Spin condensation and superfluidity in
insulators

(a tale of two flows in magnetic insulators, and their interconversions)
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Outline

» Iwo-fluid (coherent vs incoherent) view on collective magnetic dynamics

*  NV-center measurement and coherent control of magnon chemical potential
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»  Thermoelectrically-pumped magnon condensation
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General view
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Phonons equilibrate fast and define a thermalizing environment

Incoherent (thermal) magnons form a quasiequilibrium ensemble, with well-
defined chemical potential and temperature

As spin-orbrt interactions are weak compared to exchange, magnon chemical
potential can depart significantly from the equilibrium (zero) value



Long-ranged magnon transport
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spin Hall (and spin Seebeck) injection and detection of spin flow in an insulator

Cornelissen, van Wees et al,, Nature Mat. (2015)

——@ condensation of magnons and superfluid phenomena?

(dynamic instability of the static uniform background)



Thermal-magnons/order-parameter coupling m
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Coherent order-parameter dynamics experiences magnonic torque o u
Magnon pumping o« n

According to the Onsager reciprocity, the same proportionality coefficient 7



Symmetry-based phenomenology

Directional order-parameter dynamics:
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Formation of heat-driven magnon condensates and the ensuing spin dynamics

Normal-superfluid interconversion in the coupled flow of spin and heat

Flebus, Upadhyaya, Duine, and Y'T, PRB (2016)



Thermomagnonic self-torques: Microscopics

Holstein-Primakoff transformation:
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Revealing the two-fluid coupling via magnon pumping




Detecting magnon pumping by NV centers
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SPINTRONICS

Control and local measurement of the
spin chemical potential in a
magnetic insulator
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Measuring chemical potential and extracting n

NV relaxometry
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Magnon BEC in thin films
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Uchida, Saitoh et al,
Nature (2008), APL (2010)

Inject energy and spin from the hot electron side

Extract energy from the cold electron side

Supposing the magnons equilibrate internally sufficiently fast, the oversaturated
thermal cloud precipritates at a critical thermal bias

Bender, Duine, and Y'T, PRL (2012) and PRB (2014)



Electron/magnon-torque instabilities
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thermal bias (spin Seebeck)

Dynamic phase diagram
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Iwo routes towards magnon condensates
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Spin-torqgue nano-oscillators
spin Hall pump: spin Seebeck pump:

jss: Spin Seebeck Current
y jsy: Spin Hall Current
l4.: Electrical Current
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Spin-caloritronic nano-oscillator
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Spin counterflow carried by superfluid

Ferromagnetic insulator

VT

Flebus, Bender, YT, and Duine, PRL (2016)



Thermal flows in conventional superfluids
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Outlook towards guantum-information utility

spin-superfluid phase qubit domain-wall manipulation of Majoranas
(controlled by spin Hall effect): (controlled by thermal torques):
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Summary/outlook

» Interplay/interconversion between the incoherent (thermal magnons) and
coherent (order-parameter precession) magnetic dynamics can produce rich
dynamic phase diagrams for the spin-Hall and spin-Seebeck driven

heterostructures

+ Of particular interest are the (steady-state) condensate phases, which are
capable of harboring the spin superfluidity

» Spin condensates and superfluids, which are engendered and fed by the
thermoelectric means offer an intriguing starting point for designing novel low-
dissipation spintronic circuits that are based entirely on insulators

Thank you!



