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Ultrafast nonlinear phonon response of few-layer hexagonal boron nitride

Nonequilibrium dynamics of TO phonons and low-frequency interlayer shear modes are mapped in femtosecond mid-infrared pump-probe experiments. Time-resolved changes of TO phonon absorption reveal a TO phonon lifetime of 1.2 ps, while the low-frequency excitations decay with a time constant of approximately 20 ps. The coupling of intralayer TO and interlayer motions manifests in a quasi-instantaneous redshift of the TO phonon resonance by some 10 cm -1 . Theoretical calculations account for the coupling scenario and underline the relevance of inter-phonon interactions for the nonlinear phonon response of few-layer materials.

The crystal structure of hexagonal boron nitride (hBN) consists of covalently bound 6-rings of boron and nitrogen atoms arranged in two-dimensional layers [1]. Adjacent layers are coupled via much weaker van der Waals interactions, making the material highly anisotropic. Mono-and few-layer hBN have received strong interest as a prototypical quasi-twodimensional quantum material [START_REF] Shi | Synthesis of few-layer hexagonal boron nitride thin film by chemical vapor deposition[END_REF], holding strong potential for synthesizing van der Waals heterostructures [START_REF] Geim | Van der Waals heterostructures[END_REF] and applications in optoelectronics [START_REF] Caldwell | Photonics with hexagonal boron nitride[END_REF], nanophotonics, and phonon polaritonics [START_REF] Giles | Ultralow-loss polaritons in isotopically pure boron nitride[END_REF]. The electronic structure [START_REF] Cassabois | Hexagonal boron nitride is an indirect bandgap semiconductor[END_REF][START_REF] Schué | Bright luminescence from indirect and strongly bound excitons in h-BN[END_REF], the linear and the nonlinear optical properties [START_REF] Li | Probing symmetry properties of few-layer MoS 2 and h-BN by optical second-harmonic generation[END_REF][START_REF] Kim | Stacking order dependent second harmonic generation and topological defects in h-BN bilayers[END_REF] of few-layer hBN have been studied in some detail, whereas insight in carrier and phonon dynamics has remained very limited [START_REF] Golla | Ultrafast relaxation of hot phonons in graphene-hBN heterostructures[END_REF].

The anisotropic structure of hBN results in distinctly different frequencies of phonons connected with intra-and interplane atomic motions. Phonon modes of bulk hBN have been studied by infrared and Raman spectroscopy [START_REF] Geick | Normal modes in hexagonal boron nitride[END_REF][START_REF] Reich | Resonant Raman scattering in cubic and hexagonal boron nitride[END_REF][START_REF] Serrano | Vibrational properties of hexagonal boron nitride: Inelastic x-ray scattering and ab-initio calculations[END_REF][START_REF] Cuscó | Temperature dependence of Raman-active phonons and anharmonic interactions in layered hexagonal BN[END_REF][START_REF] Cuscó | Isotope effects on phonon anharmonicity in layered van der Waals crystals: Isotopically pure hexagonal boron nitride[END_REF], inelastic x-ray scattering [START_REF] Serrano | Vibrational properties of hexagonal boron nitride: Inelastic x-ray scattering and ab-initio calculations[END_REF], and theoretical calculations [START_REF] Michel | Phonon dispersions and piezoelectricity in bulk and multilayers of hexagonal boron nitride[END_REF][START_REF] Michel | Theory of rigid-plane phonon modes in layered crystals[END_REF]. At the Γ point (q = 0), the infrared-active transverseoptical (TO) phonon of E 1u symmetry displays a frequency of 1367 cm -1 (E T O = 169.5 meV), nearly identical to a Ramanactive phonon of E 2g symmetry. Both modes are connected with different in-plane atomic motions, as shown for the TO phonon in Fig. 1(a) (inset). Second-order Raman spectra suggest a TO phonon anharmonicity on the order of 5 cm -1 [START_REF] Serrano | Vibrational properties of hexagonal boron nitride: Inelastic x-ray scattering and ab-initio calculations[END_REF].

Lifetimes of the TO phonon of bulk hBN have been estimated from the damping term in numerical line shape fits of the reststrahlen band, giving values from 0.8 to 1.3 ps for samples with the natural isotope variation of boron [START_REF] Giles | Ultralow-loss polaritons in isotopically pure boron nitride[END_REF][START_REF] Cuscó | Isotope effects on phonon anharmonicity in layered van der Waals crystals: Isotopically pure hexagonal boron nitride[END_REF][START_REF] Segura | Long lifetime of the E 1u in-plane infrared-active modes of h-BN[END_REF]. An analysis of the Raman line shapes of the E 2g mode at 1367 cm -1 suggests a similar lifetime of 0.7 to 1 ps. For both modes, similar decay channels mediated via three-and four-phonon anharmonic couplings have been proposed [START_REF] Segura | Long lifetime of the E 1u in-plane infrared-active modes of h-BN[END_REF].

Motions of the stacked BN planes relative to each other give rise to rigid-plane shear and compression modes at low energy. In bulk hBN, the Raman-active horizontally-polarized rigid-plane shear mode arises at 54 cm -1 (E SH = 6.74 meV). In hBN with a finite number N of BN layers, the discretization of the k-vector perpendicular to the layers results in an increasing number of optical phonon branches. Theory [START_REF] Michel | Phonon dispersions and piezoelectricity in bulk and multilayers of hexagonal boron nitride[END_REF][START_REF] Michel | Theory of rigid-plane phonon modes in layered crystals[END_REF] predicts a splitting of the bulk rigid-plane modes in N -1 compression modes and N -1 doubly degenerate shear modes, the latter at energies below E SH . So far, experimental results on such modes are very limited [START_REF] Stenger | Low frequency Raman spectroscopy of few-atomic-layer thick hBN crystals[END_REF] and couplings of intra-and interlayer modes unknown.

For a basic physical understanding of the low-frequency dielectric properties of hBN and applications in phonon polaritonics, insight in phonon-phonon interactions and the resulting nonequilibrium dynamics is mandatory. Moreover, coupled phonon excitations are relevant for energy relaxation and heat transport, including the interplay of in-plane and interplane motions. In this Letter, we report the first study of the nonlinear phonon response of few-layer hBN. Upon femtosecond mid-infrared excitation via the TO phonon absorption band, the resulting ultrafast dynamics exhibit both a pronounced coupling of inter-layer and TO phonon modes and population relaxation processes of the coupled modes on different time scales. The anharmonic phonon-phonon coupling is accounted for by in-depth theoretical calculations.

The few-layer hBN sample studied here was grown directly on a sapphire substrate and has an average thickness of 2.5 nm, corresponding to N = 8 to 9 hBN layers. For such N, the rigid-plane shear phonons are expected at frequencies below the bulk shear mode at 54 cm -1 [START_REF] Michel | Theory of rigid-plane phonon modes in layered crystals[END_REF][START_REF] Stenger | Low frequency Raman spectroscopy of few-atomic-layer thick hBN crystals[END_REF]. A temporally and spectrally resolved pump-probe approach with femtosecond mid-infrared pulses is employed to map nonequilibrium phonon dynamics. As depicted schematically in Fig. 1(b) (inset), the s-polarized (TE) pump and probe pulses were reflected from a gold-coated prism and hit the sample under slightly different angles of incidence. The probe beam reflected from the sample passed the second facet of the prism, was spectrally dispersed in a monochromator, and detected with a 64-element HgCdTe detector array (spectral resolution 2 cm -1 ). A reference pulse reflected from an unexcited part of the sample was detected by a second array. Details of sample preparation, interaction geometry and mid-infrared pulse generation are presented in the supplemental material (SM).

The linear reflectivity spectrum [Fig. 1(a)] of the hBN sample exhibits the TO phonon resonance at 1366 cm -1 , in agreement with an attenuated total reflection spectrum of the sample (Fig. S2 of the SM). The width of the resonance has a value ∆ν T O ≈ 15 cm -1 , which is about twice as large as values derived from the reststrahlen band of high-quality bulk hBN. We assign this discrepancy to structural imperfections of the few-layer sample. A more detailed analysis of the reflectivity spectrum is presented in the SM.

In Experiments with pump pulses of a reduced bandwidth ∆ν p give additional insight in the nonlinear phonon response. The pump energy E p was adjusted to implement a similar excitation level for ∆ν p = 20, 32, 54, and 200 cm -1 (FWHM). Pump-probe spectra for a delay time t D = 3 ps after the fast signal decay [Fig. 3(a)] display identical envelopes for the different ∆ν p . The time evolution of reflectivity changes at a fixed probe frequency (not shown) is independent from ∆ν p as well. In Fig. 3(b), the frequency positions of the positive and negative peaks in the spectra for t D = 3 ps are plotted vs ∆ν p . Figure 3(c) shows the frequency position of the positive peak (solid symbols) and the first moment M = ( νg(ν)dν)/ g(ν)dν of the redshifted positive component g(ν) of the pump-probe spectra as a function of E p (open symbols). Both quantities exhibit a redshift increasing roughly linearly with E p .

We now discuss the mechanisms behind the ultrafast nonlinear phonon response with the support of first principles evaluations [START_REF] Hohenberg | Inhomogeneous electron gas[END_REF][START_REF] Kohn | Self-consistent equations including exchange and correlation effects[END_REF][START_REF] Baroni | Phonons and related crystal properties from density-functional perturbation theory[END_REF] of phonon lifetimes, anharmonic frequency shifts and inter-phonon anharmonic couplings [26, 32, 33]. The theoretical methods are accounted for in the SM. We recall that the TO phonon potential energy surface shows a small anharmonicity along the q T O coordinate of 5 cm -1 [START_REF] Serrano | Vibrational properties of hexagonal boron nitride: Inelastic x-ray scattering and ab-initio calculations[END_REF].

As schematically shown in Fig. 3(d), this anharmonicity leads to a redshift of the v = 1 to 2 compared to the fundamental v = 0 to 1 transition. Resonant excitation by the pump pulses [blue arrow in Fig. 3(d)] results in a population decrease in the v = 0 and an increase in the v = 1 TO phonon state. Concomitantly, the absorption/reflectivity on the v = 0 to 1 transition decreases, due to depopulation of the v = 0 state and stimulated emission from the v = 1 state. In parallel, a redshifted absorption/reflectivity increase arises on the v = 1 to 2 transition. The probe pulse [red arrows in Fig. 3(d)] maps such changes.

The dispersive shape of the transient spectra in Figs. 1(b,c) is in line with this picture. For a pump energy E p = 70 nJ, all reflectivity changes occur within the steady-state TO phonon peak [thick solid line in Fig. 1(b)], reflecting the small diagonal anharmonicity. The time resolved transients in Fig. 2(a) display a first decay time of 1.2 ps, which we assign to the population decay of the v = 1 state of the TO phonon. The 1.2-ps decay measured here directly supports indirect lifetime estimates from vibrational linewidths [START_REF] Giles | Ultralow-loss polaritons in isotopically pure boron nitride[END_REF][START_REF] Segura | Long lifetime of the E 1u in-plane infrared-active modes of h-BN[END_REF]. For E p = 1 µJ, one observes a similar 1.2-ps decay at ν pr = 1342 and 1366 cm -1 .

Relaxation of the v = 1 TO phonon population is connected with a population transfer to anharmonically coupled phonons at lower frequency [START_REF] Cuscó | Temperature dependence of Raman-active phonons and anharmonic interactions in layered hexagonal BN[END_REF][START_REF] Cuscó | Isotope effects on phonon anharmonicity in layered van der Waals crystals: Isotopically pure hexagonal boron nitride[END_REF][START_REF] Segura | Long lifetime of the E 1u in-plane infrared-active modes of h-BN[END_REF]. The theoretical calculations of Ref. 18 suggest a predominant 4-phonon decay channel, invoking the zone-center A 2u phonon at 820 cm -1 and ZO/ZA phonons at the M, K points of the Brillouin zone with frequencies around 300 cm -1 . A relaxation scheme and more detailed discussion based on our calculations is presented in the SM. The calculated TO-phonon lifetimes of 1 ps [START_REF] Segura | Long lifetime of the E 1u in-plane infrared-active modes of h-BN[END_REF] and 1.78 ps (SM) are close to the experimental value of 1.2 ps.

The pump-probe spectra (Fig. 1) display a redshift of the fundamental (v = 0 to 1) TO phonon absorption even after the decay of the TO v = 1 population, i.e., with the TO phonons in their v = 0 state. The non-exponential time-resolved transients measured with E p = 1 µJ at ν pr = 1349 and 1357 cm -1 [Fig. 2(b)] demonstrate the onset of this redshift at early delays during the decay of the v = 1 state, and, together with all other transients in Fig. 2, their decay with a time constant of 22 ps. The redshift of the TO phonon transition is due to the intermode anharmonic coupling to a subset of low-frequency phonons excited by the pump pulse. As sketched in Fig. 3(e), a Raman process which is resonantly enhanced by the TO transition dipole, excites low-frequency Raman active phonons q SH,i . This excitation mechanism is nonselective and generates excess populations of all Raman-active modes within the pump bandwidth. The nonequilibrium populations of lowfrequency modes redshift the TO phonon transition via the anharmonic coupling V anh . The redshift at a delay t D = 3 ps after the TO phonon decay scales with the pump energy E p [Fig. 3(c)], i.e., the generated excess population, and decays with a time constant of 22 ps by population relaxation of the low-frequency phonon states.

The experiments with reduced pump bandwidth ∆ν p (Fig. 3) show that the redshift at t D = 3 ps scales with E p but not with ∆ν p . The data for ∆ν p = 20 cm -1 (FWHM), however, set an upper limit of 30-40 cm -1 for the frequency of the phonons inducing the redshift. While optically accessible phonons below 50 cm -1 are absent in bulk hBN, a subset of Raman active interlayer shear modes i and 1-2 compression modes of few-layer hBN shows sub-40 cm -1 frequencies [cf. SM, [START_REF] Michel | Theory of rigid-plane phonon modes in layered crystals[END_REF]]. The observed TO redshift is assigned to a coupling with such low-frequency phonons in which nonequilibrium populations are generated by the Raman pump mechanism. Independent evidence for the exis-tence of low-frequency shear and compression modes comes from the Raman spectra of Ref. [START_REF] Stenger | Low frequency Raman spectroscopy of few-atomic-layer thick hBN crystals[END_REF], displaying a broad lowfrequency phonon signal superimposed by a sharp line due to the strongest Raman line at the highest shear-mode frequency [START_REF] Liang | Interlayer bond polarizability model for stacking-dependent lowfrequency Raman scattering in layered materials[END_REF].

This picture relies on the concept that due to optical selection rule the pump pulse excites only phonons with zero wavevector, i.e., in an infinitesimally small volume in the Brillouin zone (BZ). If we indicate the phonon population as n(q), where q is the wavevector, immediately after the pump excitation we have n(q) = n 0 (q) + Aδ (q) where n 0 (Q) is the thermal (T = 300 K) population and δ is the Dirac distribution [START_REF]A is basically a phonon population resulting from a Bose-Einstein[END_REF]. Such a distribution does not alter the phonon lifetimes, which are determined by the population distribution over all the BZ (and not by what happens only at q = 0). However, it can induce a frequency shift of the TO mode through anharmonic coupling with the low-energy shear modes at the BZ center. Interestingly, in bulk hBN the TO and the lowenergy shear modes are weakly coupled, with a predominant contribution of 4-phonon processes and a coupling term of the order of -0.02 cm -1 . With this weak coupling in order to experimentally observe a TO shift ∆ν T O = 10 cm -1 , we should assume A ≈ ∆ν T O /(0.02 cm -1 ) ∼ 500. For the bulk E SH = 6.7 meV, this value of A corresponds to an effective energy per unit cell of ∼ 1 eV to be provided by the pump pulse, a value prohibitively high under the present experimental conditions.

On the contrary, the generation of a TO shift ∆ν T O = 10 cm -1 becomes possible when passing from bulk to few-layer hBN. Our calculations show that the coupling term displays a strong dispersion along the z-axis and increases up to two orders of magnitude. For a maximum shear-mode frequency of 30 cm -1 (cf. Fig. 3), such strong coupling shrinks the excitation energy required per unit cell to roughly 20 meV, well in the range of the experiment. Our picture is further supported by the calculated lifetime of the low-energy shear modes of τ SH = 25.81 ps, close to the experimental decay time of 22 ps. The large difference between τ SH and the 1.2-ps TO phonon lifetime assures, as experimentally observed, that the TO nonlinear signal decreases while the redshift remains the same during the TO decay time.

In conclusion, the ultrafast nonlinear phonon response of few-layer hexagonal boron nitride reveals a TO phonon lifetime of 1.2 ps and a 22-ps decay time of low-frequency phonons. Nonequilibrium populations of rigid-plane shear modes below 30 cm -1 induce a transient redshift of the TO phonon resonance, a direct manifestation of the anharmonic coupling between the TO-intralayer and interlayer degrees of freedom. This coupling is highly relevant for future extensions of phonon polaritonics into the nonlinear regime.

FIG. 2 .

 2 FIG. 1. (a)Reflecticity spectrum of the few-layer hBN sample in the range of the TO phonon resonance at 1366 cm -1 (symbols). Dash-dotted line: experimental reflectivity spectrum of the sapphire substrate. Inset: Atomic elongations connected with the TO phonon of hBN. (b) Transient reflectivity spectra (symbols) measured with a pump energy E p = 70 nJ. The change of reflectivity ∆R/R 0 = (R -R 0 )/R 0 is plotted as a function of probe frequency for different delay times (R, R 0 : reflectivity of the sample with and without excitation). Solid lines are to guide the eye. The thick solid line gives the inverted and scaled reflectivity spectrum from panel (a) after subtraction of the substrate reflectivity. Inset: Pump-probe geometry applied in the experiments. (c) Same as (b) for a pump energy E p = 1.0 µJ. The arrows mark the probe frequencies at which the transients in Fig.2were recorded.
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 3 FIG.3. Pump-probe spectra at a delay t D = 3 ps recorded with pump bandwidths ∆ν p . The spectra are normalized to the maximum tive ∆R/R 0 . The pump energy was E p = 400 nJ for ∆ν p = 200 cm -1 . For a reduced ∆ν p , E p was adjusted to make the amount of absorbed pump energy identical to the data for E p = 400 nJ. (b) Frequency positions of the maximum negative (1) and positive (2) reflectivity changes as a function of ∆ν p . (c) Peak position and first moment of the positive reflectivity change as a function of E p for excitation with ∆ν p = 200 cm -1 (d) Schematic of the anharmonic TO phonon potential along the coordinate q T O with optical transitions relevant for excitation (blue arrow) and probing (red arrows). (e) Anharmonic TO phonon potential along q T O and vibrational levels of low-frequency shear modes i with a Raman excitation process (blue arrows). The TO phonon and shear modes are anharmonically coupled via V anh .