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            Abstract
The ability to control chemical and physical structuring at the nanometre scale is important for developing high-performance thermoelectric materials1. Progress in this area has been achieved mainly by enhancing phonon scattering and consequently decreasing the thermal conductivity of the lattice through the design of either interface structures at nanometre or mesoscopic length scales2,3,4,5,6 or multiscale hierarchical architectures7,8. A nanostructuring approach that enables electron transport as well as phonon transport to be manipulated could potentially lead to further enhancements in thermoelectric performance. Here we show that by embedding nanoparticles of a soft magnetic material in a thermoelectric matrix we achieve dual control of phonon- and electron-transport properties. The properties of the nanoparticlesâ€”in particular, their superparamagnetic behaviour (in which the nanoparticles can be magnetized similarly to a paramagnet under an external magnetic field)â€”lead to three kinds of thermoelectromagnetic effect: charge transfer from the magnetic inclusions to the matrix; multiple scattering of electrons by superparamagnetic fluctuations; and enhanced phonon scattering as a result of both the magnetic fluctuations and the nanostructures themselves. We show that together these effects can effectively manipulate electron and phonon transport at nanometre and mesoscopic length scales and thereby improve the thermoelectric performance of the resulting nanocomposites.
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                    Figure 1: Microstructures of the as-prepared powders and bulk materials of xCo/Ba0.3In0.3Co4Sb12 with xâ€‰=â€‰0.2%.[image: ]


Figure 2: Measured magnetic properties.[image: ]


Figure 3: Electrical and thermal properties in the temperature range 300â€“850 K.[image: ]


Figure 4: Thermoelectromagnetic effects induced by Co nanoparticles with diameters of 5â€“10â€‰nm.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Effect of Co nanoparticles on structure.
a, XRD patterns of Co nanoparticles. b, XRD patterns of the first batch of xCo/Ba0.3In0.3Co4Sb12 (xâ€‰=â€‰0, 0.1%, 0.2% and 0.3%; labelled MNC00, MNC01, MNC02 and MNC03). c, Raman spectra of the first batch of samples. dâ€“g, BEIs of the first batch of samples.


Extended Data Figure 2 Effect of the Co nanoparticles on microstructure.
a, b, FESEM images of MNC00 (a) and MNC02 (b). c, HRTEM image of MNC02. dâ€“g, FESEM images of MNC00R, MNC01R, MNC02R and MNC03R, respectively.


Extended Data Figure 3 Theoretical blocking temperature (TB) and Curie temperature (TC), and the Ohmic contact experiment.
a, c, e, Theoretical TB dependence of the critical diameter DC. b, d, f, Theoretical TC dependence of the critical diameter DC. The oval shaded areas delineated by dotted lines indicate the range of TB and TC for the Co and Ni nanoparticles diameters of 5â€“10 nm and the Fe nanoparticles diameters of 2â€“5 nm. g, Experimental sample for measuring the Ohmic contact between Co and filled skutterudite. Co was first evaporated onto the matrix and then Cu electrodes were connected with the Co using a tin solder. h, Iâ€“V plot: a straight line through the origin (0, 0), demonstrating a good and stable Ohmic contact between the Co and the matrix, consistent with the analytical result from the work functions of the Co nanoparticles and the matrix.


Extended Data Figure 4 Experimental data from Hall measurements and theoretical Lorenz number (L).
a, b, The first batch of samples. c, d, The second batch of samples. The measuring current remains unchanged at 100â€‰mA. The magnetic field is varied in the range 0.1â€“1.2 T. The Î”Vxy values measured in the range 0.5â€“1.2 T are used to linearly fit the Hall coefficient. e, f, Temperature dependence of L for the first (e; MNC00, MNC01, MNC02 and MNC03) and second (f; MNC00R, MNC01R, MNC02R, MNC03R and MNC04R) batches of MNC thermoelectric materials batch in the range 300â€“850â€‰K.


Extended Data Figure 5 Effect of the Co nanoparticles on the electrical and thermal transport properties in the range 300â€“850 K.
aâ€“f, The first batch of samples. gâ€“l, The second batch samples. aâ€“l, Temperature dependence of the electric conductivity Ïƒ (a, g), the Seebeck coefficient Î± (b, h), the power factor Î±2Ïƒ (c, i), the thermal conductivity Îº (d, j), lattice thermal conductivity ÎºL (e, k) and ZT (f, l). The insets in d and j show the temperature dependence of the carrier thermal conductivity ÎºE. The error bars in f and l are set to 5%.


Extended Data Figure 6 Effect of the Fe, Co and Ni nanoparticles on the thermoelectric and magnetic properties.
aâ€“d, Temperature dependence of the electric conductivity Ïƒ (a) Seebeck coefficient Î± (b), thermal conductivity Îº (d) and ZT for MNC00R and xTM/Ba0.3In0.3Co4Sb12 (TMâ€‰=â€‰Fe, Co or Ni) with xâ€‰=â€‰0.2%, labelled MNC02R_Fe, MNC02R_Co and MNC02R_Ni, respectively. The inset in c shows the temperature dependence of the lattice thermal conductivity ÎºL. eâ€“h, Mâ€“H curves at room temperature. The insets in eâ€“h show close-ups near zero field.


Extended Data Figure 7 Experimental evidence of the superparamagnetism of the Co nanoparticles with diameters of 5â€“10 nm.
a, ZFC and FC Mâ€“T curves. b, Mâ€“H curves at 300â€‰K and 450â€‰K. c, Langevin fitting of the Mâ€“H curves at 450â€‰K. d, TEM image of the Co nanoparticles. The inset in b shows the Mâ€“H curves near zero field. The inset in c shows the results of the Langevin fitting.


Extended Data Figure 8 Experimental evidence of the superparamagnetism of the Fe nanoparticles with diameters of 2â€“5 nm.
a, ZFC and FC Mâ€“T curves. b, Mâ€“H curves at 50â€‰K and 350â€‰K. c, Langevin fitting of the Mâ€“H curves at 350â€‰K. d, TEM image of the Fe nanoparticles. The inset in b shows the Mâ€“H curves near zero field. The inset in c shows the results of the Langevin fitting.


Extended Data Figure 9 Experimental evidence of the superparamagnetism of the Ni nanoparticles.
a, ZFC and FC Mâ€“T curves. b, Mâ€“H curves at 50â€‰K and 350â€‰K. c, Langevin fitting of the Mâ€“H curves at 350â€‰K. d, TEM image of the Ni nanoparticles with diameters of 5â€“10 nm. The inset in b shows the Mâ€“H curves near zero field. The inset in c shows the results of the Langevin fitting.


Extended Data Table 1 Room-temperature charge-transport properties and scattering parameters for the first (MNC00, MNC01, MNC02 and MNC03) and second (MNC00R, MNC01R, MNC02R, MNC03R and MNC04R) batches of xCo/Ba0.3In0.3Co4Sb12 samplesFull size table
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        Editorial Summary
Magnetic performance enhancers
Increasing the efficiency of thermal-to-electric energy conversion using thermoelectric materials typically focuses on nanostructuringâ€”in particular, varying the chemical and physical properties at the nanoscale to modify the thermal conductivity of the whole material. Electrical conductivity is also a key parameter and now Wenyu Zhao et al. report a nanostructuring strategy that offers simultaneous control over thermal and electrical transport, with a net gain in overall thermoelectric performance of the material. They embed nanoparticles of a soft magnetic material in a thermoelectric matrix. The nanoparticles themselves provide conventional scattering sites for thermal vibrations (phonons) in the matrix while superparamagnetic fluctuations of the magnetization state of the nanoparticles interact with the matrix electrons, separately modifying their transport properties.
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