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What is spin superfluidity?
Metastability: Landau critical velocity, phased slip
Experiment: B phase of superfluid 3He, YIG magnetic films

Ferromagnetic spin-1 BEC of cold atoms: coexistence
of mass and spin superfluidity



Analogy of superfluid hydrodynamics and magnetodynamics

Superfluid Ferromagnet
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Halperin & Hohenberg, Phys. Rev. 188, 898 (1969)
Hydrodynamic Theory of Spin Waves




Oscillations (magnons)
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Topological stability of supercurrents (persistent currents)
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Landau criterion: any elementary excitation
increases the energy of the current state

e(p) =eo(p) —p-vs >0 w(k) = cok — vk >0

p = hk, e(p) = hw(k) Landau critical velocity: vy = cq




Mechanical analog of supercurrent (twisted elastic rod)
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Topological stability of supercurrents in ferromagnets
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Isotropic Easy-plane Pumping-supported
ferromagnet ferromagnet prec%srsion
2 I Magnetic vortex:

S V' a

Sonin, JETP (1978) Q

Barriers for vortex expansion vanish
at the Landau critical velocity equal
to spin-wave velocity




Observable consequences of spin supercurrents Sonin, JETP (1978)
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Superfluid Spin Transport through Easy-Plane Ferromagnetic Insulators

So Takei and Yaroslav Tserkovnyak
Department of Physics and Astronomy, University of California, Los Angeles, California 90095, USA and
Kavli Institute for Theoretical Physics, University of California, Santa Barbara, California, 93106, USA
(Dated: November 5, 2013)

Superfluid spin transport — dissipationless transport of spin — is theoretically studied in a ferromagnetic
insulator with easy-plane anisotropy. We consider an open geometry where spin current is injected into the
ferromagnet from one side by a metallic reservoir with a nonequilibrium spin accumulation, and ejected into an-
other metallic reservoir located downstream. Spin transport through the device is studied using a combination of
magnetoelectric circuit theory, Landau-Lifshitz-Gilbert phenomenology, and microscopic linear-response the-
ory. We discuss how spin superfluidity can be probed using a magnetically-mediated electron-drag experiment.
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FIG. 1. (a) Schematic of the hybrid structure for realizing spin su-
perfluidity. (b) A schematic plot showing the spatial distribution of
the condensate and thermal contributions to the spin currents in the
presence of Gilbert damping. See text for a detailed discussion.



Coherent magnon condensate (magnon
BEC)
n ytt”um_lron%@é%&s@&h@%ﬂ@%ﬁion of quasi-equilibrium

w magnons at room temperature under pumping
Demokritov et al., Nature 443. 430 (2006)
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Sun, Nattermann, and Pokrovsky, PRL 116, 257205 (2016)



Isotropic ferromagnet with magnetostatic interaction

’H:/ —H-M+DviM-viM dr + V'M(T)V.M(rl)drdrl
I 2 2|7'Ir1|
Zeeman energy Dipolar energy

inhomogeneous exchange energy

Is superfluidity possible?

Linear spin wave (boundary problem) == Nonlinear corrections == Landau criterion

Sonin, PRB 95, 144432 (2017)



Landau criterion for superfluid transport:
Any perturbation of the current state increases its energy

Perturbation: m, = M, — (M,), V.o ' =V.p— K

Critical phase gradient: M — (M,) < magnon density
C [sm—n))  [30M= (L) kd
(Vzgp)cr - d2w(k’0) - M 47'('
dk?

Critical magnon group velocity:

22w (ko) V.0 Am®y M [3(M — (M,))
Ver = z¥)er —
a2z k2d M
Sun, Nattermann, and Pokrovsky, PRL 116, 257205 (2016): 420 m/sec

Sonin, PRB 95, 144432 (2017): 3.6 m/sec



Landau criterion for superfluid transport:
Any perturbation of the current state increases its energy

Sonin, PRB 95, 144432 (2017)

Perturbation: m, =M, — (M,), V.o ' =V.p— K

Critical phase gradient: M — (M,) «x magnon density
_ [smya— () 300 = (L)) k3
(Vop)er = 22 (ko) = M A
dk?2

Critical magnon group velocity:
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B Superfluid SHe-B
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FIG. 2. Signal from the receiving coil and proposed profile of the precession phese diference along the
changel. P =11 bar, /730 = 460 EHE, T=03534 T, | @, /3s = 46040 EHe



Bozhko , Serga, Clausen, Vasyuchka, Heussner, Melkov, Pomyalov, L'vov, and Hillebrands,
Nat. Phys. 12, 1057 (2016) Supercurrent in a room-temperature Bose-Einstein magnon condensate
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the x-axis (see Fig. 2d). | Thermally induced

There are two reasons for the x-dependence of the BEC phase ¢ frequency shift of
in our experiment. The first is the already mentioned temperature . 10° the magnon BEC
dependence of w.. Within the hot spot of radius R centred at *g 1 dar.(T)/2n
x =0 (that is, for |x| <R) the temperature T (x) is higher than the 3 0 kHz
temperature T, of the rest of the film (see Fig. 2d). Since in an a3 — 25kHz
in-plane magnetized YIG film dw.(T)/dT <0, the BEC frequency = 102 - o 182 EEZZ
in the spot is smaller than outside:[dw. (x) = w (T (x)) — w.(Ty)|< 0. + — 550 kHz
Correspondingly, the phase accumulation|d¢(x) = dw,(x)¢| inside i
of the spot is smaller than in the surrounding cold film. Therefore, 2
the phase gradient 98¢ (x)/dx is positive for x > 0 and negative § :
for x <0. It means that a thermally induced supercurrent flows out g 1973
from the spot (mostly in x-direction), as is shown by the red arrows S
in Fig. 2d: 100

00 04 08 12
Jr=N.D, a(éth) (3) 100 +————7—— T‘Im? W e L A
dx 0.0 0.2 0.4 0.6 0.8 1.0 12 14

This outflow decreases the magnon BEC density N.(x) in the spot, Time (us)

|x| <R, with respect to that in the cold film, where N (x > R) =N_.
Spatial deviations in the density N, (x) of the magnon condensate  Figure 5 | Theoretically calculated magnon dynamics in a thermal
constitute the second reason for the variation of its phase d¢/dx #0.  gradient. Theoretical dependencies (coloured lines) of the observable

2
Phase accumulation dp = dw.t < %!



Oscillations (magnons)
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Ferromagnetic spin-1 BEC
(P

by Y=m+in s=|mxn

V2

Triad of 3 orthogonal real unit vectors: m, n, s

Gross-Pitaevskii equations:
Vi . th,
o + Vb4 Ji =5 — (Vb —
K
S =

Vi Vi?)



Madelung transformation=> Hydrodynamics

Hydrodynamical variable: p, Vs, 8
h2
Euler equation: Vs + (vs - V)vs + Vg + WVSZV%?; =0
m
o . O
Continuity equation: op L . K2
Extended Landau-Lifshitz-Gilbert 0s h 5
equation: a5 T (vs - V)s — o s x Vis] =0
. h
Mermin-Ho theorem: V X vg = 2—eiknsiVsk x Vs,
m

The spin vector s is an analog of the orbital vector I in *He-A



Euler angles of the triad: (Y, 5, Q

M, = cos 3cosacosp —sinasing n, = —cos Bsinacosy —cosasingy [§; = sin f cos ¢
m, = cos 3cosasiny +sinacosy n, = —cosfSsinasing 4+ cosacosp |8, = sin Fsin @
m, = — sin 3 cos « n, = sin B sin « S, = cos 3

A%

Mass current: 7 = pv,

() Va+cos V)  Spin current: 77 = -

:_E(

h?p




Incompressible superfluids: cs > cq) Sonin. arXiv: 1801.01099

pGs?

v2 h?
H=p {_s T+ [sin® B(V)> + (VB)] +

G(cos B — sg)? }
2 4m

9 Hy = —”yHefSSZ +

t ’ o ’}/hHef
0 = mG

Uniaxial anisotropy

Phase transition at so = 1 :
Easy-axis anisotropy sop > 1, 6 =10

Easy-plane anisotropy sg = cos 8 < 1




Coexistence of mass and spin superfluidity

Mass superfluidity alone:
Landau critical velocity vy, is equal to the sound wave velocity cg

Spin superfluidity alone:

Landau critical velocity vy, is equal to the spin wave velocity cg,
Spin and superfluidity coexist: VL = min(cs, Csp)

Beattle, Moulder,Fletcher, and Hadzibabic, PRL, 110, 025301 (2013)

. . |G . . h?
Spin-wave velocity: cgp = s 5 s =sinpf 3% = —# sin? AV

At the phase transition the Landau critical velocity vanishes
both for mass and spin superfluidity!



v=+1 v=-1
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Non-singular vortices

Leanhardt, Shin, Kielpinski, Pritchard, and

Ketterle, Phys. Rev. Lett. 90, 140403
(2003)

v=+1

v=-—1

*

\y

0

R(1 — cos Bao)[2 X 7] _ h(1+cosB)[Z x 7]
mr? Us = — 2
1— 2
Circulation: w — hf—moo Cireulation: — h(1 + cos )
m

Vs =




Sonin, arXive: 1801.01099:

The upper critical velocity for mass superfluidity is the spin-wave velocity far fro
the phase transition. It does not vanish at the phase transition,
although the Landau critical velocity vanishes.

Instablility of non-singular vortices

Shin, Saba, Vengalattore, Pasquini, Sanner,
Leanhardt, Prentiss, Pritchard, and Ketterle, PRL.
93, 160406 (2004)

h

Anderson—Toulouse vortex is unstable: Ve < (

mg

e\ /3 h
5) R



sample. The theory to be described in this paper shows
that the apparent critical field as measured with short
pulses may differ considerably from the true critical
field that would be observed with sufficiently long
pulses.

A theory of the steady-state absorption at low power
levels was first given by Kaganov and Tsukernik.’

* Supported by the U.S. Air Force under Contract No. AF
19 ( 628)-3861.
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transient growth of spin waves under parallel pumping
is the spin-wave formalism developed by Holstein and
Primakoff® and by Akhiezer® We first express the
components of the magnetization vector M in terms of
creation and annihilation operators at a' and ¢. Thus

M +iM,= (2gusM)2at (1— gupata/2M) 12
M3=M"gﬂBdT(l, (1)
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For convenience we express the result (24) in terms.
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BEC or tasing?

L.V. Keldysh, in: Bose-Einstein Condensation, edited by A.
Griffin, D.W. Snoke, and S. Stringari, Cambridge University
Press, Cambridge, 1995, p. 246:

“The accumulation of a macroscopic number of initially incoherent
excitation quanta in a single-magnon mode is lasing”
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PRL 115, 157203 (2015) PHYSICAL REVIEW LETTERS 9 OCTOBER 2015

Rayleigh-Jeans Condensation of Pumped Magnons in Thin-Film Ferromagnets

Andreas Riickriegel and Peter Kopietz
Institut fiir Theoretische Physik, Universitit Frankfurt, Max-von-Laue Strasse 1, 60438 Frankfurt, Germany
(Received 11 June 2015; published 7 October 2015)

We show that the formation of a magnon condensate in thin ferromagnetic films can be explained within
the framework of a classical stochastic non-Markovian Landau-Lifshitz-Gilbert equation where the
properties of the random magnetic field and the dissipation are determined by the underlying phonon
dynamics. We have numerically solved this equation for a tangentially magnetized yttrium-iron garnet film
in the presence of a parallel parametric pumping field. We obtain a complete description of all stages of the
nonequilibrium time evolution of the magnon gas which is in excellent agreement with experiments. Our
calculation proves that the experimentally observed condensation of magnons in yttrium-iron garnet at
room temperature is a purely classical phenomenon which should be called Rayleigh-Jeans rather than
Bose-Einstein condensation.



Conclusions:

e Spin superfluidity, which was predicted in 70s and observed
in the B phase of superfluid 3He in 80s, still waits its experimental
detection in magnetically ordered solids.

e Inthe ferromagnetic spin-1 BEC of cold atoms mass and spin superfluidity may
coexist strongly affecting one another. An unique consequence of their interplay is
that the upper critical velocity for mass superfluidity can exceeds the Landau
critical velocity.
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