order of the first A, mode and the second E mode, both
methods give the same result. Surprisingly, once combined
with the Raman susceptibility and the mode polarity, it is not
the lowest frequency mode (mode 4) but mode 9 that shows
the highest contribution to the ionic Pockels tensor. Note that,

even though there is the @2 term in the denominator, the

TABLE III. Mode symmetry and frequencies of R3¢ LiNbO;
using ABINIT and VASP. The numbers in parentheses indicate the
mode number.

Mode ABINIT (cm™') VASP (cm™!) Experiment [49-51] (cm™')

A 239 (9) 239 (9) 256 [50]
285 (12) 286 (12) 275 [50]
359 (16) 357 (16) 332 [50]
609 (27) 606 (27) 637 [50]
E 152 (4, 5) 148 (4, 5) 155 [51]
215 (7, 8) 212(6,7) 238 [51]
262 (10, 11) 258 (10, 11) 265 [51]
335(14,15) 334 (14, 15) 325 [51]
378 (17,18) 380 (17, 18) 371 [51]
390 (19,20) 392 (19, 20)
434(22,23) 424 (22,23) 431 [51]
582(25,26) 579 (25, 26) 582 [51]
672 (28,29) 673 (28,29) 668 [51]
As 207 (6) 214 (8) 224 [49]
297 (13) 293 (13) 314 [49]
415 (21) 411 (21)
456 (24) 449 (24) 455 [49]
892 (30) 883 (30)

VASP

(@) »
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|aif
©
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® ABINIT
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241
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Mode number

FIG. 3. The maximum component of the Raman susceptibility
for each optical mode from the (a) finite difference method (VASP)
and the (b) density functional perturbation theory (ABINIT). Note that
modes 9 and 27 have the largest Raman susceptibility values among
other optical modes that induce a large ionic Pockels response. All
the A, modes are captured in both VASP and ABINIT.

lowest frequency modes, 4 and 5, only contribute 7.9 pm/V
out of 36.9 pm/V to the ris" "¢ Pockels tensor component

and 3.4 pm/V out of 13.5 pm/V to the ri*™*¢ Pockels tensor
component. This suggests that, in addition to the value of the
optical phonon frequency, a careful analysis of the Raman
susceptibility tensor, capturing the electron-phonon coupling
is needed to understand the origin of the linear EO response.
To obtain gf—K’; we compute the optical dielectric tensor
(and thus the first-order electronic susceptibility). Again, we
compare our results between ABINIT that uses DFPT and VASP
using the finite-difference method. In the latter, we slightly
displace atoms along the eigendisplacement direction with the
magnitude of 0.01A and subsequently compute the variation
in electronic susceptibility using a second-order derivative
formula (this is the reason for tighter convergence criterion
for susceptibility). Figure 3 shows the largest component of
the Raman susceptibility tensor for each optical mode. Mode
9 shows the largest ionic Pockels response, 14 pm/V out of
27 pm/V for the r5e™¢ component. Note that, while mode
27 has a rather large Raman susceptibility, the relatively high
optical phonon frequency of 605 cm™' suppresses the ionic
Pockels response, and the mode contributes only 5 pm/V to
r33. In the case of the silent modes, however, all the A, modes
are expected to have zero Raman susceptibility values. This
implies that the change in the electronic susceptibility x;; due
to the atomic displacements along the A, eigendisplacement
mode is expected to be zero. This analysis agrees with the
selection rules for a crystal with Cs, point group symmetry
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[51]. Indeed, all five A, modes show zero Raman suscepti-
bility in both the finite-difference method (VASP) and DFPT
(ABINIT).

The fact that mode 9 is special has already been noticed
by Veithen and Ghosez [54]. They have shown that the lowest
imaginary A, mode that drives the ferroelectric distortion in
the paraelectric phase exhibits a substantial overlap with A,
mode 9 of the ferroelectric phase. Indeed, we find that there
is 0.92 overlap between these two modes. In other words,
when the crystal goes to the dynamically stable ferroelectric
phase, the very same mode drives the large Pockels response.
Another interesting observation is that the lowest-frequency
E modes (4 and 5) have a relatively unimpressive Raman
susceptibility and, as a result, do not contribute much to
the EO response. This is different from what one finds in
titanates, where the lowest-frequency optical mode is the main
driver. The reason turns out to be crystallographic or quantum
mechanical, depending on how deep one chooses to look.
Modes 4 and 5 are what one may call the rigid unit modes
(RUMs) [55]. In such modes, the structural polyhedra do not
change their shape and move as a solid unit. This lack of
the relative movement of Nb and oxygen atoms results in
a very minor change of the near-edge electronic spectrum.
That in turn causes only a minor change in the electronic
susceptibility x, which is what the Raman susceptibility
measures. In BTO, the low-frequency mode is not an RUM
but the ferroelectric Ti-O displacement mode due to a rather
special nature of the Ti-O bonding [56].

Previous studies have demonstrated that LN exhibits
an order-disorder type ferroelectric transition and that the
paraelectric phase is a result of the equal occupation of po-
larization up and down states above the Curie temperature
(1400 K for LN) [54,57,58]. Even though LN is considered
an order-disorder ferroelectric, all previous theoretical studies
used the static centrosymmetric structure for the paraelectric
phase [54,58]. In an attempt to account for the dynamic nature
of paraelectric LN, we consider three possible configurations
that can be averaged to produce a paraelectric structure: (1)
centrosymmetric configuration (does not need averaging), (2)
antiferroelectric configuration, and (3) a combination of two
ferroelectric phases with opposite polarization direction. It
is assumed that, in configurations (2) and (3), the system
oscillates rapidly between two oppositely polarized states.
All configurations are fully optimized before we compute
the derivatives of susceptibility. First, we discuss the cen-
trosymmetric phase. As shown in the inset of Fig. 4(a), the
centrosymmetric configuration has no ferroelectric displace-
ment, and susceptibility shows a complete lack of response
to Nb displacements. When we consider the antiferroelectric
configuration, the Li atoms are displaced along the ¢ axis in
opposite directions, while the Nb atoms remain at the center
of surrounding oxygen octahedra. In Fig. 4(b), we again see
that the displacement of the Nb atoms does not contribute to a
change in the dielectric susceptibility, like what we observe in
the paraelectric configuration. Interestingly, the lowest imag-
inary mode in the antiferroelectric state exhibits even larger
overlap of 0.97 with mode 9 of the ferroelectric state. Lastly,
we consider the ferroelectric configuration. Here, both Li and
Nb atoms are displaced in the same direction. The derivative
of dielectric susceptibility in Fig. 4(c) shows a significant

response when a Nb atom is displaced, particularly in the z
direction. Nevertheless, even though there is a substantial re-
sponse contributing to the Raman susceptibility, the existence
of an equal number of polarization up and down states leads
to a zero Pockels response on average. The conclusion is that,
when the mode driving ferroelectricity condenses producing
a ferroelectric state, the susceptibility becomes very sensitive
to Nb displacement. This large response is the dominant con-
tributor to Raman susceptibility.

From the electronic structure point of view, the value of the
Raman susceptibility is largely controlled by the sensitivity
of the electronic spectrum to the mode atomic displacement;
the leading term is related to the smallest energy difference
in the spectrum, which is the band gap [10]. To elucidate
why modes 9 and 27 have such a large Raman susceptibility
and A, modes have nearly zero Raman susceptibility at the
microscopic level, we compare the electronic band gap change
in response to displacing the atoms along the eigenvectors of
the corresponding modes. In Fig. 5, we plot the band gap
change as a function of the displacement amplitude. This is
achieved by scaling the normalized mode eigenvector from
0 to 0.03A. The plot shows that the active mode closes the
band gap notably, while the inactive mode 6 barely changes
the band gap. Mode 27, which has the largest change, shows
the biggest band gap change, 0.15 eV for the maximum atomic
displacement. Meanwhile, mode 6 (A;), which has zero Ra-
man susceptibility, hardly causes any change in the band gap.
In this calculation, we can clearly observe that modes 9 and
27 have specific eigenmode patterns that change the electronic
structure significantly, inducing the large change in the dielec-
tric susceptibility tensor.

To further understand this spectral change, we plot the
phonon eigenmode pattern in the primitive cell in Fig. 6. The
Raman active modes 9 and 27 exhibit out-of-phase displace-
ment patterns between the Li and O atoms and Nb and O
atoms. As previously studied by Veithen and Ghosez [54], the
Nb 4d and O 2p atomic orbitals strongly interact to form the
valence and conduction bands near the band edge, while the
Li atoms completely lose their 2s electrons. As a result, the
valence band near the edge is primarily occupied by O 2p
orbitals, while the lowest conduction band is predominantly
composed of Nb 4d orbitals [54]. Therefore, the out-of-phase
displacement pattern of modes 9 and 27 are expected to bring
substantial modification of the orbital overlaps between the
niobium d and oxygen p states. This altered overlap between
the Nb and O atoms, in turn, has a significant impact on the
hopping integral, leading to considerable shifts in the band
gap, resulting in a large Raman susceptibility [10].

Let us now discuss the mode polarity p,, ,, as it is the last
part of the ionic Pockels tensor. Figure 7 shows the value of
polarity for each optical mode. The x and y components have
the same values for all optical modes due to symmetry. Also
note that the Born effective charge in Eq. (3) is the same for all
phonon modes, and the only difference is the eigenmode itself.
As can be seen in the figure, a large mode polarity value does
not necessarily guarantee a large Pockels response. Note that
modes 17, 19, and 20 have the largest values but have small
Raman susceptibility, and due to a higher phonon frequency
and relatively small Raman susceptibility, these modes do
not contribute to the Pockels response. Previous theoretical
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FIG. 4. The variation of the dielectric susceptibility tensor with respect to each atomic displacement along the x, y, and z directions,
represented in Eq. (3), is computed using the finite difference method for the (a) paraelectric, (b) antiferroelectric, and (c) ferroelectric phases.
Before applying the atomic displacement, each configuration is fully optimized. Note that only the ferroelectric phase exhibits a response to
the Nb atoms due to the off-centered ferroelectric distortion, while the paraelectric and antiferroelectric phases exhibit no response with Nb
atom displacements, and all the Nb atoms are located in the middle of the oxygen octahedra.

studies have shown that even larger values of the mode polar-
ity can still result in a small EO response [9,10].

Because the optical phonon frequency appears as a square
factor in the denominator of the ionic Pockels tensor calcu-
lation, only the lower-frequency modes are more likely to
contribute significantly to the Pockels response. However,
even though mode 9 has a larger frequency of 238cm~!
compared with other low-frequency modes, it has the largest
contribution to the ionic Pockels tensor, especially to the
rggamped component. In Table IV, we list the electronic and
clamped Pockels tensor components (a sum of the elec-
tronic and ionic parts), computed for R3¢ LiNbO;. Note
that the r33 component has both the strongest electronic
and ionic response of any other component of the Pockels
tensor.

Let us now discuss the piezo contribution to the Pockels
response. According to Eq. (5), it is a sum over the products of

the piezoelectric strain tensor d,,,, and the fourth-rank elasto-
optic tensor p;j.,. Like the Pockels tensor, the piezoelectric
strain tensor is also symmetric in the first two indices. The
elasto-optic tensor is symmetric in the first two and last two
indices, and it can be collapsed to only two indices p;j..,
— piu- The results of our ABINIT calculation can be found
in Tables IV and V. The piezoelectric strain tensor d,,, is
calculated by multiplying the compliance tensor s, ,,,, and the
piezoelectric stress tensor ey, using the relationship between
the strain and stress [7]. The only nonzero elements for the
piezoelectric strain tensor are dy, di3, di3, and ds. Note
that the large dsp component will significantly contribute to
rinelmPed when combined with the elasto-optic tensor. Both
the piezoelectric stress tensor and the compliance tensor can
be directly calculated using DFPT implemented in ABINIT
[22]. As one can see in Table V, the calculated values show
good agreement with experiment [21].
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FIG. 5. The band gap change with respect to the magnitude of
displacement for two Raman active modes (mode 9 and 27) and one
inactive (mode 6).

The last element needed for the piezo part and for the
unclamped Pockels tensor is the elasto-optic tensor p;j,.,. As
discussed above, we calculate the elasto-optic tensor using the
finite-difference method (Eq. (7)). As one can see in Table VI,
some components are very close to experimental values, and
the overall agreement with experiment is fair. Adding together
the electronic, ionic, and piezo parts of the Pockels tensor, we
obtain the total unclamped Pockels tensor components listed
in Table VL.

When we compare with the experimental unclamped Pock-
els tensor, we find good agreement. Weis and Gaylord [21] re-
port values of ™! = 9.89 pm/V, runClamped 10 pm/V,

FIG. 6. The eigenmode pattern of R3¢ LiNbO; for the (a) Raman
active mode 9 and (b) Raman active mode 27 shown in the primitive
cell. Both modes exhibit an out-of-phase displacement pattern be-
tween the Nb and O atoms. In both modes, Li and Nb atoms move
in the same direction. While mode 9 is a relative displacement of
the metal and oxygen sublattices, oxygen movement in mode 27 is
complex.
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FIG. 7. Mode polarities of the R3¢ LiNbO; at the I' point for
each optical mode.

panelmeed — 33 2 pm/V, and ria” ™ = 32.6 pm/V [59,60].
Interestingly, the specific contributions to the unclamped
Pockels tensor for each component in R3¢ LNO vary. For
. unclamped unclamped . . .
instance, the r; and r elements originate pri-
marily from the ionic response. This suggests that this
component could be used at relatively high frequencies. On
the other hand, almost half of the ris"“"**! component is
coming from the piezoelectric Pockels response, driven by
the large value of the piezoelectric strain and the elasto-optic
component. The remaining half comes from the ionic response
(it exhibits the largest unclamped Pockels response). Thus,
one would expect the performance of a device using this
component to be somewhat diminished at high frequencies as,
above the acoustic resonance, the piezoeffect will taper off.
On the other hand, it may still be sizable at low frequency
down to cryogenic temperatures.

IV. CONCLUSIONS

We report on the detailed theoretical analysis of the Pockels
effect in R3¢ LiNbOs;, finding good agreement with ex-
periment, and providing insight into the origins of the EO
response. Interestingly, the lowest-frequency optical modes
do not contribute to the ionic Pockels response significantly,
but the large Raman susceptibility of mode 9 is the main
driver of the ionic Pockels response. This mode boasts a
winning combination of a modest frequency and displace-
ment pattern that triggers a large change in the electronic
spectrum and, consequently, in the dielectric tensor. In the
paraelectric phase, most Raman susceptibility values are sup-
pressed because of either the minimal response of dielectric

TABLE IV. Electronic and clamped contribution to the Pockels
tensor r;; for R3¢ LiNbO3 in Voigt notation.

Electronic Pockels tensor (pm/V) Clamped Pockels tensor (pm/V)

0 —-0.21 1.15 0 —-5.53 105

0 0.21 1.15 0 5.53 10.5

0 0 4 0 0 27

0 1.19 0 0 17 0
1.19 0 0 17 0 0
—0.21 0 0 —5.53 0
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TABLE V. The piezoelectric strain tensors obtained through
ABINIT and experiment [21].

Element This paper (pC/N) Experiment (pC/N)
dy 22 21

di3 —0.16 —0.1

ds3 7.8 6

dg 67 68

susceptibility to the atomic displacements or being averaged
out to zero in the order-disorder configuration. In addition,
we compute the piezoelectric Pockels response after com-
puting the elasto-optic and piezoelectric strain tensors in
good agreement with experiment. We find the piezo part of
the Pockels tensor fairly close to the experimental values
and obtain rj3" "™ = 13.5 pm/V, A28 = 12.4 pm/V,
rg'gdamped =28.1 pm/V, and rin®™* = 36.9 pm/V for the
unclamped Pockels tensor. Notably, ri5*™*¢ and pincmped
components are driven primarily by the ionic (or Raman)
response, suggesting a weak frequency dependence as the
piezo contribution that is lost above the acoustic resonance
is initially minor. In contrast, the ra™™P*¢ and rjp<emed
components exhibit relatively large piezocontribution wherein
>50% of the unclamped Pockels responses is driven by the
large values of piezoelectric and elasto-optic tensors. This
suggests that these tensor components may be suppressed at
high frequency.

TABLE VI. Unique elements of the elasto-optic tensor (unitless)
and the unclamped Pockels tensor components obtained through
theory and experiment [21,59,60].

Elasto-optic element This work Experiment
)43 0.0292 0.025 [21]
pi2 0.0594 0.079 [21]
D13 0.175 0.133 [21]
Pai 0.147 0.179 [21]
P 0.136 0.071 [21]
Pas 0.177 0.15 [21]
Pia —0.09 —0.075 [21]
Pai —0.18 —0.151 [21]
raaeamed (bm/V) 13.5 6.8 [59]. 9.89 [60]
pinelmeed (5m V) 12.4 10 [59]
panekmeed (hm V) 28.1 322 [59]
pinelmeed (5m V) 36.9 32.6 [59]
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