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Thermomagnonic spin transfer and Peltier effects in insulating magnets • Alexey A. Kovalev



Collaborators: • Yaroslav Tserkovnyak (UCLA, USA)



Outline • Introduction. • Fictitious electromagnetic fields and their importance for spin currents. • Interactions between magnon currents and magnetization in ferromagnetic insulators, analogy to charge currents in ferromagnets. • Phenomenological description based on thermodynamic variable and their conjugates. • Importance of dissipative (non-adiabatic) corrections. • Domain wall motion by temperature gradients and spin/heat pumping by moving magnetic texture – spin Peltier effect.



milestones: gmr and spin torque effects



Albert Fert and Peter Grünberg discovered giant magnetoresistance effect in 1988, Nobel Prize 2007. Opposite effect: current induced torque. J. C. Slonczewski, J. Magn. Magn. Mater. 159, L1 (1996). L. Berger, Phys. Rev. B 54, 9353 (1996).



New way to transfer signal Recently, controllable spin flows through ferromagnetic insulators have been experimentally realized.



First transistor invented by John Bardeen, William Shockley and Walter Brattain in 1947 relied on possibility that hole current can flow through bulk of semiconductor.



Y. Kajiwara, K. Harii, S. Takahashi, J. Ohe, K. Uchida, M. Mizuguchi, H. Umezawa, H. Kawai, K. Ando, K. Takanashi, S. Maekawa & E. Saitoh Nature 464, 262 (2010) “Heat Transport by Spin Waves in Yttrium Iron Garnet,” R. L. Douglass, Phys. Rev. 129, 1132 (1963)



Geometric phases and parallel transport



Example 1: Traveler with a compass; • traveler with a compass starts from and returns to the North pole. • compass arrow acquires an angle (phase).



Example 2: Foucault pendulum; • as earth rotates pendulum acquires rotation • projection of the angular velocity of Earth onto the normal direction to Earth determines precession. (From wikipedia)



Geometric phase of spin



• Spin lives on a surface of a sphere.



• Spin returns to initial position and accumulates a Geometric phase – a product of encircled area and spin.



-- spin direction is defined by three Euler angles.



Geometric phase of spin ->



Magnetic texture induced geometric phases Spin torque effect



Fictitious magnetic field



Moving texture and EMF







1. If magnetic field changes then by Faraday’s law there is electro-motive force: 2. Electron also accumulates additional phase  ' due to magnetic texture. If the magnetic texture changes in time, by analogy to Faraday’s law we have additional electromotive force:



Magnetic texture induced fictitious magnetic field deflects the trajectory. C. Pfleiderer, A. Rosch, Nature 465, 880 (2010) X. Z. Yu, Y. Onose, N. Kanazawa, J. H. Park, J. H. Han, Y. Matsui, N. Nagaosa& Y. Tokura Nature 465, 901 (2010)



Particles with spin and no charge



=



+



No charge



Question: How to manipulate?



Magnon



Spin-Seebeck effect



K.Uchida,J.Xiao,H.Adachi, J.Ohe, S.Takahashi,J.Ieda, T. Ota,Y.Kajiwara,H.Umezawa,H.Kawai, G.E.W.Bauer, S.Maekawa& E.Saitoh,Nature Mat. 9, 894 (2010) C. M. Jaworski,J. Yang,S. Mack,D. D. Awschalom, J. P. Heremans & R. C. Myers, Nature Mat. 9, 898 (2010)



Magnon Hall effect



Y. Onose, T. Ideue, H. Katsura, Y. Shiomi, N.Nagaosa& Y. Tokura, Science 329, 297 (2010)



thermal magnons and magnetic textures We perform transformation using 3x3 matrix R, aligning the axis z with local magnetization:



1. Spin waves can be quantized leading to magnons; 2. Due to fictitious vector potential magnons are subject to electric and magnetic fields:



Thermal transport (textbook) Heat current – energy current offset by chemical potential:



Distribution function for electrons:



Heat and particle currents:



Equilibrium distribution function:



Relations between heat and charge currents:



Initial description (but something is missing)



Nature 465, 880 (2010)



charge current induced torque



J



Transverse domain wall



A. Thiaville, Y. Nakatani, J. Miltat, Y. Suzuki Europhys. Lett. 69, 990-996 (2005) S. Zhang, Z. Li, Phys. Rev. Lett., 93 (2004), p. 127204; Y. Tserkovnyak, H.J. Skadsem, A. Brataas, G.E.W. Bauer Phys. Rev. B, 74 (2006), p. 144405



Phenomenological equations in 1D



Equation for the entropy production



dS L    dt T 



jq T TL T  j  2



1



2



 1  2MH  X L L 



By Onsager reciprocity principle.



A. A. Kovalev and Y. Tserkovnyak, Solid State Commun. 150, 500 (2010) & arXiv:1106.3135.



Interplay between currents and textures Entropy rate Magnon current Heat current LLG A.A. Kovalev and Y. Tserkovnyak, Phys. Rev. B 80, 100408(R) (2009); arXiv:1106.3135 (EPL in press).



Hall effect



Resistivity tensor Nernst and Righi-Leduc effects Peltier coeff. tensor Therm. conductivity tensor



Analogy between magnons and electrons Electrons For electrons the mistracking effects lead to beta like corrections defined by dephasing time:



Magnons The magnon life time is (dephasing time)



The frequency



corresponds to



At temperatures smaller than Curie temperature, no other scaling is possible since there are no additional energy scales.



Domain wall propelled by magnons Analogy to electronic systems.



1.0



0.5



Domain wall described by Walker ansatz  (r , t )



x  X (t )  (r , t )  (t ), ln tan  , 2 W (t ) m  (cos  , sin  cos  , sin  sin  )
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HW  j / s X 



N.L. Schryer, L.R. Walker, J. Appl. Phys. 45, 5406 (1974)



mz 5



1.0



Domain wall velocity becomes
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Measuring Thermomagnonic torques At room temperature: • In YIG temperature gradient 1K / m leads to DW velocity 1cm / sec • In Py temperature gradient 1K / m leads to DW velocity 2cm / sec which exceeds earlier estimates for thermoelectric contribution in A.A. Kovalev and Y. Tserkovnyak, Phys. Rev. B 80, 100408 (2009)



Different approach relying on LLB phenomenology at high temperatures predicts even higher domain wall velocities D. Hinzke and U. Nowak, Phys. Rev. Lett. 107, 027205 (2011) See also P. Yan, X. S. Wang, and X. R. Wang, Phys. Rev. Lett. 107, 177207 (2011)



Opposite of spin Seebeck – spin peltier effect 1. Peltier effect – heat transfer by charge carriers. 2. Spin Peltier effect – heat transfer by spin currents (no charge transfer).



In transition metals heat flows (in the absence of charge flows) accompanied by pure spin currents were suggested in A.A. Kovalev & Y. Tserkovnyak, PRB 80, 100408 (2009); Magnetically switchable cooling, M.Hatami, G.E.W. Bauer, Q. Zhang & P.J. Kelly, Measurement of heat transferred by spin PRB 79, 174426 (2009) currents, J. Flipse,F. L. Bakker,A. Slachter, F. K. Dejene & B. J. van Wees, Nat. Nano Not clear how to manipulate spin currents! (2012),doi:10.1038/nnano.2012.2



Manipulating spin currents with magnetic textures



1. Spin current is indifferent to electric fields but fictitious electric fields will still work.



2. A moving domain wall due to external magnetic field will generate fictitious electric field which should lead to spin and heat flows (spin Peltier effect).
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Figure of merit



We should also add dissipation 2 MHL per pass



2 MH X   X   XT jq L T  T  2 MH jc  h c  XT  HMX TLT T L



jh 



Th  Tc  XT 2 MH   HMX TLT T L



(Th  Tc )



max



T2XT  2 X T



TZmc



2XT   X T



Analogy to thermoelectric cooling 2 S Efficiency of thermoelectric devices is defined by ZT  T g
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+



+



+



g  resistivity   thermal conductivity



+



p- and n-type couple cooling



-



-



-



 XT



heating



Domain walls play the role of p- and n-type charge carriers By direct calculation or by analogy to thermoelectric cooling analyzed in G. Mahan, Solid State Phys. 51 (1997) 81



1  TZmc  Tc / Th Qh Th  W Th  Tc 1  TZmc  1 1  TZmc  Th / Tc Q Tc Refrigerator: COPcool  c  W Th  Tc 1  TZmc  1 Heat pump: COPheat 



TZmc



2XT   X T



S Seebeck coefficient



Figure of merit for thermal magnons



1. Diluted magnetic semiconductors should be suitable due to low spin density s.



2. Domain wall width W should be small. 3. Scales favorably at lower temperatures due to thermal wave length



At 30 K in YIG:



.



TZ mc  103



One has to use non diffusive approach (e.g. scattering matrix approach) to analyze systems at low temperatures (work in progress).



conclusions • Fictitious electromagnetic fields are extremely useful for manipulating spin currents. • Interplay of thermal magnons and magnetic textures can be described in a manner which is very similar to description of charge currents. • Domain wall motion by temperature gradients and spin/heat pumping (spin Peltier effect) immediately follow from our theory. • We presented several estimates for the strength of the above effects. Thank you!
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Thermomagnonic spin transfer and Peltier effects in insulating magnets






Importance of dissipative (non-adiabatic) corrections. â€¢ Domain wall motion by temperature gradients and spin/heat pumping by moving magnetic texture â€“ spin. 
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