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Physical properties of a quasi-1D Ising S = ½ spin system: Ba 4 CoPt 2 O 9+Δ

The spin chain oxide Ba 4 CoPt 2 O 9+Δ gathers several features that make it close to a 1D Ising S = 1/2 system: (i) it contains only one type of spins, which are associated to a Kramers doublet with a substantial gap from the first excited state; (ii) these spins exhibit a pronounced uniaxial anisotropy; (iii) their easy-axis is perfectly oriented along the spin chain direction; (iv) the spin chains remain uncoupled down to at least 2 K. It is reported that the magnetic susceptibility, the isothermal magnetization and the specific heat in fields up to 9 T can be well accounted for by the theoretical predictions for 1D Ising S = 1/2 systems, yielding consistent set of values for the Landé factors and the intrachain coupling. The presence of missing spins associated to the oxygen overstoichiometry is taken into account, as well as the polycrystalline nature of the samples which requires to consider angular averages of the anisotropic physical properties.

Introduction

Since the seminal paper of Ising [1], there has been a lot of theoretical works on the « 1D Ising S = 1/2 » spin system [2,3], which has become one of the most widely investigated topics in magnetism [4]. It indeed constitutes a textbook case, combining the lowest lattice dimensionality with the smallest number of spin degrees of freedom. At the same time, it is striking to observe that there are relatively few studies devoted to experimental investigations of the predicted physical properties for such a system. Actually, it is quite difficult to get compounds gathering all the conditions to be representative of 1D Ising S = 1/2 systems, the two most problematic issues being the following: (i) Spin chain compounds are quite common, but these chains must remain uncoupled to get results relevant to the models. It means that one needs a substantial intrachain coupling (J) to induce a distinctive 1D magnetic response, but the combination of intrachain and interchain (J') couplings must remain weak enough to push down the 3D transition below the temperature range where the hallmark features of the 1D Ising model take place ; (ii) Second, it turns out that the genuine S = 1/2 spins, associated to cations like Cu 2+ , do not behave as Ising spins.

Rather, they are quite isotropic in first approximation [START_REF] Abragam | Electron Paramagnetic Resonance of Transition Ions[END_REF], to the point that they are often involved in prototypical Heisenberg systems [START_REF] De Jongh | [END_REF].

In practice, the available Ising S = 1/2 spins are actually fictitious spins associated to a ground-state (GS) doublet resulting from combined effects of crystalline electric field (CEF) and spin-orbit coupling (SOC). Note that this adds another constraint on J, since (even in the case of an hypothetical J' strictly equal to zero) the intrachain coupling has to remain small enough to yield experimental manifestation of the 1D behavior within a T range where the assumption of a pure GS occupancy is valid, i.e. at temperatures much lower than the energy separation with the first excited state. Another issue to be kept in mind is that the models generally assume an ideal system where the easy-axis of all spins are parallel to each other. In practice however, canting phenomena are often encountered in 1D Ising compounds, leading to varying angles ±  between the easy-axes and the chain direction. It is the case for instance in the molecular compound Co(hfac)2-NITPhOMe [7] which is the archetype of the Single-Chain Magnets [START_REF] Coulon | Structure and Bonding[END_REF][START_REF] See | [END_REF]; It was recently demonstrated that the noncollinearity among the local anisotropy axis compels to deeply reconsider the theoretical description of the spin dynamics in this material [10].

For all these reasons, it turns out that all the materials used as model systems for 1D Ising S = 1/2 deviate in some ways from this ideal situation. In the overwhelming majority of cases, these materials are based on Co 2+ in six-fold coordination, which exhibits a Kramers doublet at the GS. In addition to the prototypical compounds widely studied since the 60's (e.g., CsCoCl3 [11,12], CsCoCl32H2O [13], [(CH3)3NH]CoCl32H2O (referred to as CoTAC) [14,15],

CoCl22H2O [16]), a series of oxides have emerged more recently (e.g., CoNb2O6 [17][18][19][20][21],

BaCo2V2O8 [22][23][24], -CoV2O6 [25][26][27][28][29]). A lot of these materials comply well with the criterion of one-dimensionality, as quantified by the ratio J'/J. In particular, J'/J 10 -2 in CsCoCl3 [30] and CoTAC [14,15,31]. On the other hand, the uniaxial anisotropy of the g factors (which reflects the strength of the Ising character) remains moderate in all these compounds. As a matter of fact, ∥ < 7.5 and > 3 in both CsCoCl3 [11,12] and CoTAC [14,15,31]. In other respects, all of the above mentioned compounds possess a quite high ordering temperature, that limits the available temperature range for exploration of the 1D regime. For instance, there is an antiferromagnetic ordering at 21 K in CsCoCl3, at 17.2 K in CoCl22H2O, at 4.1 K in CoTAC, at 5.4 K in BaCo2V2O8, and at 14 K in -CoV2O6. To the best of our knowledge, the lowest TN among these materials is 2.9 K for CoNb2O6 [17]. Moreover, most of them also exhibits nonparallel easy-axis directions. This canting is often significant, reaching for instance a value of ± 31° around the chain direction in CoNb2O6 [21]. Let us note that even FeTAC, which was often regarded as the best "1D Ising S = ½" compound (in the sense that it has the smallest ratio J'/J  10 -3 ), exhibits the same type of non-collinearity between the local anisotropy axis (± 30°) [32,33]. It was also emphasized that the Ising description is less suitable for Fe 2+ than for Co 2+ [32].

This context led us to consider the family of 2H-perovskite related oxides, which offers another area of investigation for 1D systems, yet little investigated [34,35]. Like in CsCoCl3, their spin chains are distributed onto a triangular lattice, which results in a combination of features (1D and geometrical frustration) favoring the emergence of exotic magnetism. Some compounds of this family have already attracted a lot of attention, in particular Ca3Co2O6 [36] and Ca3CoMnO6 [37]. The former is known for its peculiar magnetization process, exhibiting a succession of steps at low temperatures [38][39][40], while the latter is a prototypical example of collinear multiferroic compounds [37,41,42]. Both of these compounds belong to the « O6 » subclass of the 2H-perovskite related materials, where the chains are made up of alternating one trigonal prism (TP) and one octahedron (Oh). Another series showing an alternation 1TP for 2 Oh along the chains (the « O9 » subclass) has gained a renewed interest in the recent years [43][44][45].

The present work deals with Ba4CoPt2O9+Δ which belongs to the « O9 » subclass, while being also related to the «O6» compounds Ca3CoPtO6 and Sr3CoPtO6 [46,47], since they all contain Co 2+ in TP and Pt 4+ in Oh. In the octahedral CEF, Pt 4+ (5d 6 ) is expected to be in a lowspin (LS) state and thus nonmagnetic (S = 0). It acts as a separator between the Co 2+ , weakening the magnetic coupling along the chains. In these compounds, the fact that the Co 2+ occupy TP sites plays a crucial role. In oxides, Co 2+ is usually found in octahedra, an environment in which the anisotropy originates from distortions of the cubic CEF. This most often leads to easy-plane behaviors, while, for distortions leading to an easy-axis response, the anisotropy remains moderate. For instance, the Landé factors parallel and perpendicular to the easy-axis were found to lie within the ranges ∥ ≈ 6.2 -7.3 and ≈ 2.4 -3.9 , in all the above mentioned compounds with Co 2+ in distorted octahedra [12,13,15,16]. In contrast, Co 2+ in TP always yields a pronounced easy-axis behavior oriented along the trigonal axis [48][49][50]. This combination of cation and environment is actually recognized as one of the most favorable to get a very pronounced Ising character among the transition metals [51]. Another point of importance in the « O9 » compounds is that TP and Oh are stacked by sharing a face perpendicular to the trigonal axis. Accordingly, the easy-axis of all the Co 2+ are strictly parallel to each other and to the chain direction.

In Sr3CoPtO6 (i.e., when the Co 2+ are separated by only one nonmagnetic Pt 4+ ), some clues indicating the onset of a long-range ordering (LRO) just below 2 K were reported [46].

In Ba4CoPt2O9+Δ, one can expect a weakened intrachain coupling since the Co 2+ are separated by a pair of Pt 4+ . Moreover, the interchain coupling should also be reduced owing to the bigger size of Ba 2+ compared to Sr 2+ . Both above features are expected to impede the onset of LRO.

Therefore, it is conceivable that Ba4CoPt2O9+Δ might obey the predictions of the 1D S = 1/2 Ising model. It is the purpose of the present paper to address this issue on the basis of a series of susceptibility, magnetization and specific heat measurements.

Experimental details

Polycrystalline samples of Ba4CoPt2O9+Δ and Ba4ZnPt2O9 were prepared, the latter being aimed at playing the role of a nonmagnetic isostructural reference to estimate the lattice contribution in the heat capacity of the former compound. Since none of these compounds was previously reported in the literature, let us describe their synthesis in some details. They were synthesized by standard solid state reaction from stoichiometric mixtures of BaCO3 (99.8 %), PtO2 (99.95 %) and Co3O4/ZnO (99.7 % / 99.99 %), being all from Alfa Aesar. The intimate mixtures were first heated overnight in air at 900°C for 6 h. The samples were then reground and pressed in the form of parallepipedic bars under a uniaxial pressure of ~ 3 tons before being heated in air at 1000°C for 12 h and then at 1080°C for 24 h (Ba4CoPt2O9+Δ) or at 1050°C for 20 h (Ba4ZnPt2O9).

The crystal structure was characterized by Powder X-ray Diffraction (PXRD) using a Panalytical X'Pert Pro diffractometer in a continuous scanning mode in the 2range 10°-120° and with step size (2)=0.0131° and Cu K  radiation. The Rietveld refinements of the PXRD patterns were performed with the software Jana2006 [52].

Isofield magnetization curves were collected using a superconducting quantum interference device (SQUID) magnetometer (MPMS, Quantum Design), while an isothermal magnetization curve up to 14 T was recorded in a multi-purposes instrument (PPMS, Quantum Design). The heat capacity measurements were carried out in this latter apparatus, by using a semi-adiabatic relaxation technique coupled with a two- fitting analysis. Note that the background signal was systematically recorded at all investigated fields between 0 and 9 T.

Results

Structural features

A schematic picture of the chain structure of the « O9 » compounds is shown in Fig. 1. It must be noted that the 2H-perovskite related oxides are prone to exhibit a phenomenon of incommensurability, related to a misfit of periodicity between the chains of transition metals (average unit-cell c1) and the columns of alkaline-earths separating them (average unit-cell c2).

It was shown that it is convenient to describe these compounds as modulated composite structures containing two crystallographically independent subsystems [53,54]. Considering the with γ = 0.6598 [START_REF] Abragam | Electron Paramagnetic Resonance of Transition Ions[END_REF].

modulation vector  = c1/c2, the global structure is commensurate if  is rational, whereas it is incommensurate if it is not. In case of an « ideal » commensurate A4(A'B2)O9 compound, one expects  = 2/3.
Differently from the Co-based oxide, Ba4ZnPt2O9 is commensurate with γ = 2/3, showing that it exhibits the ideal structure for the "O9" oxides built up of trimeric units (1TP-2Oh) exclusively (Fig. 1). This is in agreement with the fact that Zn 2+ and Pt 4+ cannot be oxidized further in this oxide, in such a way that no extra oxygen can be incorporated.

As a manifestation of the aperiodicity of Ba4CoPt2O9+Δ, the stacking sequence of polyhedra along the spin chains includes some ordered « faults » regularly spaced along the chain axis [53]. For  < 2/3, these faults take the form of tetrameric units (1TP-3Oh) replacing A tetrameric unit (1TP-3Oh) intercalated between these (1TP-2Oh) segments requires local atomic reorganization to keep the global cationic stoechiometry unchanged. This issue is still under debate and several schemes have be suggested [54,56,57]. In the present paper, we follow a recent suggestion discussed in the case of Sr3CaCoMn2O9+ Δ [57]. One can consider the oxidation of some Co 2+ cobalt ions into Co 3+ which move to the extra Oh site of the tetrameric unit, while the TP site remains vacant. Such a tetrameric unit is expected to constitute an efficient magnetic switch, breaking the coupling of adjacent spin segments along the c axis.

It must also be taken into account that the conversion of some Co 2+ into nonmagnetic Co 3+ (LS state for 3d 6 in Oh) yields an effective fraction of magnetic cobalt ion given by p = n/(1+n) = 7/8.

Overview of the magnetic features

The magnetism of Co 2+ is known to be particularly tricky [START_REF] Abragam | Electron Paramagnetic Resonance of Transition Ions[END_REF]. This issue has been addressed by various authors since the 50's, in the case of a distorted octahedral environment which is the most common for Co 2+ in oxides [58]. The situation can be summarized as follows :

The lowest electronic state of the free ion (3d 7 ) is 4 F ; a cubic CEF splits this state with an orbital triplet 4 T1g being lowest in energy; then, the combined action of SOC and CEF distortions induces a further splitting into six Kramers doublets. The energy gap between the lowest doublet and the first excited one is typically 100 cm -1 . The GS can thus be described as a fictitious S = 1/2, and this doublet can exhibit easy-axis anisotropy yielding an Ising-like character. It is generally admitted that such a description limited to the GS is only relevant to a low-temperature range, with an upper boundary around 20 K.

The case of TP has been addressed much more recently, and it is qualitatively different.

In terms of monoelectronic orbitals, it corresponds to the occupancy (dz2) 2 (dxy,dx2-y2) 3 (dxz,dyz) 2 [48]. The unevenly filled degenerate level (dxy,dx2-y2) is at the origin of the strong easy-axis character shown in TP environment [59], whereas it is the couple (dxz,dyz) that is involved in the case of distorted octahedra. Several investigations of complexes based on Co 2+ in TP were recently reported in the context of studies on single-ion magnets [49,50,60]. The GS doublet was found to be separated from the first excited one by 100-200 cm -1 . Ab initio calculations showed that the anisotropy of g factors in the GS can be very large, typically ∥ > 8 with < 0.1 [50]. The (T) curve of Ba4CoPt2O9+Δ is displayed in Fig. 2. As the temperature is decreased, it shows a progressive divergence without any anomaly. Down to the lowest temperature, the zero-field cooled and field-cooled-cooling curves are perfectly superimposed on each other.

The prerequisite of an absence of LRO is thus obeyed at least down to 2 K. The inset shows 1/ vs T after correction of diamagnetism (dia = -2.82 10 -4 emu/mol Oe). Even though the behavior deviates from a pure linear one, a Curie-Weiss (CW) fitting was performed to compare to the 

T(K) Ba 4 CoPt 2 O 9+
literature on related compounds. This fitting over the range 2-400 K yields a Curie constant C = 2.646 emu K mol -1 Oe -1 and a Curie-Weiss temperature CW = -3.8 K, which points to predominant antiferromagnetic interactions. It would not be reliable, however, to go further in the analysis, since the local slope of 1/(T) is shown to depend a lot on the temperature range, which can be (at least partly) ascribed to the progressive population of the second Kramers doublet.

Thereafter, let us limit ourselves to a low-T range (2 -15 K), for which one can expect that only the GS doublet is in play. The CW plot is found to be well linear in this range (see Appendix A), leading to C = 2.1566 emu K mol -1 Oe -1 and CW = -0.7 K. This corresponds to an average (polycrystalline) Landé factor 〈 〉 ≈ 4.8 , which transforms to 〈 〉 ≈ 5.12 when accounting for the dilution factor (p ~ 7/8). Considering an exchange term of the form -2 , the intrachain coupling for 1D S = 1/2 is directly given by CW, leading to ≈ -0.7 K. We emphasize that the above results correspond to a Mean-Field (MF) approach, which is known to be poorly relevant to 1D systems, even more for low S values. We thus turn now to a more specific analysis based on the theoretical predictions for « 1D Ising S = 1/2 » systems.

Theoretical predictions for 1D Ising S=1/2 systems

One considers a 1D Ising system of N spins S = 1/2 having their easy-axis directed along z. These spins are subjected to an exchange coupling J (involving the two first-neighbors along the chain) and to a magnetic H applied either along the easy-axis or perpendicular to it, with associated Landé factors equal to g// and g  , respectively. The associated Hamiltonian can be written as

ℋ = -2 ∑ - ∑ , with = (∥) or (⊥) (1) 
Following a standard thermodynamical approach, the magnetization (M), magnetic susceptibility () and magnetic heat capacity (Cmag) are derived from the free energy = via the relationships:

= - (2a), = - → (2b), and = - (2c).
We utilize the expressions of F derived by Katsura [2], in a form adapted to our conventions and using two dimensionless parameters: = /(2 ) and = ( ⁄ ) (2 ) ⁄ .

■ H parallel to the easy-axis

One considers here = ∥ ( ⁄ ) (2 ) ⁄ . The free energy [2] is:

∥ = - ℎ( ) + ℎ ( ) -2 ℎ(2 )
Application of Eqs (2a-b) leads to the well-known expressions of the Ising model [2]:

∥ = ∥ (1 2 ⁄ ) ( ) ( ) ( ) and ∥ = ( µ ) ∥ exp(2 ).
To the best of our knowledge Cmag // (hereafter just denoted as C//) was always numerically derived from Eq. (2c) in the literature. We suggest below an expression of C// which may be more convenient [the terms A to E are functions of (X,Y) given in Appendix C] :

∥ = - (3) 

■ H perpendicular to the easy-axis

One considers here = ( ⁄ ) (2 ) ⁄ . Following Katsura [2]:

= - (1 ⁄ ) ∫ 2 ℎ √ + -2 cos = (1 2 ⁄ ) (1 ⁄ ) ( -cos ) tanh √ + -2 cos √ + -2 cos = ( µ 8 ) tanh ( ) + 1 ℎ ( )
From Eq. (2c), we derived that the magnetic heat capacity is given by

= ∫ [ √ √ ] (4) 

■ Angular average

In a polycrystalline sample, the contribution of each grain depends on the relative orientation between its easy-axis and the magnetic field. To compare theoretical results to data measured on ceramic samples, an angular average over the angle  between the easy axis (z axis) and the applied field has to be performed (leading to physical quantities hereafter denoted with a m subscript). On the basis of the previous estimates of the Landé factors for Co 2+ in TP, we will consider that is small enough to be neglected in first approximation [49,50].

For the magnetization, the contribution of each grain is obtained by a two steps projection: first, a vector projection of the applied field onto the directions parallel and perpendicular to the local z axis; second, a projection of the resulting magnetizations onto the detection axis of the magnetometer, which is along the applied field direction in our case. Accordingly, the average response coming from a collection of randomly oriented grains is given by:

( ) = ∫ [cosθ ∥ ( ∥ , cosθ) + sinθ ( , sinθ)] sinθ dθ / (5) 
For small H values, one can derive the customary expression of the polycrystalline susceptibility (for uniaxial anisotropy) For heat capacity, the situation differs from that of magnetization for two main reasons :

χ = ∫ [χ ∥ cos θ + χ sin θ] sinθ dθ / = (1 3 ⁄ )χ ∥ + (2 3 ⁄ )χ (6) 
First, this is not a vector but a scalar quantity ; Second, while there is no contribution to the magnetization from the grains oriented at ≈ /2 when assuming = 0, a term associated to spin exchange is still present for the heat capacity: / / , , = (0, , ) = / ℎ . In principle, the angular average for heat capacity should proceed by writing ( , ) = ∫ ( , , )

, with an angle-dependent expression of involving = ( ∥ ) + ( ) . In the absence of a such an expression, we approximate it by a weighted average of the responses parallel and perpendicular, i.e., ( , , ) ≅ cos θ ∥ ( , , ) + sin θ ( , , ). Since = ∥ cos for = 0, one arrives at the expression :

( , ) = ∫ [cos θ ∥ ( ∥ , , ) + sin θ ( ∥ , , )] sinθ dθ / (7) 
It should be kept in mind that all the above formulas were derived in the assumption of pure S = 1/2 spins. In the present analysis, they will be employed to analyze the properties of a spin system having a GS doublet (associated to a fictitious S = 1/2), but where the first excited doublet is not that much far above in energy. This yields extra terms that must be included in the analysis, namely a temperature-independent van Vleck susceptibility (associated to crossed terms of the Zeeman coupling between the states of the two lowest doublets) and a Schottky-like contribution in heat capacity (related to progressive population of the upper doublet as temperature is increased).

■ Magnetic dilution

In other respects, it must be emphasized that all the above expressions were derived for infinite chains, whereas one is dealing with segments separated by missing spins. The impact of magnetic dilution in the case of 1D Ising S = 1/2 systems has been addressed by Matsubara et al. [61]. In a first approximation, it was shown that it leads to modify the above formula by introducing a correction factor related to the dilution parameter p. For the magnetic properties, this prefactor is p, while it is p 2 for the specific heat.

Analysis of the magnetization data

Let us start with the analysis of the isothermal magnetization since it allows a reliable estimate of . Figure 3 shows the M(H) curve at our lowest temp T = 2 K. The expression used to fit to the data includes , , and p :

( ) = ( + ) + ∫ cosθ ∥ ( ∥ cosθ, ) sinθ dθ / (8) 
Fig. 3 : Magnetization curve recorded at 2 K for increasing and decreasing magnetic fields. The full line is a fitting by Eq. ( 8) leading to the displayed (J, g // ) parameters ; the dotted line is the Brillouin curve calculated for the same Landé factor. 

T = 2 K
The height of the saturation-like value that is reached in high fields depends on both ∥ and p . In what follows, we decided to fix p to its calculated value derived from the  value, i.e. p = 7/8. The Temperature-Independent Paramagnetism (TIP), combining and , can be deduced from the residual slope perceptible at high field, allowing to derive . As for J, it is directly reflected in the initial slope of the curve and the rounding towards the saturation regime.

The value of parameters obtained from the fitting of the data leads to ∥ = 7.55, J = -0.8 K and = 9.9 10 emu mol Oe . The latter value corresponds to 0.018 µB/T per Co 2+ which lies within the range 0.016-0.023 µB/T previously reported in various oxides [23,62,63]. We also note in Fig. 3 that the J value, albeit small, yields a magnetic response significantly different from a simple Brillouin function (J = 0).

Fig. 4 : Enlargement of the reciprocal susceptibility at low temperature. The full symbols correspond to the T range fitted by Eq. ( 9). The line shows the fitted curve leading to the displayed (J, g // ) parameters (note that this fitting match on the data up to 20 K).

The low-T part (2 -15 K) of the 1/(T) curve shown in Fig. 4. was fitted to the expression

χ (T) = χ + χ + ∥ ( ) (9) 
Using the same set of parameters ( , , p ) as above, the fitting leads to ∥ = 8.55, and J = -0.4 K. 

Analysis of the heat capacity data

Let us start with the isostructural nonmagnetic reference Ba4ZnPt2O9. Actually, this compound was found to exhibit a small but non-zero magnetic susceptibility; After subtraction of the background and diamagnetic contributions, it remains a paramagnetic signal characterized by a Curie constant 1.47 10 -2 emu K mol -1 Oe -1 . The most likely source of parasitic magnetic entities in this compound are either a fraction of Pt 4+ (5d 6 ) being in a HS state (S = 2)

or a fraction of Pt 2+ (5d 8 ) (S = 1). The measured Curie constant thus corresponds to a fraction of magnetic Pt equal to 0.5 % (for Pt 4+ HS) or 0.7% (for Pt 2+ ), i.e., values small enough in both cases to consider that the raw data of Ba4ZnPt2O9 is essentially a lattice term. The C(T) was measured in the range 2-300 K and was converted into temperature-dependent Debye temperatures D(T) via the relationship (see Appendix A):

( ) = ( ⁄ ) ∫ ( ) ( ⁄ ) (10) 
, where R is the gas constant and r is the number of atoms per formula unit (r = 16). )

T (K)
Fig. 5 shows the C(T) curve of Ba4CoPt2O9+  compared to that of Ba4ZnPt2O9, plotted in a double-log scale to focus on the low temperature range. One observes that the former lies above the latter at very low T, which is ascribable to the presence of a magnetic contribution in Ba4CoPt2O9. Upon warming, the Ba4ZnPt2O9 curve crosses that of Ba4CoPt2O9+  and stands slightly above it at intermediate temperature; then, both curves tend to merge on each other when approaching room temperature. This relative positioning is qualitatively consistent with a mass effect (Zn is heavier than Co) which progressively vanishes when approaching the Dulong-Petit limit (3rR = 399 J K -1 mol -1 ) at highest temperatures.

The lattice (or phonon) contribution Cph(T) of Ba4CoPt2O9+Δ was derived from the total Ctot(T) of Ba4ZnPt2O9 using a previously described method [64]. Basically, D(T) of Ba4CoPt2O9+Δ is first deduced from that of Ba4ZnPt2O9, then Cph(T) is calculated from Eq. ( 10).

The two compounds being isostructural, our assumption is to consider that their D(T) curves should exhibit the same type of temperature dependence (i.e., the same shape), while the impact of the difference in masses can be temperature dependent. Estimate of this mass correction in terms of a multiplicative factor [D(Ba4CoPt2O9+Δ) = b D(Ba4ZnPt2O9)] is expected to be small (b  1.002), when considering either the molar masses or the more sophisticated calculation suggested by Bouvier et al. [65]. Probably because of experimental uncertainties, however, we found that a larger correction is needed to get a Cph(T) curve lying below the raw data of Ba4CoPt2O9+Δ. We thus used the lowest values of b obeying this requirement, which led to b(2 K) =1.11 and b(300 K) =1.01.

The resulting Cph(T) of Ba4CoPt2O9+Δ is shown in Fig. 5, while the inset exhibits the residual component obtained by subtracting this lattice contribution : Cres = Ctot -Cph. This

Cres term is expected to contain both the magnetic and CEF contributions to the heat capacity.

Experimentally, one observes that Cres(T) exhibits not only a rise at low-T (attributable to Cmag) but also a large bump up to at least 100 K (see inset of Fig. 5). We suggest that the latter feature might be associated with the population of the first excited doublet. Keeping in mind that the scattering observed at high-T amounts to only 1% of the raw data, the Cres (T > 10 K) part of the curve can be reasonably fitted to a Schottky term between two doublets separated by an Let us now focus on the results below 10 K which reflect the magnetic component. To better address this issue, a new series of data was recorded to include the effect of magnetic field (see Fig. 6). As H is increased, one observes that the signal ascribed to Cmag shifts to higher temperatures and flattens. To derive Cmag (H,T) with minimization of the experimental uncertainties, we employed the following reasoning: Since Ctot (T) in 0 and 1 T merge on each other above 12 K, one can reliably consider that Cmag (0, T >12 K) = 0, and thus that Ctot (0, T 11) for the displayed (J, g // ) parameters.

> 12 K) reflects Cback (0, T > 12 K) = [Cph +CCEF] (0, T > 12 K).
Fig. 7 shows the results of this analysis, and it deserves to be noted that the two methods match very well to each other at 12 K. To compare with the theoretical prediction, we used Eq.( 7) combined with a prefactor accounting for the missing Co 2+ spins [61]:

( , ) = ∫ [cos θ ∥ ( ∥ , , ) + sin θ ( ∥ , , )] sinθ dθ / (11) 
For heat capacity, we did not perform fitting, but instead systematic comparisons of the data to calculations made for different sets of parameters, where J was varied by steps of 0.5 K and ∥ by steps of 0.5. The best overall consistency with the data is obtained with ∥ = 9.5 and J = -1 K. Note that this agreement involves both the height and shape of the Cmag(H,T) curves, as well as their field dependence. When approaching 30 K, one starts departing significantly from the assumption of pure GS occupancy and the data becomes noisy (the magnetic component being a tiny part of the global response, Cmag / Ctot  3%).

Discussion

On the one hand, Ba4CoPt2O9+Δ obeys the main requirements to be regarded as a quasi-1D Ising S = 1/2 system : (i) It consists of spin chains containing only Co 2+ spins ; (ii) Being )

T (K) J = -1 K g // = 9.5
1D Ising S = 1/2 located at trigonal prismatic sites, these Co 2+ possess a strong Ising character ; (iii) The easyaxis of all these spins are rigorously parallel to the chain axis ; (iv) There is a large energy gap between the GS Kramers doublet and the first excited one. On the other hand, this compound also suffers from a number of flaws, leading it to deviate from the ideal vision: (i) the degree of one-dimensionality is not known for the present compound, but the fact is that the ratio J'/J is not so small within the 2H-perovskite related oxides, i.e. typically in the range 10 -2 -10 -1 [66][67][68]; (ii) the intrachain coupling is quite small (J  1 K); (iii) the degree of magnetic dilution is substantial (p  0.875).

The effective magnetic moment derived from a CW fitting in the range 2 -400 K leads to µeff = 4.9, which well compares with the values derived from similar analysis in Sr3CoPtO6

and Ca3CoPtO6 (4.7 ≤ µeff ≤ 4.9) [47]. Note that these values are just phenomenological, since the energy level occupancy varies along the experimental temperature range. In Ba4CoPt2O9+Δ, the Schottky term in heat capacity indicates that the energy gap between the two first Kramers doublets is of the order of 120 K, which is consistent with the range of values calculated in Co 2+ -based complexes. The absence of LRO above 2 K in Ba4CoPt2O9+  is primarily attributable to the combination of weak intra-and interchain couplings, as well as to the effect of dilution. Moreover, the geometrical frustration associated to the triangular topology of the chains should also contribute to hinder the onset of LRO. Below 20 K, we found that it is reasonable to consider that only the GS doublet is populated .

A first MF approach (including p correction) of the (T) curve yields <g> = 5.12 and J = -0.7 K, the former value corresponding to ∥ = 8.88 when assuming = 0. Within the framework of a diluted 1D Ising S=1/2 model ( = 0), we deduced ∥ = 8.55 and J = -0.4 K, i.e. values somewhat lower than their MF counterparts. Beside the dilution effect, it can be noticed that the finite size itself (associated to the length of the spin segments) has virtually no impact within the investigated T range (see Appendix A).

When considering the magnetization curve up to high fields (14 T), at our lowest temperature (2 K), one obtains ∥ = 7.55 and J = -0.8 K. The ∥ value is directly connected to Msat value in this case. Comparing to previous studies, we note that our magnetization values at 2 K (1.7 µB at 5 T) are close to those observed in Ca3CoPtO6 (1.6 µB at 5 T) but lower than those of Sr3CoPtO6 (2.1 µB at 5 T) [47]. Such a scattering among very similar compounds (all with Co 2+ in TP) is surprising and it would deserve further attention.

Very little information is available in the literature about the specific heat of 1D S = 1/2

Ising systems in applied magnetic fields [15]. Yet, such data is well suited to evaluate the Landé factor since this parameter directly drives the field-dependent shift of the Cmag(T) peak. The best overall consistency with the set of Cmag(T,H) curves is found for ∥ = 9.5 and J = -1 K. It can be noted that such a very large value of ∥ lends support to the assumption that should be very small [START_REF] Abragam | Electron Paramagnetic Resonance of Transition Ions[END_REF]50]. In other respects, we acknowledge that investigation down to temperature below 2 K would be necessary to derive J with better accuracy.

Conclusion

Ba4CoPt2O9+Δ consists of spin chains made of Co 2+ sitting at TP. These spins exhibit a very pronounced Ising character with their easy-axis all parallel to the chain direction. There is no LRO down to (at least) 2 K, and one can consider that only the GS doublet is populated below 20 K. In other respects, the oxygen overstoichiometry leads to a fragmentation of the chains into segments of  7 spins in average. This is accompanied by a decreased density of Co 2+ spins, corresponding to a dilution factor p  7/8.

In the range 2-20 K, we observed that the magnetic susceptibility, magnetization and heat capacity data recorded in Ba4CoPt2O9+Δ can be well accounted for within the frame of the 1D

Ising S = 1/2 model in its ideal limit (i.e., = 0), when taking into account the dilution.

Gathering the three types of data, the intrachain coupling was found to be J = -0.7 ± 0.3 K and the parallel Landé factor ∥ = 8.5 ± 1. The scattering on each parameter is reasonable when considering the variety of properties involved and the experimental uncertainty associated to each of them.

Ba4CoPt2O9+Δ brings with it an original set of features within the family of quasi-1D Ising S = 1/2 systems. Indeed, while Ba4CoPt2O9+Δ is far from showing a perfect "1D" character (owing to short spin segments and small intrachain coupling), it is probably much more "Ising" than the previously available compounds, listed in the Introduction. This latter feature results from both (i) the very specific case of Co 2+ in a trigonal prismatic environment (yielding g// >> g  ) and ( 2) the type of polyhedral stacking in these "O9" compounds, which ensures a perfect alignment between all the local easy-axis directions (i.e., no canting phenomenon).

Lastly, let us note a series of issues that should be addressed to go further in the analysis.

First, one must keep in mind that all the above results were obtained under the assumption of a pure Ising system, whereas a perpendicular contribution (albeit small) is probably present.

Obviously, the availability of single-crystals would be highly beneficial to directly address the perpendicular geometry [START_REF]The crystal growth of 2H-perovskite related oxides containing both Co and Pt seems to be particularly tricky. So far, all our attempts to do so (by flux methods) have failed[END_REF]. Second, it would be favorable to investigate a compound having The full line is a fitting by Eq. ( 8) leading to the displayed (J, g//) parameters ; the dotted line is the Brillouin curve calculated for the same Landé factor. 

Fig. 1 :

 1 Fig. 1: Panel (a) is a side view of the chains of transition metals in the ideal Ba 4 CoPt 2 O 9 structure, with Co 2+ in trigonal prisms (pink) and Pt 4+ in octahedra (cyan). Panel (b) is a perpendicular view showing the triangular arrangement of these chains, separated by columns of Ba 2+ (grey circles). Panel(c) is an enlargement of the prismatic environment of the Co 2+ (red circle) surrounded by six O 2-(small blue circles).

  the « regular » trimeric ones (1TP-2Oh) every few periods. This means a fragmentation of the spin chain into segments made of n adjacent (1TP-2Oh) units. The link between  and n is derived in Appendix B. With the measured  value in Ba4CoPt2O9+Δ, one obtains the average value n  7 [55].

Fig. 2 :

 2 Fig. 2 : Susceptibility curve recorded in Zero-Field Cooled (empty circles) and Field-Cooled-Cooling (full diamonds) modes. The inset displays a Curie-Weiss fitting to the reciprocal susceptibility over the whole temperature range.

  (emu/mol Oe)

  ∥ ( ∥ , cosθ) sinθ dθ / . In field large enough to approach saturation ( ) at low temperature, one can estimate ≃ ∥ ∫ cos θ sinθ dθ / ≃ ∥ . As for the susceptibility, the assumption = 0 leads to χ ( ) = χ ∥ ( ) /3.

Fig. 5 :

 5 Fig. 5 : Zero-field heat capacity curves [C tot (T)] of Ba 4 CoPt 2 O 9+ (circles) and Ba 4 ZnPt 2 O 9 (dotted line) plotted in a double-log scale to highlight the low temperature range. The full line is the estimated lattice contribution [C ph (T)] in Ba 4 CoPt 2 O 9+ (see text). The inset shows the residual signal [C res (T)= C tot (T)-C ph (T)] and a Schottky term calculated for a gap of 120 K (full line).

.

  Doing so, we estimate   120 K, a value consistent with the view that only the GS doublet has to be taken into account up to 20 K [exp(-120/20) = 2.5 10 -3 ].

Fig. 6 :

 6 Fig. 6 : Heat capacity curves of Ba 4 CoPt 2 O 9+ in selected values of magnetic field.

Fig. 7 :

 7 Fig. 7 : Magnetic heat capacity of Ba 4 CoPt 2 O 9+ in selected values of magnetic field. The lines are curves calculated with Eq. (11) for the displayed (J, g // ) parameters.
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 1 Fig. 1: Panel (a) is a side view of the chains of transition metals in the ideal Ba4CoPt2O9 structure, with Co 2+ in trigonal prisms (pink) and Pt 4+ in octahedra (cyan). Panel (b) is a perpendicular view showing the triangular arrangement of these chains, separated by columns of Ba 2+ (grey circles). Panel (c) is an enlargement of the prismatic environment of the Co 2+ (red circle) surrounded by six O 2-(small blue circles).

Fig. 2 :

 2 Fig. 2 : Susceptibility curve recorded in Zero-Field Cooled (empty circles) and Field-Cooled-Cooling (full diamonds) modes. The inset displays a Curie-Weiss fitting to the reciprocal susceptibility over the whole temperature range.

Fig. 3 :

 3 Fig.3: Magnetization curve recorded at 2 K for increasing and decreasing magnetic fields.

Fig. 4 :

 4 Fig. 4 : Enlargement of the reciprocal susceptibility at low temperature. The full symbols correspond to the T range fitted by Eq. (9). The line shows the fitted curve leading to the displayed (J, g//) parameters (note that this fitting match on the data up to 20 K).

Fig. 5 :

 5 Fig. 5 : Zero-field heat capacity curves [Ctot(T)] of Ba4CoPt2O9+  (circles) and Ba4ZnPt2O9 (dotted line) plotted in a double-log scale to highlight the low temperature range. The full line is the estimated lattice contribution [Cph (T)] in Ba4CoPt2O9+  (see text). The inset shows the residual signal [Cres (T)= Ctot (T)-Cph (T)] and a Schottky term calculated for a gap of 120 K (full line).
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 6 Fig.6: Heat capacity curves of Ba4CoPt2O9+  in selected values of magnetic field.
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 7 Fig.7: Magnetic heat capacity of Ba4CoPt2O9+  in selected values of magnetic field. The lines are curves calculated with Eq. (11) for the displayed (J, g//) parameters.

Fig. B. 1 .

 1 Fig. B.1. : Number of adjacent (1TP-Oh-Oh) units along the chains of transition metals in « O9 » compounds as a function of the incommensurability parameter (see Appendix B). The inset displays the suggested repeating sequence for the experimental  value of Ba4CoPt2O9+  (see text).

  

  This approach based on direct subtraction of raw data avoids uncertainties related to intermediate steps in the analysis, even though it remains of course exposed to the experimental uncertainty of the measurements themselves. Below 12 K, one has to turn back to the usual method where Cmag (H,T) is obtained by subtracting Cback from Ctot. In this T range, we assumed that Cback can be well approximated by Cph (previously derived) since CCEF was observed to vanish for T < 12 K.

	Since such a Cback is expected
	to be field-independent, one can infer that Cmag (H, T > 12 K) = Ctot (H, T > 12 K) -Ctot (0, T >
	12 K).
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a larger J value, to facilitate experimental access to the 1D signatures. It turns out that this might be achieved by partial substitution of Sr for Ba, which is expected to reduce all the intercationic distances. Such an effect of chemical pressure has been previously observed within the system (Sr,Ca)4CoMn2O9 [START_REF] Md | [END_REF]. Third, it is also obvious that it would be profitable to eliminate (or at least reduce) the incommensurability, in order to avoid (or limit) the p correction associated to the chain segmentation. In the 2H-perovskite related oxides, it is known that incommensurability can be modified by thermal treatments via control of the oxygen stoichiometry [54,56,57,71]. By following these different avenues of improvement, one can thus reasonably hope to get compounds related to Ba4CoPt2O9+Δ that will be closer to the ideal case of "1D Ising S=1/2" systems.
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Appendix A . Supplementary data

Supplementary data to this article can be found online at https://xxx

Appendix B : Spin chain segmentation related to incommensurability

A general formula of 2H-perovskite related oxides allowing to account for incommensurability is A1+x(A'xB1-x)O3, where A corresponds to the columns of alkaline-earth cations and (A',B) to the chains of transition metals, with A' in trigonal prisms (TP) and B in octahedra (Oh) [53,54]. Accordingly, the ratio between these two latter types of sites is =

. In other respects, the modulation vector is linked to the cationic stoichiometry via the relationship  = (1+x)/2 [72]. Incommensurability takes place when  deviates from its ideal value, that is  = 2 /3 (i.e., x = 1/3) for the « O9 » subclass A4(A'B2)O9. When  < 2/3, the incommensurability is associated to regularly spaced « faults » taking the form of one additional octahedron per prism (i.e., locally 3 adjacent Oh for 1 TP instead of 2 Oh for 1 TP). Along the chains, the repeat motif thus corresponds to a sequence of n « regular » units (1TP-2Oh) followed by one « faulted » unit (1TP-3Oh). Accordingly, the average ratio between the number of TP and Oh can be written as = .

Equating the two above expressions of TP/Oh leads to = . The variation with  of n (which can be regarded as the characteristic length of regular segments) is plotted in 

Appendix C : Magnetic heat capacity of 1D Ising S=1/2 systems in fields applied along the easy-axis

One considers the case of a 1D Ising system of N spins S = 1/2 with the magnetic field H applied along their easy-axis. Adopting the conventions used in our writing of the Hamiltonian (see text), the individual partition function can be expressed as :

with = /(2 ) and = ∥ ( ⁄ ) (2 ) ⁄ .

For calculation of the magnetic heat capacity, it is convenient to use the relationship ∥ = ∥ (where = ) and to write ∥ = + , with = ℎ( ) and = [ ℎ ( ) -2 ℎ(2 )] / . The resulting magnetic heat capacity can be expressed as:

When fixing (H = 0 , J ≠ 0) in the above expression, one recovers the usual « 1D Ising S = 1/2 » formula : ∥ = , while considering (J = 0, H ≠ 0) yields the usual Schottky term for a doublet : ∥ = , where EH is the field-induced splitting between the two levels of the doublet, i.e., = ∥ ( ⁄ ) . Illustrations of the results of ∥ ( , ) in the general case (J ≠ 0, H ≠ 0) are given in Appendix A.