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I. INTRODUCTION

A lot of work has been devoted recently to the understanding of the peculiar magnetic behaviour of extended networks of spins on triangle or tetrahedron based lattices. These elemental configurations of spins, especially when they are corner-sharing, imply strong geometrical frustration for antiferromagnetically coupled Heisenberg spins, i.e. inability to simultaneously minimize the pair interactions. The case of S=1/2 spins is especially appealing because it should enhance quantum physical behaviour. The archetypical frustrated network of spins in 2 dimensions is the kagomé lattice, which is expected to stabilize, at low temperature, a spin liquid state [1]. One of the most striking feature of this state is the presence of many low lying singlet states [2]. This feature could be interpreted in a short-range resonating valence bond picture of the kagomé ground state [3]. Few experimental realizations of kagomé lattice with S=1/2 spins are available. Among these, the recently studied hebertsmithite [4] does not present any magnetic transition down to the lowest temperature but its fluctuating ground state is still under debate since it does not meet the theoretical predictions [2,4,5,6]. The theoretical studies have been undertaken on ideal systems but exact solutions can only be obtained for a limited number of spins (up to 36) [2,[START_REF] Misguich | Frustrated Spin Systems[END_REF]. This is one of the reasons why it should be interesting to study experimentally a system constituted of isolated frustrated clusters of spins, for which the exact calculations are fully relevant.

The physics of spin clusters has attracted much attention by itself. Quantum dynamics of mesoscopic magnets and decoherence effects by specific environments for instance can be investigated in organo-metallic molecular magnets with metal clusters stabilizing a collective spin magnetically isolated by the organic ligands. A number of investigations thus followed the discovery of a staircase magnetization hysteresis loop associated with the quantum tunneling of collective spins trough a magnetic anisotropy energy barrier [START_REF] Thomas | [END_REF]9]. Clusters with small total spin and large Néel vector also raised strong interest. This is the case of the polyoxovanadate, shortnamed V 15 , constituted of 15 V 4+ ions. Its magnetic properties, showing quantum processes under sweeping field [10], are accounted for by the formation of a collective pseudo-spin S=1/2 from the three weakly coupled S=1/2 spins on the central triangle of the cluster [11]. The study of spin clusters within oxide compounds was undertaken more recently. At variance with molecular compounds, the magnetic screening then is much less effective, which leads to non-negligible inter-cluster interactions and therefore allows the study of the coupling of the collective entities. For instance, in the oxide compound La 4 Cu 3 MoO 12 , a trimer of S=1/2 spins is stabilized in each triangle of Cu 2+ at the vertices of a square lattice [12,13,14,15]. The inter-cluster couplings in La 4 Cu 3 MoO 12 is two orders of magnitude smaller than the intra-cluster ones, and lead to the onset of an antiferromagnetic long-range order at 2.6 K. In both V 15 and La 4 Cu 3 MoO 12 compounds, the splitting of the 2 fundamental S=1/2 spins doublets might be attributed to a departure from the trigonal symmetry. A last remarkable oxide compound whose properties are dominated by spin clusters is Na 2 V 3 O 7 [16,17,18,19]. The clusters are built on rings of 9 antiferromagnetically interacting V 4+ ions of S=1/2 spins, piled up in tubes with interring ferromagnetic interactions. One S=1/2 spin out of 9 is left active in the low temperature paramagnetic regime through a dimerization process of the other spins of the ring, characterized by a broad range of V-V interactions. The proximity of a quantum critical point at H=0 is suggested from the complex magnetic behaviour observed with respect to the magnetic field H at low temperature T.

The layered oxide La 3 Cu 2 VO 9 [20,21], parent of the La 4 Cu 3 MoO 12 compound, provides a model at the in-tersection of geometrical frustration and spin cluster research areas. In the magnetic layers, the Cu 2+ ions form planar clusters of antiferromagnetically coupled 8 and 9 S=1/2 spins, arranged on 4 corner-sharing triangles. The geometrically frustrated 9-spin cluster is very similar to the building block of a kagomé network. As will be shown in the following, a collective state of spin is constructed from the S=1/2 spins wave functions of each cluster while decreasing the temperature. The resulting collective pseudo-spins involve a greater number of individual spins than in the V 15 or La 4 Cu 3 MoO 12 compounds. Like in La 4 Cu 3 MoO 12 , the inter-cluster couplings in La 3 Cu 2 VO 9 are two orders of magnitude smaller than the intra-cluster ones, and their influence is traceable in the experimental low temperature range. Moreover, the clusters themselves are arranged on a triangular lattice, which gives the opportunity to study the influence of geometrical frustration at different spatial and energy scales in the same compound.

In this article, following a preliminary report [22], we will focus on the individual behavior of these pseudospins, their interplay when inter-cluster interactions become effective will be the subject of a forthcoming paper [23]. The synthesis and crystallography of La 3 Cu 2 VO 9 polycrystalline sample will first be described, with special emphasis on the Cu/V substitution. Then, the magnetic measurements will be presented, in a wide temperature range, following the construction of the collective pseudospin, and also in high magnetic fields. The next two sections will respectively present the results of specific heat measurements and of inelastic neutron scattering. The last section before concluding will be devoted to a discussion of these experimental results in the light of exact calculations performed on realistic models of spins cluster.

II. EXPERIMENTAL

A. La3Cu2VO9 sample characterization

Synthesis and structure

A polycrystalline La 3 Cu 2 VO 9 sample was synthesized by a sol-gel method. The stoichiometric metallic cations were dissolved in nitric acid before being complexed by addition of EDTA in a controlled pH solution. This solution was polymerized and then heated at 700 • C to eliminate the organic constituents. The resulting powder was annealed during 15 days at 1010 • C. The sample was first checked to be a single phase using X-ray diffraction.

Neutron powder diffractograms were then recorded on the high resolution powder diffractometer D2B at the Institut Laue Langevin with a wavelength of 1.59 Å using a Ge monochromator (cf. Fig. 2). The absence of structural phase transition was checked from 3 to 300 K. The crystallographic description of the sample, obtained from the Rietvelt analysis of the neutron diffractograms with the Fullprof program [24], was found consistent with the results of Ref. [21]: the La 3 Cu 2 VO 9 oxide compound crystallizes in the hexagonal P6 3 /m space group with lattice parameters a=b=14.395(2) Å, c=10.656(2) Å at 300 K. As shown in Fig. 1 (a), LaO 6/3 layers alternate with (Cu/V)O 3/3 layers underlying the 2D structure of the compound. In these, the Cu 2+ ions, the only magnetic ones with a S=1/2 spin, are localized on three inequivalent sites Cu(2), Cu(3) and Cu(4) (following the site labeling of ref. 21) having different coordination environments. These are forming 9-spin planar clusters, constituted with 4 corner-sharing triangles. The clusters are centered at the vertices of a 2D triangular lattice (cf. Fig. 1 (b)). Within the planes, O-coordinated V atoms are intercalated between the clusters.

A Cu/V substitution, of vanadium V 5+ ions for copper Cu 2+ ions, dictated by the global charge neutrality requirement that fixes the stoichiometric proportions of the different ions, occurs in the very small ratio of 1 27 . Notice nevertheless that this in average corresponds to one Cu/V substitution over 1 3 of the 9-spin planar clusters. We will detail the nature and consequence of this substitution below. In non substituted clusters, the neighbor Cu-Cu distances within the cluster range between 3.35 Å and 3.8 Å, whereas the shortest in-plane distances between the peripheral Cu of the neighboring clusters is larger and equal to 4.55 Å. In comparison, the distance between two adjacent (Cu/V)O 3/3 layers is 5.3 Å.

Within the (Cu/V)O 3/3 layers, the first neighbor S=1/2 spins of each cluster are interacting through superexchange via an intermediate O. Concerning the intercluster magnetic interaction within one layer or between adjacent layers, possible longer superexchange paths can be effective through one or two O.

Cu/V Substitution

In order to understand the magnetic properties of the compound, it was found essential to take into account the Cu/V substitution and the related modifications of the cluster structure.

To get insight into the distribution of the V in the clusters, refinement of the powder neutron diffraction data at 3 K was made allowing V substitution on each copper sites, alternatively. Although the fit is slightly better when the Cu(2) site (central triangle) is substituted instead of Cu(3) and Cu(4) sites, in agreement with previous results [21] (see Table I and Fig. 2), further analysis was estimated necessary to unambiguously characterize the Cu/V substitution.

Using the VASP package [START_REF] Kresse | Software VASP[END_REF], Density functional theory (DFT) methods applied to electronic structure calculation, based on the local-density approximation (LDA) and Projector Augmented Wave (PAW) method, were used for this purpose. The DFT calculations were performed with periodic boundary conditions on one unit cell containing 130 atoms and including 2 clusters located in the two (Cu/V)O 3/3 layers at z=1/4 and z=3/4.

The non substituted (and hence non stoichiometric) structure was first optimized, and found very close to the one determined from powder neutron diffraction. Different calculations were then performed replacing, in the optimized structure, one Cu by a V, alternatively on each Cu(2), Cu(3) and Cu(4) site of the cluster. The large energy difference between these calculated structures first confirmed the localization of the substitution on the Cu(2) sites :

E Cu(3) ≃ E Cu(4) > E Cu(2)
by ∼ 2 eV, with E Cu(i) the energy of the structure with the Cu/V substitution on the Cu(i) site.

In addition, the calculated structure reveals large deformations around the V substitute. The two first neighbor O of the V get closer to it and further away from the neighboring Cu (cf. Fig. 3). A consequence of this is the apparent greater isotropic displacement parameter B iso of the neighboring oxygen on site O(1) in the Rietveld analysis of the neutron diffractogramms (see Table I).

Calculations with two V/Cu substitutions on the same cluster were finally carried out and compared to those with only one substitution. The obtained energy difference between these two structures, of the order of 1 eV, is in favor of only 1 Cu/V substitution per cluster. The resulting reasonable assumption of a negligible number of 7 (or less) Cu clusters therefore leads to a microscopic population of 2/3 of 9-Cu clusters and 1/3 of 8-Cu/1-V clusters. FIG. 4: La3Cu2VO9 magnetic susceptibility from M/H measurements: in the high temperature range at 6 T using the BS magnetometer and at 0.1 T using the Quantum Design MPMS magnetometer; in the low temperature range using the purpose built SQUID magnetometer in 0.01, 0.1, 0.2 T (open circles), in good agreement with the higher temperatures measurements (plain circles). A discontinuity around 2 K is pointed out by the vertical line.

B. Magnetic properties

Magnetic susceptibility

Magnetization measurements were performed at the Institut Neel, on two purpose built magnetometers (BS) using the axial extraction method in the temperature range from 1.6 K to 800 K and magnetic field up to 10 T and on a more sensitive commercial Quantum Design SQUID magnetometer (MPMS) in the temperature range 2-350 K and magnetic field up to 5 T. Additional measurements at lower temperatures, from 0.23 K to 4 K, using a dilution inserted device were obtained on another purpose built highly sensitive SQUID magnetometer.

The thermal variation of the initial magnetic susceptibility χ is displayed in Fig. 4. χ was deduced from the M vs. H measurements in small magnetic fields such that the isothermal magnetization M varies linearly with the magnetic field H. An anomaly is observed around 2 K. The next section is devoted to the analysis of the susceptibility in the paramagnetic regime above the anomaly, the nature of the phase below it will be the subject of another publication [23].

The inverse χ -1 of the initial magnetic susceptibility, shown in Fig. 5, has a peculiar shape, where three distinct regions, with different (almost) linear slopes at low (I), intermediate (II), and high (III) temperatures, can be distinguished. In a first analysis following ref. [21], regions (I) and (III) were assumed to correspond to two distinct paramagnetic regimes of interacting magnetic enti- ties accounted for, in the mean field approximation, by a Curie-Weiss law χ = C/(T -θ) with the Curie-Weiss temperature θ. The Curie constant, C = ng 2 µ B S(S+1)/3k B with the Landé factor g=2, is evaluated for 1/3 of 8-spin cluster + 2/3 of 9-spin clusters, i.e. 8.667 Cu 2+ ; n is therefore the number of S=1/2 spins per cluster. The resulting Curie-Weiss analysis are shown in Fig. 5 and the numerical values are reported in Table II: n, θ, the effective moment µ ef f = g S(S + 1), and the temperature range of the best fits corresponding to the linear portion of regions (I) and (III). The slope of the high temperature region (III) is well described above 500 K with a Curie-Weiss fit using the expected value n of 8.667 S=1/2 spins per cluster in the paramagnetic regime (Fig. 5). The resulting large negative Curie-Weiss temperature for this regime, θ = -294 K, denotes strong intra-cluster antiferromagnetic couplings between these spins.

In the low temperature region (I), it is more difficult to isolate a linear regime in 1/χ, which rather presents a continuous curvature (Fig. 4). A forced Curie-Weiss fit in a reduced temperature range yields approximately one S=1/2 spin per cluster. The reduction of the Curie constant, by a factor close to 9, suggests that the magnetic entities in the low temperature range are collective S=1/2 pseudo-spins, resulting from the entanglement of the wave functions of the paramagnetic spins within each cluster at high temperature. These pseudo-spins seem to be weakly antiferromagnetically coupled to each other since θ = -4.2 K in this region, which is about two orders of magnitude weaker than the θ value of region (III) corresponding to the intra-cluster coupling. This value, close to the one at which the susceptibility presents an anomaly, suggests that this last feature is related to the inter-cluster coupling which becomes effective at this temperature (cf. section II B 1). We will come back to the analysis of the low temperature regime in section III using a more detailed description of the clusters.

Concerning the intermediate temperature region (II), although 1/χ could also be believed to vary linearly from 40 to 200 K [21], a Curie-Weiss analysis does not have any physical meaning since no collective magnetic entities are formed, as will be shown in the theoretical analysis of section III. for the inverse susceptibility in the two quasi-linear regimes at low and high temperature. In the high temperature region, the number of spins S=1/2 per cluster was hold constant and equal to its expected value of 8.667.

High field magnetization

High field magnetization measurements were performed using pulsed fields at the Laboratoire National des Champs Magnétiques Pulsés (Toulouse). The pulsed field, which can reach 55 T, is produced by the discharge of a capacitor bank into a resistive copper coil. The signal in the presence of the sample is proportional to the time derivative of its magnetization. The M vs H curve obtained at T ≈ 1.4 K is displayed in Fig. 6. It shows a saturation plateau centered on the inflexion point H 0 /2 ≈ 29 T, indicated by the minimum in the magnetization field derivative. Note that the influence of the weak inter-cluster interactions should be irrelevant at such high magnetic fields. An upturn of the magnetization occurs at higher magnetic fields, suggesting that the plateau should end at about H 0 = 58 T. This is attributed to a Zeeman crossing of the first excited magnetic energy levels with the ground level of the cluster system (cf. inset of Fig. 7). The quantitative analysis of this crossing will be further discussed in section III.

Since the pulsed field technique does not allow absolute measurements with a good accuracy, complementary measurements at 3 K were performed at the Grenoble High Magnetic Field Laboratory (GHMFL) on a magnetometer using the axial extraction under a magnetic field up to 23 T produced by a 10 MW resistive magnet. An absolute calibration was performed using a Ni sample. The resulting curves presented in Fig. 7, in agreement with the BS lower fields measurements, show a tendency to saturate at a value close to 0.67 µ B /cluster, the expected value for antiferromagnetic 8-and 9-spin clusters in the (1/3)/(2/3) ratio (cf. section III).

Specific heat

Specific heat C p in zero magnetic field was measured at the CEA-Grenoble on a commercial calorimeter (Quantum Design PPMS) using the pulsed relaxation method and equipped with an 3 He refrigerator allowing to reach 400 mK. Its low temperature behavior is shown in Fig. 8. An anomaly is clearly visible at 1.82 K, coinciding with the one observed in the initial magnetic susceptibility χ. In the absence of a non-magnetic isostructural compound, a determination of the magnetic part of the specific heat in the full temperature range is difficult. The second model is based on the multi-J spin cluster description reported in table III of section III. The lattice contribution of the form Cp = β1T 3 + β2T 5 (dotted lines) is adjusted such that the remaining signal (triangles) coincides with the calculated magnetic specific heat (solid line) above 5 K.

However, the lattice contribution is often evaluated by a fit of C p /T versus T 2 in a temperature range where it is assumed that the magnetic signal is negligible and that the following low temperature approximation for the phonon contribution is valid:

C p = β 1 T 3 + β 2 T 5 with β 1 = 12π 4 5 N k B /Θ 3 D
where Θ D is the Debye temperature and N is the number of vibrating ions. In the present case, the best fit in the 12-28 K temperature range yields the values: β 1 = (7.3 ± 0.09)10 -4 , as from which we get Θ D ≈ 271 K, and β 2 = (-2.3 ± 0.1)10 -7 . The assumed magnetic part of the specific heat, remaining after subtraction of this contribution, presents a broad signal centered around 6 K, as shown in Fig. 8. This signal is interpreted as the signature of a Schottky anomaly due to the presence of discrete low energy levels associated to the spin clusters. This analysis will be deepened using the finer description of the pseudo-spins obtained from the calculation discussed in section III.

Inelastic neutron scattering

In order to probe the energy spectrum of the assembly of collective spins in La 3 Cu 2 VO 9 , inelastic neutron scattering measurements were performed on the IN4 time-offlight spectrometer at the Institut-Laue-Langevin with an incident neutron beam of energy 16.9 meV (i.e. of wavelength λ=2.2 Å), and an energy resolution of 0.77 meV. The spectra were corrected from the background contribution and the detector efficiency was calibrated using a vanadium sample.

The energy response recorded at 2, 150 and 300 K integrated over the small momentum transfer Q, more precisely in the range [0.1, 2] Å-1 , where the magnetic scattering is expected to be the largest are displayed in Fig. 9. As apparent from the increase of the signal with increasing temperature and with increasing Q, there is an important contribution from the scattering by the phonons in the investigated energy range (up to 15 meV on the neutron loss energy side). A way of removing it is to substract the spectrum at high temperature T H =300 K renormalized by the appropriate thermal factor (1-exp(-hω kB TL ))/(1-exp(-hω kB TH )) from the spectra at lower temperatures T L . This treatment might underestimate the magnetic contribution since magnetic signal arising from transitions between energy levels can still be present at high temperature, especially if the energy spectrum of the system is dense and extended in energy. This analysis allowed nevertheless to visualize in the corrected spectra a broad bump around 8.7 meV at 2 K , which largely decreases at 150 K. The magnetic origin of this feature was confirmed by its slow decrease with increasing Q from 1 to 4 Å-1 , once corrected from the phonons. An additional signal at 2 K seems to be present in the foot of the elastic peak. The nature of this signal is hard to establish from this sole measurement since it could as well be quasielastic or inelastic with an energy gap of the order of the energy resolution.

III. ANALYSIS AND DISCUSSION

The crystallographic study established that each La 3 Cu 2 VO 9 plane can be described as a triangular lattice of randomly distributed 1/3 of 8-spin and 2/3 of 9-spin clusters with antiferromagnetically interacting localized S=1/2 spins on each Cu. The magnetic properties of La 3 Cu 2 VO 9 in the range of temperature T > ∼ 2 K should be dominated by a physics of isolated clusters, since the inter-cluster interactions are two orders of magnitude smaller than the intra-cluster ones. In the following, we shall probe this regime through calculations by exact diagonalization of 8-spin and 9-spin clusters model. The intra-cluster interactions parameterizing these calculations will be adjusted from comparison with the experimental results. These impose the following constraints: first, the calculation should reproduce the measured thermal variation of the initial magnetic susceptibility and the magnetization processes in high magnetic field, including the saturation plateau and the Zeeman crossing at the largest available magnetic field. Second, the calculated energy spectrum of the system should account for the energy excitations revealed by inelastic neutron scattering and the magnetic specific heat. The nature of the resulting pseudo-spin state at low temperature will then be discussed. 

A. Cluster calculation versus experiments

The calculation of the La 3 Cu 2 VO 9 magnetic properties are obtained through exact diagonalisation of the Hamiltonian of the model system where each 8-spin and 9-spin III, with the 8-spin (dotted) and 9-spin (dashed) contributions, at 5 K. The grey line is the field derivative of the total M(H).

cluster is described by the Heisenberg Hamiltonien

H = - ij J ij S i • S j (1) 
where the J ij < 0, labeled in Fig. 3, stand for all nearest neighbor antiferromagnetic interactions between the spins i and j of the cluster (Fig. 3). In a single-J model assuming that all J ij = J = -445 K, the ground states of the 9-and 8-spin clusters are found to be associated with a total spin S=1/2 and S=0, respectively. This yields in average 0.667 S=1/2 spin per cluster at low temperature, which is a bit smaller than the value extracted from the Curie-Weiss fit of the paramagnetic regime at low temperature (dotted line in the inset of figure 5). The magnetic susceptibility and other thermodynamics properties of the system were computed and compared to the experimental data. A single-J model does not account for the initial magnetic susceptibility as shown in Fig. 10 where one can see strong deviations from the experimental data below T ≈ 300 K down to low temperatures. This demonstrates the need to consider different J values, that will be expressed, in the following, in units of J = -445 K.

To push further the analysis, some additional assumptions are required in order to reduce the large number of non-equivalent first-neighbor interactions : 4 and 8 distinct J ij values for the 9-and 8-spin clusters respectively, as shown in Fig. 3. In the 8-spin clusters, the main consequence of the distortion induced by the Cu/V substitution is an elongation of the J 7 and J 8 exchange paths (see section II A 2 and Fig. 3). These exchange parameters are thus expected to be much weaker than all the others in the 8-and 9-spin clusters. We therefore assume a 3-J model for the 8-spin clusters, i.e a model defined within the (J 1 = . . . = J 6 , J 7 , J 8 ) parameter space. Concerning the 9-spin clusters, there are no straightfor-9-spin clusters 8-spin clusters J1 J2 J3 J4 J1 J2 J3 J4 J5 J6 J7 J8 1.0 1.01 1.045 1.02 1 1 1 1 1 1 0.28 0.24 TABLE III: Example of multi-J model that accounts well for all the experimental data. The 8-spin and 9-spin clusters nearest-neighbor interactions J, labeled as in figure 3, are given in units of 445 K.

ward assumptions that could be made and the 4-J model described in Fig. 3 is adopted.

The measured magnetization processes under magnetic fields provide with meaningful constraints over the J 7 and J 8 parameters. The saturation of the magnetization, corresponding to the alignment of the S=1/2 pseudo-spin of the 9-spin clusters anti parallel to the applied magnetic field, is reproduced already within the single J model. Assuming weaker J 7 and J 8 , the first excited states which will be field-driven to energy lower than that of the zero field ground state are those belonging to the 8-spin cluster excited manifold of states with total spin S=1 and describing antiparallel alignment to the applied magnetic field. The corresponding Zeeman crossing experimentally inferred to occur at about 58 T then imposes that J 7 and J 8 cannot take values smaller than 0.28 and 0.16, respectively. In order to get the inflexion point H 0 /2 around 29 T, one of these parameters must at least take the above limit values, as shown in Fig. 11 for J 7 =0.28 and J 8 =0. 24. Note that M(H) has been calculated for T=5 K in order to round the sharp edges of the calculated magnetization saturation plateau and thus better reproduce the measurements. This shape difference together with the fact that the experimental saturation is slightly higher than the calculated one could be due to a distribution of J values not taken into account in our simplest model (some kind of disorder, influence of inter-cluster coupling, presence of a tiny amount of clusters with different Cu/V substitutions etc.)

The excitation spectrum associated with this 8-spin cluster model is shown in figure 12. A first bunch of levels is observed around 8.5 meV above the ground state, and the next bunch lies at energies greater than 15 meV. At 2 K, this first bunch of levels will therefore yield an excitation at an energy value in agreement with the one observed in inelastic neutron scattering experiment (cf. Fig. 9).

Small variation of the Js on the other bonds of the 8-spin and 9-spin clusters are expected from the slight differences in their Cu-O distances and Cu-O-Cu angles and by the different coordination environments of the Cu(2) site on one hand and of the Cu(3) and Cu(4) sites on the other hand (section II A 1). An experimental constraint that gives some information about this distribution of J values is the broad bump around 6 K observed in the magnetic specific heat. No magnetic contribution to the specific heat is observed below 10 K in the single-J model. Conversely, small differences, no larger than 5 %, between the three bonds of the external triangles in the 9-spin clusters allow the rise of a bump in the calculated specific heat around 6 K. Note that the low energy spectrum as well as the shape of the magnetic susceptibility are much less sensitive to the value of J 4 (the inner triangle exchange). In addition, similar variations of the J 1 to J 6 bonds in the 8-spin clusters does not yield any feature in the specific heat in this low temperature range. On this basis, a multi-J model with J 1 =1.0, J 2 =1.01, J 3 =1.045, and J 4 =1.02 in the 9-spin clusters (cf. Table III) inferred from the specific heat, was proposed and found to also well reproduce the inverse magnetic susceptibility, as shown in figure 10.

The resulting specific heat is shown in figure 8. In addition to the requested bump around 6 K, the calculation also reveals the presence of significant magnetic signal at high temperatures. This implies that the evaluation of the phonon contribution that was made section II B 3, assuming that there is a region where it follows the low temperature Debye approximation and where the magnetic contribution is negligible, is incorrect. However, a phonon contribution of the form C p = β 1 T 3 + β 2 T 5 with β 1 = 0.00047, corresponding to Θ D ≈ 314 K, and β 2 =1.1184 10 -7 can be adjusted such that the remaining signal coincides with the calculated magnetic specific heat above 5 K (cf. figure 8).

The low lying energy levels obtained through such small variations of the exchange parameters on the external triangle in the 9-spin clusters are shown via the histograms of figure 12. They would also be in agreement with the presence, in the neutron scattering experiment, of a magnetic inelastic signal at low temperature in the foot of the elastic peak (cf. figure 9).

Although not necessary for the matching of the calculations with the experimental data, small variations of the J 1 to J 6 exchange parameters in the 8-spin clusters are also expected to be present in the real system. The exact distribution of all the 8-spin and 9-spin clusters exchange parameters can however not be accessed unambiguously from the present data. Because of the large number of adjustable parameters, the multi-J model presented table III is thus not the only relevant, but the main features of this model, arising from the experimental constraints, are quite robust : smaller values of J 7 and J 8 in the 8-spin clusters with respect to all other first-neighbors parameters, and distribution of exchange parameter values of the order of less than 5 % in the 9-spin clusters. Note that this model gives a satisfactory agreement with all the experimental data. The inverse magnetic susceptibility in particular is much better reproduced than in the single-J model, except for tiny differences at low temperatures. These last discrepancies could be due to the onset of inter-cluster correlations at low T that were not included in the model.

The evolution of these pseudo-spins when lowering temperature can be probed through the square of the total spin of the cluster S2 . Commuting with the cluster Hamiltonian, S2 is a good quantum that allows to track the spin value of the entangled state in the whole investigated temperature range. In the multi-J model, the pseudo-spins are stabilized below ≈ 18 K for the 9-spin clusters and below ≈ 8 K for the 8-spin clusters as shown by the constant S2 values, 3/4 and 0 respectively, observed below these temperatures (cf. inset of Fig. 13). Concerning behavior at higher temperatures, a 1/T expansion of the calculation in the region III, confirms that the system can be described by a Curie-Weiss analysis in the temperature range T > ∼ 550 K as done in section II B 1. In the intermediate temperature region II, no plateau regime interpretable in terms of entangled spins states nor a 1/T behavior is observed. The variation of the magnetic susceptibility in this temperature regime (cf. figure 5) is rather related to the onset of the strong magnetic intra-cluster correlations and cannot be ascribed to any building of pseudo spins.

IV. CONCLUSION

The La 3 Cu 2 VO 9 oxide compound is shown to be constituted of 8-spin and 9-spin clusters of S=1/2 spins, laid out on 4 vertex-sharing triangles, building block of the kagomé lattice. From susceptibility, high field magnetization, specific heat and inelastic neutron scattering measurements analyzed with exact calculation of spin cluster models, the low temperature stabilization of collective pseudo-spins S=0 and S=1/2 in each 8-spin and 9-spin cluster, is revealed. From Susceptibility and specific heat measurements, the coupling of these collective entities is evidenced below 2 K. This study opens the way to original measurements of the individual and cooperative behaviour of collective quantum entities, for instance a direct imaging of their wave function using polarized neutron scattering. 
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 1 FIG. 1: (Color online) (a) La3Cu2VO9 structure projected along the b axis: LaO 6/3 layers alternating with (Cu/V)O 3/3 ones with the O polyhedron drawn around Cu and V atoms. (b) La3Cu2VO9 structure projected along the c axis: (Cu/V)O 3/3 layers showing the 9 Cu 2+ clusters at the vertices of a triangular lattice. La, V, Cu and O atoms are represented by large green, yellow, blue and small red circles, respectively.

FIG. 2 :

 2 FIG. 2:La3Cu2VO9 powder neutron diffractogramm recorded at 3 K on D2B, the corresponding refined pattern and their difference. The refined structural parameters are presented in table I.

FIG. 3 :

 3 FIG. 3: (Color online) DFT calculated positions of the Cu (blue circles), V (large yellow circles), and O (small red circles) atoms in the 9-spin clusters (a) and 8-spin clusters (b). The labeling of the different superexchange interactions is used in section III A.

FIG. 5 :

 5 FIG. 5: La3Cu2VO9 inverse linear magnetic susceptibility measured in 0.1 T and 6 T below and above 350 K respectively (open circles). Three regions of distinct magnetic behaviours are materialized in grey. A low temperature zoom is shown in the inset. The straight lines in regions I and III are calculated in a Curie-Weiss model (see text).

FIG. 6 :FIG. 7 :

 67 FIG.6: Magnetization isotherm measured around T=1.4 K in increasing and decreasing pulsed field up to 55 T, and its field derivative. The dotted line indicates the middle of the magnetization plateau, which is related to the Zeeman crossing of the two first levels of the system with ∆S=+1 (see inset of Fig.7)..

FIG. 8 :

 8 FIG.8:(Color online) Specific heat measurements at low temperature (circles) analyzed with two models: (i) The phonon contribution (dashed line) is obtained from a fit of Cp/T as a function of T 2 using the low temperature approximation Cp = β1T 3 + β2T 5 in the range[12-28 K]. The resulting magnetic signal is represented with square symbols. (ii) The second model is based on the multi-J spin cluster description reported in table III of section III. The lattice contribution of the form Cp = β1T 3 + β2T 5 (dotted lines) is adjusted such that the remaining signal (triangles) coincides with the calculated magnetic specific heat (solid line) above 5 K.
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 1910 FIG.9:(Color online) Inelastic neutron scattering measurements. Upper frame: Energy spectra at 2, 150 and 300 K, integrated on the Q interval [0.1, 2] Å-1 . Lower frame: 2 and 150 K spectra corrected from the phonon contribution using the 300 K spectrum (see text).

FIG. 11 :

 11 FIG.11: Calculated total M(H) in the multi-J model of tableIII, with the 8-spin (dotted) and 9-spin (dashed) contributions, at 5 K. The grey line is the field derivative of the total M(H).

  FIG.12:8-spin and 9-spin clusters degeneracies as a function of the energy difference with respect to the fundamental level (E0) in the low energy region, for the multi-J model of tableIII.

FIG. 13 :

 13 FIG.13: Calculated total S2 as a function of temperature for the 8-spin cluster (dotted lines) and 9-spin cluster (dashed lines) in the multi-J model of table III. Zoom of the low temperature range in the inset.

TABLE I :

 I Refined structural parameters from Rietveld analysis of neutron powder diffraction data of La3Cu2VO9 at 3 K. Biso is the isotropic displacement parameter in Å2 . The agreement factors are 3.38 for the Bragg R-factor and 2.27 for the Rf-Bragg factor.

					Atom Wyckoff	x		y	z	Biso occupancy
					La(1)	2b	0		0	0	0.59(16) 0.16667
					La(2)	12i	0.2997(2) 0.0679(3) -0.0007(3) 0.56(4) 1.00000
					La(3)	12i	0.6148(3) 0.1480(2) 0.0124(2) 0.29(4) 1.00000
					V(1)	2d	2/3	1/3	1/4	0.8	0.16667
					V(2)	6h	1.0208(5) 0.1604(5)	1/4	1.97(11) 0.045(5)
					Cu(2)	6h	1.0208(5) 0.1604(5)	1/4	1.97(11) 0.455(5)
					Cu(3)	6h	0.3523(3) 0.2301(3)	1/4	0.51(5) 0.50000
					Cu(4)	6h	0.6092(5) 0.5841(4)	1/4	1.65(8) 0.50000
					V(5)	6h	0.158(8) 0.700(7)	1/4	0.8	0.50000
					O(a)	12i	0.4353(4) 0.0328(4) 0.0743(4) 0.62(6) 1.00000
					O(b)	12i	0.7524(4) 0.1164(4) 0.0766(4) 0.61(7) 1.00000
					O(c)	12i	0.0515(4) 0.1798(4) 0.0830(4) 0.82(7) 1.00000
					O(d)	4f	2/3	1/3	0.0768(8) 0.48(14) 0.33333
					O(e)	12i	0.2737(4) 0.4934(4) 0.1103(3) 0.48(5) 1.00000
					O(1)	2a	0		0	1/4	2.65(31) 0.16667
					O(2)	6h	0.3022(6) 0.0722(6)	1/4	1.37(9) 0.50000
					O(3)	6h	0.5657(6) 0.3726(6)	1/4	0.95(10) 0.50000
					O(4)	6h	0.2884(5) 0.3418(6)	1/4	0.64(9) 0.50000
					O(5)	6h	0.4519(6) 0.5571(5)	1/4	0.96(10) 0.5000
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TABLE II :

 II Curie-Weiss parameters of the best fits accounting

	Region T range (K)	θ (K)	µ ef f (µB)	n
	I	2-11	-4.2 ± 1.1	1.732	1.02 ± 0.19
	III	500-850	-294 ± 73	1.732	8.667
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