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Introduction

Geometrically frustrated magnetism is a forefront research topic within condensed matter physics, as testified by the wealth of exotic phenomena discovered over the past years [START_REF]Introduction to Frustrated Magnetism[END_REF][START_REF] Gingras | [END_REF][3]. The inability of frustrated systems to satisfy all pairs of interactions simultaneously is reflected by the fact that an infinite number of different magnetic configurations minimize the classical energy, hence leading to an extensive degeneracy. This results in exotic spin dynamics, that can be studied by different means, such as magnetization, ac susceptibility, Mössbauer spectroscopy, muons and inelastic neutron scattering. For instance, quasi-elastic scattering, unraveling relaxation phenomena at short times scales as well as collective spin excitations from a given ground state (yielding the exchange interactions), or the continuum of fractionalized excitations, can be studied using state of art neutron instrumentation. Single crystal time-of-flight (TOF) data allow one to map out the reciprocal and energy space in great detail. As a result, it becomes possible to measure for instance the full dispersion of spin wave excitations, and, with the help of numerical simulations, to determine the relevant exchange constants. However, despite the high luminosity of such instruments, the counting time in one configuration (wavelength, magnetic field, temperature) is still of the order of about one day, so that measuring precisely the temperature, field dependence or the spin polarization analysis at a given Q position, remains the preserve of triple axis spectrometers (TAS). The suite of both spectrometers is thus clearly complementary. a e-mail: sylvain.petit@cea.fr It is the main objective of this paper to show these points, on the basis of recent experiments carried out on two pyrochlore magnets, namely Er 2 Ti 2 O 7 and Tb 2 Ti 2 O 7 . In Er 2 Ti 2 O 7 , a transition towards a Néel state is observed, possibly induced by an order-bydisorder mechanism. S(Q, ω) can be confronted to theory and effective exchange parameters can be extracted. Next, we examine the case of the spin liquid material Tb 2 Ti 2 O 7 . Combination of TOF and polarized triple axis measurements demonstrate the existence of a low energy propagating excitation emanating from the spin liquid ground state. Anomalies of the phonon modes, as well as of the first crystal electric field (CEF) level, suggest a strong dynamical coupling to the lattice.

Er 2 Ti 2 O 7

Since a decade, the antiferromagnetic model for XY spins on the pyrochlore lattice has been considered with much interest since it displays an extensive classical degeneracy [4][5][6] along with classical and quantum order by disorder (ObD) effects [5][6][7][8][9][10][11][12][13][14]. ObD is a very important theoretical concept in frustrated magnetism, coming into play by selecting a particular configuration out of the degenerate manifold [15,16]. At finite temperature, the selection operates because fluctuations away from this configuration allow for a relative gain of entropy (classical ObD). At zero temperature, the selection can also operate because the contribution to the total energy of zero point fluctuations is minimum for this configuration (quantum ObD). Until now, the number of confirmed examples of such a mechanism in real materials has remained scarce EPJ Web of Conferences [17]. However, Er 2 Ti 2 O 7 has recently been proposed as a most convincing case of ObD [8][9][10][11].

In Er 2 Ti 2 O 7 , the CEF acting on the Kramers Er 3+ ion is responsible for a strong XY-like anisotropy, with easy magnetic planes perpendicular to the local 111 ternary axes [START_REF] Gingras | [END_REF]6]. Er 2 Ti 2 O 7 undergoes a second order phase transition towards an antiferromagnetic noncollinear k = 0 Néel phase at T N = 1.2 K [14,[18][19][20]. The corresponding magnetic configuration, denoted ψ 2 is depicted in Fig. 1b [14,21].

The minimal model for this material takes into account an anisotropic bilinear exchange Hamiltonian written for the Er 3+ moments J i at sites i of the pyrochlore lattice (see Refs. [22] and [23]) as well as the CEF contribution, H CEF :

H = H CEF + 1 2 i, j J i • K i, j • J j , ( 1 
)
where

H CEF = n,m B nm O nm is written in terms of O nm
Stevens operators [START_REF] Wybourne | Spectroscopic Properties of Rare Earths[END_REF][START_REF]The crystal field is modeled by the following coefficients: B 20 = 616 K, B 40 = 2850 K[END_REF][START_REF] Jensen | Rare Earth Magnetism[END_REF]. K i, j denotes an anisotropic exchange coupling tensor, defined in the ( a, b, c) frame attached to the Er 3+ -Er 3+ bonds [START_REF] Malkin | [END_REF]. It consists in a symmetric part with 3 parameters K a,b,c , and an antisymmetric (Dzyaloshinskii-Moriya) part with constant K 4 .

It turns out that the ground CEF state is a doublet, very well separated from the first excited states. The above model can thus be projected onto the subspace spanned by the pseudospin 1/2 that describes the two states of the ground doublet, yielding [9]:

H = i, j J zz S z i S z j -J ± S + i S - j + S - i S + j + + J ±± γ i j S + i S + j + γ * i j S - i S - j + J z± S z i ζ i j S + j + ζ * i j S - j + i ↔ j . ( 2 
)
In this model, the spins are written is their local bases (ζ i j and γ i j are geometrical coefficients, see [9]) and K i, j is split in four anisotropic nearest-neighbor exchange parameters (J ±± , J ± , J z± , J zz ) with the following relations:

J zz = λ 2 z K a -2K c -4K 4 3 J ± = -λ 2 ⊥ 2K a -3K b -K c + 4K 4 12 
J z± = λ ⊥ λ z K a + K c -K 4 3 √ 2 
J ±± = λ 2 ⊥ 2K a + 3K b -K c + 4K 4 12
where λ ⊥,z = g ⊥,z /g J , g ⊥,z being the Landé factors.

The set of exchange parameters has been determined by inelastic neutron scattering experiments carried out in a large applied magnetic field (see right column in Table 1). In zero field, theory predicts for these parameters a quantum ObD selection of the ψ 2 state [7][8][9][10][11]. The ObD mechanism also predicts the opening of a spin gap, yet smaller that experimental findings [29][30][31]. In a recent work, the impact of the projection onto the spin 1/2 subspace was examined to see if ObD is also at play when using the full CEF Hamiltonian of Eq. ( 1). The spin excitation spectra was calculated within the Random Phase approximation [START_REF] Jensen | Rare Earth Magnetism[END_REF]32,33]. New neutron measurements were performed on a large Er 2 Ti 2 O 7 single crystal grown with the floating zone technique. The crystal was inserted in a copper sample holder and attached on the cold finger of a dilution fridge, allowing the sample to be cooled down to 50 mK. Data were collected on the IN5 time-of-flight instrument (ILL) in its single crystal set-up, with an incident neutron wavelength of 6 Å. Spin excitation spectra measured in (Q, ω) space at 50 mK are shown in Fig. 1. These new data allow one to determine a new set of anisotropic exchange parameters, see left column in Table 1. These values are more precise than those determined in Ref. [9], but are quite compatible with them, except J z± which is somewhat different. The present data also confirm the opening of a spin gap at zone centers: exp G ≈ 43 µeV [see Fig. 1c], a value which compares very well with previous estimates [29][30][31].
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It is worth noting that the full CEF model of Eq. ( 1), which keeps a description in terms of the magnetic moments and does not perform the projection onto the pseudospin 1/2 states, also predicts the stabilization of the ψ 2 configuration. The mechanism is however different from order by disorder and the selection results rather from an energetic mechanism: an effective magnetic anisotropy is generated by the molecular field induced admixture between CEF levels. This anisotropy in turn selects the ψ 2 state and opens a spin gap in S(Q, ω). This mixing with CEF eigenstates is clearly neglected in model (2) which, by essence, considers the ground doublet only. This study thus suggests that ObD should be considered with care [34].

To conclude, the present study demonstrates that the single crystal time-of-flight measurements allow one to obtain a comprehensive dataset, measuring in "one shot" the whole spin wave dispersion. With the help of a model, quantitative information can be extracted, for instance the determination of the exchange parameters.

Tb 2 Ti 2 O 7

The pyrochlore lattice has been also widely studied for ferromagnetic interactions combined with Ising spins constrained to lie along the local z i = 111 axes ( z i link the center of each tetrahedron to its summits) [35,36]. In that case, the spins write S i = σ i z i , which, with z i . z j = - 1 3 , (i = j), leads to the following Hamiltonian:

H = i, j -J zz 3 σ i σ j = -J zz 3 i σ i 2 (3)
where denotes a tetrahedron of the structure and i runs over the summits of this tetrahedron. Since J zz ≤ 0, the minimization of the energy is ensured by the so called "ice-rule" condition i σ i = 0, stating that each tetrahedron of the pyrochlore lattice must have, in its ground-state, two spins pointing in and two spins pointing out, in close analogy with the positions of protons of water molecules in real ice [35][36][37]. There are six possible spin configurations that satisfy the ice rule on a tetrahedron yielding the same ground state degeneracy and the same entropy as in real ice [38] in the thermodynamic limit. One of the main consequences of the ice-rule is the existence of sharp and anisotropic features called "pinchpoints" that are clearly observable in diffuse neutron scattering. The spin ice case is realized in Ho 2 Ti 2 O 7 and Dy 2 Ti 2 O 7 pyrochlores where the effective ferromagnetic interaction results from the dominant dipolar interaction which overcomes the antiferromagnetic nearest neighbor exchange [39,40].

We shall now focus on other remarkable situations produced by "relaxing" the Ising nature of the spins. In this case, appreciable fluctuations between degenerate configurations are restored, resulting in a spin liquid state, a "quantum variant" of spin ices. Current theoretical descriptions are based on the generic pseudospin-1/2 Hamiltonian given by Eq. ( 2). The states of the pseudospin span the CEF ground doublet |± , the Ising exchange constant J zz is responsible for the spin-ice behavior, while the "quantum" transverse terms J ± , J z± and J ±± introduce fluctuations [9,[41][42][43][44][45].

A potential candidate for this particular regime is Tb 2 Ti 2 O 7 . It is characterized by an Ising-like anisotropy of the non-Kramers Tb 3+ ions along the local 111 axes [46,47]. In spite of effective antiferromagnetic interactions leading to a Curie-Weiss temperature of -13 K [48], which should drive the system into long-range order [32,49], prior works pointed out a disordered fluctuating ground state down to 20 mK [50,51]. Various subsequent studies have suggested complex spin dynamics, where different time and temperature scales coexist, as revealed by muons [52][53][54], magnetization [55,56] and neutron scattering experiments [57][58][59][60][61][62][63][64][65][66]. Recently, power law spin correlations have also been reported [67], bearing some resemblance with the pinch point pattern observed in the aforementioned spin ices. The peculiar form of these elastic correlations has been confirmed by recent triple axis measurements carried out at 4F (LLB), shown in Fig. 2a [68].

The observation of low energy fluctuations (in the 0-0.5 meV range), likely corresponding to fluctuations within the pseudospin-1/2 states |± , is a central issue. Recently, polarized inelastic neutron scattering experiments have been performed at IN14, that eventually demonstrate that these low energy fluctuations correspond to the superposition of a quasi-elastic response and of The scan is expected to go across the acoustic phonon dispersion. Clearly, as the Px channel shows background only, this data is an evidence that the phonon carries some magnetic intensity [78]. a propagating excitation [68]. Figures 2b andc show representative scans as well as the dispersion of this excitation within the Brillouin zone. The contribution of polarized neutrons was very important to disentangle the propagating excitation, observable in the spin-flip P z channel [blue points in the scan of Fig. 2b] from the additional quasi-elastic signal seen in the spin flip P ⊥ Q channel (green points).

It should be stressed that the existence of this low energy signal leads to very strong conclusions about the physics of Tb 2 Ti 2 O 7 : because of the intrinsic properties of non-Kramers magnetic doublets (like the Tb 3+ ground state in Tb 2 Ti 2 O 7 ), the matrix element + | J |is zero [69]. As a result, since the neutron cross section is proportional to

| + | J |-| 2 ,
no neutron signal is expected. Moreover, low energy fluctuations cannot originate from the exchange/dipole interaction. The experimental observations thus call for further interpretation. Assuming that a fluctuating molecular field mixes the ground and excited CEF states, non-zero matrix elements might in principle be restored [46,70]. However, as long as the exchange terms are one order of magnitude weaker than the gap to the first CEF excited states, the perturbed wave function should not depart significantly from |± [71,72]. This is the reason why research now keeps looking towards new physical ingredients that may directly couple the |± states. Recent studies argue that a coupling between quadrupolar moments Q may play a significant role, since + | Q |is non zero. As a result, the degeneracy of the |± states should be lifted, providing a first explanation for the low energy dispersing signal. A model based on the most simple on-site quadrupolar term has been proposed, phenomenologically connected with a possible tetragonal distortion precursor to a T 0 Jahn-Teller transition [53,61,[70][71][72][75][76][77]. Despite being rather successful in explaining a number of experimental results [61,[71][72][73][74], this model is however incomplete as it predicts a CEF singlet state on each site, a feature which is not compatible with the existence of elastic correlations.

At slightly larger energies, ω ∼ 1 -2 meV, the inelastic response is dominated by the first CEF excitation located at ≈ 1.5 meV [see Figs. 2d ande]. The line shape of this CEF excitation is much more complicated than a single dispersionless mode and very likely contains several excitation modes. The line shape is modulated already at 10 K and down to the base temperature of 50 mK, because of the interactions between Tb 3+ magnetic moments [32]. In a very narrow range of scattering vectors Q close to crystalline zone centers, such as (1, 1, 1) and (2, 2, 0), an unexpected upturn of the dispersion is observed [see Figs. 2d ande]. This upturn arises in the region of reciprocal space where a crossing occurs between the crystal field line and the acoustic phonon branch stemming from the zone centers. Very recently, Tom Fennell et al have shown that this phonon is best described by a magneto-elastic mode [78]. The authors argue that in the spin liquid state, it is coupled to the excited crystal field level forming a hybrid excitation QENS/WINS 2014 and suggesting that Tb 2 Ti 2 O 7 is a "magnetoelastic spin liquid" (yet the hybridization mechanism remains to be further elucidated). To illustrate this point, Fig. 2f shows a cut along h, h, 0 , across the dispersion of the phonon mode, taken at an energy transfer of 1.8 meV. This experiment was carried out with polarized neutron analysis, in collaboration with the authors of Ref. [78]. In the P Q configuration, the non-spin-flip signal shows no intensity while it actually does in the P ⊥ Q and P z configurations. Clearly, the conclusion is that the phonon carries some magnetic intensity. The magneto-elastic coupling responsible for the phonon and CEF anomalies could be the driving force leading to the wanted effective interactions between quadrupoles. Indeed, this magneto-elastic coupling would involve in the Hamiltonian a term of the form u.Q, where u denotes the phonon displacement operator. Integrating out the phonon variables could then result in an effective interaction between quadrupoles mediated by phonons [79][80][81]. Note that there are additional clues in favor of a strong dynamical spin-lattice coupling: structural fluctuations below 15 K observed by high resolution X diffraction [82], giant magneto-striction [83] and the instability of the spin liquid state versus pressure and stress [84], all of which have been reported recently, but no static distortion has been observed so far [85].

Conclusion

To conclude, single crystal time-of-flight measurements now yield very detailed data, which can be confronted to spin dynamics simulations. Measurements in variable conditions of pressure, magnetic field, temperature, and especially polarized techniques continue however to be the preserve of triple axis spectrometers. In this respect both techniques are fully complementary.

In the context of pyrochlores, the study of the spin dynamics in Er 2 Ti 2 O 7 demonstrates that quantitative information can be extracted from single crystal TOF data, provided models are available. This supposes a close connection with theoreticians. In Tb 2 Ti 2 O 7 , the combination of TOF and polarized triple axis measurements demonstrate the existence of a low energy propagating excitation emanating from the spin liquid ground state. Anomalies of the phonon modes, as well as of the first CEF level, suggest a strong dynamical coupling to the lattice.

Figure 1 .

 1 Figure 1. a) Sketch of the pyrochlore lattice. Rare earth ions only are shown for sake of clarity. b) Sketch of the ψ 2 configuration in Er 2 Ti 2 O 7 . c) INS data recorded at IN5, showing cuts in (Q, ω) space in the ordered phase of Er 2 Ti 2 O 7 . d) IN5 raw data recorded with an incident wavelength of 8.5 Å at Q = (111) and T = 50 mK showing the spin gap (blue line) at 43 µeV.

Figure 2 .

 2 Figure 2. a) Elastic scattering map taken in Tb 2 Ti 2 O 7 at 70 mK. Symmetrization has been performed for clarity of the figure. Pinch points are observed at Q = (111) for instance, bearing resemblance with the situation in classical spin ices. b) IN14 polarized raw data taken at 50 mK in the spin flip channel for different polarizations (Px in red, Py in green and Pz in blue). The propagating character is detected in the Pz channel. c) Dispersion of the propagating excitation in Tb 2 Ti 2 O 7 from Ref. [68]. The studied Q directions are those shown by red lines on a). d) and e) are respectively 4F (triple axis at LLB) and IN5 (TOF at ILL) raw data showing the modulation of the first excited CEF level around 1.5 meV at base temperature. f) Constant energy scans along the dotted line in e) for different non spin flip polarizations.The scan is expected to go across the acoustic phonon dispersion. Clearly, as the Px channel shows background only, this data is an evidence that the phonon carries some magnetic intensity[78].

Table 1 .

 1 Anisotropic exchange parameters in Er 2 Ti 2 O 7 . Units are in 10 -2 meV. Positive values correspond to AF interactions.

	Coupling Fit based on Hamiltonian (1)	Ref. [9]
	J ±±	4.54 (±0.1)	4.2 (±0.5)
	J ±	5.84 (±0.1)	6.5 (±0.75)
	J z±	0.92 (±0.1)	-0.88 (±1.5)
	J zz	-0.87 (±0.1)	-2.5 (±1.8)
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