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Magnetic properties and spin dynamics in a spin-orbit driven J eff = 1/2 triangular lattice antiferromagnet

Frustration induced strong quantum fluctuations accompanied by spin-orbit coupling and crystal electric field can give rise to rich and diverse magnetic phenomena associated with unconventional low-energy excitations in rare-earth based quantum magnets. Herein, we present crystal structure, magnetic susceptibility, specific heat, muon spin relaxation (µSR), and electron spin resonance (ESR) studies on the polycrystalline samples of Ba6Yb2Ti4O17 in which Yb 3+ ions constitute a perfect triangular lattice in ab-plane without detectable anti-site disorder between atomic sites. The Curie-Weiss fit of low-temperature magnetic susceptibility data suggest the spin-orbit entangled J eff = 1/2 degrees of freedom of Yb 3+ spin with weak antiferromagnetic exchange interactions in the Kramers doublet ground state. The zero-field specific heat data reveal the presence of longrange magnetic order at TN = 77 mK which is suppressed in a magnetic field µ0H ≥ 1 T. The broad maximum in specific heat is attributed to the Schottky anomaly implying the Zeeman splitting of the Kramers doublet ground state. The ESR measurements suggest the presence of anisotropic exchange interaction between the moments of Yb 3+ spins and the well separated Kramers doublet state. µSR experiments reveal a fluctuating state of Yb 3+ spins in the temperature range 0.1 K ≤ T ≤ 10 K owing to depopulation of crystal electric field levels, which suggests that the Kramers doublets are well separated consistent with thermodynamic and ESR results. In addition to the intraplane nearest-neighbor superexchange interaction, the interplane exchange interaction and anisotropy are expected to stabilize long-range ordered state in this triangular lattice antiferromagnet.

I. INTRODUCTION

Quantum materials wherein the interplay between competing degrees of freedom, frustration-induced strong quantum fluctuations, and quantum entanglement is prominent have drawn considerable attention due to their connection to the emergence of exotic quantum phenomena with potential to address some of the recurring themes in quantum condensed matter [1][2][3][4][5][6]. One noteworthy example is the quantum spin liquid (QSL), in which strongly entangled electron spins do not exhibit long-range magnetic order down to absolute zero temperature despite strong spin correlations [7,8]. Originally, the QSL state was proposed by Anderson for a system composed of S = 1/2 spins on a two-dimensional triangular lattice antiferromagnet [9]. Its materialization has been proposed in a few triangular lattice antiferromagnets with next-nearest interaction, and anisotropic exchange interaction [10][11][12][13][14][15]. Furthermore, the quantum nature of this entangled * pkhuntia@iitm.ac.in state offers an outstanding track to study gauge theories incorporating fractionalized excitations, as well as its relevance in the field of quantum computing [16][17][18]. Despite the fact that several QSL candidate materials show analogous behavior in various observables [19][20][21][22][23], understanding the microscopic spin Hamiltonian to identify fractionalized excitations remains a significant challenge because of the presence of extra exchange couplings, intrinsic disorder, and unavoidable defects in real materials [12,17,[24][25][26]. In this context, rare-earth-based materials featuring J eff = 1/2 quantum spins decorated on geometrically frustrated lattices offer a promising avenue for the experimental realization of exotic quantum phenomena [11,23,[27][28][29][30][31]. Moreover, it has been suggested that anisotropic magnetic interactions between J eff = 1/2 moments in the Kramers crystal-field ground state of these magnetic materials play an important role in the materialization of QSL state, in contrast to isotropic interactions between pure S = 1/2 moments on the triangular lattice Heisenberg model, which tend to promote a 120 • long-range magnetic ordered state [32]. For example, the rare-earth triangular antiferromagnets YbMgGaO 4 [33][34][35] and chalcogenides NaYbCh 2 (Ch = O, S, Se ) [36][37][38][39][40][41][42][43] with Yb 3+ ions with J eff = 1/2 moment have attracted considerable interest due to the emergence of a QSL ground state brought about by the presence of dominant easy-plane anisotropic magnetic interactions and spin frustration [44,45]. In contrast to QSL state with dominant easy-plane anisotropic magnetic interactions, the spin-liquid candidates on a perfect triangular lattice with dominant easy-axis anisotropy are very rare [46] and have been found only very recently in NdTa 7 O 19 which appears to be the first realization of spin-liquid ground state with Isinglike magnetic correlations driven by strong easy-axis anisotropic magnetic interaction [11,[START_REF] Ulaga | Finite-temperature properties of the easy-axis heisenberg model on frustrated lattices[END_REF]. Furthermore, the impact of dipolar magnetic interactions to the observed spin excitation continuum, widely considered as the most robust evidence of spin fractionalization in insulators, remains a dynamic and actively researched domain in quantum condensed matter [START_REF] Yao | [END_REF]49]. In addition to the anisotropic exchange interactions, there have been proposals for a dominant dipolar interaction-driven spin-liquid state in certain triangular lattice antiferromagnets, such as Yb(BaBO 3 ) 3 [50][51][52] and ABaYb(BO 3 ) 2 (where A = Na, K) [53,54]. In addition to their dynamic ground states, the phase transitions observed in triangular lattice antiferromagnets are of significant interest for gaining insights into intriguing quantum phenomena such as Berezinskii-Kosterlitz-Thouless (BKT) physics [55,56]. For example, the observed quasi long-range magnetic ordered state in the two-dimensional triangular lattice material TmMgGaO 4 may represent the manifestation of the BKT phase [57][58][59]. Recently, it has been suggested that the dipolar spin liquid candidate KBaGd(BO 3 ) 2 is a promising candidate to host a BKT phase and an unconventional quantum critical point [START_REF] Xiang | Dipolar spin liquid ending with quantum critical point in a gd-based triangular magnet[END_REF]. Furthermore, the rare-earth-based magnets with weakly coupled magnetic moments, approaching the paramagnetic limit, have shown potential for lowering system temperatures through adiabatic demagnetization cooling, as observed in triangular lattice antiferromagnets such as KBaGd(BO 3 ) 2 [START_REF] Jesche | [END_REF] and KBaYb(BO 3 ) 2 [62]. Interestingly, in such rare-earth quantum magnets, anisotropic magnetic interaction induced by spin-orbit coupling, crystal-electric field of localized 4f electrons and lattice symmetry offer a viable platform to host unconventional phases including spiral spin liquid [63,64]. In a similar vein, Kitaev spin liquid state induced by bond-dependent anisotropic magnetic interactions [65][66][67], and multipolar orders [68] in spin-orbit entangled J eff = 1/2 quantum magnets remains largely unexplored. The current effort is devoted towards the design, discovery and investigation of twoand three dimensional spin-orbit entangled 4f based frustrated magnets potential to host myriads of exotic quantum phases that may aid for the establishment of new theoretical paradigms in quantum condensed matter. In order to realize rich variety of spin-orbit driven quantum phenomena as a result of competing exchange interaction, crystal electric field and anisotropic interaction, it is therefore essential in exploring disorder free rare-earth based quantum magnets. Herein, we report the crystal structure and magnetic properties of a unexplored triangular lattice antiferromagnet Ba 6 Yb 2 Ti 4 O 17 , (henceforth, BYTO) which crystallizes in the hexagonal space group P 6 3 /mmc where the Yb 3+ ions constitute a perfect triangular lattice in the ab-plane. The Rietveld analysis of x-ray diffraction data shows the absence of anti-site disorder between the crystallographic sites. Magnetic susceptibility data suggest that Yb 3+ spins acquire J eff = 1/2 degrees of freedom and the presence of a weak antiferromagnetic exchange interaction between rareearth moments. The zero-field specific heat data show an anomaly possibly due to the long-range magnetic order at T N = 77 mK which disappears in a magnetic field µ 0 H ≥ 1 T. µSR experiments suggest the lack of long-range magnetic order down to 80 mK, while spin fluctuations are observed up to 10 K. The anisotropic magnetic exchange interaction between J eff = 1/2 moments of Yb 3+ spins was suggested from electron spin resonance measurements. The combination of magnetic anisotropy, intraplane, and interplane exchange interactions are expected to stabilize a long-range magnetic ordered state in this antiferromagnet.

II. EXPERIMENTAL DETAILS

Polycrystalline samples of BYTO were prepared by a conventional solid state method. Prior to use, we preheated a stoichiometric amount of BaCO 3 (Alfa Aesar, 99.997 %), and Yb 2 O 3 (Alfa Aesar, 99.998 %) at 200 • C and 800 • C, respectively to prevent moisture contamination. The stoichiometric mixtures were pelletized and sintered at 1400 • C for 72 hours with intermittent grindings. The phase purity of the final product was confirmed by the x-ray diffraction at 300 K by employing Rigaku smartLAB x-ray diffractometer with Cu Kα radiation (λ = 1.54 Å). Magnetization measurements were carried out using a Quantum Design, SQUID (MPMS) in the temperature range 2 K ≤ T ≤ 350 K in several magnetic fields. Specific heat measurements were performed using a Quantum Design, physical properties measurement system (PPMS) in the temperature range 2 K ≤ T ≤ 270 K and in magnetic fields up to 7 T. In addition, specific heat measurements were carried out in the temperature range 0.049 K ≤ T ≤ 4 K in 0 T, 1 T, 3 T in a dilution refrigerator using a Dynacool PPMS instrument from Quantum Design, San Diego, USA. Thermal conductivity measurements were conducted in the temperature range 2 K ≤ T ≤ 300 K in magnetic fields up to 7 T by two probe method also using Quantum Design, PPMS. µSR experiments in zero field and in longitudinal magnetic fields were performed on the MuSR spectrometer at the ISIS pulsed neutron and muon source at Rutherford Appleton Laboratory, UK. The powder sample (∼ 1 gm) was mixed with a small amount of GE-varnish and fixed to a silver plate. A 25 µm-thick silver foil was placed on top of the sample to maximize the number of implanted muons in the sample and to reduce the thermal radiation. A dilution fridge was used for the temperature range 0.08 K to 4 K, and subsequently an helium flow cryostat to reach temperatures from 1.4 K to 300 K. Electron spin resonance (ESR) measurements were performed at the National High Magnetic Field Laboratory, Tallahassee, USA on a polycrystalline sample using a custom-made transmission-type ESR spectrometer with homodyne detection. The measurements were conducted in the Faraday configuration at the irradiation frequency of 212 GHz. The magnetic field was swept between 2 and 10 T using a superconducting magnet and the tempera-ture was varied between 5 and 200 K using a continuousflow He cryostat. A standard field-modulation technique was used with the modulation field of about 2 mT.

III. RESULTS

A. Rietveld refinement and crystal structure

To examine the phase purity and crystal structure, we carried out the Rietveld refinement of room temperature x-ray diffraction data using GSAS software [69]. The XRD results suggest that the polycrystalline BYTO samples contain a tiny fraction of unreacted magnetic Yb 2 O 3 impurity, which has a minimal influence on the overall magnetic properties of the material under examination. A similar situation with the unavoidable Yb 2 O 3 secondary phase in polycrystalline samples has been observed in a few other Yb-based magnets [70][71][72]. To accurately determine the percentages of the main and secondary phase, a two-phase Rietveld refinement was performed. The crystallographic parameters of isostructural compound Ba 6 Y 2 Ti 4 O 17 were incorporated as a reference to perform the Rietveld refinement for the main phase [73]. I. Figure 1 (a) depicts the refined crystal structure of BYTO drawn using VESTA software [74]. The nearest neighbor magnetic Yb 3+ ion (Yb-Yb ≈ 5.907 Å) constitutes two dimensional triangular layers stacked along the c-axis (see Figure 1 (b)) similar to the extensively studied triangular lattice antiferromagnet YbMgGaO 4 with Yb-Yb distance of approximately 3.4 Å [33]. As shown in Figure 1 (b), one unit cell of BYTO is composed of four triangular layers of Yb 3+ ions where the first and last two layers from the bottom are separated by the inter-planar distance of 7.26 Å while the middle two layers are separated by the inter-planar distance 7.45 Å. In BYTO, the Yb 3+ ion occupies a single crystallographic site (4e) of the hexagonal lattice and forms a distorted YbO 6 tetrahedron (see Figure 1 (a)) with local O 2-ions. Due to such an octahedral environment, Yb 3+ ions are exposed to a strong crystal electric field, which splits the degenerate multiplet of J = 7/2 into four Kramers doublet states of Yb 3+ ions with spin-orbit entangled J eff = 1/2 moment. In BYTO, the intra-plane YbO 6 octahedra are not interconnected through a common O 2-ions, as observed in other triangular lattice antiferromagnets such as YbMgGaO 4 or NaYbX 2 (X = O, S, Se). Instead, they are linked by TiO 4 tetrahedra. On the other hand, the inter-plane YbO 6 octahedra are connected through Ti 2 O 9 dimers, as illustrated in Figure 1 (a). The larger unit cell of BYTO compared to YbMgGaO 4 is the primary reason for the formation of isolated YbO 6 octahedra, which could potentially reduce the strength of intraplane magnetic exchange interactions between the Yb 3+ moments due to the increased bond length for the f -p-dp-f (Yb-O-Ti-O-Yb) hybridization. The presence of weak exchange interactions, resulting from similar superexchange pathways, has been observed in several triangular lattice antiferromagnets, including NaBaYb(BO 3 ) 2 [53], Ba 3 Yb(BO 3 ) 3 [52,54], and Ba 3 YbB 9 O 18 [29] (as shown in Table II). However, this scenario differs somewhat for 3d transition ion-based magnets, as the electrons of 3d ions are not highly localized in real space, unlike the 4f ions. For instance, relatively strong exchange interaction between Co 2+ ions is observed in the 6H-hexagonal spin lattice of Ba 3 CoSb 2 O 9 , despite the absence of a common oxygen mediator for intra-plane superexchange interactions between the J eff = 1/2 moment of Co 2+ ions [75,76]. From a structural perspective, it is worth noting that BYTO and Ba 3 CoSb 2 O 9 share several similarities, aside from differences in their stacking layers [75]. They have similar exchange paths, nearest-neighbor distances of 5.90 Å, and interlayer separations of 7.2 Å. However, the magnetic properties are anticipated to be distinct due to the localized nature and distinct anisotropy of Yb 3+ ions in BYTO. 

θ CW (K) ( low T ) µ eff (µB) ( low T ) T N (K) (Ref.) YbMgGaO4 (R 3m) Yb-O-Yb -4 2.8 - [33, 77] NaYbO2 (R 3m) Yb-O-Yb -5.6 2.84 - [41] NaBaYb(BO3)2 (R 3m) Yb-O-B-O-Yb -0.069 2.23 0.41 [53] K3Yb(VO4)2 (P 63m) Yb-O-V-O-Yb -1 2.41 - [78] NdTa7O19 (P 6c2) Nd-O-Ta-O-Nd -0.46 1.9 - [11] Ba6Yb2Ti4O17 (P 63/mmc) Yb-O-Ti-O-Yb -0.49 2.5 0.
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B. Magnetic susceptibility

In Figure 2 (a), we show the temperature dependence of magnetic susceptibility (χ(T )) in two magnetic fields in the temperature range 2 K ≤ T ≤ 350 K. The magnetic susceptibility data do not show any signature of long-range magnetic order at least above 2 K in BYTO. The absence of any marked difference between zerofield cooled and field-cooled magnetic susceptibility data (see inset of Figure 2 (a)) suggests Yb 3+ spins are not frozen at least down to 2 K. In order to calculate the value of effective magnetic moment (µ eff ) and Curie-Weiss temperature (θ CW ), the inverse χ(T ) data (see Figure 2 (b)) were fitted by the Curie-Weiss (CW) law χ = C/(T -θ CW ). Here, the Curie constant (C ) is associated with the effective moment through the formula µ eff = √ 8Cµ B , and θ CW signifies the energy scale of the magnetic exchange interactions between Yb 3+ moments. The high-temperature CW fit in the temperature range 150 K ≤ T ≤ 350 K yields θ CW = -102 K and µ eff = 4.57 µ B . The large negative Curie-Weiss temperature indicates the presence of elevated energy levels of crystal electric field excitations. The obtained µ eff = 4.57 µ B is comparable to the effective moment of free Yb 3+ ions (µ free eff = 4.54 µ B ). As previously mentioned, the Yb 3+ moments are located in an octahedral environment, and as a result, a strong crystal electric field naturally causes the eight-fold degenerate J = 7/2 multiplet to split into four Kramers doublet states. The preliminary indication of the presence of the groundstate Kramers doublet state can be observed in the temperature-dependent inverse susceptibility data. For instance, in BYTO, one can observe a deviation in the measured susceptibility data from the high-temperature Curie-Weiss fit (indicated by the red line) as depicted in Figure 2 (b), where this deviation becomes noticeable below 100 K. It is important to note that such deviations in transition metal-based magnets typically reflects the development of magnetic correlations between electronic spins, but in rare-earth magnets, it is typically due to presence of crystal electric field excitations.
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To gain insights into the Kramers doublet ground state and the nature of magnetic interactions, it is necessary to perform a Curie-Weiss fit at low temperatures sufficiently below the first excited crystal electric field level. It has been brought out in the literature that the Curie-Weiss temperature for rare-earth-based magnets is strongly dependent on the temperature range for the Curie-Weiss fitting, owing to the influence of excited crystal electric field levels [11,72].

To estimate the nature of dominant magnetic interactions between Yb 3+ moments in the ground-state Kramers doublet of BYTO, we performed fittings of the lowtemperature inverse χ(T ) data in various temperature ranges. In this analysis, the lower temperature limit was set at 4 K, while the upper temperature limit was systematically varied in 0.5 K increments up to 18 K (see inset of Figure 2 (b)) following a procedure as described in ref. [11]. The estimated temperature independent fit parameter gives µ eff = 2.51 µ B , which is much smaller than µ eff = 4.54 µ B resulting from the Hund's rule for a free Yb 3+ (J = 7/2) spin. This indicates the formation of Kramers doublet ground state at low-temperatures and θ CW = -0.49 K ± 0.02 K which suggests the presence of a weak antiferromagnetic interaction between J eff = 1/2 moments of Yb 3+ ions at low-temperature. Based on the effective magnetic moment (µ eff ) value of 2.51, the powder averaged Landé g factor is found to be 2.89. In the mean-field approximation, the Curie-Weiss temperature (θ CW ) can be expressed as θ CW = (-zJS(S + 1))/(3k B ), where J represents the exchange interaction between the J eff = 1/2 moment of Yb 3+ ions in the ab-plane, and z denotes the number of nearest neighbors. In the case of BYTO, where S = J eff = 1/2 and z = 6, the obtained value J/k B is 0.32 K [58]. The solid lines in Figure 2 (c) correspond to the fitting of the Brillouin function, yielding an average value of g = 2.76, which is close to that estimated from the Curie-Weiss fit of low-temperature susceptibility data.

C. Specific heat

In order to unveil the magnetic ground state influenced by spin frustration and the correlation between Yb 3+ moments within the Kramers doublet ground state with J eff = 1/2 moments in BYTO, it is crucial to conduct experiments at mK temperatures owing to the weak exchange coupling between Yb 3+ moments. Hence, we performed specific heat measurements in a broad range of temperatures and magnetic fields. Figure 3 (a) depicts the total specific heat data (C p ) measured in a zero-magnetic field down to 49 mK. Below T ≤ 3 K, the specific heat data in zero magnetic field reveal two anomalies, one at 2.22 K and another at 77 mK, as depicted in the inset of 
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The temperature dependence of total specific heat (Cp) of BYTO down to 49 mK in zero magnetic field. The solid line shows the Debye-Einstein model fit (see text) which represents the phonon specific heat. The inset depicts the appearance of two anomalies on decreasing the temperature below 3 K. (b) The temperature dependence of specific heat due to the sum of magnetic and nuclear contributions (circle) while the filled triangle represents the intrinsic magnetic specific heat obtained after subtracting nuclear contributions (solid line). The inset shows the temperature dependence of entropy change up to 20 K in several magnetic fields. The dotted horizontal pink line is the expected entropy for J eff = 1/2 moment. (c) The temperature dependence of the magnetic specific heat in several magnetic fields where the solid line represents two-level Schottky fit as described in the text. (d) The evolution of a field induced gap as a function of applied magnetic field where the solid line represents a linear fit.

. magnetic ordering due to the presence of unavoidable minor impurity phase of Yb 2 O 3 [70][71][72]. On the other hand the anomaly observed at 77 mK is attributed to the longrange magnetic order of Yb 3+ ions decorated on the triangular lattice.

In BYTO, the total specific heat can be represented as the combination of three components: the magneticspecific heat (C mag. (T )) originating from magnetic Yb 3+ ions, the lattice-specific heat (C lat. (T )) attributed to the phonons, and the nuclear-specific heat resulting from the nuclear spins of Yb [79]. In order to extract the entropy release resulting from the antiferromagnetic phase transition and the magnetic-specific heat, it is necessary to subtract the lattice and nuclear contributions to the total specific heat data. For this purpose, first, the lattice contribution was subtracted following the Debye-Einstein model of lattice specific heat with one Debye term and three Einstein terms i.e., C lat.

(T ) = C D [9k B T θ D 3 θ D /T 0 x 4 e x (e x -1) 2 dx] + 3 i=1 C Ei [3R θi T 2 exp( θ E i T ) (exp( θ E i T )-1) 2
], where θ D is the Debye temperature, θ i are Einstein temperatures, and R and k B are the molar gas constant and Boltzmann constant, respectively. The good fit, as shown in Figure 3 (a), suggests that the Debye-Einstein model reproduces well the lattice specific heat in this material [START_REF] Kittel | Introduction to solid state physics[END_REF]. The best fit in the temperature range 30 K ≤ T ≤ 160 K (see Figure 3 (a)) yielded the values θ D = 179 K, θ E1 = 260 K, θ E2 =506 K, and θ E1 = 1500 K [START_REF]Specific heats at low temperatures[END_REF]. During the fitting procedure, the relative weight of acoustic and optical modes of vibration i.e., C D and C Ei were assigned at a fixed ratio of C D : C E1 : C E1 : C E2 : C E3 = 1 : 2 : 3 : 8.5, which is consistent closely with the ratio of heavy atoms (Ba, Yb, Ti) and light atoms (O) in BYTO [29,79]. The olive circle in Figure 3 (b) depicts the zero-field specific heat data obtained after subtracting the lattice contribution. The anomaly at T N = 77 mK indicates that BYTO undergoes an antiferromagnetic phase transition at low-temperature similar to the triangular lattice NaBaYb(BO 3 ) 2 [53]. The weak upturn in specific heat on decreasing temperature (T ≤ 77 mK) can be attributed to a nuclear Schottky specific heat owing to the Yb nuclear spins akin to that observed in other Yb based magnets [53,[START_REF] Sala | [END_REF]. To account for this contribution, we further subtracted the specific heat due to nuclear contribution following C n ∝ 1/T 2 that is shown by the solid line in Figure 3 (b) [39]. After subtracting the nuclear Schottky and lattice contributions, the resulting magnetic-specific heat data (represented by triangles) is displayed in Figure 3 (b) as a function of temperature in zero-magnetic field. Below 1 K, there is a noticeable increase in magnetic-specific heat, followed by a sharp anomaly at 77 mK. This strongly suggests the presence of antiferromagnetic long-range order in BYTO. The occurrence of this anomaly at very low temperatures is in agreement with the presence of a weak exchange interaction between Yb 3+ moments. The inset in Figure 3 (b) shows the temperaturedependent magnetic entropy change, denoted as ∆S(T ), which is calculated as the integral of C mag (T )/T dT in the several magnetic fields. In a zero magnetic field, below the lowest measured temperature, the magnetic specific heat was obtained using linear interpolation down to zero temperature. Notably, it is observed that the entropy tends to attain a plateau at a value of 1.20 J/mol•K. This value corresponds to approximately 20% of the expected entropy value of Rln 2 (equal to 5.76 J/mol•K) for Yb 3+ spins with J eff = 1/2 moments. The missing 80 % entropy can be due to the presence of shortrange spin correlations [52,53,83]. The overestimation of the lattice contribution to the missing entropy can be ignored as the experimental temperature range is sufficient to adequately consider the impact of lattice contributions. Furthermore, below the transition temperature T N , the change in entropy amounts to approximately 5% of R ln 2. This observation implies the existence of substantial magnetic entropy below T N , likely attributable to significant spin fluctuations with a small ordered moment [84]. Furthermore, the spin fluctuation associated with short-range spin correlations above the transition temperature is also evident from the µSR experiments as discussed in the next section. A common scenario of missing 80 % entropy is also observed in recently reported triangular lattice antiferromagnet Ba 3 Yb(BO 3 ) 3 [52]. Nonetheless, the significant entropy retained at temperatures approaching absolute zero may arise from strong quantum fluctuations similar to the one observed in the long-range ordered triangular lattice antiferromag- net KBaGd(BO 3 ) 2 [START_REF] Xiang | Dipolar spin liquid ending with quantum critical point in a gd-based triangular magnet[END_REF]85]. Magnetic entropy tends to reach 5.76 J/molK in high magnetic fields, indicating the presence of J eff = 1/2 moments. In order to investigate the field effect on the antiferromagnetically ordered ground state of BYTO, specific heat measurements were performed in different magnetic fields. After subtracting the lattice contributions, the obtained magnetic specific heat is shown in Figure 3 (c) for different magnetic fields. It is observed that the anomaly at 77 mK disappears when a magnetic field of µ 0 H = 1 T is applied. This is a common feature observed in certain rare-earth magnets, including the compound under investigation, where strong magnetic field suppresses the exchange interactions. In such a scenario, the external magnetic field induces the Zeeman splitting of the lowest Kramers doublet state. Consequently, a Schottky-like broad peak emerges in the specific heat data as depicted in Figure 3 (c). Furthermore, it is worth noting that as the strength of the applied magnetic field increases, the broad peak shifts towards higher temperatures similar to that observed in several other rare-earth magnets [28,53]. To deduce the gap induced by the Zeeman splitting of the lowest Kramers doublet due to the applied magnetic field, we employed the simplest two-level Schottky specific heat model [START_REF]Specific heats at low temperatures[END_REF] i.e.,

C sch = f R ∆ k B T 2 exp(∆/k B T ) (1 + exp(∆/k B T )) 2 , ( 1 
)
where ∆ is the Zeeman splitting of the ground state Kramers doublet of Yb 3+ ion, k B is the Boltzmann constant, R is the universal gas constant and f measures the fraction of Yb 3+ spins which contributes to the splitting of the ground state doublet. In Figure 3 (c), the solid line illustrates that two-level Schottky fit effectively describes the magnetic-specific heat data acquired in several magnetic fields. Notably, the estimated Zeeman gap (∆) is observed to exhibit a linear variation with the external magnetic field, as depicted in Figure 3 (d). From a linear fit the value of the Landé g factor, estimated to be g = 2.66 ± 0.02, which is close to that determined from the magnetization data. Moreover, the Schottky fit yields a value of approximately f ∼ 0.9 for non-zero magnetic fields. This indicates that nearly all of the Yb 3+ spins are involved in contributing to the Schottky specific heat in magnetic fields.

D. Thermal conductivity

In correlated quantum materials, thermal conductivity is a very sensitive probe to identify low-energy excitations which can carry heat or scatter heat carriers at low-temperature. Since the specific heat data are dominated by nuclear Schottky and lattice contributions, thermal conductivity is highly advantageous to probe the nature of ground state excitations, whether it is gapped or gapless. Figure 4 depicts the temperature dependence thermal conductivity (κ) of a polycrystalline sample of BYTO. With decreasing temperature a welldefined broad peak appears around 20 K, which can be understood as the so-called phonon peak [86][87][88]. The appearance of such a peak is expected for typical insulating behavior of good quality polycrystalline samples. As depicted in inset (a) of Figure 4, there is no effect of magnetic field on thermal conductivity, which implies that up to 2 K thermal conductivity is entirely dominated by phonons. Given that the interaction energy scale is approximately 0.30 K, magnetic excitations may potentially contribute to thermal conductivity at sub-Kelvin temperatures. For some insulating materials, thermal conductivity at low-temperature can be described as κ/T = a + b T α-1 , where the first term represents the contribution of itinerant low-energy magnetic excitations and the second term is due to the contribution of phonons where the value of α typically lies in the range 2 ≤ α ≤ 3 due to scattering of phonons from sample boundaries [89,90]. As the measured temperature range is not sufficient to observe the contribution from magnetic excitations, the low temperature κ/T data were fitted by κ/T = b T α-1 as shown in inset (b) of Figure 4. The obtained value for α was found to be 1.87 ± 0.05, which is below the expected value [91,92]. For triangular lattice antiferromagnets NaYbSe 2 and YbMgGaO 4 , a similar values of α is also observed at lower temperature (T << θ CW ) [91,92].

E. Muon spin relaxation

In order to gain microscopic insights into the ground state spin dynamics, we performed highly sensitive muon spin relaxation measurements down to the base temperature of 80 mK. Figure 5 depicts the zero field (ZF) and longitudinal field (LF) data, showing its evolution at several temperatures for BYTO. As shown in Figure 5 (a), the ZF-µSR spectra exhibit no indications of either an oscillating component or a "1/3" tail that reflects the lack of internal static magnetic fields down to 0.11 K. Nevertheless, the transition to magnetic ordering may not always be defined by oscillations in the zero field muon spin asymmetry, instead it can manifest as modifications in the asymmetry line shape [93]. Neither this is observed in BYTO as all the ZF spectra are well fitted with a stretched exponential function, A(t) = exp[-(λt) β ] + B, with a moderate β ≃ 0.8(1), and a background constant term B. The stretching parameter β is found to be temperature independent and thus likely accounts for multiple relaxation rates due to a non-unique muon stopping site in the crystal structure. Upon cooling, the spin relaxation rate λ reaches a plateau at a value of 0.58(3) µs -1 below 10 K and down to 0.125 K. We noticed a 
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E S R l i n e w i d t h ( T ) slight increase of the muon spin relaxation rate at 100 mK, perhaps indicative of a crossover towards a more correlated regime, as pointed out by the anomaly found at 77 mK in specific heat. The slowing down of spin fluctuations observed between 300 and 30 K occurs in a typical temperature range of crystal electric field levels of Yb 3+ [94], to which the muon is sensitive through the Orbach process, with a muon spin relaxation rate modelled by [11,[START_REF] Dalmas De Réotier | HFI/NQI 2004[END_REF] 

T ( K )
λ = Ce -∆/k B T + 1 λ 0 -1 (2) 
with λ 0 = 0.58(3) µs -1 the relaxation rate when T → 0, C an amplitude parameter and ∆ = 418(20) K the gap to the first excited crystal field level. The large value of ∆ ensures that only the Kramers ground-state doublet is occupied at low temperature and is well separated from the excited states and confirms the validity of the J eff = 1/2 picture in BYTO.

In addition, a series of LF measurements were performed at 80 mK (Figure 5 [34], but in agreement with the lower energy scale of the interaction in BYTO.

F. Electron spin resonance

To study the nature of dominant magnetic interaction between Yb 3+ spins in BYTO, we performed ESR mea-surement on polycrystalline samples of BYTO. The ESR spectra contain a broad main component centered around B 0 = 5.8 T, and a secondary narrow component centered at 7.54 T (Figure 6 (a)). At 5 K the intensity of the secondary component amounts to only 0.4% of the main one and is therefore attributed to a minor impurity phase. The main ESR line is composed of several pronounced features due to the polycrystalline nature of our sample. A simulation of the powder-averaged spectrum works well with Lorentzian line shape and three independent g-factor components and line widths (simulation 1 in Figure 6 (b)), which is compatible with the distortion of the YbO 6 octahedra away from cubic symmetry. At 5 K, we find the g-factor eigenvalues g x = 2.38, g y = 2.80, and g z = 3.78, and the corresponding line widths ∆B x = 1.0 T, ∆B y = 0.9 T, and ∆B z = 2.5 T. The fit is considerably worse if only two independent g factors and line widths are considered (simulation 2 in Figure 6 (b)). The latter model assuming axial symmetry around the crystallographic c axis would apply for strongly exchange coupled Yb 3+ moments on the unit triangle [START_REF] Gatteschi | EPR of Exchange Coupled Systems[END_REF]. The fact that the ESR spectrum does not obey the uniaxial symmetry of the underlying spin lattice limits the intra-trimer exchange interactions to J ≪ µ B ∆gB 0 /k B ≃ 6 K, where µ B and k B are the Bohr magneton and the Boltzman constant, respectively, and ∆g = g z -g x = 1.4 denotes the spread of the g factor at 5 K. The detected ESR linewidth is extremely broad and cannot be accounted for by simple dipolar interactions between Yb 3+ moments, which would result in ESR line width of the order µ 0 µ/(4πr 3 ) = 11 mT, where µ 0 is the vacuum permeability, µ = 2.51µ B is the Yb 3+ magnetic moment in the ground state and r = 5.91 Å is the nearest-neighbor distance. Therefore, much larger magnetic anisotropy resulting from exchange interactions must also be present. With increasing temperature the intensity of the ESR signal decreases profoundly (Figure 6 (a)), following a Curie-like dependence, which is in agreement with small exchange interactions. The fit of the ESR spectrum becomes unreliable above 100 K and the spectrum is completely lost at 200 K. We find that the ESR line widths (Figure 6 (d)) and g factors (Figure 6 (c)), however, only slightly change with temperature, in agreement with the observation that the ground-state Kramers doublet is well separated from excited Kramers doublets. Furthermore, phonon-related ESR broadening mechanisms which are all characterized by profound temperature dependence [START_REF] Abragam | Electron paramagnetic resonance of transition ions[END_REF] must be negligible in this temperature range.

IV. DISCUSSION

In rare-earth magnets, the electronic state of the rareearth ion is mostly governed by the crystalline electric field at the rare-earth site and the number of electrons in the 4f shell. Depending on such electronic state, crystalline anisotropy and favorable exchange path, rareearth magnets can host distinct ground state properties [31]. In rare-earth magnets with odd number of 4f electrons, the crystal electric field usually splits the magnetic ground state of a free rare-earth ion into Kramers doublets, where 4f ions acquire pseudospin-J eff = 1/2 moments in the ground-state doublet that is protected by time-reversal symmetry [43]. In the present antiferromagnet BYTO (Yb 3+ , 4f 13 ), crystalline electric field generated by nearby O 2-ions can split the 2J + 1 = 8 degenerate ground state ( 2 F 7/2 ) into four Kramers doublets. The presence of these low-energy Kramers doublet states in BYTO has been indicated already through magnetic susceptibility measurements. At low-temperatures, the magnetic susceptibility data follow a Curie-Weiss law with effective moment µ eff = 2.51 µ B that is much less than the effective moment of free Yb 3+ ions, which suggests the formation of Kramers doublet state with spin-orbit entangled J eff = 1/2 moment of Yb 3+ ions. The estimated negative θ CW = -0.49 K from low-temperature susceptibility data indicates the presence of antiferromagnetic interaction though the strength of interaction is quite small which is typical of 4f magnets [29]. The zero-field specific heat data clearly shows an anomaly at T N = 77 mK, which is tentatively assigned to antiferromagnetic long-range magnetic order in BYTO. Nonetheless, the anomaly occurring at T N vanishes when subjected to a magnetic field with µ 0 H ≥ 1 T, and instead, a broad maximum emerges at higher temperatures. This scenario is a common occurrence in rare-earth magnets, where the influence of Zeeman splitting resulting from an external magnetic field surpasses the weak exchange interactions between rare-earth moments, leading the system towards a field-polarized state [53,[START_REF] Xiang | Dipolar spin liquid ending with quantum critical point in a gd-based triangular magnet[END_REF]. As the magnetic field strength increases, the observed broad peak in specific heat for µ 0 H ≥ 1 T broadens and shifts towards higher temperatures. This reflects the Zeeman splitting of the lowest Kramers doublet state of BYTO, a phenomenon commonly observed in rare-earth magnets [28,72]. The obtained 20 % entropy in zero-magnetic field is less than the expected entropy (Rln2) for J eff = 1/2, suggesting there could be two origins of missing entropy; one is spin fluctuations in the ordered state and another is the presence of short-range spin correlation above the transition temperature due to moderate spin frustration defined by f = |θ CW |/T N ≈ 6 [53,83]. In literature there are several reports on Yb-based triangular lattice antiferromagnets where the exchange interaction between rare-earth moments is found to be the sum of dipolar and superexchange interactions [START_REF] Xiang | Dipolar spin liquid ending with quantum critical point in a gd-based triangular magnet[END_REF]. The intraplane Yb-Yb distance in BYTO is almost double that of the intra-planar distance in YbMgGaO4, which suggests the presence of weak magnetic dipole-dipole interaction approximately 0.017 K as estimated using E dip ≈ µ 0 g 2 avg µ 2 B /4πa 3 where g avg is the powder average Landé g factor and a is the nearest-neighbor Yb-Yb distance in BYTO. The obtained dipolar interaction is only 5 % of nearest-neighbor exchange interaction as estimated from the Curie-Weiss temperature following mean-field approximation. This suggests the presence of dominant superexchange interaction between the J eff = 1/2 moments of Yb 3+ ions. Our ESR results also indicate apart from dipolar interaction, the presence of finite exchange interactions in BYTO, which however is anisotropic. In BYTO, YbO 6 octahedra are isolated instead of corner and side sharing regular octahedra as observed in YbMgGaO 4 . Thus, in BYTO, the nearest neighbor intra-plane superexchange interaction can only be possible via the f -p -d -p -f (Yb-O-Ti-O-Yb) virtual path, which is likely one of the reasons of weak antiferromagnetic interaction strength in BYTO. Whereas, in YbMgGaO 4 , the nearest neighbor superexchange interaction is directly mediated by the oxygen ion via the f -p -f (Yb-O-Yb) virtual electron hopping processes, as a result in YbMgGaO 4 , antiferromagnetic interaction is a bit stronger (≈ 2 K) [START_REF] Onoda | [END_REF]. From crystallographic parameters, it is observed that the interplanar distance in BYTO is approximately 7.26 Å and is slightly larger than the nearest-neighbor distance (∼ 5.92 Å) between rareearth moments. Furthermore, in the triangular planes, the bond distance of second nearest-neighbor of Yb 3+ ion is roughly 10.23 Å that is larger than the interplanar separation to make significant exchange coupling in BYTO. Therefore, it is most likely that in addition to intraplane nearest-neighbor exchange interactions, the presence of non-negligible interplane exchange interactions through the Ti 2 O 9 dimer lead to long-range magnetic order in this triangular lattice antiferromagnet. An antiferromagnetic phase transition due to interlayer interaction is also observed in triangular lattice antiferromagnet Ba 3 CoSb 2 O 9 (Co 2+ ; J eff = 1/2), which has similar crystallographic symmetry, intralayer, interlayer exchange paths, and interlayer distance with that of BYTO [76,99]. µSR experiments reveal a fluctuating state of Yb 3+ moments in the temperature range 0.1 K ≤ T ≤ 10 K and do not show any signature of long-range magnetic order down to 80 mK. The broadening of ESR spectrum at 5 K indicates the presence of anisotropy in the exchange interaction between the Yb 3+ spins, otherwise one would observe narrow ESR spectrum for isotropic exchange interaction [100]. We also found large g-factor anisotropy, which is compatible with the distortion of the YbO 6 octahedra from cubic symmetry. The temperature independent g factor in the broad temperature range implies the well separated lowest Kramers doublet state that is consistent with µSR results. The estimated g value from ESR spectrum at 5 K leads to powder-average value g = (g 2

x + g 2 y + g 2 z )/3 = 3.04, which is close to that obtained from magnetization data. Theoretically, it is predicted that apart from interlayer exchange interaction, the nearest-neighbor exchange interaction with either easy-plane or easy-axis anisotropy can lead to longrange ordered state in rare-earth based triangular lattice antiferromagnet [31]. The role of anisotropic exchange interaction in stabilizing long-range order state is not yet clear from the present study and will be a subject of detailed future investigations.

V. CONCLUSION

We presented the synthesis, crystal structure, thermodynamic, muon spin relaxation, and electron spin resonance results of a novel triangular lattice antiferromagnet Ba 6 Yb 2 Ti 4 O 17 , which crystallizes in the highly symmetric crystal structure with space group P 6 3 /mmc without any detectable anti-site disorder between atomic sites. The present compound constitutes close to structurally perfect two dimensional triangular layers of Yb 3+ ion perpendicular to the crystallographic c-axis. The magnetic susceptibility and electron spin resonance measurements suggest the presence of weak antiferromagnetic interaction between J eff = 1/2 moment of Yb 3+ ions. The anomaly observed at T N = 77 mK in zero-field specific heat data is attributed to the presence of long-range magnetic order which vanishes in magnetic field µ 0 H ≥ 1 T. Furthermore, the specific heat data suggest the presence of a field induced gap due to Zeeman splitting of the Kramers doublet ground state in weak magnetic field. µSR experiments reveal a fluctuating regime in 0.1 K ≤ T ≤ 10 K ascribed to the depopulation of crystal electrical field levels, in agreement with a well seprated Kramers doublet, and the enhancement of muon spin relaxation rate below 100 mK might be associated with a more correlated regime of Yb 3+ moments that is consistent with the presence of an anomaly in specific heat. Our ESR results further confirm that the lowest Kramers doublet is well separated from the excited doublet state and point to the presence of anisotropic exchange interaction between Yb 3+ spins in the present antiferromagnet. Despite the moderate spin frustration, a combination of exchange anisotropy and interlayer magnetic interaction are most likely to stabilize long-range magnetically ordered state in Ba 6 Yb 2 Ti 4 O 17 . Future experiments may shed detailed insights into the microscopic Hamiltonian, precise nature of anisotropy and spin correlations in this class of spinorbit driven J eff = 1/2 triangular lattice antiferromagnet.

FIG. 1 .

 1 FIG. 1. (a) Schematics of the unit cell of Ba6Yb2Ti4O17. The oxygen atoms coordinate with Yb 3+ ions in an octahedral arrangement (blue). Two top and bottom layers of YbO6 octahedra are connected through Ti2O9 double octahedra while two middle layers of YbO6 connected through TiO4 tetrahedra. (b) Two-dimensional triangular layers of Yb 3+ ions arranged in the unit cells. (c) The Rietveld refinement of powder x-ray diffraction data recorded at room temperature. The experimentally observed points (scattered orange points), calculated Rietveld refinement profile (solid navy line), Bragg reflection positions of BYTO (olive vertical bars), Bragg reflection position of Yb2O3 (pink bars) and the difference between observed and calculated intensity (solid blue line) are shown..

Figure 1 (

 1 c) depicts the Rietveld refinement pattern of the x-ray diffraction data indicating that our polycrystalline samples consist of 98.5 % BYTO and 1.5 % Yb 2 O 3 phases. The Rietveld refinement results indicate the compound BYTO crystallizes in the 12H hexagonal structure with space group P 6 3 /mmc without inter-site mixing between constituents ions. The obtained lattice parameters are a = b = 5.907 Å, c = 29.426 Å, α = β = 90 • and γ = 120 • . The estimated fractional atomic coordinates and R factors are summarized in table

FIG. 2 .

 2 FIG. 2. (a)The temperature dependence of magnetic susceptibility χ(T ) in two different magnetic fields. The inset shows the temperature dependence of zero-field cooled (ZFC) and field-cooled (FC) magnetic susceptibility measured in µ0H = 100 Oe. (b) The temperature dependence of inverse magnetic susceptibility (1/χ(T )). The red and orange lines are the Curie-Weiss fit to the high-temperature and low-temperature inverse magnetic susceptibility data, respectively. The inset shows the estimated Curie-Weiss temperature obtained by varying upper limit of temperature range while the constant value of Curie-Weiss temperature at low-temperature is shown by dotted orange line. (c) Magnetization as a function of external magnetic field at several temperatures. The solid lines are the Brillouin function fit for paramagnetic Yb 3+ spins with J eff = 1/2..

Figure 2 (

 2 c) displays the magnetization curve at various temperatures. As corroborated by the specific heat data discussed below, BYTO behaves like a paramagnet above 1 K, therefore one can extract the powder-averaged Landé g-factor following the relation M /M s = B 1/2 (y), where B J (y) = [ 2J+1 2J coth y(2J+1) 2J -1 2J coth y 2J ] represents the Brillouin function. Here, M is the measured magnetization, M s (= gJµ B ) is the saturation magnetization, and y = gµ B Jµ 0 H/k B T , with µ B denoting the Bohr magneton and g representing the Lande g-factor.

  Figure 3 (a). The 2.22 K anomaly arises from the long-range

FIG. 4 .

 4 FIG.4. The temperature dependence of thermal conductivity divided by temperature (κ/T ) of BYTO in zero magnetic field. The inset (a) shows κ/T versus temperature in different magnetic fields up to 7 T. The inset (b) displays κ/T versus temperature in a zero-field where the red line represents the fitted phenomenological model described in the text.
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 5 FIG. 5. (a) Evolution in temperature of the zero-field asymmetry as a function of time for BYTO. Lines are fits with a stretched exponential. (b) Evolution of the asymmetry under applied longitudinal fields (circles from ZF to 300 Oe) and comparison with the behaviour of the static Kubo-Toyabe function for corresponding magnetic fields (lines, in Oe), highlighting the dynamical behaviour of Yb 3+ moments at 0.08 K. (c) Temperature dependence of the muon spin relaxation rate λ extracted from fits to the data shown in (a).

FIG. 6 .

 6 FIG. 6. (a) The temperature evolution of the ESR spectra of BYTO. (b) Fit of the ESR spectrum at 5 K (points) with a powder-averaged Lorentzian line shape with three independent g factors (sim. 1) and two independent g factors (sim. 2), the latter assuming uniaxial symmetry of the crystal lattice. (c) The temperature dependence of the three g factor eigenvalues and (d) ESR line widths for sim 1.

TABLE I

 I 

		. Refined structural parameters based on x-ray
	diffraction data at 300 K. (space group: P 63/mmc, α = β
	= 90.0 0 , γ = 120.0 0 ), a = b = 5.907 Å, c = 29.426 Å and χ 2
	= 4.22, Rwp = 5.88, Rp = 3.39, and Rexp = 2.86)	
	Atom Wyckoff position	x	y	z	Occ.
	Yb	4e	0	0	0.126	1
	Ba1	2a	0	0	0	1
	Ba2	24l	0.666 0.333 0.089	1
	Ba3	24l	0.333 0.666 0.182	1
	Ba4	2b	0	0	0.25	1
	Ti1	12k	0.666 0.333 -0.055 1
	Ti2	12k	0.666 0.333 0.203	1
	O1	12k	0.666 0.333 -0.006 1
	O2	12k	-0.347 -0.173 0.077	1
	O3	12k	0.346 0.173 -0.170 1
	O4	12j	0.573 0.014 0.25	1

TABLE II .

 II Some promising rare-earth based frustrated triangular lattice antiferromagnets and their ground-state mag-

	netic properties.	
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