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Coherent control of orbital wavefunctions in the quantum spin liquid Tb2Ti2O7

Resonant driving of electronic transitions with coherent laser sources creates quantum coherent superpositions of the involved electronic states. Most time-resolved studies have focused on gases or isolated subsystems embedded in insulating solids, aiming for applications in quantum information. Here, we demonstrate coherent control of orbital wavefunctions in pyrochlore Tb2Ti2O7, which forms an interacting spin liquid ground state. We show that resonant excitation with a strong THz pulse creates a coherent superposition of the lowest energy Tb 4f states before the magnetic interactions eventually dephase them. The coherence manifests itself as a macroscopic oscillating magnetic dipole, which is detected by ultrafast resonant x-ray diffraction. The induced quantum coherence demonstrates coherent control of orbital wave functions, a new tool for the ultrafast manipulation and investigation of quantum materials.

The interplay between the orbital, spin and structural degrees of freedom is a driving factor of many key properties of solids, including high temperature superconductivity, colossal magneto resistance and metal-insulator transitions. In the last decades, great progress in controlling this interplay to obtain materials with novel functional properties has been made by techniques such as epitaxial strain engineering and the design of heterostructures [START_REF] Schlom | Strain Tuning of Ferroelectric Thin Films[END_REF][START_REF] Zubko | Interface Physics in Complex Oxide Heterostructures[END_REF][START_REF] Hwang | Emergent phenomena at oxide interfaces[END_REF]. Adjustments in metalinsulator transition temperatures, modification of magnetic structures, or the creation of superconducting phases show the potential of these methods, which have focused in particular on transition metal oxides such as manganites (4) and nickelates [START_REF] Catalano | Rare-earth nickelates R NiO 3 : thin films and heterostructures[END_REF]. Driven by the development of new laser sources in recent years, the control over material properties was extended into the time domain by selective excitation of electronic, magnetic and structural degrees of freedom [START_REF] Caviglia | Ultrafast Strain Engineering in Complex Oxide Heterostructures[END_REF][START_REF] Beaud | A time-dependent order parameter for ultrafast photoinduced phase transitions[END_REF][START_REF] Wall | Ultrafast disordering of vanadium dimers in photoexcited VO2[END_REF]. While significant effort has been spent to coherently control collective excitations such as magnons [START_REF] Němec | Antiferromagnetic opto-spintronics[END_REF][START_REF] Kubacka | Large-Amplitude Spin Dynamics Driven by a THz Pulse in Resonance with an Electromagnon[END_REF] and phonons [START_REF] Mankowsky | Non-equilibrium control of complex solids by nonlinear phononics[END_REF][START_REF] Maehrlein | Terahertz Sum-Frequency Excitation of a Raman-Active Phonon[END_REF][START_REF] Stupakiewicz | Ultrafast phononic switching of magnetization[END_REF][START_REF] Mankowsky | Nonlinear lattice dynamics as a basis for enhanced superconductivity in YBa 2 Cu 3 O 6.5[END_REF], there are only few studies on coherent orbital excitations in correlated materials [START_REF] Polli | Coherent orbital waves in the photo-induced insulator-metal dynamics of a magnetoresistive manganite[END_REF][START_REF] Wall | Quantum interference between charge excitation paths in a solid-state Mott insulator[END_REF][START_REF] Beckert | Emergence of highly coherent quantum subsystems of a noisy and dense spin system[END_REF]. Here, we demonstrate the resonant and coherent excitation of a purely orbital transition at THz frequency in a correlated rare earth quantum material.

The physics of these materials is defined by the rare earth ion's 4f valence electrons. They are partially shielded from the environment by the filled 5s 2 and 5p 6 shells, which reduces their interactions and leads to more localized states [START_REF] Thiel | Rare-earth-doped materials for applications in quantum information storage and signal processing[END_REF]. This makes them ideal candidates to study orbital coherence in condensed matter. Enduring interest in the rare earth pyrochlore Tb2Ti2O7 (TTO) (figure 1A) stems from its evasion of magnetic order and formation of a strongly correlated magnetic state below temperatures of the scale of the Curie-Weiss constant, 13 K ( [START_REF] Fennell | Magnetoelastic Excitations in the Pyrochlore Spin Liquid Tb2Ti2O7[END_REF][START_REF] Turrini | Magnetic-field control of magnetoelastic coupling in the rare-earth pyrochlore Tb2Ti2O7[END_REF][START_REF] Ruff | Structural Fluctuations in the Spin-Liquid State of Tb2Ti2O7[END_REF][START_REF] Ruff | Magnetoelastics of a Spin Liquid: X-Ray Diffraction Studies of Tb2Ti2O7 in Pulsed Magnetic Fields[END_REF][START_REF] Ruminy | Magnetoelastic excitation spectrum in the rare-earth pyrochlore Tb2Ti2O7[END_REF][START_REF] Gingras | Thermodynamic and single-ion properties of Tb 3+ within the collective paramagnetic-spin liquid state of the frustrated pyrochlore antiferromagnet Tb2Ti2O7[END_REF], rather than long range magnetic order as originally anticipated [START_REF] Rau | Frustrated Quantum Rare-Earth Pyrochlores[END_REF][START_REF] Gardner | Magnetic pyrochlore oxides[END_REF]. Quantum fluctuations [START_REF] Molavian | Dynamically Induced Frustration as a Route to a Quantum Spin Ice State in Tb2Ti2O7 via Virtual Crystal Field Excitations and Quantum Many-Body Effects[END_REF], structural distortions [START_REF] Bonville | Tetragonal distortion yielding a two-singlet spin liquid in pyrochlore Tb2Ti2O7[END_REF] or fluctuations [START_REF] Ruff | Structural Fluctuations in the Spin-Liquid State of Tb2Ti2O7[END_REF], hybridization of magnetic and structural fluctuations [START_REF] Fennell | Magnetoelastic Excitations in the Pyrochlore Spin Liquid Tb2Ti2O7[END_REF], and quadrupolar degrees of freedom [START_REF] Takatsu | Quadrupole Order in the Frustrated Pyrochlore Tb2+xTi2-xO7+y[END_REF] have all been explored as mechanisms by which magnetic order may be suppressed while preserving the unprotected local moment of the non-Kramers doublet ground state of the Tb 3+ 7 F6 multiplet in the D3d symmetry crystal field (CF). The first excited crystal field level lies DE= hn0=1.6 meV (n0 = 0.4 THz) above the ground state, as schematically shown on the right-hand side of figure 1A. Optical measurements show that on cooling TTO into the correlated state, an absorption peak appears at ! ! = 0.44, close to the lowest CF transition energy [START_REF] Lummen | Phonon and crystal field excitations in geometrically frustrated rare earth titanates[END_REF]. The temperature dependence of its oscillator strength tracks the population difference between the ground and the first excited CF level, which are both doublets [START_REF] Ruminy | Crystal-field parameters of the rare-earth pyrochlores R2Ti2O7 (R = Tb, Dy, and Ho)[END_REF]. Since the even symmetry (Eg) of the levels forbids an electric dipole excitation, the absorption is attributed to magnetic dipole coupling [START_REF] Constable | Double vibronic process in the quantum spin ice candidate Tb2Ti2O7 revealed by terahertz spectroscopy[END_REF][START_REF] Amelin | Terahertz magneto-optical investigation of quadrupolar spin-lattice effects in magnetically frustrated Tb2Ti2O7[END_REF] . Here, we study the resonant excitation of this CF transition in the time domain. By measuring the magnetic and structural dynamics, we show that not only the population but also the quantum phase of the orbital wavefunction can be controlled. The inset shows the alternating orientation of the oxygen cages, which distinguish neighboring Tb sites (green). The crystal structures were visualized using the VESTA software [START_REF] Momma | VESTA 3 for three-dimensional visualization of crystal, volumetric and morphology data[END_REF].

In order to disentangle the orbital and magnetic dynamics from structural components of this transition, we employed time-resolved resonant and non-resonant x-ray diffraction using 50 fs x-ray pulses at the Bernina beamline of the SwissFEL Free Electron Laser [START_REF] Ingold | Experimental station Bernina at SwissFEL: condensed matter physics on femtosecond time scales investigated by X-ray diffraction and spectroscopic methods[END_REF][START_REF] Prat | A compact and cost-effective hard X-ray free-electron laser driven by a high-brightness and lowenergy electron beam[END_REF]. Section 1 and Fig. S1 of the materials and methods section give more details on the experimental setup.

For our experiments we use a single crystal of TTO with a (001) surface orientaion (sample EP3 from Ref. [START_REF] Ruminy | Sample independence of magnetoelastic excitations in the rare-earth pyrochlore Tb2Ti2O7[END_REF]). The orbital dynamics were studied by tuning the x-ray photon energy to the Tb L3 edge. Figure 1B shows the photon energy dependence of the structurally forbidden (028) peak together with the x-ray absorption signal collected in total fluorescence yield mode. The intensity of the (028) peak shows a clear enhancement at 7522.5 eV, which originates from a periodic ordering of Tb orbitals caused by rotations of the oxygen cages surrounding them. Ionic motions were detected by following the diffracted intensity changes of the structurally allowed (1 + 37) diffraction peak. 1) and ( 5) to the data. D, Simulation results. The resonant excitation induces a coherent superposition between ground state |0⟩ (blue) and first excited Tb CF level |1⟩ (red), which reduces their occupation difference ∆1 by around 0.3% (E). The off-diagonal term of the density matrix 2 "! (F) encapsulates the coherence of the CF levels, which manifests itself via a macroscopic oscillating magnetic dipole (grey line) due to the collective motion of the Tb spins (black arrows), which oscillate coherently with frequency ! ! = 0.44 THz.

The single cycle electromagnetic pulses used for the excitation reached peak electric and magnetic fields of 0.75 MV/cm and 0.25 T, respectively, with a central frequency of 0.6 THz as shown in figure 2A. The linearly polarized electric and magnetic field components were polarized along the sample [110] and [11 + 0] directions, respectively. The same figure shows the temporal evolution of the change in diffracted intensity of the structural (1 + 37) and the resonant orbital (028) diffraction peaks following excitation at 5 K sample temperature. We first discuss the time-resolved changes of the (1 + 37) peak intensity (green, panel B), which is insensitive to induced magnetic or orbital dynamics. Since all optically active phonon modes of TTO have frequencies >2.7 THz [START_REF] Lummen | Phonon and crystal field excitations in geometrically frustrated rare earth titanates[END_REF][START_REF] Constable | Double vibronic process in the quantum spin ice candidate Tb2Ti2O7 revealed by terahertz spectroscopy[END_REF], significantly higher than the driving field, they are not resonantly excited. Under these conditions, the ions simply follow the THz pump electric field 5(6) in phase, like oscillators driven below their resonance frequency. Hence, the associated changes in diffraction intensity are proportional to the electric field 5(6), contributing to the change in diffracted intensity according to

7 ∆$ $ 8 %&'() (6) = 9 % • 5(6), ( 1 ) 
where 9 % is a constant.

At early times, the diffraction intensity of the resonant peak (blue, panel C) shows similar behavior, albeit with opposite sign. This behavior is largely expected: the same ionic motion that is measured in the (1 + 37) peak is likely to also influence the position, orientation and shape of the Tb orbitals due to changes of the CF potential. The time-resolved intensity change of the (028) peak, however, has an important additional feature: a coherently oscillating component that persists beyond the driving pulse. Despite the broad excitation bandwidth, the spectrum of this induced oscillatory component is sharply peaked at ! ! = 0.44 THz, which corresponds to the energy difference DE between the resonantly excited levels (see Fourier transforms in panels A and C of figure 2).

In order to better understand the origin of this coherent signal, we simulate the dynamics induced by the coherent excitation of the first Tb CF level at DE=1.6 meV. Since further CF levels are separated by ≥10 meV, they can be neglected. For a given ion, the direction of the transient magnetic field selects a preferential basis within the two doublets, coupling one singlet of the ground state doublet |0⟩ to one partner singlet in the excited state |1⟩. These pairs of ground and excited states form an ensemble of effective quantum two-level systems (TLS), each described by a wave function |<⟩ = = ! |0⟩ + = " |1⟩ (see supplementary text 1 for a detailed derivation). Given the moderate exchange and dipolar couplings between different Tb ions of ~ 1meV estimated from the Curie-Weiss temperature, the short time dynamics of the ensemble is well described by the density matrix formalism for single ions [START_REF] Fano | Description of States in Quantum Mechanics by Density Matrix and Operator Techniques[END_REF]. The average state of an effective TLS is given by its density matrix 2:

2 = ? = !
ground and the excited state, respectively, while the off-diagonal elements 2 "! and 2 !" capture their phase coherence.

When the atoms are exposed to the magnetic field B(6) of a light pulse, the dynamics of the occupation difference ∆1 = 2 !! -2 "" and the induced coherence 2 "! evolve according to the coupled equations of motion:

,∆-(&) ,& = C *,! ! µ " 0(&) ℏ D2 "! (6) -2 "! * (6)E - ∆-(&)2∆-#$ 3 ; ∆1(6 = -∞) = ∆1 45 . ( 3 
) ,6 %& (&) ,& = -CH ! 2 "! (6) + C ,! ! µ " 0(&) ℏ ∆1(6) - 6 %& (&) 3 ' ; 2 "! (6 = -∞) = 0. ( 4 ) 
Here, H ! = 2IJ ! is the resonance angular frequency and the matrix element K ≈ 3 can be viewed as the effective magnetic moment of the two-level system. The prefactors M 7 = 3/2 and µ 0 denote the Landé factor of the Tb 7 F6 multiplet and the Bohr magneton. The first term in Eq. ( 3) describes the coherent build-up of an excited population with instantaneous Rabi frequency Ω 8 (6) = K! ( µ ) B( 6). The second term describes relaxation back to the equilibrium value ∆1 45 , with the lifetime of the excited state Q. The first two terms in Eq. ( 4) describe the unitary evolution of the coherence 2 "! , while the last term captures its dephasing over a decoherence time

Q ) with Q ) ≤ Q.
Since the (028) diffraction peak has contributions from transitions into all unoccupied Tb 4f crystal field levels, our experiment is insensitive to moderate changes in the occupation of only the lowest CF levels. In contrast, the coherence manifests itself as a macroscopic magnetic dipole moment ⟨T⟩ ++++ (6) = 6U(2(6)V) = TD2 "! (6) + 2 "! * (6)E, which can be detected with high sensitivity. Due to the inequivalent quantization axes of the Tb ions defined by their orbital orientations, this transient magnetic ordering of the spins constitutes an additional contribution to the x-ray scattering of the (028) diffraction peak at resonance (see Methods section 2). This dynamic magnetic contribution interferes with the static orbital contribution, which strongly enhances its detection sensitivity. Therefore, the total change in diffracted intensity of the (028) peak contains an additional magnetic contribution proportional to WX(2 "! )(6) driven by the magnetic field B(6) of the THz pulse. This results in an overall change to the (028) diffraction peak intensity in resonance of

7 ∆$ $ 8 '4% (6) = 9 %,: • 5(6) + 9 ; • WX(2 "! )(6), ( 5 ) 
where 9 %,: and 9 ; are constants.

We now use equations ( 1) and ( 5) to reproduce the experimental data shown in figure 2B and 2C, respectively. The electric 5( 6) and magnetic fields B(6) of the THz pulse are measured via electro-optic sampling. The measured magnetic field is used to obtain 2 "! (6) via numerical solution of equations ( 3) and ( 4). The parameters 9 % , 9 %_: , 9 ; , ! ! , Q ) are adjusted to best fit the data (see table S2 for a summary of the obtained values). Since the induced magnetization is sensitive only to the coherence time Q ) , the lifetime of the excited state Q cannot be used as fitting parameter and has been fixed instead to 4 ps estimated from the Tb-Tb hopping time given by their interaction energy of 1 meV. The resulting change in diffracted intensity is displayed in figure 2B and 2C as light lines, which agree well with the experimental data. The solution of the differential equations [START_REF] Hwang | Emergent phenomena at oxide interfaces[END_REF][START_REF] Yi | Engineering magnetism at functional oxides interfaces: manganites and beyond[END_REF] is visualized in panels D-F of figure 2.

Following the excitation, the occupation difference (black curve) decreases, as 0.15% of the Tb ions are excited from the ground state to the higher energy level. The coherent superposition of the two CF levels is reflected in coherent oscillations of the off-diagonal term 2 "! of the density matrix (figure 2F). These oscillations with frequency ! ! = 0.44 THz persist on the order of the coherence time Q ) beyond the end of the exciting pulse. The obtained coherence time Q ) of 2.4 ± 0.4 ps is of the same order as the timescale set by Tb-Tb exchange and dipolar couplings, indicating that the decoherence is dominated by the intrinsic lifetime of the excited state. Finally, we compare the temperature dependence of the oscillation amplitude, i.e. the coherence of the ensemble, with the predictions of the model. The induced coherence depends linearly on the magnetic field and the occupation difference ∆1 45 between the two CF states before excitation (see Eq. 3 and Supplementary Text Eq. 22). The temperature dependence of the amplitude obtained by the fits to the data shown in figure 3 follows Boltzmann statistics ∆1 45 (^) = 691ℎ(∆5/2`0^) as predicted, which further validates our model. Signatures of induced orbital coherence are found up to 50 K with a constant coherence time of 2.4 ps. As the coherence time is limited by Tb-Tb interactions, it can be substantially increased by diluting rare earth ions in a nonmagnetic parent compound [START_REF] Beckert | Emergence of highly coherent quantum subsystems of a noisy and dense spin system[END_REF]. Our results demonstrate the coherent control of orbital wavefunctions in a dense, correlated quantum material at temperatures reaching 50 K, supporting recent proposals to use ions with localized 4f shells in quantum computing schemes [START_REF] Grimm | Universal Quantum Computing Using Electronuclear Wavefunctions of Rare-Earth Ions[END_REF].

More generally the coherent control of orbitals constitutes a new tool for the ultrafast control of materials to manipulate magnetic properties on fs-ps timescales with elemental selectivity. The excitation with linearly polarized light -as used here -induces an oscillatory magnetization on atomic sites selected by the crystal field transition. However, upon changing polarization and direction of the THz pulse, the driven 4-level systems will split differently into two effective TLS resulting in different responses. In particular, circularly polarized light would induce nonoscillatory, quasi-static magnetization, which rises within the pulse duration and survives on the order of the life time Q beyond the pulse (see Supplementary Text section 1.9). This ultrafast magnetic pulse reaches moments of the order of a Bohr magneton per site, creating internal fields of around 20 mT in Tb2Ti2O7. So far most efforts to achieve ultrafast control of materials has centered on the concepts of photodoping or the excitation of collective excitations such as phonons, magnons or electromagnons. We envision the coherent control of orbitals demonstrated here to become part of this toolbox to explore out of equilibrium phases of materials and to tune collective properties in analogy to the equilibrium control of orbital polarization and occupation by strain, fields and pressure. Further developments of this technique might open new ways to probe correlations and entanglement among ions in close proximity.

Materials and Methods for

Coherent control of orbital wavefunctions in the quantum spin liquid Tb2Ti2O7 1 Experimental setup and geometry

The experimental geometry is shown in figure S1. The THz pulses (yellow) were generated outside the chamber by optical rectification of 7.4 mJ, 100 fs, 800 nm pulses in LiNbO3. They were guided through an 8mm thick ZEONEX window into the vacuum chamber and focused by a 2inch diameter, 2inch focal distance parabolic mirror onto the sample. Their field strength and spectral content was characterized in vacuum by electrooptic sampling with 100fs 800nm pulses (red) in a 100um thick GaP crystal mounted next to the sample. The FWHM diameter of the 800nm sampling pulses on the GaP was 90um, slightly larger than the 75um diameter x-ray pulses (dark blue), which were guided through a hole in the parabolic mirror onto the sample. The energy of the 50fs xray pulses was defined with a double crystal Si (111) monochromator to a bandwidth of 1eV. In diffraction condition of the (028) and (1 ' 37) peaks, the incidence angle of the p-polarized THz pulses was 58.7° with respect to the sample surface. Due to the large refractive index of * > 7.3 within the spectral content of the THz pulses (extracted from reference (30)), they were strongly refracted into the sample, almost propagating along the [001] sample surface normal direction. The electric and magnetic field components were polarized along the [110] and [11 ' 0] directions. The sample was cooled with a helium flow cryostat to a base temperature of 5 K.

2 Orbital and magnetic contributions to the diffraction intensity of the resonant (028) diffraction peak

Static orbital contribution:

The site symmetry of the Tb ion at Wyckoff position 16c of the space group Fd-3m ( 227) is -30 with a multiplicity of 16. The symmetry operations generate 4 unique Tb ions at positions Tb1 @ (0, 0, 0)cubic, Tb2 @ (3/4, 1/4, 1/2)cubic, Tb3 @ (1/4, 1/2, 3/4)cubic, and Tb4 @ (1/2, 3/4, 1/4)cubic. The remaining Tb ions in the unit cell are generated by translations of the unique Tb atoms by (0, 0, 0), (

Because of the local -3m symmetry, the only quadrupole moment that can contribute to the (028) equilibrium intensity is

1 !" ! #$ ! = % &
324 "" -4 '' -4 (( 5, where z points along the local C3 symmetry axis.

Dynamic magnetic contribution:

In the following, we evaluate the contribution of magnetic scattering to the (028) diffraction intensity due to transient magnetic moments m ) 7777⃗ induced by the resonant excitation of the first CFL on the 4 unique Tb sites denoted by the index i. Following equation [START_REF] Ingold | Experimental station Bernina at SwissFEL: condensed matter physics on femtosecond time scales investigated by X-ray diffraction and spectroscopic methods[END_REF], the induced magnetic moment can be evaluated by projecting the [1-10] polarized B-field onto the local quantization axis xyzlocal,i. Using the local Cartesian coordinate with z parallel to the C3 symmetry axis for Tb1 @ (0, 0, 0)cubic, we obtain x // [1-10], y // , and z // [111]. Table S1 summarizes the positions, quantization axis as well as the induced magnetic moments of all 4 unique Tb ions. The magnetic form factor F 7⃗ * (:) = ∑ m ) 7777⃗(t)e &+,(.'/0(/1") , among the four Tb atoms can then be evaluated as:

F 7⃗ * (:) ≈ -3.4A(:) • (1, -1,0), with A(:) = (D 3 E 4 ) & FG*(ω 5 :) I J: 6 K 5 (: 6 )L #(7#7 " )∕9 # 7 #:
following from equation [START_REF] Constable | Double vibronic process in the quantum spin ice candidate Tb2Ti2O7 revealed by terahertz spectroscopy[END_REF]. The total magnetic scattering factor of a single unit cell is just a multiplication of the above form factor by the factor of four. The incident x-ray pulses were horizontally polarized along M , = [1 -10] and the (028) peak was measured without polarization analysis. Since magnetic scattering is given by the projections of F 7⃗ * // (1, -1, 0) onto the propagations of the incident and scattered x-rays as well as its cross product, there is a finite contribution of magnetic scattering to the (028) reflection, which can interfere with the orbital scattering given by 1 !" ! #$ ! and induces a linear modulation of the orbital peak intensity.

Supplementary Materials for

Coherent control of orbital wavefunctions in the quantum spin liquid Tb2Ti2O7

1 Dynamics of the Tb 4-level system

Wave functions of the crystal field levels

The point group of the Tb ions within the pyrochlore lattice is C ! . We refer to the 3-fold rotation axis as the local Q-axis. This symmetry implies that R " modulo 3 (R " 0SJ3) is a good quantum number, that is, the crystal field levels within the ground state multiplet are superpositions of levels with values R " whose differences are multiples of 3. Non-degenerate CF levels are formed by the eigenstates with R " 0SJ3 = 0. The eigenstates with R " 0SJ3 = 1,2 form symmetry protected multiplets with their time reversed counterparts (taking values of R " mod 3 with opposite sign). The two lowest-lying CF eigenstates of Tb in Tb2Ti2O7 form two such doublets, which we denote by T (ground) and U (excited). We further refer to the states with fixed R " 0SJ3 as ↑/↓, according to the sign of the expectation value ⟨R " ⟩ of the magnetic moment along Q.

The diagonalization of the CF Hamiltonian yields the explicit wavefunctions (using the shorthand notation |0⟩ = |[ = 6, 0⟩) using the coefficients tabulated in table IX of reference [START_REF] Ruminy | Crystal-field parameters of the rare-earth pyrochlores R2Ti2O7 (R = Tb, Dy, and Ho)[END_REF].

|T ↑⟩ = ] % |4⟩ -^%|1⟩ + `%|-2⟩ + J % |-5⟩ (1) |T ↓⟩ = b|T ↑⟩ = ] % |-4⟩ + ^%|-1⟩ + `%|2⟩ -J % |5⟩ (2)
with ] % = 0.9116, ^% = 0.1186, `% = 0.1765, J % = 03519, whereby the time reversal operator acts as b|0⟩ = (-1) * |-0⟩. The magnetic moment of the ground state doublet is 0

; = ⟨T ↑ |R " |T ↑⟩ = -⟨T ↓ |R " |T ↓⟩ = 2.657.
For the excited doublet one finds The energy difference between the two doublets is ΔU = U < -U ; = 1.6meV.

|U ↑⟩ = ] & |5⟩ -^&|2⟩ + `&|-1⟩ + J & |-4⟩ (3) 
|U ↓⟩ = b|U ↑⟩ = -] & |-5⟩ -^&|-2⟩ -`&|1⟩ + J & |4⟩ ( 
(5)

Matrix elements for the interaction with an applied magnetic field

Let us now study how an external magnetic field couples to this pair of doublets. The magnetic field acts via the interaction Hamiltonian f 4 (:) = -D 3 E 4 K 7⃗ (:) ⋅ R ⃗ , where D 3 = 3 2 ⁄ is the Landé factor of the considered Tb = k >multiplet and µ 4 is the Bohr magneton. Even though we will discuss general pulses, it is useful to consider the limit of a harmonic driving field D 3 µ 4 K 7⃗ (:) = ℬ 7 7⃗ (t) = ℬ 5 L ⃗ exp(-Gω:) + H.c., where ℬ 5 = 1/2K 5 is a real amplitude and L ⃗ the polarization vector. For linearly polarized light L ⃗ can be chosen to be real, while circularly polarized light is characterized by a complex L ⃗ in general. For a general pulse shape, ℬ 5 → ℬ 5 (:) is a smoothly varying envelope function. The R " operator only has matrix elements between states with equal value of R " 0SJ3 (i.e., between |T, ↑⟩ and |U, ↓⟩, and between |T, ↓⟩ and |U, ↑⟩, while the operators R ± = R ' ± GR ( are purely off-diagonal in the basis of fixed R " 0SJ3. With the above wavefunctions one finds the following non-zero (real) matrix elements between ground and excited doublets

[ " ≡ ⟨U, ↓ |R " |T, ↑⟩ = -⟨U, ↑ |R " |T, ↓⟩ = 3.029, (6) 
[ ⊥ ≡ 1 2 ⟨U, ↑ |R + |T, ↑⟩ = - 1 2 ⟨U, ↓ |R -|T, ↓⟩ = 2.362. (7) 
The action of a magnetic field in this pair of doublets is best understood within a rotating wave approximation (RWA). The latter is justified for driving close to the resonance frequency, u ≈ ΔU/ℏ and at moderate driving strength ([ ",B ℬ 5 ≪ ΔU = 1.60Lx), where non-resonant intra-doublet and fast-oscillating inter-doublet couplings can safely be neglected. These conditions are met only approximately by our experimental parameters: the central frequency of the driving pulse is ℏu = 2.4 0Lx and [ ",B ℬ 5 = [ ",B D 3 E 4 K 5,D /2 ≈ 0.03 0Lx using the experimentally determined magnetic field peak amplitude of K 5,D = 0.25T and approximating [ ",B with a typical value of 3. However, the approximation still gives useful insight into the main effect of the driving. Within the RWA the resulting driving Hamiltonian then reduces to f 4 (:) → f EFG (:) = -ℬ 5 L #,H7 ∑ I,J∈{↑↓}

A IJ |U, y⟩⟨T, z| + f. `. , [START_REF] Wall | Ultrafast disordering of vanadium dimers in photoexcited VO2[END_REF] where the 2x2 matrix A IJ is given by A = { L P Ĵ P <; PQ',(,"

with the inter-doublet matrix elements of the magnetic moment operators given by Ĵ ' <;

= [ B } " , Ĵ ( <;

= -G[ B , (10)

Ĵ " <; = -G[ " } ( .
where the } ',(," are the standard Pauli matrices. 

Splitting of the four-level systems into effective two-level systems

The Hermitian matrix A † A is positive definite and diagonalizable. We call Ç %,& its orthonormal eigenvectors, and

J %,&
& the corresponding eigenvalues. The explicit form of the matrix A † A is 

A † A = É + Ñ ⃗ ⋅ } ⃗, (14) 
For linear polarization, the ^I are real, and the magnetic moments evaluate to

Fig. 1 :

 1 Fig. 1: Cubic pyrochlore structure of Tb2Ti2O7. A, Lefthand side: corner-sharing tetrahedra, formed by the Tb ions (other ions are not shown for clarity). Righthand side: Tb 3+ 4f CF levels. The orange arrow indicates the transition, which was resonantly excited. B, X-ray absorption measured via total fluorescence yield across the Tb L3-edge (grey in the background) and energy dependence of the orbital (028) diffraction peak (black). The inset shows the alternating orientation of the oxygen cages, which distinguish neighboring Tb sites (green). The crystal structures were visualized using the VESTA software (34).

Fig. 2 :

 2 Fig. 2: Time-dependent diffracted peak intensity at 5K sample temperature and simulation results. A, Magnetic field of the THz pump pulses, obtained by electrooptic sampling (38). B,C, Change in diffracted intensity of the structural (1 + 37) diffraction peak (green markers) and the resonant (028) diffraction peak (blue markers). Error bars reflect the 1σ (67%) confidence interval. Fourier transforms of the excitation pulse and the oscillatory component of the resonant peak are displayed in the insets. The experimental data are simulated (light solid lines) by fitting the coefficients of Equations (1) and (5) to the data. D, Simulation results. The resonant excitation induces a coherent superposition between ground state |0⟩ (blue) and first excited Tb CF level |1⟩ (red), which reduces their occupation difference ∆1 by around 0.3% (E). The off-diagonal term of the density matrix 2 "! (F) encapsulates the coherence of the CF levels, which manifests itself via a macroscopic oscillating magnetic dipole (grey line) due to the collective motion of the Tb spins (black arrows), which oscillate coherently with frequency ! ! = 0.44 THz.

Fig. 3 :

 3 Fig. 3: Temperature dependence of the induced magnetic dipole. The data points show the amplitude of the oscillatory magnetic component observed in the diffraction intensity change of the resonant peak. They have been extracted from fits of the model coefficients (Equations (1) and (5)) to the data (right vertical axis). Error bars reflect the 1] (67%) confidence interval. The dashed black line visualizes the occupation difference ∆1 45 (^) of the two levels calculated from Boltzmann statistics (left vertical axis). See figure S2 for the individual time-traces of the orbital and structural peak.

  4) with ] & = 0.8910, ^& = 0.2320, `& = 0.1085, J & = 0.3748, having a larger magnetic moment 0 < = ⟨U ↑ |R " |U ↑⟩ = -⟨U ↓ |R " |U ↓⟩ = 3.503.

1. 3 . ( 12 )

 312 Temporal evolution in the rotating frameWe seek the solution to the time-dependent Schrödinger equation G~7 = [f RS + f (:)] in form(:) = {[L I (:)|U, y⟩L #,< $ 7 + D I (:)|T, y⟩L #,< % 7 ] I (11)where at the level of the RWA and for resonant driving u = ΔU/ℏ, the coefficients L I , D I obey the Schrödinger equation in the rotating frame, G~7L I (:) = -ℬ 5 { A IJ D J (:) J , G~7D I (:) = -ℬ 5 { A IJ † L J (:) J Taking a second derivative, one finds a closed differential equation for the ground state amplitude vector D = Ä D ↑ D ↓ Å alone, -~7 & D(:) = ℬ 5 & A † AD(:), (13) using matrix notation.

  whereÉ = |7 ⃗ | & , Ñ ' = -2ÖL(^" * ^'), Ñ ( = 2ÖL(^" * ^(), Ñ " = 2Ü0(^' * ^(),[START_REF] Polli | Coherent orbital waves in the photo-induced insulator-metal dynamics of a magnetoresistive manganite[END_REF] and we have used the notation ^" ≡ L " [ " , ^',( ≡ L ',( [ ⊥ . From this, one finds that Ç %,& are the eigenvectors of Ñ ⃗ ⋅ } ⃗ with eigenvalue ±|Ñ ⃗|. The associated magnetic moments are, respectively, J %,& = áÉ ± |Ñ ⃗|.
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Note that Ç , only couples to one excited state, , . Therefore, {Ç % , % } and {Ç & , & } form two independent effective two-level systems. The , span an orthonormal basis of the excited doublet space, being the eigenvectors of AA † , for which one finds AA † = } ' (É -Ñ ⃗ ⋅ } ⃗)} ' . (18) Up to phases its eigenvectors are thus %,& ∝ } ' Ç &,% .

Driven dynamics of the effective two-level systems

In the basis {Ç , , , }, the full driving Hamiltonian takes the form

where we dropped the non-resonant intra doublet couplings. J , can be seen as the effective magnetic moment of the two-level systems and Ω !,# = ℬ 0 J X /ℏ is the associated instantaneous Rabi frequency. The 2 × 2

Hamiltonian governing the effective TLS generates the unitary, non-dissipative part of the dynamics for the ensemble averaged density matrix ç = |(:)⟩⟨(: Given the modest excitation level, one may approximate ∆*(:) in ( 22) by ∆* UZ , which yields the coherence:

which is proportional to the occupation difference before excitation ∆* UZ .

Note that in the low temperature state (below the Curie-Weiss temperature |ì RF | = 13 î), the interactions induce correlations and entanglement among the different Tb ions. However, since we focus on relatively short times as compared to the inverse interaction strength and since we consider only a moderate level of excitation, we neglect those correlations and describe the driving at the level of the single site density matrix. In the main text, the interaction with neighboring sites are summarily accounted for by including a relaxation and dephasing rate (of the order of the Tb-Tb interaction strength) in the evolution equation for the single site density matrix.

Unitary dynamics within RWA approximation

We now return to the RWA ansatz [START_REF] Mankowsky | Non-equilibrium control of complex solids by nonlinear phononics[END_REF], where only the resonant frequency component at u = ±u 5 of ℬ(:) is retained. In a thermal ensemble at temperature ï 4 b ≪ ℏu 5 , the initial wavefunction (0) restricted to a given Tb site is a random state within the ground doublet, L I (: = -∞) = 0. Within the RWA the general solution of the resonantly driven Schrödinger equation reads

where

.

Observables pertaining to the subensemble of Tb ions with equally oriented local z-axis have to be averaged with the prescription ó , * ó ] = ú ,] ∕ 2, and ó , ó ] = 0.

Time-evolving magnetization

The time-evolving magnetic moment of the Tb wavefunction is obtained as

Note that once the driving field is switched off, the wavefunctions in the rotating frame, L(:), D(:) do not evolve further and would stay constant in the absence of interactions with other degrees of freedom. The first line in [START_REF] Gingras | Thermodynamic and single-ion properties of Tb 3+ within the collective paramagnetic-spin liquid state of the frustrated pyrochlore antiferromagnet Tb2Ti2O7[END_REF] captures the static, time-independent magnetization induced by the driving pulse ℬ(:), while the second contribution to the magnetization oscillates with the frequency u 5 and reflects the coherence of the wavefunction, being a superposition of components in the excited and ground state doublet. Interactions with neighboring Tb ions eventually induce dephasing, which degrades the oscillatory term, and relaxation, which makes the static part of the induced magnetization decay.

Oscillatory magnetization induced by linearly polarized light

For linearly polarized light the static part of the magnetization vanishes since the magnetic moments of the lightselected TLS vanish, ⟨Ç , |R " |Ç , ⟩~⟨Ç , |} " |Ç , ⟩ = ± ^' |⃗| = 0 and likewise for ⟨ , |R " | , ⟩

The vector Ñ ⃗ in ( 15) is proportional to (-L ' , L ( , 0). The eigenvectors associated to the effective magnetic moments

and

In this basis, the off-diagonal matrix elements of the magnetic moment operator Ĵ <; evaluate to

The oscillatory part of the magnetization results from Eq. ( 27) as 0 ',( cVd (:

L ',( L ⊥ sin (u 5 :)

To include dephasing, we switch to the density matrix formulation, approximating the subspaces of the two lightselected TLS (Ç , , , ) ,Q%,& as uncoupled. Let us discuss here the case of relatively weak or short pulses with k *P' ≪ 1, as used in the experiment. For the ensemble averaged magnetic moment one finds

whereby the off-diagonal term of the density matrix of the TLS i, ç 5% (,) , satisfies Eq. ( 21) with J = J , . Resorting to the resonant approximation, writing ℬ 7 7⃗ (:) = ℬ 5 L ⃗ exp(-Gω 5 :) + H.c. and retaining only the positive frequency component, one finds the contributions of the two TLS to add up to yield

× ÖL[Gexp(-Gu 5 :) í J: 6 ℬ 5 (:

where we used the notation

Note that in this regime, where the excitation level remains modest, the time dependence of the contributions from the different TLS is the same, and is well captured by a single representative TLS, as was done in the main text. ,

where K 5 (:) = 2ℬ 5 (:)/D 3 E 4 is the time-dependent linearly polarized magnetic field envelope of the pulse.

Inducing quasi-static magnetization by circularly polarized light

With circularly polarized pulses a quasi-static magnetization can be induced. Using the general solution ( 20) and ( 21), the ensemble average of the non-oscillatory magnetization (described by the first line in ( 24)) can be evaluated as

where we used [START_REF] Fennell | Magnetoelastic Excitations in the Pyrochlore Spin Liquid Tb2Ti2O7[END_REF]. This quasi-static magnetization settles to k(:) → k *P' after the pulse.

As an example, we consider a CP pulse propagating along the local z-axis of one type of ions, with K ( = GK ' ≡ GK, K " = 0. The matrix A takes the form A = [ ⊥ K(} " + 1), from which one extracts Ç % = (1,0), J % = 2[ ⊥ = 4.724; Ç & = (0,1), J & = 0 and E " = 1. This results in the induced static magnetization

On average, half of these ions are in the state Ç % which undergoes Rabi oscillations, a full population conversion leading to a change of magnetization by 0 < -0 ;

For the three differently oriented ions, one finds two non-trivial effective TLS, with effective magnetic moments J % 6 = 4.493 and J & 6 = 2.919, respectively, and magnetizations of the associated TLS basis vectors E " 6 ≡ ⟨Ç % |} " |Ç % ⟩ = -0.637. Injecting this in the above formulae one finds the induced quasi-static magnetization along the ions' respective local z-axes to evaluate to

The moments of three different non-aligned ions sum up to a magnetization pointing along -L ⃗ " , and having a magnitude 0 " V7P7,c7.U$V (:).

In TTO a cell of volume x = (10.3Å) ! ∕ 4 contains four Tb ions, one of each orientation, that we treat as uncorrelated. The total quasistatic magnetic moment induced in such a cell by a CP pulse of action k *P' , oriented along the axis of one of the ions points along the propagation direction of the pulse and has a magnitude For short/weak pulses, the final magnetic moment behaves as 0 7c7,V1cf (:)/D 3 E 4 ≈ 11.01k *P' & . The average internal field resulting from this magnetization density follows as

which can reach of the order of 200b in Tb2Ti2O7. Due to interactions between the ions, the magnetization will, however, decay back to zero (thermal equilibrium) over a time scale of the order of τ via diffusion of the excitations. On the other hand the global excitation level (total energy) of the ions relaxes much more slowly, necessitating coupling to the phonon bath. Table S1. Summary of the 4 unique Tb ion positions and local quantization axis, as well as the induced magnetic moment " $ #####⃗ by the excitation on each site i with:

. The last column denotes their phase factors for the (567) = (89:) peak.