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Influence of electric polarisation on Coulomb blockade in a superparaelectric clusters assembly

We study electron transport in an assembly of epitaxial Cr2O3 nanoparticles embedded in a MgO tunnel barrier: a non-usual variation in the Coulomb blockade charging energy is observed as a function of the size of the clusters. In striking contrast to the expected increase of charging energy when decreasing the clusters size, an almost constant behaviour is observed. We argue here that the spontaneous super-paraelectric moment carried by the clusters core is the origin of this unusual behaviour since it drives the dielectric constant in this clusters assembly. This phenomenon could be exploited to fabricate devices with single valued Coulomb blockade energy despite a statistical dispersion in the clusters size.

Text

Scaling electronic devices down to nanometric dimensions often leads to electrostatic repulsive effects inside a single nanoparticle or epitaxial cluster, strongly modulating the electron conductance via the clusters as a function of the applied bias voltage. This Coulomb blockade (CB) effect was observed in many devices including conductive clusters -metallic, organic or semi-conductive -embedded in an insulating matrix [START_REF] Devoret | Single Charge Tunneling -Coulomb Blockade Phenomena in Nanostructures[END_REF][START_REF] Kastner | [END_REF] and is extensively exploited for developing single electron transistors (SET) devices. [START_REF] Devoret | Single Charge Tunneling -Coulomb Blockade Phenomena in Nanostructures[END_REF][START_REF] Meirav | Single-electron phenomena in semiconductors[END_REF]4] CB occurs as the energy E = e 2 /C needed to add an electron on a particle of capacitance C becomes significantly larger than the thermal and quantum fluctuation energies. With C ≈ 4π  rl for particles of length scale l, this energy scales inversely with the size of the particle and becomes dominant when l is reduced down to a few nm.

The dielectric environment (of constant r) of the particles can however also possibly change with the length scale of the system, and can be significantly modified though external parameters, as an applied electric field. This can be the case for ferroelectric systems for which there is a growing interest at the nanoscale, since they could be the key to new nanometric devices, for instance high-density non-volatile memories. [5] Preserving a ferroelectric state when decreasing the material dimensions down to a few nanometers is challenging [6,7] but has been recently reported [8] in several high quality ferro-electric oxides [9,10] . The issue of CB effects combined with a dielectric medium polarisation was theoretically discussed by of Udalov et al. [11,12] with one experimental report we are aware of. [13] Those works considered composite devices with nanometric conducting clusters embedded in a ferro-electric matrix, or above a ferro-electric gate. It turns out that the coupling between CB effects and the surrounding electric polarisation is far from being negligible and induces a large modification of the conductance Coulomb diamonds in the clusters.

We recently reported [14][15][16] a system, made of granular Cr2O3 nanoparticles embedded in a MgO insulating matrix, where, schematically, the in-plane interface of flat chromium oxide nanometric epitaxial islands with insulating MgO are in a conducting state whereas the core of the clusters is insulating and carries a spontaneous electric moment. [14,[17][18][19] It provides a unique system with a metallic fraction playing the role of a Coulomb island, next to a dielectric of high polarizability. We show here that the Coulomb charging energy E is nearly size invariant, in striking contrast from the expectations of the size dependence of the capacitance of an island. As the nanoparticles also influence the dielectric environment through their insulating fraction, we discuss here how it can impact the charging energy, explaining quantitatively how it makes it size independent. This phenomenon is highly appealing for developing new devices exploiting CB effects with a well-defined E values, providing a clear electrical spectroscopy signature that is robust versus the particles size statistics.

The tunnel junctions are grown by e-beam gun on an MgO [001] substrate by molecular beam epitaxy in ultra-high vacuum: the bottom Fe electrode is deposited at 100°C and annealed at 500°C for one hour yielding an atomically flat surface. A 3 nm MgO layer is then deposited at 100°C, followed by the Cr layer -nominal thickness tCr -and 3 nm MgO at 200°C. Chromium crystallizes in a centred cubic structure with a Cr[100](100) // MgO[110](100) epitaxial relationship, and follows a Volmer-Weber growth mode [20,21] leading to the appearance of flat islands embedded in the smooth MgO barrier. The stack (Fig. 1(a)) is then annealed at 500°C to achieve a complete oxidation of Cr into Cr2O3. [14] The top electrode is made of 5 nm Fe followed by 20 nm Co capped with Pd. Wedge samples with a varying tCr are obtained by progressively masking the sample during deposition of chromium (Fig. 1(b)), providing a straightforward method to vary continuously the average cluster size value on a single processed batch. A complete structural analysis was previously detailed [14] : Chromium was shown to form Cr2O3 clusters inside the MgO barrier, with a 2 nm height and 4-8 nm width. X-ray Absorption Spectroscopy measurements on such clusters indicated a complete oxidation of chromium, mostly into the corundum Cr2O3 phase (about 90%), whose c-axis was in the plane, and (less than 10%) into an oxygen-rich phase close to metallic CrO2 probably located at the edge of the clusters. The metallic part of the clusters is possibly due to the oxygen rich (VO2-like) oxide but the large strained-induced modification of Cr2O3 relative to the bulk -see for instance the appearance of a magnetization-could also make that Cr2O3 locally turns into a conducting phase. Tunnel junction devices in the microns range of lateral size were obtained through successive U.V. photolithography, Ar + ions milling, and SiOx and Ti/Au deposition steps as in Ref. [14]. Electron transport measurements were performed in a He4 static cryostat, in a four-wire configuration. The conductance G per junction surface unit A (Fig. 1c) increases linearly with the nominal deposited chromium thickness. This is consistent with our previous observations [14] : the density of Cr2O3 clusters -in the order of 10 4 /m 2 -and their thickness d -equal to 2 nm-do not change with the amount of deposited chromium, as was also pointed by Koda and coworkers [20,21] on similar systems. As a consequence, only the area S of individual clusters varies, proportionally to tCr, explaining the linear conductance variation observed in Fig. 1(c): the direct tunnelling of electrons between bottom and top electrodes being ruled out, the tunnelling takes probably place via the clusters interfaces whose surface is proportional to tCr . A sketch of an individual cluster is given in Fig. 1(d), supposing a metallic phase at the edge of the cluster. Notice that in an alternative hypothesis the metallic part could be located closer to the cluster core.

The I(V) curves measured at 6.2K -see Fig. 2 theory [START_REF] Devoret | Single Charge Tunneling -Coulomb Blockade Phenomena in Nanostructures[END_REF]14] evaluates the electronic occupation probability on a cluster and, taking into account the tunnelling probability through both MgO tunnel barriers and yields the conductance at a given voltage. A background charge of Q = 0.28 electron for tCr = 0.71 nm reflects the global environment charge in the vicinity of an individual cluster or an intrinsic electric polarisation.

The Cr2O3 clusters diameters follow a Gaussian distribution law centered at 7.1 nm (with a standard deviation of 1.2 nm), extracted from experimental observations. [14] We do not reproduce the background of the whole curve, but the agreement with the shape of peaks in experimental I"(V) curves derivatives confirms that we deal with a CB effect. [14] The positive voltage at which we observe the experimental first peak in
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varies slowly with a slight, linear decrease as a function of tCr (Fig. 3). Relatively to the first peak, the voltage corresponding to the second peak in 2 2 V I   curves follows nearly the same linear variation as a function of tCr, which implies that the energy difference E between the two states (n or n+1 electrons on the cluster) is nearly independent of the clusters size. This is highly intriguing as this value should decrease with increasing the nominal chromium thickness, i.e. when increasing the capacitance associated to the cluster. Indeed, defining ras the relative dielectric constant of the environment, made essentially of insulating Cr2O3 , and S as the clusters individual area, the energy E should schematically vary as the inverse of C =   rS/d for our disc-shaped particles. [START_REF] Devoret | Single Charge Tunneling -Coulomb Blockade Phenomena in Nanostructures[END_REF]14] This should imply a noticeable decrease of E from tCr = 0.08 nm to tCr = 0.78 nm, which is here clearly not experimentally observed. This expectation is confirmed in Fig. 4(a): a simulation using the orthodox model, for clusters of varying diameters, and an average zero environment charge, shows a large decrease of E with tCr. The counter-intuitive experimental behaviour thus suggests that a more subtle mechanism is at play. We propose that the presence of the individual electric dipole P in the clusters [14,15,17] leads to a variation of the r value with clusters size that cancels out the dependence of the capacitance on the clusters surface area. Since the dielectric constant writes   r=   ), were  is the electric susceptibility, we estimate dthe contribution of the weak spontaneous electric polarisation to  in our particular granular systems. As was shown in our former works [14,15] each cluster carries a -weak-spontaneous electric dipole P -in the order of 5 .10 - 29 C.m-induced by the large epitaxial strain -which probably explains the large, voltagedepend, magnetic anisotropy reported in Ref [16]-. This electric polarization could only be indirectly evaluated [14,15] as direct classical observations -as capacitance measurements-are not sensitive enough for such low polarization values. Our previous findings [14] suggested that the individual electric dipole modulus carried by those clusters followed a complex behaviour as a function of the clusters size, because of two competing effects: increasing the clusters area induces a relaxation of epitaxial strain, and thus a lower electric polarisation, but on the other hand the clusters volume gets larger. Within the tCr range considered in the present work [0.08 nm to 0.78 nm], we therefore observe a relatively low change of the magnitude of ║P║, that we neglect for simplicity in the following discussion. Moreover, the low anisotropy energy enables the electric dipoles to rotate due to thermal fluctuations: the whole clusters assembly is in a super-paraelectric state. [22][23][24] The alignment of the electric dipoles along the applied electric field is thus described by a Langevin law as a function of an applied electric field. [14,15] The estimate of d relates to the average electric dipole along z of an individual cluster, Pz, when applying an electric field E along this direction (perpendicularly to the tunnel barrier), which favors the alignment of the individual permanent electric dipoles along this direction. This polarisation can be written:
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where V is the volume of an individual cluster. It relates to the magnitude of the spontaneous dipole ║P║ by
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where L is the Langevin function defined as L(x) ≡ 1/x-1/tanh(x). We make an approximation, valid for x < 1, by supposing 3 ) ( x x L  (in fact, for an applied voltage of 0.05 V, we can reach x=3: this means that we will here, for simplicity sake, slightly overestimate the slope of L(x) and the subsequent electric susceptibility).

Within this approximation, T k
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and thus:
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Taking our experimental findings d = 2 nm, and a characteristic ║P║ value of 5. 10 -29 C.m [14] , we obtain, at T= 6.2 K, a value of d close to 50, much larger than unity -and the corresponding r value of bulk Cr2O3 equal to 9 [25] -. The contribution of d therefore dominates the dielectric constant and:
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Finally, using our estimate for the capacitance of cylindrical clusters, we
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This expression can be simplified if we define the equivalent electric charge due to the spontaneous polarisation on a cluster horizontal interface
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, which leads to:
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A value of ║P║ = 5. 10 -29 C.m corresponds to Q = 0.16 e and (4) yields a E value close to 60 meV at 6K, in reasonable agreement with the experimental value of 90 meV. As can be inferred from (4), if Q is independent of tCr, E does not vary with clusters size. This model, which schematically reflects the main mechanism explaining the experimental low variation of E with tCr in Fig. 3, was checked by means of numerical simulations of E using the same orthodox model as described above (Fig. 4). We supposed, due to polarisation, a constant surface electric charge Q on the clusters. This simulation reproduces the trend experimentally observed as a function of tCr since it yields an almost constant E value as well as E1 and E2

values close to the experimental ones -even though the linear variation with tCr is not fully reproduced-.

As a conclusion, we showed that the presence of a weak ferroelectric polarisation in strained Cr2O3 clusters has a dramatic influence on the Coulomb blockade energy of electrons tunnelling via those clusters: the increase of the capacitance of the clusters when increasing their size is compensated by a decrease of the dielectric constant r due to the spontaneous electric polarisation of the clusters dielectric fraction. This leads to an almost constant energy difference between the first and second CB peaks as a function of the clusters area over a whole decade. This effect originates from the super-paraelectric property of the clusters assembly and the subsequent original dielectric constant behaviour that increases on decreasing the cluster size. This might also explain how measurements performed on average assemblies of clusters reveal well-defined Coulomb blockade: whatever the size involved in charge transfer, the CB energies involved vary little with size. We believe that this effect could be exploited to fabricate devices with a given CB energy, circumventing the unavoidable clusters size dispersion in large assemblies. Furthermore, a less naive model should take into account the electric -or magnetic-polarisation switch induced by a supplementary electron on a cluster. A model, similar to the ones performed by Udalov et al. [11,12,26] would more accurately describe the involved physical mechanism and could perhaps explain the hysteretic conductance that we already reported at low temperature in those systems. [14] For such purposes, the fabrication of 3-terminal devices will clearly provide better experimental insight, and possibly open the door to robust and multi-functional devices taking advantage of CB effects in clusters carrying a spontaneous electric polarisation.

Obtaining such devices will require the increase of the intensity of CB peaks relative to the background conductance in I(V) curves: high quality and thicker MgO barriers could for instance favour the decrease of this background signal. Supposing a constant electric polarisation in the clusters, i.e. that the surface charge Q is centred on a constant value equal to 0.28 e, E is nearly constant.

  (a)-are nearly symmetric in voltage and do not exhibit striking features, contrary to the second derivative curves (Fig. 2(b)) which present resonance peaks almost symmetric in positive and negative voltages. The two well-defined peaks in the positive and negative voltage ranges are located at voltages in the order of ± 40 meV and ±130 meV. A simulation of the expected peaks in a CB effect in such clusters is given in the inset of Fig. 2(b): this simulation, based on an orthodox
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 4 Figure 4: Calculation of the Coulomb blockade peak positions and of their difference E, with a Gaussian distribution of the clusters diameter and a standard deviation of 1.2 nm. The clusters density was taken equal to 1.3 10 16 m -2 , the MgO and Cr2O3 dielectric constants equal to respectively 9.8 and 5.5. (a) Supposing a Q0 environment charge on the clusters following a Gaussian distribution centred on zero with Q0 =0.2 e, E noticeably decreases with tCr.(b)
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