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From (S = 1) spin-hexamer to spin-tetradecamer by CuO interstitials in A2Cu3O(CuO)x(SO4)3, A = alkali

Na, K)2Cu3O(SO4)3 compounds form structural chains of Cu6 hexameric units with nominal S=1 spins due to the interplay between inner strong antiferromagnetic and ferromagnetic exchanges. We show here that the lattice relaxation after the replacement of alkali by bigger Rb and Cs ones is accompanied by the insertion of neutral CuO species into (Rb,Cs)2Cu3O(CuO)x(SO4)3 phases. Structurally, interstitial CuO link two next Cu6 units in longer Cu14 tetradecameric ones. For A=Cs (x=0.5), the cationic ordering is perfect inside a doubled-cell superstructure. Magnetically, the original Cu14 units consist of frustrated fragments of S=1/2 spin-ladder, with ferromagnetic rung-like but antiferromagnetic leg-like and next-nearest neighbors (NNN) couplings. It returns S=1 Cu14 spin-clusters, effective around 100K. Our DFT calculations and susceptibility fits also show at low temperature, that they interact in 2D-lattices, despite the existence of short inter Cu-Cu distances between two next clusters along pseudo 1D-chains.

Introduction

Generally speaking, 'intercalation' in inorganic chemistry refers to a reversible ion insertion in host materials, the typical working principle of rechargeable batteries at both the positive and negative electrodes. However, a plethora of synthetic routes have been developed for tailoring, for instance, mixed anion compounds keeping a common structural framework, at low temperature by rational anionic exchange. [START_REF] Kageyama | Expanding Frontiers in Materials Chemistry and Physics with Multiple Anions[END_REF] The cationic part of the crystalline network itself can be modified by a exsolution that enables the creation of cation-depleted lattices and their reversible refilling upon oxidation, for instance after the exsolution of nanometric nickel clusters from perovskites phases 2 with enhanced catalytic performances, but also more rarely in oxidizing media as observed after exsolution of nano-scaled hematite in LiFe2-x(PO4)2 [START_REF] Hamelet | The Effects of Moderate Thermal Treatments under Air on LiFePO4-Based Nano Powders[END_REF] or BaFe2-x(PO4)2. [START_REF] David | Reversible Topochemical Exsolution of Iron in BaFe2 2+ (PO4)2[END_REF] The latter process gives rise to a variety of original ordered Fe-vacancy depleted 2D triangular lattices. [START_REF] Alcover | Reversible Exsolution of Nanometric Fe2O3 Particles in BaFe2-x(PO4)2 (0 ≤ x ≤ 2/3): The Logic of Vacancy Ordering in Novel Metal-Depleted Two-Dimensional Lattices[END_REF] In all of the aforementioned examples the insertion of cations involves a redox-change of the parent or pristine compound.

In this article, we show an original A2Cu3O(CuO)x(SO4)3 series of topologically related crystalstructures obtained by a charge-neutral insertion of sizeable amount of CuO in lacunar Cu 2+ sulfates. The crystallographic principles engaged here imply a steric driving force mediated by the ionic size of the alkali. The resulting compounds feature 0D magnetic clusters acting as single magnetic units with distinct inner and inter energy scales. In such systems, an interesting physics may emerge as, for example, in Cu2OSeO3 where the Cu4 tetrahedra act as building blocks for several skyrmionic phases. [START_REF] Janson | The Quantum Nature of Skyrmions and Half-Skyrmions in Cu2OSeO3[END_REF] Besides large 3D-shaped large molecule-like units such as found in polyoxometalate, for instance giving rise to S = 1/2 effective spin in the V15 compound [START_REF] Chiorescu | Butterfly Hysteresis Loop and Dissipative Spin Reversal in the S = 1/2 , V15 Molecular Complex[END_REF] , most common examples and theoretical efforts [START_REF] Khatua | Effective Theories for Quantum Spin Clusters: Geometric Phases and State Selection by Singularity[END_REF] rely on the trimerization, or tetramerization of local spins, most often within trigonal layered topologies in real compounds, e.g. LiVO2, [START_REF] Pen | Orbital Ordering in a Two-Dimensional Triangular Lattice[END_REF] LiZn2Mo3O8. [START_REF] Sheckelton | Possible Valence-Bond Condensation in the Frustrated Cluster Magnet LiZn2Mo3O8[END_REF] It leads to non-magnetic, spin singlet or low collective pseudospins with exotic behavior, see the so-called hybrid electrons in S = 1/2 in V3 triangles of the recent-GaV4O8 phase. [START_REF] Aguilar-Maldonado | Hybrid Electrons in the Trimerized GaV4O8[END_REF] In oxides, only rare examples show spin condensation into more larger units, as observed in La3Cu 2+ 2V 5+ O9 with 8-spin and 9-spin clusters of S = 1/2, both sub-units of the parent 2D-Kagomé lattice. [START_REF] Robert | Formation of Collective Spins in Frustrated Clusters[END_REF] To the best of our knowledge, only few examples concern the spin condensation in 1D fragments of S = 1/2 spins, as observed in the title A2Cu3O(CuO)x(SO4)3 series. Here, the A = Na, K members (x = 0) consist of condensed individual S = 1/2 Cu 2+ ions into S = 1 Cu6 hexamers. [START_REF] Fujihala | Cluster-Based Haldane State in an Edge-Shared Tetrahedral Spin-Cluster Chain: Fedotovite K2Cu3O(SO4)3[END_REF][START_REF] Nekrasova | Magnetic Hexamers Interacting in Layers in the (Na,K)2Cu3O(SO4)3 Minerals[END_REF][START_REF] Furrer | Spin Triplet Ground-State in the Copper Hexamer Compounds A2Cu3O(SO4)3 (A = Na,K)[END_REF] The structural characterization of puninite (A = Na) [START_REF] Siidra | Copper Oxosulphates from Fumaroles of Tolbachik Volcano: Puninite, Na2Cu3O(SO4)3 a New Mineral Species and Structure Refinements of Kamchatkite and Alumoklyuchevskite[END_REF] euchlorine (mixed A = Na,K) [START_REF] Scordari | The Crystal Structure of Euchlorine, NaKCu3O(SO4)3, Locality: Vesuvius, Italy[END_REF] , and fedotovite (A = K) [START_REF] Starova | The Crystal Structure of Fedotovite, K2Cu3O(SO4)3[END_REF] and their synthesis and crystallization by the solid-state route [START_REF] Nekrasova | Magnetic Hexamers Interacting in Layers in the (Na,K)2Cu3O(SO4)3 Minerals[END_REF] have been followed by an intensive research on their intriguing magnetic properties. [START_REF] Fujihala | Cluster-Based Haldane State in an Edge-Shared Tetrahedral Spin-Cluster Chain: Fedotovite K2Cu3O(SO4)3[END_REF][START_REF] Nekrasova | Magnetic Hexamers Interacting in Layers in the (Na,K)2Cu3O(SO4)3 Minerals[END_REF][START_REF] Furrer | Spin Triplet Ground-State in the Copper Hexamer Compounds A2Cu3O(SO4)3 (A = Na,K)[END_REF][START_REF] Furrer | Spin-Coupling Topology in the Copper Hexamer Compounds A2Cu3O(SO4)3 (A = Na,K)[END_REF][START_REF] Hase | A Possible Magnetic Structure of the Cluster-Based Haldane Compound Fedotovite K2Cu3O(SO4)3[END_REF] In agreement with the crystal structure, there is a consensus on the occurrence of the magnetic Cu6 hexamers with the nominal S = 1 macrospins below 100 K. These hexamers were proposed to form an exotic Haldane state due to the dominant one-dimensional interactions along the depleted chains (b direction). [START_REF] Fujihala | Cluster-Based Haldane State in an Edge-Shared Tetrahedral Spin-Cluster Chain: Fedotovite K2Cu3O(SO4)3[END_REF] However, later studies argued that the true interaction geometry should be 2D involving layers of the Cu6 hexamers (bc plane), and quantum magnetic order sets in at low temperatures despite the vanishingly small interlayer coupling (a direction). [START_REF] Nekrasova | Magnetic Hexamers Interacting in Layers in the (Na,K)2Cu3O(SO4)3 Minerals[END_REF] Figure 1a shows the chains of edgesharing OCu4 anti-tetrahedra as described in ref. [16] holding the Cu6 magnetic hexamers, arranged in 1D-chains along b-and separated by the sulfate groups into 2D-layers in-plane.

The interleaves along the a-axis are occupied by apical sulfate ligands and alkali species, see Fig S1 . In the following, we extend this series to larger A = Rb and Cs for which the lattice expansion allows the incorporation of sizeable stoichiometric-or-not amount of CuO up to the formation of a well-ordered double superstructure. It follows that not only magnetic interactions but also the size of the magnetic cluster can be chemically tuned giving rise to a unique magnetic tetradecamer built by the spin-1/2 Cu 2+ ions associated with a S = 1 collective spin. The magnetic response and the underlying interactions of these exotic tetradecamers are probed by magnetic susceptibility measurements along with the ab-initio (DFT) calculations and exact diagonalization.

Experimental Section

Synthesis. The various materials were prepared by a solid-state reaction from a stoichiometric mixture of anhydrous precursors A2(SO4) (A = Rb, Cs), CuSO4 and CuO in 1:2:1 ratio. The mixtures were ground in an agate mortar and loaded into gold plates and kept at 560 °C for 12 hours in the air followed by a cooling back to room temperature in 10 hours. The resulting solid products consist of single crystals (typical crystal size 0.15×0.15×0.10 mm) and were ground in an agate mortar to prepare the polycrystalline phase.

It was noticed that the synthesis did not give a pure phase. The maximal purity was reached by the preparation of Cs2Cu3+xO1+x(SO4)3 (x = 0, 0.25, 0.5, 0.75, 1, 1.25) samples of syntheses for the cesium phase, increasing the CuO amount, as discussed latter.

One impurity of formula Cs2Cu(SO4)2 was synthesized by a solid-state reaction in vacuum. A mixture of Cs2SO4, CuSO4, and CuO was pelletized (ca. 5 × 3 mm pellet size) and loaded into a quartz ampoule. The ampoule was heated up to 700 °C for 3 hours and kept for 10 h. Then it was cooled to 500 °C for 96 hours and further cooled to room temperature in 12 hours. The products contained dark blue crystals of Cs2Cu(SO4)2, which was not obtained as a single phase material yet.

Single-crystal X-ray diffraction.

Single crystals were visually isolated under microscope and mounted on thin glass fibers for X-ray diffraction analysis using Bruker APEX II DUO X-ray diffractometer with a microfocus X-ray tube operated with MoKα radiation at 50 kV and 0.6 mA. The data were integrated and corrected from absorption using a multiscan type model implemented in the Bruker programs APEX3 21 . More than a hemisphere of X-ray diffraction data was collected for each crystal. Main crystallographic information, atom coordinates, thermal displacement parameters and selected interatomic distances are provided in Supporting Information (Table S1 including crystal and refinement data for the full series, and Tables S2,S3, S4 for A= Rb and Tables S5, S6, S7 for A= Cs. CCDC numbers 2098142 and 2098187 contain the supplementary crystallographic data concerning new structures of this paper. These data can be download free of charge from the Cambridge Crystallographic Data Centre through the link: www.ccdc.cam.ac.uk/structures. Powder X-ray diffraction. Typical powder XRD analyses of the compounds were collected at room temperature in the 2θ range of 10-60 ° with a scan step width of 0.02 ° and a scan rate of 0.5 s/step using a D8 steps of 1.0s/0.02°. The Profile-matching refinements were carried out using JANA2006 [START_REF] Petrícek | Crystallographic Computing System JANA2006: General Features[END_REF] . The background was fitted using Chebyshev polynomial function, and the peak shapes were described by a Pseudo-Voigt function. The firs are shown Fig1.a-c and validate the preparation of single phase materials.

EDS study.

It was performed on a FEI Technai G2-20 twin TEM microscope. The powder was crushed and dropped in the form of alcohol suspension on carbon supported nickel grids followed by evaporation under ambient condition. The EDS study performed on 20 crystals are given in the concerned sections. However, electron-diffraction before and after EDS analysis proved a collapsing of the crystal structures in the electron beam.

Physical properties measurements. Magnetic properties and heat capacity were measured out using a PPMS Dynacool (9T) from Quantum Design using zero field cooling (ZFC) and field cooling (FC) procedures under fields 1000 Oe. Magnetization versus H was measured at 2K and 300K. Specific heat was measured from 1.9K to 300K using materials pressed into pellets.

First-principle calculations. All calculations were performed in the VASP code [START_REF] Kresse | Efficient Iterative Schemes for Ab Initio Total-Energy Calculations Using a Plane-Wave Basis Set[END_REF] with the Perdew-Burke-Ernzerhof exchange-correlation potential. [START_REF] Perdew | Generalized Gradient Approximation Made Simple[END_REF] Experimental atomic positions were relaxed, and exchange couplings for the fully relaxed crystal structure were subsequently obtained by a mapping procedure. [START_REF] Xiang | Predicting the Spin-Lattice Order of Frustrated Systems from First Principles[END_REF] The exchange couplings Jij are defined similar to Ref. 14.

All calculations were performed on the 2x2x2 k-mesh within DFT+U using the on-site Coulomb repulsion Ud = 9.5 eV, Hund's coupling Jd = 1 eV, and double-counting correction in the atomic limit. [START_REF] Nath | Quasi-Two-Dimensional S = 1/2 Magnetism of Cu[C6H2(COO)4][C2H5NH3]2[END_REF][START_REF] Nath | Magnetization and Spin Dynamics of the Spin S = 1/2 Hourglass Nanomagnet Cu5(OH)2(NIPA)4⋅10H2O[END_REF] For structural relaxation, the ferromagnetic spin configuration was used.

Exact diagonalization. Magnetic susceptibility of the Cu14 tetradecamer was calculated by a full diagonalization performed in ALPS. [START_REF] Albuquerque | The ALPS Project Release 1.3: Open-Source Software for Strongly Correlated Systems[END_REF] 

Results and Discussion

The synthesis for the A = Rb and Cs analogs was first attempted from a 1:2:1 stoichiometric mixture. After isolating a single crystal out of the Rb sample, the structure refinement using the parent model (A = Na, K; monoclinic, C2/c) returns R1,obs = 4.11%. However, the Cu and O over-stoichiometry was detected by significant residual electron-density peak corresponding to 7% of interstitial CuO in the empty sites separating the original Cu6 hexamers, see Fig. 1b. The final Rb2Cu3.07O1.07(SO4)3 stoichiometry was systematically refined on several crystals, and their consideration lowered Robs by 0.9%, which is significant at this stage. In the cesium compound, the inter-layer a-parameter shows a drastic expansion, whereas only modest or even negative expansion is seen along the other directions, as reported in Fig. 1. The crystal structure refinement shows same features as in the Rb case, but with a larger amount of the interstitials, resulting in the refined composition Cs2Cu3.5O1.5(SO4)3. Concerning the average unit cell, the consideration of CuO interstitials (ref. occ. 47%) lowered the Robs value from 12.7% to 6.6%. It perfectly matches our EDS analyzis. Most of the tested crystals demonstrated a perfect ordering of the interstitial ions, resulting in a doubled unit cell. Figure 2 shows a comparison between the hk1 reconstructed XRD precession layers for A = K and A = Cs samples with evidences of i) the breaking of the C-centering of the parent subcell. ii) satellites with k = n + ½ indices indicating the (a, 2×b, c) supercell. Group-theory analysis using Isosubgroup [START_REF] Stokes | An Internet Tool for Generating Isotropy Subgroups of Crystallographic Space Groups[END_REF] with the (0, ½, 0) super structure over the C2/c subgroup (which describes nicely the disordered average structure), leads to P2/a, P2/c and P2 as the possible space groups. Prior to the magnetic characterization, polycrystalline material was prepared for Rb2Cu3.07O1.07(SO4)3 using the stoichiometric mixture of the reactants listed above. The Le Bail fit shown in Fig. S2 confirms that the sample is a single phase. The estimated composition by EDS (to consider with caution due to the structure collapsing under electron beam and the exposition in air) gives atomic ratio Rb:2.00, Cu:3.02, S:3.12. For A = Cs, the preparation turned out to be more complicated due to the increased stability of secondary phases in our experimental conditions. As we mentioned before we synthesized the samples corresponding to the Cs2Cu3+xO1+x(SO4)3 (x = 0, 0.25, 0.5, 0.75, 1, 1.25) stoichiometries. For x=0, we found by EDS a major composition with atomic ratio: Cs:2.00, Cu:3.45, S:2.97 with same comments as for the previous compound.

The XRD patterns, refined parameters, and magnetic susceptibility data are given in Fig. S3 and Fig. S4. The refined lattice parameters show no significant evolution and prove that there is no other composition that the one refined from single crystal data, i.e. x=0.5 : However, for the low Cu 2+ experimental excess (x = 0 and 0.25), the Cs2Cu(SO4)2 impurity was observed (the space group is P21/n, unit cell parameters: a = 9.685 is responsible for a significant χ(T) upturn at low-T, such that its absence in the sample is mandatory for a decent magnetic study.

Finally, the x = 0 mixture shows the lowest amount of impurity and, according to the following chemical balance additionally verified by XRD (see its Lebail fit on Fig. S5).: Cs2Cu3.0O1.5(SO4)3 → 0.8 Cs2Cu3.5O1.5(SO4)3 + 0.2 Cs2Cu(SO4)2 + 0.2 SO3 This sample was selected for the study of magnetic properties in agreement with our EDS results. In that aim, the magnetic data discussed below have been corrected for the corresponding 6.6% of Cu 2+ ions of the solid Cs2Cu(SO4)2 impurity, assumed to be paramagnetic in the absence of experimental magnetic data. Indeed, in this impurity (to be published elsewhere) the refined crystal structure reveals only Cu-O-O-Cu exchange inside isolated dimers, with d(Cu-Cu)=3.9Å, but parallel CuO4 plaquettes hosting the magnetic dx 2 -y 2 orbital and Cu-O-O-Cu dihedral angles unfavorable for significant J exchanges.

Concerning the presence of the Cu14 tetradecamers and their ordered arrangement in the bulk polycrystalline sample employed in the magnetic measurements, it is worth noting that the lattice parameters refined for all members of the x = 0.0 -1.25 series show only minor deviations from those of the Cu-ordered x = 0.5 single crystalline specimen. This similarity validates the nominal x 0.5 composition of the target phase. Structurally, the alternation of the tetradecamers in the 1D chains is also mandatory due to their specific coordination by the SO4 groups. Low angle-XRD powder patterns systematically reveal broad and weak supercell peaks (1 ½ 0) and (0 ½ 1) with their intensities growing with x, see Fig. S7. Similar to the single crystal, one cannot exclude minor deviations from the Cs2Cu3.5O1.5(SO4)3 over-stoichiometry and, therefore, the broadness of 2xb diffracting satellites suggest the plausible loss of the ideal long-range Cu 2+ ordering in-plane as well as between the layers.

All compounds of the series show a characteristic bend of the inverse susceptibility around 100 K (Fig. 4a) that marks the transition from the paramagnetic regime with individual Cu 2+ ions to the collective regime, where each cluster acts as a single spin. [START_REF] Nekrasova | Magnetic Hexamers Interacting in Layers in the (Na,K)2Cu3O(SO4)3 Minerals[END_REF] This behavior indicates the separation of energy scales, with strong couplings within the clusters and weak couplings between them. Between 400 and 150 K, Curie-Weiss fits return eff = 1.77 and 1.97 B/Cu for A = Rb and Cs, respectively, in agreement with the expected value for S = 1/2. However, in the low-temperature part, the effective moment is reduced to 0.84 B/Cu for A = Cs, significantly lower compared to A = Na and K (1.11 and 1.16 B/Cu respectively), but intermediate for A = Rb (1.01 B/Cu). Altogether, this suggests a weaker contribution of individual spins in the Cu14 tetradecamers than in the Cu6 hexamers. At first sight, the evolution of the heat capacity divided by temperature (normalized per one Cu unit) between the various members of the series, shows the vanishing of the long-range anomaly increasing the A cationic radius, which was for A = K correlated to a possible crystallinity loss [START_REF] Nekrasova | Magnetic Hexamers Interacting in Layers in the (Na,K)2Cu3O(SO4)3 Minerals[END_REF] though magnetic ordering was detected experimentally by PND [START_REF] Hase | A Possible Magnetic Structure of the Cluster-Based Haldane Compound Fedotovite K2Cu3O(SO4)3[END_REF] , see Fig. 4b. For A = Na and K, the magnetic couplings within the hexamers were analyzed in several previous studies, by means of the energies of local spin excitations probed by inelastic neutron scattering [START_REF] Furrer | Spin Triplet Ground-State in the Copper Hexamer Compounds A2Cu3O(SO4)3 (A = Na,K)[END_REF][START_REF] Hase | A Possible Magnetic Structure of the Cluster-Based Haldane Compound Fedotovite K2Cu3O(SO4)3[END_REF] , and also via systematic DFT calculations. [START_REF] Nekrasova | Magnetic Hexamers Interacting in Layers in the (Na,K)2Cu3O(SO4)3 Minerals[END_REF] According to a fragment of spinladder nomenclature, a strong ferromagnetic Cu-Cu exchange (rung-like) is found for edgesharing CuO4 plaquettes with the Cu-O-Cu angles close to 90°, while both the leg-like and diagonal ones are also strong but antiferromagnetic (AFM). Most of the intra-hexamer bringing frustration into the Cu2-3-4 and Cu4-5-6 triangles, exchange couplings within the tetradecamer tend to stabilize the S = 1 ground state, sketched in Fig. 3b and Fig. 3c.

For a comparison with the experimental data, we performed exact diagonalization for the Cu14 cluster and fitted high-temperature part of the magnetic susceptibility, see Fig. 5. We used the simplified tetradecamer model with one ferromagnetic coupling Jrung and one antiferromagnetic coupling Jlegs = Jdiag. Additionally, the frustrating NNN coupling JNNN was included. The fitted values ( Jlegs = Jdiag = 250K, and Jrung =-250K, JNNN=350K, g=2.23) have the same order of magnitude as the DFT values. Moreover, we find a better fit when including the coupling JNNN that appears to be integral to the Cu14 tetradecamers in this system. Nevertheless, with or without JNNN, the Cu14 units develop the same S = 1 state below about 100 K. Field-dependent magnetization displays a unsaturated plateau around 1.2 B/Cu14, which is also compatible with the S = 1 state. For A = Na and K, weak interactions between the hexamers trigger the long-range magnetic order below 3.0-3.5 K (Fig. 4b). [START_REF] Nekrasova | Magnetic Hexamers Interacting in Layers in the (Na,K)2Cu3O(SO4)3 Minerals[END_REF] Similar weak AFM interactions should be present in the Cs case according to our DFT calculations. In details, the inter-cluster exchanges calculated by DFT are listed in Table S9. Our results suggest that no significant coupling takes place along the b direction. Indeed between the terminal Cu 2+ of the Cu14 clusters along b, the exchanges are calculated very weak and ferromagnetic (J/Kb =-0.8 K) along SSE's due to unfavorable, nearly perpendicular Cu-O bonds with the Cu-O-O-Cu dihedral angles  80°. On the opposite, the in-plane SSEs with the -type overlap between the two Cu-O bonds (45°<Cu-O-O-Cu <2°) and short O-O distances promote two significant J's of 53 and 74 K between two Cu14 units, see Fig. 3d, despite the longer Cu-Cu distances above 6.13 Å. These values refer to the interactions between individual S=1/2 centers and should be renormalized when calculating an effective interaction between the S=1 Cu14 at lower temperature. [START_REF] Nekrasova | Magnetic Hexamers Interacting in Layers in the (Na,K)2Cu3O(SO4)3 Minerals[END_REF] Experimentally, these interactions manifest themselves in the departure of the magnetic susceptibility from the Curie law for S = 1. We fitted the low-temperature susceptibility with 

Concluding Remarks:

The structural principles engaged in the A2Cu3O(CuO)x(SO4)3 series allow for the passage from 

.

  The over-stoichiometric CuO creates local junctions between two next Cu6 hexamers and transforms them into a single Cu14 tetradecamer. Such tetradecamers are random in the A = Rb case and involve severe local re-orientation of the sulfate groups involved in the Cu 2+ coordination. It may become ordered for A = Cs when the full occupation of the Cu 2+ interstitials is reached.

Figure 1 :

 1 Figure 1: Main crystallographic parameters for A2Cu3O(CuO)x(SO4)3 vs. A and projected "oxo-centered" crystal representation of a) A = Na, K and (Na,K), x = 0. b) A = Rb (x = 0.07). c) A = Cs (x = 0.5).

Figure 2 :Figure 3 :

 23 Figure 2: Reconstructed hk1 precession image from single-crystal XRD data for a) A = K, b) A = Cs

  (3) Å, b = 7.920(3) Å, c = 12.141(4) Å, β = 91.416(8)º, V = 931.0(5) Å 3 , R1 = 4.38%) (see Lebail fit on Fig. S5 and Fig.S6). Above x = 0.25, this latter Cs2Cu(SO4)2 is absent, but an unidentified phase labelled X occurs along with minor amounts of CuO, which is responsible for the χ(T) anomaly around 250 K. The X phase

Figure 4 :

 4 Figure 4: a) inverse susceptibility and b) Cp/T versus temperature normalized per one Cu 2+ ion for pertinent members of the series.
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 3232 Cu 3 O(SO 4 ) Cu 3 O(SO 4 ) 3 K 2 Cu 3 O(SO 4 ) 3 Rb 2 Cu 3.07 O 1.07 (SO 4 ) 3 Cs 2 Cu 3.5 O 1.5 (SO 4 ) Cu 3.07 O 1.07 (SO 4 ) 3 Cs 2 Cu 3.5 O 1.5 (SO 4 ) 3 interactions tend to align the outer four spins parallel to each other and antiparallel to the two central ones, thus giving rise to the S = 1 ground state of the hexamer, see Fig. 3a. Our DFT calculations reveal a similar coupling scheme for the Cu14 tetradecamers of Cs2Cu3.5O1.5(SO4)3 where the two independent crystallographic Cu14 sub-units a and b were considered equivalent for simplicity. The main calculated intra-exchanges are shown in Fig. 3c, and listed exhaustively in Table S8. All exchanges along legs, diagonal and next-nearest neighbor ones (NNN) are antiferromagnetic with calculated values up to J1-2= 359 K using the relaxed crystal structure and GGA+U (U = 9.5 eV, J = 1 eV). Similar to the A = Na, K cases, the edge-sharing rung-like exchanges are ferromagnetic with values up to -96 K for J3-3 because the Cu-O-Cu angles are close to 90°. Apart from the next-nearest neighbor (NNN) couplings J2-4 and J4-6

Figure 5 :

 5 Figure 5: (a) χ -1 (T) and (b) χ(T) QMC-fits using adapted models along the temperature range. The best low-T fit returns a square lattice of S = 1 clusters depicted in (b). The g values are 2.23, 2.21, 2.27 for the orange , blue and green calculated lines respectively.

  : J leg, diag = 250 K = -J rung , J NNN = 350 K 2D-coupled spins-1 (J = 3.3 K) c (emu/mol) of S = 1 spins interacting on the square lattice with the effective coupling of 3.3 K and g = 2.23. Interestingly, even this model does not describe the data below 12 K, and no signs of a magnetic transition are seen in the specific heat data. This may indicate that some structural disorder related to the intercalated CuO units (incomplete formation of the double-b superstructure) becomes important at very low temperatures and affects interactions between the Cu14 tetradecamers. One should also keep in mind that below 10 K, the experimental data are doubtful because spurred by the correction of secondary phase ideally considered as paramagnetic.

  1D-like Cu6 hexamers (x = 0, A = Na, K) arranged in depleted chains to longer Cu14 tetradecamers (0.07<x<0.5, A = Cs, Rb) after insertion of neutral CuO species. The compositional and topological changes are driven by the variation of the internal chemical pressure and cell volume dependent on the A alkali size. It is striking that the scheme of FM and AFM magnetic exchanges effective in the individual sub-units return S = 1 magnetic clusters in both cases, themselves interacting in 2D layers, rather than in 1D chains due to specific Cu-O-O-Cu magnetic paths. Ideally one could imagine for x = 1 the occurrence of infinite chains, not observed experimentally, as probably hampered by the mismatch between such 1D-units and the coordination of all Cu 2+ ions by the sulfate groups. The exact nature of the magnetic ground state in Cs2Cu3.5O1.5(SO4)3 remains an open question and requires additional studies using neutron scattering or local probes. While an AFM order in the bc-plane may be expected from the similarity to the Na and K compounds, the vanishingly small magnetic interactions between the planes and the incomplete structural order of the intercalated CuO units may cause deviations from this simple scenario. One should keep in mind the similar ambiguity in the A = K compound, where NPD results 20 revealed magnetic ordering, not detected by specific heat with a Schottky-like anomaly around TN, see Fig.4b. In this compound, it was previously concluded that the role of the magnetic anisotropy of the S = 1 clusters is predominant at TN in absence of inter-layer exchanges, Similarly the anisotropy of the Cu14 S = 1 clusters may also be significant for A = Cs.
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