regime, is still unexplored. Understanding the dynamical properties of the hybrid QD system stemming from the magnetic anisotropy of adatoms in the context of many body physics could be very useful for future applications in information storage and magnetic logic. To choose a suitable QD system for this, we have found that carbon nanotube based (CNT) dots are advantageous relative to the other dots due to (i) higher Kondo temperature and (ii) large Landèg factor. 13,14 In addition, nanotubes possess a unique ability to encapsulate foreign materials inside their inner cores, which can protect the molecules from environmental influences. Taking this into account, a nanotube QD in the Kondo regime, filled with magnetic nanoparticles, can be a good model system to study the effect of the spin flip of magnetic nanoparticles on the Kondo assisted magnetotransport.

In this article, we report on the low temperature (from 30 mK to 1 K) electrical transport measurements of a double wall carbon nanotube (DWCNT) filled with Fe nanoparticles. The measurements of electrical conductance through the system revealed the existence of the Kondo effect, which has been studied thoroughly with respect to temperature (T) and external magnetic field (B). Hysteresis in differential resistance (R) as a function of magnetic field (B) is observed only in the Kondo (odd electron number) diamonds of the nanotube. The dependence of the hysteresis on the temperature and magnetic field attests the influence of magnetization reversal of magnetic nanoparticles. The experimental observations are corroborated quite well with numerical renormalization group calculations for an effective low energy model considering the presence of magnetic nanoparticles causing fluctuation of the spin on the orbital level of the nanotube.

We note that the Kondo effect in carbon nanotube quantum dots has already been a subject of extensive theoretical and experimental studies. [13][14][15] Moreover, the properties of CNTs with encapsulated impurities have also been analyzed. [16][17][18][19] However, none of these works have reported the hysteretic behavior of magnetoresistance associated with spin reversal of magnetic nanoparticles.

We use double wall carbon nanotubes filled with Fe nanoparticles to fabricate quantum dots connected between two metallic electrodes (see Methods for details). [START_REF] Flahaut | Synthesis of Single Walled Carbon Nanotube Co MgO Composite Powders and Extraction of the Nanotubes[END_REF][START_REF] Flahaut | Gram scale CCVD Synthesis of Double Walled Carbon Nanotubes[END_REF] SQUID measurements and Mossbauer spectroscopy are performed to confirm the existence of magnetic nanoparticles in the hybrid. [START_REF] Tilmaciu | Synthesis of Superparamagnetic Iron(III) Oxide Nanowires in Double Walled Carbon Nanotubes[END_REF] In addition, transmission electron microscopy (TEM) revealed partial filling of the hybrid double wall CNTs [Figure 1(a)]. Nanotube junctions that are 300-400 nm wide were fabricated by electron beam lithography (EBL), followed by metal evaporation (50 nm of Pd). The scheme of the device is shown in Figure 1(b). The electron transport measurements were performed in a dilution refrigerator with a base temperature of 30 mK.

Figure 2(a) shows a plot of the linear response differential conductance (G) versus the gate voltage. Regular Coulomb oscillations are visible with alternating strong and weak blocked conductance between the peaks. This feature is visible on the complete Coulomb diagram as blocked diamonds corresponding to even occupancy of the quantum dot, followed by odd diamonds exhibiting zero bias high conductance ridges [Figure 2(b)]. The measured stability diagram is typical of the Kondo effect in a QD with good coupling to the contacts. [START_REF] Herrero | Orbital Kondo effect in Carbon Nanotubes[END_REF] From these Coulomb diamonds, we 

RESULTS AND DISCUSSION

The influence of an external magnetic field (B) on the electrical properties of the device is shown in Figure 3. The magnetic field is swept from -1 T to +1 T (trace) at a constant rate (0.03 T s -1 ) and return (retrace) (also see Figure S5). S4) and are thus attributed to the enclosed particles' spin reversal at their switching field, B sw . [START_REF] Wernsdorfer | Classical and Quantum Magnetisation Reversal Studied in Single Nanometer Sized Particles and Clusters using Micro SQUIDs[END_REF] We note that a similar hysteresis in electrical transport induced by the switching of magnetization of a nonmagnetic QD has been predicted in different hybrid QD devices. [START_REF] Seneor | Nanospintronics: when Spintronics Meets Single Electron Physics[END_REF][START_REF] Sahoo | Electric Field Control of Spin Transport[END_REF][START_REF] Zwanenburg | Electric Field Control of Magnetoresistance in InP Nanowires with Ferromagnetic Contacts[END_REF] However, in our case it is strongly related to the Kondo effect in a CNT, which will be discussed below. Note that all measurements presented in the article have been performed on one sample out of four samples that shows hysteresis in Kondo ridges of a filled carbon nanotube. The results are qualitatively similar in the other three devices.

To quantify the magnitude of the hysteresis of resistance, we introduce ΔR, defined as the difference between the trace and retrace magnetoresistance curves, ΔR = R trace -R retrace , and plotted as a color map in Figure 3(c). By comparing the hysteresis map [Figure 3(c)] and the stability diagram [Figure 2(b)], one can easily notice that hysteresis is present only in the Kondo diamonds. Moreover, the hysteresis magnitude (|ΔR|) is strongly dependent on the value of conductance in the Kondo ridges. For example, |ΔR max | = 6 kΩ is observed at V g = -1.90 V, where G(V sd = 0) = 20 μS, whereas larger conductance G(V sd = 0) = 50 μS at V g = -2.18 V results in a weaker hysteresis with |ΔR max | = 2 kΩ. Larger conductance at a Kondo ridge is associated with a higher Kondo temperature. Since the Kondo temperature strongly depends on the ratio of Γ/U C , where Γ is the energy level broadening and U C is the charging energy, and increases when this ratio becomes larger, 3 higher T K corresponds to stronger correlations 6 for the considered gate voltage. As the magnetic hysteresis is a rather small effect (|ΔR B 0to0.45T | < |ΔR B -1Tto0T |) compared to large magnetoresistance behavior in the Kondo ridge, depending upon the Kondo correlations, hysteresis strongly varies in different Kondo ridges (Figure S1). [START_REF] Quay | Magnetic Field Dependence of the Spin 1/2 and Spin 1 Kondo Effects in a Quantum Dot[END_REF] Figure S2 shows the hysteresis of the resistance as a function of the magnetic field in the plane of the carbon nanotube. The magnetic field at which hysteresis vanishes changes significantly as a function of field direction. [START_REF] Cleuziou | Electrical Detection of Individual Magnetic Nanoparticles Encapsulated in Carbon Nanotubes[END_REF][START_REF] Datta | Magneto Coulomb Effect in Carbon Nanotube Quantum Dots Filled with Magnetic Nanoparticles[END_REF] However, the result does not really follow the well known Stoner-Wohlfarth model, which describes the magnetization reversal of one single nanoparticle by uniform rotation of the magnetization. [START_REF] Wernsdorfer | Classical and Quantum Magnetisation Reversal Studied in Single Nanometer Sized Particles and Clusters using Micro SQUIDs[END_REF][START_REF] Cleuziou | Electrical Detection of Individual Magnetic Nanoparticles Encapsulated in Carbon Nanotubes[END_REF] The presence of many nanoparticles inside the nanotube having different preferential magnetization orientation with respect to the host carbon nanotube axis could be responsible for this feature.

In Figure 4(a), we present the temperature dependence of the zero bias Kondo peak measured at V g = -1.91 V. The estimation of the Kondo temperature extracted from the half width at half maximum of the zero bias peak ( fwhm 750 Figure 4(d) shows the Kondo peak splitting with an applied magnetic field. [START_REF] Quay | Magnetic Field Dependence of the Spin 1/2 and Spin 1 Kondo Effects in a Quantum Dot[END_REF][START_REF] Kogan | Measurements of Kondo and Spin Splitting in Single Electron Transistors[END_REF][START_REF] Babic | Effect in Carbon Nanotubes at Half Filling[END_REF][START_REF] Moore | Anomalous Magnetic Splitting of the Kondo Resonance[END_REF] The typical linear evolution of the splitting of the two Kondo components is observed. From the position of the two peaks (V sd peak ) it is possible to extract the g factor using the formula g B eV

1 2 B sd peak μ ± = .
The g factor comes out to be g ≈ 1.97 and g ≈ 2.42 for the positive and negative bias voltage peak, respectively, which agrees reasonably well with previous investigations on carbon nanotubes. [START_REF] Cobden | Spin Splitting and Even Odd Effects in Carbon Nanotubes[END_REF][START_REF] Tans | Individual Single Wall Carbon Nanotubes as Quantum Wires[END_REF] From the intercepts of the linear fits, the minimum magnetic field to split the Kondo peak, B K ≈ 340 mT, is found, which is large compared to the field change associated with the hysteresis ΔB ≈ 200 mT [see Figure 3(a)], and corresponds to the Kondo temperature T K ≈ 430 mK, since gμ B B K = k B T K for a spin 1 2 Kondo effect. [START_REF] Costi | Transport Coefficients of the Anderson Model via the Numerical Renormalization Group[END_REF] 

THEORETICAL ANALYSIS

Model and Method. To model the system in the Kondo regime, we propose an effective low energy model, which is schematically shown in Figure 5(a). We consider one orbital level of energy ε and Coulomb correlations U C , which is tunnel coupled to external leads, with coupling strengths, Γ L and Γ R , for the left and right lead, respectively. We assume that the presence of magnetic nanoparticles causes the spin on the orbital level to rotate, as if an additional x component of magnetic field was present in the system. We thus have the following effective Hamiltonian of the system, H = H el + H imp + H tun . The first term describes the noninteracting electrons in the leads:

H c c rk rk rk rk el ∑ ε = σ σ σ † (1)
where c rkσ † is the creation operator of an electron with spin σ, momentum k, and energy ε rk in the lead r. The second term of the Hamiltonian models the complex impurity and has the following form:

H n U n n Bs B s C z x x imp ∑ ε = + + + σ σ ↑ ↓ (2) 
Here, n σ = d σ † d σ , where d σ † creates a spin σ electron in the orbital level of energy ε. The spin operator of electrons on the orbital level is described by s⃗ = (1/2)∑ σ,σ′ d σ † σ⃗ σσ′ d σ′ , with σ⃗ being the vector of Pauli spin matrices, while B and B x denote the zth and xth components of the magnetic field in energy units (gμ B ≡ 1).

Finally, the last term of the Hamiltonian accounts for tunneling processes between the orbital level and external leads:

H V c d d c ( ) rk r rk rk tun ∑ = + σ σ σ σ σ † † (3) 
where V r denotes the corresponding tunnel matrix elements. The total coupling between the leads and the orbital level is given by Γ = Γ L + Γ R , where Γ r = πρ r V r 2 and ρ r is the density of states of lead r, which is assumed to be flat.

In our effective model, the presence of magnetic nano particles is assumed to cause a rotation of the spin in the orbital level. This happens when the external magnetic field B is on the order of the coercive field of nanoparticles B c . We associate the magnitude of additional magnetic field component B x acting on electrons residing in the orbital level with the fluctuations of magnetizations of nanoparticles. Consequently, we assume

B x = B x0 sech[(B -B c /2)/2T],
where B x0 is the maximum value of the field. Suppose we start the magnetic field sweep from negative to positive values. Then, the magnetization of nanoparticles flips its orientation when magnetic field B is on the order of B c . On the other hand, for the backward sweep, the magnetization of nanoparticles is reversed back when B ∼ -B c . Consequently, in our effective model we assume that the x component of magnetic field B x , which is directly associated with magnetization reversal of nanoparticles, becomes enhanced either for B = B c /2 or for B = -B c /2, depending on the sweep direction.

In order to study the transport properties in the Kondo regime, we use the density matrix numerical renormalization group (NRG) method. [START_REF] Legeza | Manual for the Flexible DM NRG Code[END_REF][START_REF] Wilson | The Renormalization Group: Critical Phenomena and the Kondo Problem[END_REF] In the NRG, the electrodes' conduction band is mapped into the semi infinite chain with exponentially decreasing hoppings, which can be solved in an iterative way. By using NRG, we accurately determine the orbital level spectral function 

A(ω) = ∑ σ A σ (ω), where A d d ( ) Im r 1 ω = - ⟨⟨ | ⟩⟩ σ π σ σ ω † and ⟨⟨d σ | d σ † ⟩⟩ ω r is
G e h d f A 2 4 ( ) ( ) 2 L R L R ∫ ω ω ω π ω = Γ Γ Γ + Γ - ∂ ∂ i k j j j j y { z z z z (4) 
where f(ω) is the Fermi-Dirac distribution function.

We would like to notice that, given the complexity of the real system studied, we do not intend to quantitatively fully reproduce the experimentally measured conductance curves, but rather focus on obtaining similar qualitative behavior. Therefore, in calculations we assume equal couplings to the left and right contacts, Γ L = Γ R = Γ/2, U C = 2.6 meV, and equal g factor for the whole system g = 2 and tune the other parameters to observe the desired behavior. As far as the NRG parameters are concerned, we use the discretization parameter Λ = 2 and keep at least N K = 1024 states at each step of iterative diagonalization.

Numerical Results. To fit to the experimentally observed hysteretic magnetic field dependence of the resistance, we estimate Γ = 0.4 meV and B c = B x0 = 0.5 T, which is on the order of experimental parameters. The calculated dependence of the linear resistance R = 1/G on B is shown in Figure 5(b), and it clearly reveals the hysteresis observed experimentally and presented in Figure 3(a). On the other hand, the dependence of ΔR on the magnetic field and temperature reveals the suppression of hysteresis with increasing the temperature; see Figure 5(c). The temperature T ≈ 400 mK, at which hysteresis becomes washed out, is comparable to the temperature estimated from the experimental data. The observed hysteretic behavior also becomes suppressed when moving out of the Kondo regime, which is visible in Figure 5(d), presenting the dependence of ΔR on B and orbital level position ε. We would like to emphasize that although the proposed theoretical model is relatively simple, it captures the experimentally observed behavior quite well. We also note that one could think of other mechanisms resulting in hysteretic dependence of R on B in the Kondo regime. In particular, the presence of magnetic nanoparticles could be modeled by exchange coupling the orbital level to an additional spin or several spins, subject to an effective magnetic field coming from neighboring magnetic nanoparticles. In this case a hysteresis in magnetic field can also be observed, but our calculations revealed (not shown) that the change in resistance is almost 2 orders of magnitude smaller than the one observed experimentally.
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 1 Figure 1. (a) TEM image of a double wall nanotube filled with iron particles. Particles form small dots (1-1.5 nm) inside the inner wall. (b) Schematic representation of the three terminal nanotube device. Pd contacts are designed on top of a SiO 2 /Si wafer used as a back gate.

Figure 2 .

 2 Figure 2. (a) Differential conductance G for a zero bias gate sweep from V g = -2.2 V to -1.65 V. The Coulomb peaks are separated by low and high conductance regions. Odd nanotube occupancy is deduced from intermediate differential conductance Kondo ridges. (b) Bias spectroscopy map at T = 30 mK. A typical alternating pattern of even and odd occupation diamonds is observed with characteristic Kondo ridges at zero bias. The different capacitances with electrodes are calculated from the slope of the diamond constituted by the green lines. The charging energy U C and the level spacing δ have been marked by black and red arrows, respectively.

Figure 3

 3 (a,b) show the linear response differential resistance R as a function of the magnetic field B (trace and retrace) inside the even diamond [Figure3(b)] and on the Kondo ridge [Figure3(a)]. The magnetoresistance is negative and without hysteresis for the even occupation case. On the contrary, positive magnetoresistance (45 kΩ/T) is observed along with hysteresis for the odd occupation case. The hysteresis is symmetric with respect to zero magnetic field and exhibits pronounced jumps from B = ±0.05 T to B = ±0.45 T [see Figure3(b)]. These features are not observed in similar devices made with empty DWNTs (FiguresS3 and

  quite comparable to the one obtained from the conductance profile at different temper atures shown in Figure4(a) (T K ≈ 500 mK).3 Figure4(b)shows that the magnitude of hysteresis decreases as the temperature goes up from T = 30 mK to T = 400 mK and completely disappears for T > 400 mK. At T = 400 mK, the magnitude of the Kondo peak is around 50% lower compared to its low temperature value (T ≈ 40 mK). This is a direct consequence of the fact that the Kondo correlations vanish for temperatures beyond the Kondo temperature (T > T K ) due to thermal fluctuations. Consequently, the device resistance recovers then a nonhysteretic behavior. Similarly, as shown in Figure4(c), the hysteresis is also completely washed out for V sd ≳ 300 μV. Comparing with Figure4(a), this corresponds to the tail of the Kondo profile. The conductance drops then by 80% from its peak value at V sd = 0.

Figure 3 .

 3 Figure 3. (a, b) Differential magnetoresistance (back and forth) measured in the middle of odd (a) and even (b) occupation diamonds. (a) At V g = -1.90 V (odd case) the differential resistance shows hysteresis around zero magnetic field. (b) No hysteresis is observed for V g = -2.00 V (even case). (c) Color plot of resistance hysteresis ΔR as a function of the gate voltage V g . The red, blue, and white colors correspond to positive, negative, and zero hysteresis, respectively.

Figure 4 .

 4 Figure 4. (a) Temperature dependence of the Kondo peak. The height of the peak at zero bias decreases as the temperature increases. The measured Kondo temperature is T K ≈ 500 mK. On the other hand, the Kondo temperature extracted from the half width at half maximum of zero bias peak in G is T K ≈ 750 mK. (b) Temperature dependence of the area of the hysteresis loop. The hysteresis disappears around T B ≈ 400 mK. (c) Hysteresis for different bias voltages. It becomes washed out for V sd ≳ 300 μV. (d) Bias voltage dependence of the conductance for different magnetic fields. Inset presents the dependence of the position of the split Kondo peak (V sd peak ) on magnetic field B.

Figure 5 .

 5 Figure 5. (a) Cartoon of the theoretical model used. Single orbital level of energy ε and Coulomb correlations U C is tunnel coupled to the leads with respective strengths Γ L and Γ R . There is an external magnetic field B applied to the system. It is assumed that the presence of nanoparticles inside the inner tube results in an additional x component of magnetic field. (b) Magnetic field dependence of the linear resistance R = 1/G with characteristic hysteretic behavior. The parameters of the system are U C = 2.6 meV, ε = -1.3 meV, Γ = 0.4 meV, B c = 0.5 T, B x0 = 0.5 T, and T = 30 mK. The red curve corresponds to the forward sweep of B, while the blue curve is for the opposite sweep, for which the coercive field of nanoparticles B c flips sign. The map of resistance change ΔR as a function of magnetic field B and (c) temperature T and (d) orbital level position ε shows that the hysteretic behavior vanishes with increasing T or detuning the system from an odd electron occupation regime.

  

  

  

  

There is no correlation between the conductance at zero bias peak (Kondo peak) and the hysteresis. Zero bias conductance of a filled tube (black dots) falls in between that of two Kondo conductance (red and blue data) of an empty tube (Figure S3).

Figure S3: Coulomb diamonds of an empty carbon nanotube at T = 30mK. Regular shaped coulomb diamonds with Kondo ridges at zero bias can be clearly observed. For the bias dependent conductance data at Kondo ridges, gate volatges Vg = 6.17 V, and 6.4 V, respectively (shown in vertical lines, red and blue, respectively) have been chosen in the Figure S4b.