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Engineering the electro-optic effect in HfO 2 and ZrO 2 through strain and polarization control

The ability to control the optical properties of a material with an electric field has led to optical memory devices, communication systems, optical signal processing or quantum cryptography. Understanding electro-optic effects, especially in thin films, would improve the efficiency of these applications. In particular, the influence of epitaxial strains is of prime importance. In addition, the active control of these effects would be of great interest to tailor the material to the desired performance. Here, we demonstrate through firstprinciple calculations that the linear electro-optic response (Pockels effect) of two siliconcompatible ferroelectrics is stable with respect to bi-axial strain and that the electro-optic response can be strongly enhanced through the electrical control of the polarization. We attribute the former to the lack of optical phonon softening and a weak elasto-optic response and the latter to the externally-induced softening of a phonon of symmetry A 1 . Our results are readily applicable to other polar materials and show that the electro-optic effect can be efficiently engineered to meet the performance criteria of future technologies.

I. INTRODUCTION

Bulk ferroelectric materials are well known for their strong optical response to an external perturbation such as an electric field or strain [START_REF] Sando | Epitaxial ferroelectric oxide thin films for optical applications[END_REF] . They have been at the center of wide research efforts to discover novel materials for applications in integrated photonic circuits. Electro-optic (EO) effects, which allow the modulation of the refractive index with low frequency electric fields, are particularly relevant in this regard. The optical index modulation can be linear (so-called Pockels effect 2 ) or quadratic (Kerr effect [START_REF] Kerr | Xl. a new relation between electricity and light: Dielectrified media birefringent[END_REF][START_REF] Kerr | Liv. a new relation between electricity and light: Dielectrified media birefringent (second paper)[END_REF] ) in the electric field.

The search for materials showing large EO coefficients is crucial to enhance the performances of current and future EO devices, such as optical fibers or electro-optic modulators [START_REF] Sando | Epitaxial ferroelectric oxide thin films for optical applications[END_REF][START_REF] Wessels | Ferroelectric epitaxial thin films for integrated optics[END_REF] . Until now, ferroelectric materials such as barium titanate (BaTiO 3 ) or lithium niobate (LiNbO 3 ) have been largely investigated and commercially used. In particular, owing to the proximity of a phase transition at room temperature, barium titanate exhibits some of the largest Pockels coefficient ever measured [START_REF] Abel | A strong electro-optically active lead-free ferroelectric integrated on silicon[END_REF][START_REF] Zgonik | Dielectric, elastic, piezoelectric, electro-optic, and elasto-optic tensors of BaTiO 3 crystals[END_REF][START_REF] Xiong | Active Silicon Integrated Nanophotonics: Ferroelectric BaTiO 3 Devices[END_REF] . However, barium titanate integration in devices presents challenges, including strong degradation of its EO properties as the dimensions are reduced [START_REF] Kormondy | Analysis of the pockels effect in ferroelectric barium titanate thin films on si(001)[END_REF] . Lithium niobate on the other hand shows a weaker EO coupling coefficient (around 30 pm/V 10 ) but has been successfully employed in communication applications [START_REF] Wooten | A review of lithium niobate modulators for fiber-optic communications systems[END_REF] . Thus, there is a strong urge to discover new EO materials showing large Pockels coefficients (which we also refer to as EO constants here) even when the materials dimensions are reduced. A recent study suggests substrate-induced strain as a possible way to engineer the EO effect in ferroelectric materials such as PbTiO 3 film [START_REF] Paillard | Strain engineering of electro-optic constants in ferroelectric materials[END_REF] . It was shown that large improvement in the EO constants results from optical phonon softening or enhanced piezoelectricity induced by bi-axial strain. Similarly, 2D ferroelectric materials have been predicted to exhibit Pockels coefficients on par with lithium niobate [START_REF] Jiang | Large linear and nonlinear electro-optic coefficients in two-dimensional ferroelectrics[END_REF] .

A current ferroelectric material of significant interest is hafnium oxide HfO 2 [START_REF] Böscke | Ferroelectricity in hafnium oxide thin films[END_REF][START_REF] Böscke | Ferroelectricity in hafnium oxide: Cmos compatible ferroelectric field effect transistors[END_REF] . It naturally exhibits ferroelectricity at the nanoscale [START_REF] Delodovici | Finite-size effects on ferroelectricity in rhombohedral HfO 2[END_REF] , possibly because ferroelectricity does not directly originate from the condensation of a primary polar soft mode as in ferroelectric perovskite oxides [START_REF] Delodovici | Trilinear-coupling-driven ferroelectricity in HfO 2[END_REF] . Ferroelectricity in hafnia is usually related to an orthorhombic Pca2 1 phase [START_REF] Estandía | Engineering Ferroelectric Hf 0.5 Zr 0.5 O 2 Thin Films by Epitaxial Stress[END_REF][START_REF] Estandía | Domain-Matching Epitaxy of Ferroelectric Hf 0.5 Zr 0.5 O 2 (111) on La 2/3 Sr 1/3 MnO 3 (001)[END_REF][START_REF] Qi | Stabilization of Competing Ferroelectric Phases of HfO 2 under Epitaxial Strain[END_REF][START_REF] Huan | Pathways towards ferroelectricity in hafnia[END_REF] or a rhombohedral R3m phase [START_REF] Wei | ferroelectric phase in epitaxially strained Hf 0.5 Zr 0.5 O 2 thin films[END_REF][START_REF] Nukala | Direct Epitaxial Growth of Polar (1 -x)HfO 2 -(x)ZrO 2 Ultrathin Films on Silicon[END_REF][START_REF] Zhang | Effects of Strain and Film Thickness on the Stability of the Rhombohedral Phase of HfO 2[END_REF] . HfO 2 is silicon compatible [START_REF] Cheema | One Nanometer HfO 2 -Based Ferroelectric Tunnel Junctions on Silicon[END_REF] , and its promising endurance [START_REF] Fina | Epitaxial Ferroelectric HfO 2 Films: Growth, Properties, and Devices[END_REF] and its relatively low cost of production make it a viable candidate for applications in ferroelectric memory devices. HfO 2 is therefore also a natural candidate to include in the search for outstanding EO materials for photonic applications on silicon. On the other hand, ZrO 2 shows similar crystal structures and electric properties with HfO 2 . Moreover, Zr doping is widely employed to enhances the stability of HfO 2 orthorhombic phase in thin films [START_REF] Park | Ferroelectricity and Antiferroelectricity of Doped Thin HfO 2 -Based Films[END_REF] . Despite being of interest for its anti-ferroelectric properties [START_REF] Reyes-Lillo | Antiferroelectricity in thin-film ZrO 2 from first principles[END_REF][START_REF] Lomenzo | Harnessing Phase Transitions in Antiferroelectric ZrO 2 Using the Size Effect[END_REF] , ZrO 2 polar orthorhombic phase has been recently observed in Ta-doped thin films [START_REF] Lehninger | Formation of orthorhombic (Zr,Ta)O 2 in thin Zr-Ta-O films[END_REF] . Therefore, ZrO 2 appears as natural benchmark to compare the properties of HfO 2 . Recently, their EO properties have been investigated in thin-film samples [START_REF] Kondo | Linear electro-optic effect in ferroelectric HfO 2 -based epitaxial thin films[END_REF][START_REF] Boutaybi | Electro-optic properties of ZrO 2 , HfO 2 , and LiNbO 3 ferroelectric phases: A comparative density functional study[END_REF] the Pockels effect in the rhombohedral phase R3m is much weaker: the r coefficients are at least one order of magnitude smaller than the corresponding ones in the orthorhombic phase.

Epitaxial strains induced by the lattice mismatch with the substrate play a major role in the stabilization of hafnia ferroelectric phases [START_REF] Estandía | Engineering Ferroelectric Hf 0.5 Zr 0.5 O 2 Thin Films by Epitaxial Stress[END_REF][START_REF] Liu | Effects of growth orientations and epitaxial strains on phase stability of HfO 2 thin films[END_REF] together with doping [34][START_REF] Batra | Factors favoring ferroelectricity in hafnia: A first-principles computational study[END_REF][START_REF] Schröder | Lanthanumdoped hafnium oxide: A robust ferroelectric material[END_REF] and the presence of oxygen vacancies [START_REF] Nukala | Reversible oxygen migration and phase transitions in hafnia-based ferroelectric devices[END_REF][START_REF] He | Ferroelectric structural transition in hafnium oxide induced by charged oxygen vacancies[END_REF] . As a result, most applications of ferroelectric HfO 2 involve thin film deposition, and thus the presence of in-plane strains and clamping by a substrate. It is thus crucial to understand the EO properties of strained HfO 2 . We address this issue by means of ab-initio simulations, analyzing the effect of bi-axial strain on the EO properties of the polar phase of HfO 2 and the related polar compound ZrO 2 as a comparison. We investigate the various sources of the Pockels effect of hafnium oxide, namely the electronic, the ionic, and the cell responses. We show that the ionic contribution dominates the EO response and that the Pockels coefficients are remarkably stable within a reasonable range of epitaxial strains. Moreover, we suggest a promising way to engineer the optical properties of HfO 2 and ZrO 2 by controlling their polarization via an external voltage.

II. METHODS

The Pockels effect characterizes the change of refractive index, ∆n ij , linearly induced by an applied low-frequency electric field. It is formally described by a third order tensor r ijk (the Pockels tensor), which relates the change in dielectric impermeability β ij to the external electric field E k [START_REF] Veithen | First-principles study of the electro-optic effect in ferroelectric oxides[END_REF] :

∆β ij = ∆ε -1 ij = ∑ k r ijk E k (1)
where ε ij is the total dielectric tensor and β ij = n -2 ij is the dielectric impermeability. n i j is the refractive index. Due to the odd order of the Pockels tensor r ijk , the Pockels effect only occurs in systems lacking an inversion symmetry, such as ferroelectrics.

The tensor r ijk can be decomposed as [START_REF] Veithen | First-principles study of the electro-optic effect in ferroelectric oxides[END_REF][START_REF] Veithen | Nonlinear optical susceptibilities, raman efficiencies, and electro-optic tensors from first-principles density functional perturbation theory[END_REF] :

r ijk = r el ijk + r ion ijk + r cell ijk . (2) 
r el ijk describes the contribution to the Pockels effect of the valence electrons when interacting with E k at clamped ion positions and cell shape. r ion ijk represents the contribution from the ion relaxation under an applied electric field. It can be decomposed in terms of the phonon modes [START_REF] Veithen | First-principles study of the electro-optic effect in ferroelectric oxides[END_REF] : the contribution of one phonon mode α to the Pockels response depends on ω -2 α (ω α being the phonon frequency), its polarity p m and Raman scattering efficiency α m . Hence, engineering soft infrared and Raman-active phonon modes (either with strain 12 or temperature [START_REF] Veithen | Nonlinear optical susceptibilities, raman efficiencies, and electro-optic tensors from first-principles density functional perturbation theory[END_REF] ) is one way to design EO materials with large Pockels response. The term r cell ijk in Eq. 2 describes the response of the unit-cell shape relaxation generated by the piezo-electric effect and its consequence on the optical properties. It can be obtained as the contraction of the d piezo-electric tensor with the p elasto-optic tensor at zero electric field.

All the mentioned quantities can be obtained in the framework of Density Functional Theory (DFT) computations. Specifically, we employ Abinit [START_REF] Gonze | Abinit: First-principles approach to material and nanosystem properties[END_REF][START_REF] Gonze | First-principles responses of solids to atomic displacements and homogeneous electric fields: Implementation of a conjugate-gradient algorithm[END_REF] to calculate ab-initio the EO properties of strained HfO 2 and ZrO 2 . The norm-conserving pseudo-potentials available on PseudoDojo are used with 12 valence electrons for Hf and Zr, and 6 for O. We employed the Local Density Approximation (LDA) exchange-correlation functional [START_REF] Perdew | Self-interaction correction to density-functional approximations for many-electron systems[END_REF] , with a plane-wave cutoff of 60 Ha and a 7 × 7 × 7 k-point mesh. Bi-axial strain is applied by fixing two lattice vectors and letting the atoms and the third lattice vector relax until the force acting on every atom is lower than 10 -5

Ha/Bohr. The strain η scales the in-plane lattice constants of the relaxed orthorombic phase by a factor 1 + η.

III. RESULTS AND DISCUSSION

We first relax the Pca2 1 orthorhombic phase of HfO 2 and ZrO 2 . Fig. 1 shows this crystal structure including 12 atoms per primitive cell. For each strained configuration of the Pca2 1 phase, we compute the clamped-ions electro-optical coefficients r ijk , corresponding to r el ijk + r ion ijk in Equation 2. The symmetries of the Pca2 1 space group [START_REF] Aroyo | Bilbao crystallographic server. ii. representations of crystallographic point groups and space groups[END_REF] reduce the r ijk tensor, written with Voigt's notation [START_REF] Nye | Physical properties of crystals: their representation by tensors and matrices[END_REF] , to:

r ij =              0 0 r 13 0 0 r 23 0 0 r 33 0 r 42 0 r 51 0 0 0 0 0              (3) 
where r 13 = r 113 , r 23 = r 223 , r 33 = r 333 , r 42 = r 232 , r 51 = r 311 , with r ijk =r jik due to intrinsic symmetry. In both HfO 2 and ZrO 2 , the magnitude of the largest Pockels coefficients (between 5 and 10 pm/V) is on par with those of commonly used EO materials such as lithium niobate (≈ 30 pm/V) [START_REF] Veithen | First-principles study of the electro-optic effect in ferroelectric oxides[END_REF] . Specifically, our simulations at zero strain predict the largest (in magnitude) coefficient to be r 33(13) = 5.3(-5.1) pm/V and r 33(13) = 7.0(-7.2) pm/V for HfO 2 (respectively, ZrO 2 ).

These agree well with the literature [START_REF] Boutaybi | Electro-optic properties of ZrO 2 , HfO 2 , and LiNbO 3 ferroelectric phases: A comparative density functional study[END_REF] . observed for ZrO 2 (see Supporting Information). Fig. 3 reports the decomposition of the largest (in magnitude) coefficients r 13 and r 33 of HfO 2 in terms of the electronic r el and phonon-mode decomposed r ion m contributions.

In both oxides, the sum of the terms r ion m is invariably larger than the electronic contributions for the coefficients r 13 , r 23 , r 33 . The valence electrons account for a minor part of the total EO effect: less than 23% of the total Pockels coefficient in HfO 2 and less than 30% in ZrO 2 . A similar situation can be found in most EO materials (LiNbO 3 , BaTiO 3 , PbTiO 3 , PZT, AlN/ScN superlattices or 2 dimensional ferroelectric materials [START_REF] Paillard | Strain engineering of electro-optic constants in ferroelectric materials[END_REF][START_REF] Jiang | Large linear and nonlinear electro-optic coefficients in two-dimensional ferroelectrics[END_REF][START_REF] Veithen | First-principles study of the electro-optic effect in ferroelectric oxides[END_REF][START_REF] Jiang | Designing Multifunctionality via Assembling Dissimilar Materials: Epitaxial AlN/ScN Superlattices[END_REF][START_REF] Jiang | Linear Versus Nonlinear Electro-Optic Effects in Materials[END_REF] ). For the other two finite coefficients, r 42 and r 51 , the electron response may be responsible for more than half the value of the coefficients in both oxides. In this case, the dominant role of electron response is due to the reduced contribution of phonon modes and to their mutual compensations rather than to an enhancement of the electrons response itself. More information are reported in the Supplementary material.

The low contribution from the electronic response to the EO effect may be a consequence of a general inverse relationship between the permittivity and the band gap [START_REF] Petousis | High-throughput screening of inorganic compounds for the discovery of novel dielectric and optical materials[END_REF] . This inverse dependence can be traced back to the dependence of electronic susceptibility on the inverse of transition-states energy difference appearing at a first-order perturbation theory level. Both HfO 2 and ZrO 2 have large electronic band gaps, ≈ 3.9 eV as predicted by our ab-initio simulations at the LDA level of approximation.

Despite this overall reduced role of the valence electron response, the changes in r el ij induced by the strain can be quite large: e.g. r el 33 increases by 66% in ZrO 2 and by 63% in HfO 2 as strain applied along b and c runs from compressive to tensile. The change in the large bandgap (around 5%, see Supplementary material) of HfO 2 and ZrO 2 partially accounts for these changes in contribution of r el to the Pockels effect.

On the other hand, the ionic response represents the largest contribution to the Pockels coefficients. To reveal how the strain direction and intensity determine the optically-active mode contribution to the EO coefficients, we decompose r ion on the lattice vibrations in HfO 2 and ZrO 2 .

Both the oxides exhibit 33 optical phonon modes in the orthorhombic phase. Let us focus here on the case of HfO 2 . It has 8 optical phonons of B 2 symmetry, 9 with B 1 symmetry, 8 with A 2 symmetry and 8 have A 1 symmetry. All the optical modes are infrared-and Raman-active except those with B 1 symmetry, which are not coupled with the polarization. Therefore, all optical modes but those with B 1 symmetry contribute to the EO response of HfO 2 . Specifically, the A 1 modes contribute to the r 13,23,33 , the A 2 to r 51 and the B 2 to r 42 , as seen in Fig. 3 and in Supplementary material. The decomposition on the vibrational modes reveals the peculiar dependence of each mode's contribution on the strain state. Despite the strong dependency of some modes (see Supplementary material), the strain behaviour of various A 1 , A 2 , B 2 modes compensate, giving rise to an overall weak dependency of the Pockels coefficients on the strain intensity and direction of application. In addition, given the inverse relationship between the contribution of a phonon mode to the Pockels effect and its frequency [START_REF] Veithen | First-principles study of the electro-optic effect in ferroelectric oxides[END_REF] , the remarkable stability of the Pockels coefficients with in-plane strain originates also from the absence of a strongly softening optical phonon mode. We report the phonon frequencies at Γ as a function of the strain in the Supplementary material.

So far, we have discussed the clamped linear EO response, i.e. without considering the response of the cell (third term in Eq. 2). Since HfO 2 and ZrO 2 are grown as thin films on substrates, the out-of-plane direction is, however, free to relax its lattice constant and angles to minimize the stress. We find that the EO response associated with those effects is negligible due to a very low elasto-optic response (see Supplementary material).

Due to the ferroelectric nature of orthorhombic phase of HfO 2 , one can imagine to play with the electrical polarization itself, i.e. by means of electrical engineering rather by mechanical engineering by substrate-induced strain. This can be achieved by controlling the electrostatic boundary conditions via the use of dielectric layers, as was demonstrated in negative capacitance experiments in other ferroelectrics [START_REF] Zubko | Negative capacitance in multidomain ferroelectric superlattices[END_REF][START_REF] Íñiguez | Ferroelectric negative capacitance[END_REF] , or by the application of bias electric fields. It is therefore of interest to clarify the relationship between the EO effects and the residual polarization of the system. Hereby, we consider the amplitude τ of the ferroelectric displacements, illustrated in Fig. 1, as a signature for the change of polarization in the polar phase. The high-symmetry Fm-3m phase is taken as a reference and it is characterized by τ = 0. τ = 1 characterizes the relaxed, ferroelectric orthorombic structure. We compute the EO coefficients as a function of frozen increasing ferroelectric displacement τ in the relaxed primitive-cell volume, from the highsymmetry cubic phase to the polar orthorhombic one. To assign a polarization value to each intermediate configuration we contracted the Born effective charge tensor of the ferroelectric phase with the vector of atomic displacements for each value of τ. The Born effective charge analysis leads to a value of P≈ 46.8 µC/cm 2 for the relaxed ferroelectric phase. This value underestimates our Berry-phase result by 18% (P Berry = 57.7 µC/cm 2 ) (see the Supporting Information).

Nonetheless, the effective charges provides a more intuitive framework to associate the ferroelectric displacements with the reduction of the polarization. Fig. 4 depicts the Pockels coefficients as a function of the polarization for HfO 2 . The reduction of the ferroelectric distortion induces the softening of a phonon of symmetry A 1 whose frequency in the relaxed ferroelectric phase is 3.83 (3.26) THz in HfO 2 (ZrO 2 ). This mode condenses for a value of P≈ 34.65 µC/cm 2 for HfO 2 and of P≈ 41.15 µC/cm 2 for ZrO 2 (see Supporting Information), corresponding to a 26% and 13% reduction of the value computed for the ferroelectric phase. Based on the computed total permittivity of these oxides (ε zz ≈ 20.62 in HfO 2 and ≈ 25.26 in ZrO 2 ), we estimate the electric field needed to induce such phonon softening and then of the corresponding bias voltage for a film thickness of 5 nm 51 to be 3.5 V for HfO 2 and 1.4 V for ZrO 2 . Note that the coercive fields in HfO 2

or ZrO 2 ultra-thin film are typically of the order of 1-2 MV/cm [START_REF] Migita | Thickness-independent behavior of coercive field in HfO2-based ferroelectrics[END_REF][START_REF] Müller | Ferroelectric Hafnium Oxide Based Materials and Devices: Assessment of Current Status and Future Prospects[END_REF] . Despite our estimated electric fields being larger than the coercive field in HfO 2 , other means of polarization control can be envisioned. For instance, research on negative capacitance suggests that combining HfO 2 or ZrO 2 with a stiff dielectric may frustrate the polarization [START_REF] Zubko | Negative capacitance in multidomain ferroelectric superlattices[END_REF][START_REF] Íñiguez | Ferroelectric negative capacitance[END_REF] , potentially enhancing the electro-optic response. As the ionic contribution to the Pockels effect depends on the inverse of the square of the phonon frequency, this mode condensation induces a divergence in the EO coefficients. The ionic displacements describing the softening phonon are reported at the bottom of Fig. 4. They are non-trivial and can hardly be described in terms of tilting modes around the primitive vectors. We stress that, to the purpose of our theoretical analysis, the nature of the high-symmetry phase is not particularly relevant, as it is just a reference to examine the effects of controlling the polarization.

The results would likely remain the same if we had also considered another high-symmetry phase as the reference, non-polar phase.

IV. CONCLUSION

In this work, we calculated the EO response of the polar orthorombic phase of HfO 2 and ZrO 2 while constraining either (i) the in-plane strain, to mimic the mechanical interaction with a substrate or (ii) the polarization, to mimic the application of an external voltage bias.

The linear electro-optic response of the two oxides shows little dependence on an external mechanical action preserving the orthorhombic symmetry of the structure. The decomposition of the response in terms of electronic and ionic contributions allows to detect the dominant role played by the lattice dynamics over the electronic response. The lack of soft phonons in the considered range of strain prevents the lattice to provide a larger contribution to the EO response, in contrast to other ferroelectric materials such as PbTiO 3 , engineered to the edge of phase transitions by means of strain [START_REF] Paillard | Strain engineering of electro-optic constants in ferroelectric materials[END_REF] . This also implies that HfO 2 and ZrO 2 exhibit a remarkable stability of their EO response over a large range of strain. Smaller losses are also to be expected in these materials.

The contribution of the unit cell response (unclamped part of the Pockels coefficients) is shown to be one to two orders of magnitude smaller than the electronic and ionic response. This traces back to a weak elasto-optical response and to its weak dependence on the applied strain. The external control of polarization instead provides another path to engineer the electro-optical response. Our results show that lowering the polarization while preserving the orthorhombic symmetry drives the system towards a dynamical lattice instability, as indicated by the softening of an optical phonon.

As a result, a large enhancement of the EO response is to be expected in HfO This work demonstrates that the EO properties are conserved at the nanoscale, when bi-axial strain is present in epitaxially-grown HfO 2 or ZrO 2 films. Our results urge for experimental confirmations, as they shine light on aspects of HfO 2 and ZrO 2 which have not been deeply investigated yet, and as they potentially pave the route for new fields of application for these two oxides.

V. SUPPLEMENTARY MATERIALS

The supporting information contains the following: strain dependency of the electrons band gap; definition and analysis of the piezoelectric contribution to the EO effect; the strain dependence of the EO coefficient of ZrO 2 ; the decomposition in electronic and lattice contribution of the r 13 ,r 33 EO coefficients for ZrO 2 ; the decomposition in electronic and lattice contribution of the r 23 ,r 42 ,r 51 EO coefficients for HfO 2 ; the phonon frequencies at Γ as a function of the applied bi-axial strain for HfO 2 and ZrO 2 ; the atomic displacements corresponding to selected phonon modes; the dependence of the EO coefficients on P in ZrO 

FIG. 1 .

 1 FIG. 1.The orthorhombic phase of HfO 2 : Hf atoms are reported in gold and the oxygen in red. The polarization axis lays along the c primitive vector. The pink spheres represent the oxygen high-symmetry coordinates when they are displaced from their ferroelectric positions by τ .
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 222 Fig.2reports the strain dependence of the linear EO coefficients of HfO 2 and ZrO 2 . It reveals an overall weak dependence of the EO coefficients on the applied strain for both materials, independently on the direction of application. Most tensor components show an almost linear dependence with the in-plane strain η. Deviations from that linear behavior appear for r 13 , r 23 , and r 33 (to smaller extent) when epitaxial strain is imposed along primitive vectors a, b and a, c. This shift from linearity is due to the superposition of non-linear strain dependence of specific phononmode contributions reported in Fig.3for HfO 2 . In the case of r 33 , the non-linear contributions partially compensate producing a less obvious non-linear strain dependency. Similar features are

FIG. 3 .

 3 FIG. 3. Electronic and mode-decomposed ionic contributions to the (a) r 13 and (b) r 33 coefficients as a function of the applied strain for HfO 2 . Each colored bar corresponds to the contribution of a different phonon mode, which is labelled by its symmetry and frequency in the unstrained phase (in parenthesis, expressed in THz). The electronic contribution is represented in black. The top panel reports the effects of strain applied along a-b primitive vectors; the middle panel, along b-c; the bottom panel along a-c.

2 FIG. 4 .

 24 FIG. 4.Top The top panel reports the r 13 ,r 23 ,r 33 coefficients as a function of the polarization P for HfO 2 . The bottom panel report the lowest phonon frequencies at Γ as a function of P. The softening mode is represented in black. Bottom, two views of the atomic displacements corresponding to the softening mode are reported. The Hf atoms are represented in gold, the oxygen atoms in red. The arrows represent the atomic displacements.

  2 and ZrO 2 by the proper application of bias voltages. The control of polarization by means of an external voltage should be thought of in terms of a superposition of linear (Pockels) and non-linear (Kerr) effects, rather than a simple linear effect[START_REF] Jiang | Linear Versus Nonlinear Electro-Optic Effects in Materials[END_REF] . Since the form factor[START_REF] Boutaybi | Electro-optic properties of ZrO 2 , HfO 2 , and LiNbO 3 ferroelectric phases: A comparative density functional study[END_REF] of HfO 2 and ZrO 2 is larger than other ferroelectric materials, such as BaTiO 3 and PbTiO 3[START_REF] Sando | Epitaxial ferroelectric oxide thin films for optical applications[END_REF] , we expect that these oxides will gain traction in EO applications at the nanoscale. Compared to other EO materials such as perovskite oxides, they are compatible with integrated circuits based on silicon and their production cost is competitive.

2 ;

 2 the procedure used to estimate the bias voltage; a comparison of the polarization of the polar phase of HfO 2 computed with Born effective charges and with Berry-phase method. This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset.PLEASE CITE THIS ARTICLE AS DOI: 10.1063/5This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset. PLEASE CITE THIS ARTICLE AS DOI: 10.1063/5

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  reporting values of Pockels coefficients lower than those of lithium niobate, but still potentially interesting for applications. Specifically El Boutaybi et al.[START_REF] Boutaybi | Electro-optic properties of ZrO 2 , HfO 2 , and LiNbO 3 ferroelectric phases: A comparative density functional study[END_REF] compared the bulk EO properties of HfO 2 with ZrO 2 and lithium niobate. The computed linear-EO effect coefficients for the orthorhombic phase Pca2 1 are higher in ZrO 2 than in HfO 2 : r 33 and r 13 , the largest and the smallest coefficients, are respectively 11 pm/V and -12 pm/V in ZrO 2 and 7 pm/V and -8 pm/V in HfO 2 . On the other hand,
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