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Deterministic control of ferroelectric polarization by ultrafast laser pulses

Ultrafast light-matter interactions present a promising route to control ferroelectric polarization at room temperature, which is an exciting idea for designing novel ferroelectric-based devices. One emergent light-induced technique for controlling polarization consists in anharmonically driving a high-frequency phonon mode through its coupling to the polarization. A step towards such control has been recently accomplished, but the polarization has been reported to be only partially reversed and for a short lapse of time. Such transient partial reversal is not currently understood, and it is presently unclear if a full control of polarization, by, e.g., fully reversing it or even making it adopt different directions (thus inducing structural phase transitions), can be achieved by activating the high-frequency phonon mode via terahertz pulse stimuli. Here, by means of realistic simulations of a prototypical ferroelectric, we reveal and explain (1) why a transient partial reversal has been observed, and (2) how to deterministically control the ferroelectric polarization thanks to these stimuli. Such results can provide guidance for realizing original ultrafast optoferroic devices. 2. Rudner, M. S. & Lindner, N. H.

Introduction

Manipulation of properties of quantum materials utilizing (GHz-THz) high-frequency light is a fascinating topic in modern solid-state physics [START_REF] De La Torre | Nonthermal pathways to ultrafast 653 control in quantum materials[END_REF][2][3][4][5][6] . It has resulted in several breakthroughs in the past decade. Examples include stimulating insulator-metal transitions 7,8 , controlling magnetic domains 9-13 , uncovering hidden phases [14][15][16][17] , inducing superconductivity [START_REF] Budden | Evidence for metastable photo-induced 705 superconductivity in K3C60[END_REF][START_REF] Fausti | Light-induced superconductivity in a 708 stripe-ordered cuprate[END_REF][START_REF] Kennes | Transient superconductivity from electronic squeez-711 ing of optically pumped phonons[END_REF][START_REF] Mitrano | Possible light-induced superconductiv-714 ity in K3C60 at high temperature[END_REF] as well as the formation of photon-dressed topological states [START_REF] Mciver | Light-induced anomalous hall effect 717 in graphene[END_REF][START_REF] Sie | An ultrafast symmetry switch in a weyl 719 semimetal[END_REF][START_REF] Wang | Observation of floquet-bloch states on the surface of a 722 topological insulator[END_REF] .

Light-induced switching of ferroelectric polarization [START_REF] Guo | Recent progress in optical control of ferro-724 electric polarization[END_REF][START_REF] Bilyk | Transient polarization reversal using 726 an intense THz pulse in silicon-doped lead germanate. 727 pss[END_REF][START_REF] Yang | Light-induced reversible control 729 of ferroelectric polarization in BiFeO3[END_REF][START_REF] Li | Optical control of polarization in ferroelectric 732 heterostructures[END_REF][START_REF] Mankowsky | Ultrafast reversal of the ferroelectric polarization. 735[END_REF][START_REF] Grishunin | THz electric field-induced second 737 harmonic generation in inorganic ferroelectric[END_REF][START_REF] Morimoto | Terahertz-field-induced large macro-740 scopic polarization and domain-wall dynamics in an or-741 ganic molecular dielectric[END_REF][START_REF] Chen | Ultrafast terahertz-field-driven ionic 743 response in ferroelectric BaTiO3[END_REF][START_REF] Grübel | Ultrafast x-ray diffraction of a ferro-746 electric soft mode driven by broadband terahertz pulses[END_REF][START_REF] Rana | Understanding the nature of ultra-749 fast polarization dynamics of ferroelectric memory in the 750 multiferroic BiFeO3[END_REF] is also among these most important achievements since it can result in novel optoferroic devices, especially ultrafast nonvolatile ferroelectric memories [START_REF] Scott | Ferroelectric memories[END_REF][START_REF] Guo | Non-volatile memory based on the ferroelec-754 tric photovoltaic effect[END_REF] .

In particular, recent works proposed and demonstrated that the ferroelectric polarization can be reversed by exciting a high-frequency infrared-active phonon mode (to be denoted as auxiliary mode or auxiliary high-frequency mode in the following) that is coupled to the soft mode (which is mostly associated with this polarization), with this effect acting through an intermediate anharmonic driving force [START_REF] Mankowsky | Ultrafast reversal of the ferroelectric polarization. 735[END_REF][START_REF] Först | Nonlinear phononics as an ultrafast route 756 to lattice control[END_REF][START_REF] Subedi | Proposal for ultrafast switching of ferro-758 electrics using midinfrared pulses[END_REF] . Such indirect method stimulates coherent phonon modes and has the potential to achieve polarization switching within a few hundred femtosecond, which will be six orders of magnitude faster than from photovoltaic effects [START_REF] Yang | Light-induced reversible control 729 of ferroelectric polarization in BiFeO3[END_REF][START_REF] Li | Optical control of polarization in ferroelectric 732 heterostructures[END_REF][START_REF] Yi | Mechanism of the switchable photovoltaic effect in 762 ferroelectric BiFeO3[END_REF] . This route was first theoretically proposed by A. Subedi and his coworkers [START_REF] Subedi | Proposal for ultrafast switching of ferro-758 electrics using midinfrared pulses[END_REF] and then partially realized by Mankowsky et al. in their second harmonic generation (SHG) experiment [START_REF] Mankowsky | Ultrafast reversal of the ferroelectric polarization. 735[END_REF] . However, some experimental results contradict predictions from the theory. For instance, the model of Ref. [38] predicted a full reversal of the polarization while mea-57 surements "only" reported a transient reversal [START_REF] Bilyk | Transient polarization reversal using 726 an intense THz pulse in silicon-doped lead germanate. 727 pss[END_REF][START_REF] Mankowsky | Ultrafast reversal of the ferroelectric polarization. 735[END_REF] , with 58 the reversed polarization not even reaching its equilib-59 rium value. It is presently unclear why only a partial 60 transient reversal was observed [START_REF] Mankowsky | Ultrafast reversal of the ferroelectric polarization. 735[END_REF] and whether it is, in 61 fact, possible to achieve a full reversal. Possible rea-62 sons for such paucity of knowledge is that the theory of 63

Ref. [38] may have missed important couplings [START_REF] Mertelj | Comment on "ultrafast re-764 versal of the ferroelectric polarization[END_REF] . More-64 over, the fact that the studied model of Ref. [38] is only 65 one-dimensional in nature also implies that some strik-66 ing features may have been overlooked, especially in sys- Ref. [29], but also provides insight into the light-driven 84 effects. It further reveals and explains how a full rever-85 sal (180 • rotation) can indeed happen in some cases; and also predict a variety of light-induced phase transitions, for which polarization rotates by 60 • , 71 • , 90 • , and 109 • , as a result of a mechanism we coin here as "squeezing".

The discovery of such "squeezing" mechanism further allows us to design a strategy for an ultrafast deterministic control of the polarization and even realize full-reversal in a deterministic manner. that is, from cubic to tetragonal (for which a large P z coexists with a small Q z ), then from tetragonal to orthorhombic (where both P y and Q y get activated and become equal to P z and Q z , respectively) and finally from orthorhombic to rhombohedral (for which we have now large P x = P y = P z and small

Results
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Q x = Q y = Q z ),
when cooling down the system. Note that P and Q are of opposite sign for the tetragonal (T), orthorhombic (O) and rhombohedral (R) phases, as a direct consequence of the positive signs of some coupling parameters indicated in Table I ±3 µC/cm 2 and 30 ±2 µC/cm 2 that one can find at at 147 230 K, 370 K and 473 K in these three phases, respec-148 tively, in Refs. [42, 43]. However as is often the case with The polarization can indeed be fully reversed within a R-
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phase by a field of 12.46 MV/cm magnitude (red curve).
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However, not like previously expected [START_REF] Mankowsky | Ultrafast reversal of the ferroelectric polarization. 735[END_REF][START_REF] Subedi | Proposal for ultrafast switching of ferro-758 electrics using midinfrared pulses[END_REF] , the full re-252 versal does not happen during the pulse but after. In 
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To understand such squeezing effect, we need to have a detailed look at Table I and realize that, for the case of a T-phase having a z-component of the polarization, the following couplings are relevant: the bi-quadratic

Q 2 x + P 2 y Q 2 y + P 2 z Q 2 z ) -2.13 × 10 12 Λ22(P 2 x Q 2 y + P 2 x Q 2 z + P 2 y Q 2 z +P 2 y Q 2 x + P 2 z Q 2 x + P 2 z Q 2 y ) 2.
U (z) 22 =Λ 2 P 2 z Q 2 z (1) U (x-z) 22 =Λ 22 (P 2 x + P 2 y )Q 2 z (2)
When a mid-infrared laser pulse polarized along z is ap- If that is the case, we will thus have achieved a fully de- 
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An equilibrium O-phase, having P x = -P y > 0, along perature (300 K) as the initial state. Three pulses are applied along different directions and at different times, 452 along with a bias dc gate field constantly applied along 453 the [ 110] direction. The magnitude of this dc field is form of eq. 2, but for P z and Q y ) will also contribute to 484 the development of P z . Note also that, since no dc field 485 is along the z-axis, the newly-formed P z can also be neg-486 ative, which corresponds to the channel 2 in fig. 3 (a) 487 and which we also observed in our other numerical ex-488 periments (see sec. V of SM). We have thus succeeded to tered on Nb ions. In the KNbO 3 cubic structure, the 559 zone-center P mode is soft (in the sense that the square of its frequency is negative at 0 K) while the Q mode is also located at the zone center but possesses a high and positive frequency. The details of the mode frequency and eigenvector for both P and Q can be found in Sec.I of SM. The local vectors corresponding to the inhomogeneous strains are technically centered on K ions. The homogenous strain is defined with respect to cubic symmetry and has six independent components η i in Voigt notation.

The potential energy U tot of H ef f has four main contributions:

U tot = U F E ({P}, {u}, {η}) + U aux ({Q}, {u}, {η}) + U int ({P}, {Q}) + U elastic ({η}) (1) 
a purely elastic one U elastic ; a second one related to the ferroelectric soft mode and its interaction with strains U elastic , exactly like in Ref. [START_REF] Zhong | Competing structural instabilities in cubic perovskites[END_REF] for BaTiO 3 ; a third one related to the high-frequency auxiliary mode and its interaction with strains U aux , which has the same analytical form than the second energy but when replacing P by Q; and a fourth one that gathers the direct interactions between the ferroelectric soft mode and high-frequency auxiliary mode U int , and which are indicated in Table I. The details of all these four energyies can be found in Section II of SM.

Such effective Hamiltonian is generated with respect to cubic (C) symmetry and can be involved in phase transitions among sub-group ferroelectric structures, such as tetragonal (T), orthorhombic (O), and rhombohedral (R) phases. Note that this new effective Hamiltonian resolves symmetry-broken issues expressed in previous works [START_REF] Mankowsky | Ultrafast reversal of the ferroelectric polarization. 735[END_REF][START_REF] Subedi | Proposal for ultrafast switching of ferro-758 electrics using midinfrared pulses[END_REF][START_REF] Mertelj | Comment on "ultrafast re-764 versal of the ferroelectric polarization[END_REF] , and contains for the first time all the symmetry-allowed forms within fourth order. In addition, for the first time too, the model includes the full spatial degree of freedoms of both P and Q, i.e., their Cartesian components along x, y and z axes (which are along the three < 001 > pseudo-cubic directions). The existence of these Cartesian components (P x , P y , P z ) and

(Q x , Q y , Q z )
can, e.g., allow the ferroelectric polarization to rotate (and not "only" reverse its direction) when the Q mode is activated. The model parameters of the H ef f are first determined from 0 K first-principle calculations but then a few of them are adjusted, in order to better agree with measurements but also to allow the calculations to converge (large coupling coefficients can result in simulations going towards infinite energy). This is why, for instance, the coefficient in front of (the third-order-in-P) P 3

x Q x + P 3 y Q y + P 3 z Q z and (the complex) P 2 x P y Q y + P x P 2 y Q x + P 2 x P z Q z + P x P 2 z Q x + P 2 y P z Q z + P y P 2 z Q y have been reduced from its ab-initio value or why the coeffi-cient in the front of Moreover, the kinetic energy K tot of the H ef f contains three parts written with respect to the velocity v p , v q , and v u that correspond to the order parameters, P, Q, and u:

P x P y Q x Q y +P y P z Q y Q z +P z P x Q z Q x
K tot = N i 1 2 M p v 2 p,i + 1 2 M q v 2 q,i + 1 2 M u v 2 u,i (2) 
where the effective masses are defined as M p , M q , and 616 M u respectively. Their values are fitted to produce 

  67 tems that can adopt polarization along different crys-68 tallographic directions. For instance, is it possible to 69 make the polarization rotate rather than reverse by ac-70 tivating an auxiliary high-frequency mode? Can we also 71 expect novel effects when applying such light-induced in-72 direct method to different structural phases, each having 73 its own direction for the ferroelectric polarization, such 74 as rhombohedral, orthorhombic and tetragonal states in 75 ferroelectric perovskites? 76 The aim of the present study is to answer all these 77 questions by employing an original atomistic scheme 78 that includes the three-dimensional soft mode, the three-79 dimensional auxiliary high-frequency mode and all their 80 relevant couplings. As we will see, this atomistic ap-81 proach not only reproduces a transient partial reversal 82 analogous to the one observed in the experiments of 83

  Figures 1 (a) and 1 (b) report the temperature behavior of the three Cartesian components of the supercell average of the P and Q modes, respectively. These figures indicate that our model can nicely reproduce the sequence of phase transitions observed in experiments,
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  Hamiltonians 44 , some predicted transition tem-150 peratures are lower than the experimental ones 43 , namely 151 640 K versus 708 K for the C-to-T transition, and 345 152 K versus 498 K for the T-to-O transition. On the other 153 hand, the R-to-O transition temperature is well repro-154 duced here: 260 K for the effective Hamiltonian and 263 155 K in measurements. Interestingly, we also numerically 156 found that, if the Q degrees of freedom are turned off, 157 the O-phase vanishes and only two phase transitions oc-158 cur: one from T-to-C at a lower temperature around 500 159 K and a second one from R-to-T around 400 K. Such 160 fact highlights the importance of incorporating both P 161 and Q in order to accurately model properties of KNbO 3 . 162 Note, however, that a previous model without Q did find 163 an O equilibrium phase, but for some narrow tempera-164 ture range ( 50 K) 45 . One can also easily imagine the 165 development of a model having P as the only polar de-166 gree of freedom, but where the effect of Q would be to 167 renormalize the coefficients associated with P.

  168

FIG. 1 .

 1 FIG. 1. Results to be compared with experiments: P (a) and Q (b) modes as a function of temperature; Ratio involving the total polarization at 240K as a function of time, for partial-excitation (d) and full-excitation (e) starting from a R phase. Panel (c) shares the same horizontal axes with Panels (d) and (e) to indicate the laser pulse shape and time evolution. Pink regions are to indicate the full-width-halfmaximum of the Gaussian enveloped laser pulse.

169 170- 1 )

 1691 fig.1 (d)) until such dip becomes negative for 12.47 215

FIG. 2 .

 2 fig.1 (e) is equal to 0.5 and -0.2 for E=8.90 MV/cm and 266
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  the decreasing of the polarization component that paral-353 lels to the field should be dominant over the increasing 354 of the perpendicular component. Note that the squeez-355 ing effect decides along which direction the polarization 356 should be induced but not the sign of this polarization. 357 For instance, the final result at 2 ps of fig. 2(c) for the 358 axis for which P is parallel to could also have been [110], 359 [1 10], or [ 11 0]. Note too that we have also performed 360 various numerical experiments such, as, e.g., switching 361 in and off some interactions in the simulations, that con-is also realized that the Λ 3 and Λ 1 couplings in Table I decide the direction of the Q mode with respect to that of the P mode, details can be found in sec. IV of SM. It is worthwhile to emphasize that this squeezing effect is a new phenomenon that originates from the highfrequency auxiliary mode. It should not be accounted as the reduction of the polarization by the thermal effect from the light 51-53 because fig. 2 clearly shows that though one component (P z ) decreased to zero, other components (P x and P y ) condense along with it, while heating will typically result in a reduction of the polarization magnitude overall. This squeezing effect also allows us to understand the results about partial (transient) and full (permanent) reversal of polarization in fig. 1 (d) and (e) for some fields within a R-phase. As a matter of fact, pulses with fields oriented along the [11 1] axis and with the resonant 18 THz frequency induce a strong oscillation of the Q mode along such [11 1] axis within the R-phase. During the large oscillation of Q (and resulting large Q 2 x , Q 2 y and Q 2 z ), the P mode starts to decrease its magnitude towards zero according to the squeezing mechanism along all three Cartesian directions. After the exit of the 200 fs full-width-half-maximum pulse, P has just reached and oscillated around zero with net momentum towards the reverse [ 11 1] direction. If it is a full-excitation case (fig. 1 (e), in which all unit cells are subject to the electric field), P can continue to grow along the [ 11 1] direction and the full reversal of the polarization then occurs. If it is a partial-excitation case (fig. 1 (d), in which 10x10x10 cells within the 12x12x12 supercell are allowed to be coupled to the electric field), P can partially grow along [ 11 1] but then quickly reverses its direction and grows back to [11 1], as a result of the interaction with the unexcited part of the material; the transient partial reversal of the polarization thus happens. We also note that Abalmasov 54 proposed that the depolarizing electric field can yield a similar transient partial reversal in thin films. Note that the Supplemental Materials also explain why the polarization can rotate, rather than being reverted, under full-excitation for some fields. Deterministic full-reversal strategy. As can be seen in fig. 1 (e), the ferroelectric polarization full reversal is sometimes replaced by a polarization rotation. Consequently, a single laser pulse, such as the one used in the experiment of Ref. [29], will not reverse the polarization of a three-dimensional ferroelectric in a deterministic manner. (Presumably, the reversal will not be deterministic for a one-dimensional compound like LiNbO 3 either, unless one implements a way to avoid the back-switching to the original state.) However, the understanding of the squeezing effect can enable us to further design a strategy at room temperature to realize a full-reversal of the ferroelectric polarization by laser pulses aided with a tiny dc and constantly applied gate field, which is of high importance for building novel ferroelectric-based devices.

FIG. 3 .

 3 FIG. 3. Deterministic full-reversal strategy: (a) protocol of the three-pulse reversal process; the yellow background boxes are for the initial and excited polarization phases and the pink background boxes are used to indicate the laser pulses that are along x, y, and z-axis; The labels of the phases P is defined as P + Q to indicate the total polarization; The blue arrows are used to indicate the phase transition channels after the laser pulses; Responses of the Q (b) and P modes (c) excited by a sequence of three "200fs-18THz" pulses activated at 10, 20, and 30 ps and having their polarized direction along [100], [010], and [011] directions, respectively. For each of these pulses, the magnitude of E in Ee -2ln2( t τ ) 2 cos(2πωt) is 6.17 MV/cm.
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  440 terministic (3-pulse process) reversal of the polarization 441 from the initial to final states. It is worth to mention that 442 the use of several pulses is a common strategy to switch 443 ferroelectric polarization in deterministic manner 55 and 444 has also been suggested by other theoretical work 56 . 445 In figs. 3 (b) and (c), we present one representative of 446 our many numerical examinations, in order to check our 447 proposed strategy and to explain it in even more details.
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  fig.3 (a), when changing the magnitude of the laser 523

  f ) is developed for such material. It has the follow-551 ing degrees of freedom: vectors related to the ferroelectric 552 soft mode (P), high-frequency auxiliary mode (Q) and 553 inhomogeneous strain (u) in each 5-atom unit cell, as well 554 as, the homogenous strain (η). Both P and Q modes are 555 infrared-active modes and can couple to external electric 556 fields (via an energy involving a dot product with such 557 field). Their associated local vectors in the H ef f are cen-558
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  has been modified (to give correct A and E mode split-609 ting hierarchy, see supplementary material fig.2). Note 610 also that determining such coupling coefficients from first 611 principles is not a unique and easy procedure and thus 612 large error bars can be assigned to these coefficients. It is 613 thus not surprising that they then require to be adjusted 614 to allow for a better comparison with observations.
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  617the TO mode frequencies as calculated from the DFT 618 phonon frequencies of the rhombohedral phase at zero 619 K[START_REF] Wang | Polarization dependence of born effective charge and dielectric constant inKNbO3[END_REF] , and are listed in TableIof the SM. 620 621 Dynamic Simulations We employed Monte Carlo 622 (MC) and Molecular Dynamic (MD) algorithms on a 623 12×12×12 supercell that contains 8640 atoms. More 624 specifically, we used parallel tempering 58,59 (PT) MC 625 and Nosé-Hoover thermal state 60-62 MD simulations 626 implemented in LINVARIANT 63 . The same Nosé mass 627 for P, Q, and inhomogeneous strains of 10000 a.u. 628 is used. The Nosé mass for the homogenous strains 629 is 1 a.u. in all the simulations. Periodic boundary 630 conditions were adapted. For each temperature, 150,000 631 PTMC sweeps are firstly performed, with the first 632 100,000 steps as thermalization and the subsequent 633 50,000 steps to compute the phase diagram; then MD 634 simulations are initialized with the MC outputs and 635 500,000 thermalization steps are performed before the 636 statistical evaluations; the time interval of 0.1fs is used 637 in the MD simulations. The authors declare that the coefficient data of the 641 effective Hamiltonian are available within the paper and 642 its supplementary Material; The data that support the 643 findings of this study are available from the correspond-644 ing author upon reasonable request. The code that generates and solves the effective Hamil-648 tonian is available at https://github.com/PaulChern/

  and further discussed later on. Examples of predicted values for the total polarization for R, O, and T phases are 54 µC/cm 2 at 10 K, 48 µC/cm 2 at 300 K and 42 µC/cm 2 at 400 K. They compare reasonably 145 well with the experimental values of 42 ±4 µC/cm 2 , 32
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TABLE I .

 I On-site couplings between ferroelectric soft mode P and high-frequency auxiliary mode Q. The unit of these fourth-order coupling coefficients is N m 6 /C 4 .

	Coefficients (Λ) Coupling Energies
	2.02 × 10 13	Λ2(P 2 x
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