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Introduction

Orthorhombic manganite perovskites RMnO 3 (o-RMO) have been extensively investigated because of their exciting properties such as charge ordering, magnetoresistance, and multiferroicity [START_REF] Spaldin | Advances in magnetoelectric multiferroics[END_REF][START_REF] Hwang | Lattice e ects on the magnetoresistance in doped LaMnO 3[END_REF][START_REF] Kimura | Magnetic control of ferroelectric polarization[END_REF][START_REF] Goto | Ferroelectricity and giant magnetocapacitance in perovskite rare-earth manganites[END_REF][START_REF] Baldini | Lattice-mediated magnetic order melting in TbMnO 3[END_REF][START_REF] Kenzelmann | Magnetic inversion symmetry breaking and ferroelectricity in TbMnO 3[END_REF]. At ambient conditions, large R 3+ ionic radii (r R ) lead the RMnO 3 perovskites to assume an orthorhombic structure, presenting an A-type antiferromagnetic (AFM) ordered phase [START_REF] Goto | Ferroelectricity and giant magnetocapacitance in perovskite rare-earth manganites[END_REF][START_REF] Kimura | Distorted perovskite with e 1 g con guration as a frustrated spin system[END_REF], whereas, in the case of smaller r R , an hexagonal structure is preferred [START_REF] Martín-Carr Ón | Raman phonons and light scattering in RMnO 3 (R = La, Pr, Nd, Ho, Er Tb and Y) orthorhombic and hexagonal manganites[END_REF][START_REF] Zhou | Hexagonal versus perovskite phase of manganite[END_REF][START_REF] Salama | A 169Tm-M össbauer spectroscopy investigation of orthorhombic phase o-TmMnO 3[END_REF] and their magnetic order is an E-type AFM or incommensurate structure [START_REF] Goto | Ferroelectricity and giant magnetocapacitance in perovskite rare-earth manganites[END_REF][START_REF] Kimura | Distorted perovskite with e 1 g con guration as a frustrated spin system[END_REF]. However, in compounds with small r R , the orthorhombic phase can also be stabilized by simultaneous High-Pressure and High-Temperature (HP/HT) treatments [START_REF] Uusi-Esko | Characterization of RMnO 3 (R = Sc, Y, Dy-Lu): high-pressure synthesized metastable perovskites and their hexagonal precursor phases[END_REF].

Belonging to the class of small r R , TmMnO 3 (TMO) crystallizes in a hexagonal structure with a P6 3 cm space group. This structure can be described as layers of MnO 5 bipyramids separated by Tm 3+ layers [START_REF] Uusi-Esko | Characterization of RMnO 3 (R = Sc, Y, Dy-Lu): high-pressure synthesized metastable perovskites and their hexagonal precursor phases[END_REF]. Wang et al. [START_REF] Wang | Ferroelectricity of multiferroic hexagonal TmMnO 3 ceramics synthesized under high pressure[END_REF] studied the ferroelectric behavior of hexagonal TmMnO 3 (h -TMO), reporting a ferro-paraelectric phase transition around 621 K, whereas, Yen et al. [START_REF] Yen | Magnetic phase diagrams of multiferroic hexagonal RMnO 3 (R = Er, Yb, Tm, and Ho)[END_REF] observed a magnetic transition around 84 K. Later, Massa et al. [START_REF] Massa | Phonons and hybrid modes in the high and low temperature far infrared dynamics of hexagonal TmMnO 3[END_REF] con rmed the electric and magnetic transitions showing a ferroelectric-magnetic coupling in the magnetically ordered phase using far-infrared emissivity and re ectivity measurements.

The orthorhombic phase of TmMnO 3 (o-TMO), which is stabilized through HP/HT treatment, belongs to the Pbnm space group. This structure can be described as a distorted perovskite with corner-sharing MnO 6 octahedra in a three-dimensional network with Tm 3+ ions located at the free spaces between these octahedra. Using speci c heat measurements, Tachibana et al. [START_REF] Tachibana | Jahn-Teller distortion and magnetic transitions in perovskite RMnO 3 (R = Ho[END_REF] reported a magnetic transition in o-TMO around 43 K. Later, Pomjakushin [ 16 ,17] classi ed the magnetic structure of o-TMO as incommensurate below 43 K, observing a second magnetic transition at 32 K where the incommensurate structure becomes an E-type AFM. In the same study, the authors reported dielectric susceptibilities and pyroelectric measurements showing the existence of a spontaneous electric polarization appearing below 32 K, originated by lattice distortions due to the E-type AFM phase. These features evidence a multiferroic phase in o-TMO for bulk samples. Such multiferroic behavior was also con rmed by Salama et al. [START_REF] Salama | A 169Tm-M össbauer spectroscopy investigation of orthorhombic phase o-TmMnO 3[END_REF] using Mössbauer spectroscopy, while Han et al. [START_REF] Han | Observation of large electric polarization in orthorhombic TmMnO 3 thin lms[END_REF] observed this phase in thin lms. Moreover, these observations were con rmed through resonant X-ray analysis in bulk samples by Garganourakis et al. [START_REF] Garganourakis | Magnetic and electronic orderings in orthorhombic RMnO 3 (R = Tm, Lu) studied by resonant soft x-ray powder di raction[END_REF], and in thin lms by Windsor et al. [ 20 ].

Recently, Shimamoto et al. [START_REF] Shimamoto | Single-axis-dependent structural and multiferroic properties of orthorhombic RMnO 3 (R = Gd-Lu)[END_REF] reported the room temperature Raman spectra of the orthorhombic RMnO 3 (R = Gd-Lu) family (o-RMO) obtained as thin lms on a YAlO 3 substrate. This study shows the in uence of chemical pressure along the b-axis since the R 3+ ion change induces a shift of oxygen atoms on the ac plane, which increases the wavenumber of some vibrational modes compared to the values reported for bulk samples. Even though the Raman spectrum of o-TMO on a thin lm was presented, neither information about the vibrational spectrum of bulk o-TMO nor its temperature dependence was reported.

The spin-phonon coupling in the o-RMO family was reported by Granado et al. [START_REF] Granado | Magnetic ordering e ects in the Raman spectra of La 1 x Mn 1-x O 3[END_REF] and Laverdi ère et al. [START_REF] Laverdi Ère | Spinphonon coupling in orthorhombic RMO3 (R = Pr[END_REF], where the latter authors af rmed the coupling e ect in small r R compounds and that the incommensurate AFM is negligible, whereas in E-type AFM ordered compounds, the coupling e ect should be very weak or absent [START_REF] Laverdi Ère | Spinphonon coupling in orthorhombic RMO3 (R = Pr[END_REF].

In TMO, the spin-phonon coupling was con rmed in the hexagonal phase using far-infrared spectroscopy [START_REF] Basistyy | Infrared-active optical phonons and magnetic excitations in the hexagonal manganites RMnO 3 (R = Ho, Er, Tm, Yb, and Lu)[END_REF]. In this study, the authors observed a phonon renormalization occurring at the magnetically ordered phase, where the renormalization e ects were estimated to be around 5 cm 1 .

The coupling between electric and magnetic ordering observed in h-TMO suggests that the magnetic ordering can also couple with the lattice phonons in the case of o-TMO. Due to its sensitivity in detecting magnetic orderings through the coupling with the phonon lattice, mainly in perovskites compounds [START_REF] Sugawara | New magnetic perovskites BiMnO 3 and BiCrO 3[END_REF][START_REF] Sugawara | Magnetic properties and crystal distortions of BiMnO 3 and BiCrO 3[END_REF][START_REF] Niitaka | Crystal structure and dielectric and magnetic properties of BiCrO 3 as a ferroelectromagnet[END_REF], Raman spectroscopy was employed to investigate the multiferroic properties of o-TMO by monitoring the spin-phonon coupling e ect through its low-temperature magnetic transitions.

Experimental session

Polycrystalline o-TMO samples were obtained through an HP/HT treatment of h-TMO. The h-TMO precursor was synthesized by a solidstate reaction. Stoichiometric amounts of Tm 2 O 3 (REacton, 99.99%) and Mn 2 O 3 (Aldrich, 99.99%) were ground together in an agate mortar, and the mixture was calcined in a conventional oven at 1200 C for 24 h. Subsequently, h-TMO pellets were ground and sealed into platinum capsules and treated at 1573 K under 6 GPa for 60 min in a Walker-type multianvil press. After the reaction, the system was quenched to room temperature (RT), and the pressure was slowly released until atmospheric pressure. The resultant dark-green dense pellets were characterized by X-ray di raction (XRD) on a BRUKER D8 di ractometer (Cu-Kα 1 radiation 1.5406 Å) to con rm the stabilization of the orthorhombic phase.

Magnetic measurements were carried out with a Quantum Design MPMS XL SQUID magnetometer. Magnetic susceptibility was recorded in zero-eld cooled (ZFC) and eld-cooled (FC) conditions, between 2 and 300 K, with an applied magnetic eld of 1000 Oe. Hysteresis loops were also measured at 2 K.

Raman spectroscopy measurements were performed in a Jobin-Yvon T64000 Triple Spectrometer con gured in a backscattered geometry and equipped with a liquid N 2 -cooled CCD detector. The 633 nm line of a HeNe gas laser operating at 20 mW, focused on the sample by a longworking distance objective (20 × , 20.5 mm), was used to excite the signal. The spectrometer slits were con gured to obtain a spectra resolution lower than 1 cm 1 . Temperature-dependent Raman measurements from 15 up to 300 K were carried out using a closed-cycle He cryostat in which a Lakeshore temperature controller model 330S controlled the temperature with a precision of 0.1 K. The Raman spectra were deconvoluted with Lorentzian functions using the Fityk software [START_REF] Wojdyr | Fityk : a general-purpose peak tting program[END_REF].

Results

The as-synthesized TmMnO 3 , obtained by solid-state reaction, presented the P6 3 cm space group with lattice parameters a = 6.092 ( 7) ˚A and c = 11 .390 ( 8) ˚A. Through an HP/HT treatment, the crystalline structure of the hexagonal TMO phase was converted into orthorhombic (Pbnm). The X-ray Rietveld re nement result for the orthorhombic phase presented the lattice parameters a = 5.231(8) Å, b = 5.814(2) Å, and c = 7.323(5) Å (Fig. 1), which are in good agreement with the literature [START_REF] Uusi-Esko | Characterization of RMnO 3 (R = Sc, Y, Dy-Lu): high-pressure synthesized metastable perovskites and their hexagonal precursor phases[END_REF]. This phase is identi ed as an orthorhombically distorted-perovskite structure where the Mn 3+ ions are octahedrally coordinated with six oxygen ions forming a distorted corner-sharing MnO 6 network, where Tm 3+ ions are located at the free spaces between these octahedra (inset of Fig. 1).

The temperature-dependent magnetic susceptibility of o-TMO samples is shown in gure S1(a) . The overall signature of magnetic susceptibility obtained here is in good accordance with the one reported in the literature [ 10 ,11 ,17]. The magnetization signal as a function of the magnetic eld measured at 2 K is shown in gure S1(b) . This result shows a very sharp hysteresis loop with two very slight saturated magnetization points, and two states of spontaneous magnetization (inset of gure S1(b) ). The same pro le was reported by Yoshii et al. for h-TMO [START_REF] Yoshii | Magnetic properties of LnMnO 3 (Ln = Ho, Er, Tm, Yb, and Lu)[END_REF]. Despite the magnetic ordering transition in the Mn sublattice becoming more evident in speci c heat analyzes for both hexagonal and orthorhombic phases [ 10 ,11 ,17,29 -31], the inverse of magnetic susceptibility ( gure S1(c) ) presents a deviation from linear paramagnetic behavior around 44 K, whereas the rst derivate of magnetic susceptibility ( gure S1(d) ) presents a sudden decrease. The overall character of temperature-dependent magnetic features obtained here corroborates the antiferromagnetically ordered behavior of o-TMO reported in the literature.

The room temperature Raman spectrum of o-TMO is shown in Fig. 2. Based on group theory analysis, the distribution of Raman-active irreducible representations of the D 2h factor group at the Γ point of the Brillouin zone is 7A g 5B 1g 7B 2g 5B 3g [START_REF] Bauman | Normal mode determination in crystals[END_REF]. According to this analysis, 24 modes of mixed symmetries are predicted in the Raman spectra of the o-TMO polycrystalline sample. In our Raman analysis, we were able to identify 13 vibrational modes, the most intense one being located around 620 cm 1 .

The assignments of the observed Raman modes can be made based on other o-RMO compounds [START_REF] Martín-Carr Ón | Raman phonons and light scattering in RMnO 3 (R = La, Pr, Nd, Ho, Er Tb and Y) orthorhombic and hexagonal manganites[END_REF][START_REF] De Andr És | Raman phonons in orthorhombic manganites[END_REF][START_REF] Iliev | Distortion-dependent Raman spectra and mode mixing in RMnO 3 perovskites (R = La[END_REF][START_REF] Martín-Carr Ón | Raman phonons as a probe of disorder, uctuations, and local structure in doped and undoped orthorhombic and rhombohedral manganites[END_REF]. In such studies, the authors have shown that the MnO 6 phonon positions depend on the R 3+ ionic radius (r R ). Iliev et al. [START_REF] Iliev | Distortion-dependent Raman spectra and mode mixing in RMnO 3 perovskites (R = La[END_REF] reported a theoretical dynamic calculation model for the r R dependence of the phonon energy for the most intense A g ( 3) , A g [START_REF] Spaldin | Advances in magnetoelectric multiferroics[END_REF] and B 2g ( 1) bands, showing that the decrease in r R implies that the A g ( 3) frequency should be higher than the one of A g [START_REF] Spaldin | Advances in magnetoelectric multiferroics[END_REF] , while the B 2g ( 1) mode should be the most intense one.

In the case of o-TMO, the external vibrational modes are located below 200 cm 1 , while those modes with higher wavenumbers are related to MnO 6 octahedra internal vibrations (Table 1). The three very weak modes observed at 290, 329, and 343 cm 1 have A g [START_REF] Kimura | Distorted perovskite with e 1 g con guration as a frustrated spin system[END_REF], A g [START_REF] Hwang | Lattice e ects on the magnetoresistance in doped LaMnO 3[END_REF], and B 2g [START_REF] Kimura | Distorted perovskite with e 1 g con guration as a frustrated spin system[END_REF] symmetries, respectively. The A g [START_REF] Kimura | Distorted perovskite with e 1 g con guration as a frustrated spin system[END_REF] and B 2g [START_REF] Kimura | Distorted perovskite with e 1 g con guration as a frustrated spin system[END_REF] modes are related to the basal octahedron oxygen motions along the x and z directions, while the A g [START_REF] Hwang | Lattice e ects on the magnetoresistance in doped LaMnO 3[END_REF] mode can be related to in-phase MnO 6 rotations around the y-axis. The modes located around 404 and 493 cm 1 present symmetries A g (4) and B 2g (3) assigned as out-of-phase rotations along the xaxis and bending of MnO 6 , respectively. At higher wavenumbers, the mode located at 502 cm 1 originates from oxygen stretching having A g [START_REF] Spaldin | Advances in magnetoelectric multiferroics[END_REF] symmetry, while the one located at 526 cm 1 has A g (3) symmetry, being related to MnO 6 octahedra bending. Finally, the modes at 546 and 619 cm 1 have B 2g symmetry and are assigned to in-phase O 2 "scissorslike " and stretching motions, respectively.

The only Raman investigation on o-TMO was recently reported by Shimamoto et al. [START_REF] Shimamoto | Single-axis-dependent structural and multiferroic properties of orthorhombic RMnO 3 (R = Gd-Lu)[END_REF] where they analyzed the Raman spectra of o-TMO thin lms. In this study, the authors were only able to investigate the A g modes, and their respective positions are very close to those observed here. As stated, the subtle divergences in the phonon energies are due to the epitaxial lm strain which shifts the Raman modes to higher wavenumbers when compared to bulk samples.

The o-TMO temperature-dependent Raman measurements were carried out in the temperature range between 300 and 15 K. Because of resolution limitations, the temperature dependence of three A g and three B g modes with mixed symmetries (Fig. 3) were analyzed, while the modes observed between 280 and 360 cm 1 were too weak to be monitored. During the cooling process, the Raman spectra did not present any remarkable change in terms of additional or suppressed bands.

Only the usual high-frequency shift and the sharpening of vibrational modes were observed. Therefore, the overall signature of Raman spectra is maintained within the investigated temperature range, implying that the orthorhombic phase of TmMnO 3 did not undergo a structural phase transition at low temperatures.

In the absence of signi cant structural changes, the temperaturedependent behavior of a phonon of frequency ω is mainly governed by the phonon anharmonicity hardening. This behavior was described by Balkanski et al. [START_REF] Balkanski | Anharmonic e ects in light scattering due to optical phonons in silicon[END_REF], taking into account up to three phonon interactions. The temperature dependence of the wavenumber (ω( T ) ) and full width at half maximum (Γ ( T ) ) are given by equations ( 1) and (2) , respectively.

ω(T ) = ω 0 + A 1 + 2 ( e x 1) + B 1 + 3 ( e y 1)
+ 3

( e y 1) 2 (1) 

Γ ( T ) = C 1 + 2 ( e x 1)
+ D 1 + 3 ( e y 1) + 3

( e y 1) 2

where ω 0 , A, B, C, and D are tting parameters. The terms x and y are ω 0 / 2K B T and ω 0 / 3K B T , respectively.

Fig. 4 shows the temperature dependence of selected phonon wavenumbers and full width at half maximum (FWHM) compared to Balkanski ' s model. In contrast to other phonons monitored in this study (see gure S2), these phonons closely follow the anharmonic model down to 44 K, where clear departures from the theoretical curve are observed. At this temperature, a magnetic transition has been reported from a paramagnetic to an incommensurate AFM phase. Thus, the sudden frequency hardening of these vibrational modes, starting around the temperature at which the spin moments become aligned, is a clear indication of a spin-phonon coupling e ect in o-TMO.

It is important to note that Pomjakushin and co-workers [START_REF] Pomjakushin | Evidence for large electric polarization from collinear magnetism in TmMnO 3[END_REF] reported that o-TMO experiences a coupling e ect between the lattice parameters and the magnetic ordering below T N , showing the existence of a lattice distortion stronger than those observed in other members of the o-RMO family. Based on this feature, the renormalization e ects on phonon positions observed here could also be induced by the lattice distortions instead of a spin-phonon coupling. Once FWHM is related to the phonon lifetime [START_REF] Eiter | Raman study of the temperature and magnetic-eld dependence of the electronic and lattice properties of MnSi[END_REF], the e ects directly connected to lattice variations do not in uence this parameter, allowing us to distinguish phenomena generated by the spin-lattice coupling from those originating in other kinds of coupling e ects, such as the spin-phonon. Thus, the study of the phonon FWHM becomes crucial to solve the ambiguity related to the origin of the frequency renormalization. The temperature dependence of the FWHM of selected phonons is also presented in Fig. 4, where departures from the anharmonic model can also be noticed around 45 K, suggesting that spin-phonon coupling originates the observed e ects.

Additional evidence in favor of the spin-phonon origin of the phonon renormalization can be given by considering lattice distortions. The phonon frequency shift induced by changes in ionic binding energies due to lattice distortions can be approximated based on the Grüneisen law: δω α ( T ) = γ α ω 0 ( Δ V / V 0 ) , where γ α is the Grüneisen parameter for the normal mode α. Thus, if the phonon energy change is due to lattice distortions, it could be expected to be correlated with the directions or planes (A) closely related to the atomic displacements of a given phonon: δω α ( T ) = γ α ω 0 ( Δ A / A 0 ) [START_REF] Mansouri | A comparative Raman study between PrMnO 3 , NdMnO 3 , TbMnO 3 and DyMnO 3[END_REF]. Fig. 5 shows the frequency change relative to the lower measured temperature (δω( T ) = ω(16K ) ω(T ) ) for the A g ( 4) , A g [START_REF] Spaldin | Advances in magnetoelectric multiferroics[END_REF] and B 2g ( 1) modes of o-TMO (blue circles) compared to the variation of A = b × c (Fig. 5 (a)) and A = a × c planes (Fig. 5 (b) and (c)), calculated from the data reported by Pomjakushin et al. [START_REF] Pomjakushin | Evidence for large electric polarization from collinear magnetism in TmMnO 3[END_REF]. As can be seen, there is no correlation between all three coupled phonons with their respective expansion planes in the temperature range of the lattice distortions induced by the magneto-structural coupling. These results also support the spin-phonon origin of the frequency renormalization.

Like o-TMO, other members of the o-RMO 3 family also showed a spin-phonon coupling starting around the temperatures at which the magnetically ordered phase arises [ 23 ,38]. However, unlike other o-RMO 3 compounds, the o-TMO phonons presented a hardening e ect on phonon positions instead of a softening, as observed by Laverdi ère et al. [START_REF] Laverdi Ère | Spinphonon coupling in orthorhombic RMO3 (R = Pr[END_REF]. Also, the magnitude of the phonon renormalization due to spin-phonon coupling in o-TMO is weaker in comparison to those observed for PrMnO 3 [START_REF] Laverdi Ère | Spinphonon coupling in orthorhombic RMO3 (R = Pr[END_REF] and ErMnO 3 [START_REF] Vermette | Raman study of spin-phonon coupling in ErMnO 3[END_REF], but still comparable to the one of the A g ( 1) phonon of DyMnO 3 [START_REF] Laverdi Ère | Spinphonon coupling in orthorhombic RMO3 (R = Pr[END_REF]. In contrast to our observations, previous reports claim that the spin-phonon coupling is negligible in compounds with small r R and incommensurate AFM ordering. Conversely, the phonon wavenumber and FWHM o-TMO indicate a weak but not negligible spin-phonon coupling rising near the incommensurate AFM ordering temperature.

The renormalization e ects experienced by the o-TMO phonons can be observed slightly above T N . Laverdi ère et al. [START_REF] Laverdi Ère | Spinphonon coupling in orthorhombic RMO3 (R = Pr[END_REF] highlighted this as a common e ect also found in other compounds such as LaMnO 3 [START_REF] Granado | Magnetic ordering e ects in the Raman spectra of La 1 x Mn 1-x O 3[END_REF] , PrMnO 3 , NdMnO 3 , SmMnO 3 , and DyMnO 3 [START_REF] Laverdi Ère | Spinphonon coupling in orthorhombic RMO3 (R = Pr[END_REF] , in which the spin-phonon coupling also starts well above (around 30 K) the magnetic ordering temperature. In such cases, the authors suggest that the renormalization above T N could be explained by in-phase ferromagnetic interactions existing even in paramagnetic phases [START_REF] Laverdi Ère | Spinphonon coupling in orthorhombic RMO3 (R = Pr[END_REF].

The renormalization e ect of a phonon frequency (Δω) due to spinphonon coupling can be modeled by taking into account the static spinspin correlation average function [ 40 ,41 ] as proposed by Granado et al. [START_REF] Granado | Magnetic ordering e ects in the Raman spectra of La 1 x Mn 1-x O 3[END_REF], which leads to the following relation:

Δ ω ω ω 0 = 2 mω i,j> i ∂ 2 J ij ∂u 2 S i S j (3)
where ω is the renormalized phonon frequency due to the spin-phonon coupling, ω 0 is the phonon frequency in the absence of a coupling e ect, m is the oxygen mass, u is the atomic displacement during the vibrational motion, J ij is the exchange integral between the i th and the j th magnetic ion, and S i S j denotes the statistical-mechanical average for adjacent spin moments.

This model has been employed to describe the spin-phonon coupling in several perovskites such as Gd(Co 1/2 Mn 1/2 )O 3 [START_REF] Silva | Spin-phonon coupling in Gd(Co 1/2 Mn 1/2 )O 3 perovskite[END_REF], Y 2 NiMnO 6 [START_REF] Macedo Filho | Spin-phonon coupling in Y 2 NiMnO 6 double perovskite probed by Raman spectroscopy[END_REF], and BiCrO 3 [START_REF] Araújo | Spin-phonon coupling in monoclinic BiCrO 3[END_REF], as well as in non-perovskite compounds like NiO [START_REF] Aytan | Spin-phonon coupling in antiferromagnetic nickel oxide[END_REF] and Cu 2 OCl 2 [START_REF] Araújo | Spinphonon coupling in melanothallite Cu 2 OCl 2[END_REF]. However, in the case of incommensurate magnetic ordering, an extension of this model becomes necessary. Kimura et al. [START_REF] Kimura | Distorted perovskite with e 1 g con guration as a frustrated spin system[END_REF], considering the inclusion of the nearest-neighbor (NN) and the next-nearest-neighbor (NNN) interactions, have rewritten the phonon renormalization as:

Δ ω = 1 2mω r ∂ 2 J ( r) ∂u 2 S i S i+ r (4) 
For an incommensurate ordering with propagation vector k, Laverdi ère et al. [START_REF] Laverdi Ère | Spinphonon coupling in orthorhombic RMO3 (R = Pr[END_REF] proposed the following spin correlation function

S i S i+ r = K ( T ) cos( 2πk r) (5) 
where K ( T ) is a temperature-dependent prefactor [K ( T ) M 2 sublatt ( T )]. Pomjakushin et al. [START_REF] Pomjakushin | Evidence for large electric polarization from collinear magnetism in TmMnO 3[END_REF] showed that the rst magnetic transition of o-TMO drives the paramagnetic phase into an incommensurate AFM phase at 42K. The incommensurate phase has k = ( k x , 0, 0) , with k x varying from 0.45 to 0.5, when the incommensurate AFM structure becomes an E-type AFM structure. Mn 3+ ions can be classi ed according to the o-TMO magnetic structure as follows, NN: four ions (J 1 ) placed at r = ± 0.5x ± 0.5z, and NNN: two ions (J 2 ) at r = ± x and two ions (J 3 ) at r = ± z. Thus, the resulting phonon renormalization is given by Ref. [START_REF] Laverdi Ère | Spinphonon coupling in orthorhombic RMO3 (R = Pr[END_REF] 

(D i = ∂ 2 J i / ∂u 2 ): Δ ω = K ( T ) mω [2D 1 cos(πk x ) + D 2 cos( 2πk x ) + D 3 ] (6) 
In the case of the E-type magnetic phase of o-TMO with k x = 0.5, the NN contributions cancel themselves since each Mn 3+ ion is surrounded by two sets of ions with opposite spin moments [ 17 ,23], and equation ( 6) becomes:

Δ ω = 2 mω [D 3 D 2 ] M( T ) M 0 2 (7) 
Based on these considerations, in both magnetically ordered phases of o-TMO, the phonon renormalization should be proportional to ( M( T ) / M 0 ) 2 . Thus, in Fig. 6, the Δ ω for the selected phonons (A g ( 4) , A g [START_REF] Spaldin | Advances in magnetoelectric multiferroics[END_REF] and B 2g ( 1) ) is plotted as a function of ( M( T ) / M 0 ) 2 . As was discussed previously, a non-zero Δω is observed just below T N (~50K), which is characterized by the rising of the phonon renormalization without an apparent linear trend. In fact, a simple proportionality constant cannot be expected in this region since Δω not only depends on ( M( T ) / M 0 ) 2 , but also on the k x value of the incommensurate phase (eq. ( 6) ). A di erent linear dependence is also observed rising at ~35 K, where both trends meet. This temperature agrees quite well with the lock-in phase transition into the E-type AFM phase, where eq. ( 7) should 16K) ω(T ) ) and the lattice planes corresponding to (a) A g ( 4) (A = b× c), (b) A g [START_REF] Spaldin | Advances in magnetoelectric multiferroics[END_REF] and (c) B 2g ( 1) (A = a × b). The lattice parameters were obtained from Ref. [START_REF] Pomjakushin | Evidence for large electric polarization from collinear magnetism in TmMnO 3[END_REF]. describe the Δ ω behavior. By tting the AFM region with a linear function, the slope obtained for B 2g ( 1) , A g [START_REF] Spaldin | Advances in magnetoelectric multiferroics[END_REF] and A g ( 4) phonons were 0.2( 5) , 0.1( 2) , and 0.2( 4) cm 1 , respectively. These very small values suggest that Δω as a function of ( M( T ) / M 0 ) 2 becomes approximately constant, implying that the factor [D 3 D 2 ] in eq. ( 7) should be neglectable in the E-type AFM phase, in good agreement with the Laverdi ère et al. observations [START_REF] Laverdi Ère | Spinphonon coupling in orthorhombic RMO3 (R = Pr[END_REF].

The neglectable spin-phonon coupling in the E-type AFM phase is evidenced in Fig. 4 since the phonon wavenumber follows Balkanski ' s model, but slightly shifted towards higher values. A similar phenomenon also can be observed in the 384 cm 1 mode of TbMnO 3 and the 516.5 and 494 cm 1 modes of DyMnO 3 [START_REF] Mansouri | A comparative Raman study between PrMnO 3 , NdMnO 3 , TbMnO 3 and DyMnO 3[END_REF]. In both cases, the renormalization of phonon frequencies starts around the temperatures at which an incommensurate magnetic structure rises [START_REF] Kenzelmann | Magnetic inversion symmetry breaking and ferroelectricity in TbMnO 3[END_REF][START_REF] Harikrishnan | Phase transitions and rare-earth magnetism in hexagonal and orthorhombic DyMnO 3 single crystals[END_REF][START_REF] Prokhnenko | Enhanced ferroelectric polarization by induced by spin order in multiferroic DyMnO 3[END_REF]. Also, after the second magnetic transition, the renormalization process becomes constant. In such cases, the phonon frequency renormalization saturation suggests that the spin-phonon coupling is not the only factor involved in the temperature dependence of the phonon wavenumbers.

Aiming to investigate such e ects, Xu et al. [START_REF] Xu | Orbital-spin-phonon coupling in jahn-teller-distorted LaMnO 3 : softening of the 490 and 610 cm -1 Raman-active modes[END_REF] developed a theoretical model considering the possible contributions of the orbital ordering to the spin-phonon coupling. Considering this contribution, the frequency shift Δ ω OSP ( T ) can be rewritten as a function of the e ective spin-phonon coupling (J s ph ij ) and the e ective orbital-spin-phonon coupling (J oo ij ):

Δ ω OSP ( T ) ≈ 2 mω i,j> i ∂ 2 J s ph ij ∂u 2 S i S j + 4 ∂ 2 J oo ij ∂u 2 S j S j τ i τ j ( 8 
)
where τ i τ j are the orbital correlation operators for the i and j Mn 3+ ions.

By using a multivariate Taylor expansion i,j

( S i S j τ i τ j ) ≈ i,j
( S i S j τ i τ j + S i S j δτ + τ i τ j δS) , where δτ τ i τ j τ i τ j | Si Sj = Si Sj and δS S i S j S i S| τi τj = τi τj , it is possible to establish an expression for the frequency shift due to the combined couplings [START_REF] Mansouri | A comparative Raman study between PrMnO 3 , NdMnO 3 , TbMnO 3 and DyMnO 3[END_REF][START_REF] Xu | Orbital-spin-phonon coupling in jahn-teller-distorted LaMnO 3 : softening of the 490 and 610 cm -1 Raman-active modes[END_REF]:

Δ ω OSP ( T ) ≈ 2 mω i,j> i ∂ 2 J s ph ij ∂u 2 + 4 ∂ 2 J oo ij ∂u 2 τ i τ j + δS S i S j + 4 ∂ 2 J oo ij ∂u 2 τ i τ j δS (9) 
This model was previously applied to describe the spin-phonon coupling of A-type AFM materials [ 38 ,49 ]. However, it needs to be modi ed in the case of the incommensurate to E-type magnetic transition based on eq. ( 6) [START_REF] Laverdi Ère | Spinphonon coupling in orthorhombic RMO3 (R = Pr[END_REF]. Thus, for an incommensurate magnetic order, the Δ ω(T ) renormalization of coupled phonon modes can be rewritten as:

Δω OSP ( T ) ≈ 2 D 1 + D oo 1 cos(πk x ) + D 2 + D oo 2 cos( 2πk x ) + D 3 + D oo 3 K ( T ) + D 4 (10) 
where D oo i = 4 (τ i τ j + δS)∂ 2 J oo ij / ∂u 2 and D 4 = 4δS τ i τ j ∂ 2 J oo ij / ∂u 2 . This result does not change the previous discussion about the spin-phonon coupling in the incommensurate phase because of the complex dependence on k x . However, in the E-type AFM phase (k x = 0.5), eq. ( 10) is reduced to:

Δ ω OSP ( T ) ≈ 2 mω D 3 D 2 + D oo 3 D oo 2 M( T ) M 0 2 + 4D 4 (11) 
The last equation has a linear dependence on the square of sublattice magnetization, where the intercept is related to the e ective orbitalspin-phonon coupling (k OSP ) and should be non-zero only in cases where this interaction exists. Previous reports have proposed that D 3 D 2 in the E-type AFM phase based on the observation of a neglectable spin-phonon coupling [START_REF] Laverdi Ère | Spinphonon coupling in orthorhombic RMO3 (R = Pr[END_REF]. However, the observed null slope also requires the same condition for the contribution of the orbital-spin-phonon coupling (D oo 3 D oo

2 ). On the other hand, the three phonons shown in Fig. 6 have a nite intercept of 0.19 ( 3) , 0.20( 1) , and 0.16 ( 3) cm 1 for B 2g ( 1) , A g ( 1) , and A g ( 4) , respectively. These values are similar but smaller than those reported by Mansouri et al. [START_REF] Mansouri | A comparative Raman study between PrMnO 3 , NdMnO 3 , TbMnO 3 and DyMnO 3[END_REF], agreeing with the proposal that the k OSP value decreases with the ionic radius of the rare-earth in the o-RMO family.

Conclusions

The spin-phonon coupling in bulk o-TMO was explored by lowtemperature Raman spectroscopy measurements. Our results revealed that below 48 K, the A g ( 4) , A g [START_REF] Kimura | Magnetic control of ferroelectric polarization[END_REF] , and B 2g ( 1) phonons temperature dependence depart from the model based on the anharmonicity, exhibiting renormalization e ects on the frequency and FWHM parameters. These features coincide with the paramagnetic to incommensurate AFM phase transition showing a well-de ned spin-phonon coupling in contradiction to previous assumptions. The Δω vs Fig. 6. Panels a-c: Temperature dependence of the departure from anharmonic behavior of selected phonons as a function of ( M( T ) / M 0 ) 2 , the red and dark green dashed lines are, respectively, the linear t of the renormalization in the IC and E-type AFM phases.

( M( T ) / M 0 ) 2 dependence reveals a complex behavior in the incommensurate phase. However, approximately at the lock-in transition into the E-type magnetic structure, the frequency shift becomes constant. Based on previous studies, a model was proposed where the phonon renormalization has a contribution from an orbital-spin-phonon coupling, which becomes the dominant e ect in the E-type AFM phase. The low magnitude of phonon frequency renormalization indicates the spinphonon coupling on o-TmMnO 3 is weaker than those reported for its hexagonal phase, and other o-RMO compounds, but it is still comparable with those of the o-RMO family, such as DyMnO 3 . 

CRediT

Fig. 1 .

 1 Fig. 1. Powder XRD pattern and Rietveld re nement of the o-TMO sample. The green bars indicate the re ection positions of o-TMO [ 11] (ICSD card number 162209).

Fig. 2 .

 2 Fig. 2. Orthorhombic TmMnO 3 Raman spectrum at room temperature.

Fig. 3 .

 3 Fig. 3. Temperature dependence of the Raman spectra of o-TMO.

Fig. 4 .

 4 Fig. 4. Temperature dependence of selected phonon wavenumber and FWHM of orthorhombic TmMnO 3 . Solid purple and red lines indicate the t based on Balkanski ' s models for phonon positions and FWHM, respectively. The dashed lines locate the magnetic transitions reported in the literature.

Fig. 5 .

 5 Fig. 5. Comparison of the temperature-dependence of the phonon energy (δω( T ) = ω(16K) ω(T ) ) and the lattice planes corresponding to (a) A g( 4) 
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Table 1

 1 Assignment of active Raman modes observed for o-TmMnO 3 .

	Frequency (cm 1 )	Assignment	Motion
	290	A g (7)	O 1 (x)
	329	A g (2)	In-phase MnO 6 y rotations
	343	B 2g (7)	O 1 (z)
	404	A g (4)	Out-of-phase MnO 6 x rotations
	493	B 2g (3)	Out-of-phase MnO 6 bending
	502	A g (1)	O 2 antistretching
	526	A g (3)	MnO 6 bending
	546	B 2g (2)	In-phase O 2 "scissors-like "
	619	B 2g (1)	In-plane O 2 stretching
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