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T R Macroscopic guantum states

Main idea: find macroscopic magnonic quantum states for information transfer and
processing

- analogous to superconductivity (Josephson currents)
and to superfluidity in 3He and “He

- free of dissipation (apart from magnon-phonon and magnon-electron coupling)

This talk:

= From magnon Bose-Einstein Condensates (BEC) and supercurrents
to Josephson oscillations in aroom-temperature magnon BEC
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J & Ecisceuersar Why do we name this a ,,Macroscopic Quantum State* ?

= KAISERSLAUTERN

Microscopic quantum phenomena
Wave—particle duality — Microscopic scale of the system is comparable with the de Broglie wavelength of particles

(electrons, Bose atoms, etc.)

Macroscopic quantum phenomena
Wave—particle duality — Macroscopic scale of the system is comparable with the coherence length of the de Broglie wave

= Bose-Einstein condensate (BEC) of particles — spontaneous ) | _classical limit (1 ber of
population by a large number of Bose particles of a single quantum " qt.u?s"c %SS'Ca ”:.“ (arg%numfer N
state with macroscopically-large coherence length > particies and occupation numuers O ma_gnons)
_ _ described by the Gross-Pitaevskii equation for
= BECs of magnons (quanta of spin waves) — spontaneous formation de Broglie or spin waves
of a coherent wave in a chaotic magnon system J

Properties of both types of condensates are almost identical

\ 4

,Macroscopic Quantum Phenomena“

\ g

make use of analogy with numerous phenomena in Bose-Einstein condensates of atoms:
supercurrent, Bogoliubov waves, Josephson effects
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e (Non-)linear Processes

= Linear process

Two-magnon scatteri

O

|

= Nonlinear pt  Mmagnon gas of interacting quasiparticles

Number of particles is conserved
Th nfluence

e3’ p3

—_ /V
Four-magnon scattering Cherenkov processes (Vg magnon = Vphonon)
magnon
el; pl ‘\/‘ eg; p3 magnon /',,,-7. gszz Elppl ."‘ﬁ-—-,_*
/\ El’pl .———I . S_ﬂ,:pj.
ez, p2 ‘ ‘ e41 p4 53:-15'3 Eg:pg
phonon
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Bose-Einstein distribution
D ()

how—
KT

p(o) =
exp

IL: chemical potential

External injection of magnons beyond the thermal
equilibrium level (about 3%) increases the chemical Wi
potential to the bottom of magnon spectrum and

Magnon Bose-Einstein condensation

og Quasiparicle density

log Frequency

leads to Bose-Einstein condensation scenario

even at room temperature

S.0. Demokritov et al., Nature 443, 430 (2006)

Burkard Hillebrands
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I

= KAISERSLAUTERN Medium: Yttrium Iron Garnet (YIG, Y;Fe:O,,)

= Room temperature ferrimagnet " Cubic crystal

(T = 560 K) = Lattice constant 12.376 A

_ = Unit cell - 80 atoms
=  Low phonon damping

= The lowest magnon damping of V. Cherepanov, I. Kolokolov, and V. l'voy,
any known material ! The saga of YIG: spectra, thermodynamics,

interaction and relaxation of magnons in a

complex magnet
3” YIG wafer Phys. Rep. 229, 81-144 (1993)

A.J. Princep et al., The full magnon spectrum of yttrium iron garnet,
YIG monocrystal npj Quantum Mater. 2, 63 (2017)

Minority octahedral iron atoms (spin 5/2 down)
Majority tetrahedral iron atoms (spin 5/2 up)

-

Magnetic moment of a unit cell is 20
Bohr magnetons [ at zero temperature

Scientific Research Company
“Carat”, Lviv, Ukraine
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T e Magnon spectrum of in-plane magnetized YIG film

Landau-Lifshitz equation

oM S N T .
——=—|y|MxHe Heff(r)=Ho+jG(r,r')-M(r')dr'3+iV2M i
ot ) YM,
dipolar interaction exchange interaction
H,=17100Oe Frequency f (GHz)
E% Z : . q2
HO

Thickness modes having a non-uniform
harmonic distribution of dynamic
magnetization along the film thickness

6 um thick YIG film

15 -10 -05 0 0.5 1.0 15 Calculations based on:

Kalinikos and Slavin,
Wavenumber g (x10°rad/cm) J. Phys. C: Solid State Phys 19, 7013 (1986)
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Energy and momentum
conservation laws for
parametric pumping

H,=1710 Oe

Bose-Einstein
distribution

D(f)

KT

Burkard Hillebrands

hf — p _1 M:chemical
potential

qsw+é;w ZQp =0
o o = 0

Control of magnon gas density by parametric pumping

Parametric pumping
by electromagnetic wave
at microwave frequency

Frequency f (GHZ)

_f)2

-1.5 -1.0 -05

0

0.5 1.0 15

Wavenumber g (x10°rad/cm)
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I meemasie — Control of magnon gas density by parametric pumping

- S 5F fp Parametric pumping
Energy and momentum Dsw T9sw = o = by electromagnetic wave

conservation laws for ; at microwave frequency
parametric pumping fSW + Jouw = fp ,

H,=1710Oe Frequency f (GHZ) E_. >u>0

_f)2

Magnon thermalization
due to 4-particle scattering:
incoherent magnon gas

Bose-Einstein
distribution

D(f)

exp hf —u _1 H:chemical E—— | e —
KT potential 15 10 -05 0 05 10 15

Wavenumber g (x10°rad/cm)
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Energy and momentum
conservation laws for
parametric pumping

H,=1710 Oe

Bose-Einstein
distribution

D(f)

exp hf — p _1 M:chemical
KT potential

— —-»’ p—
Gsw t 9w =4, =0 P

Jou* Jouw =T

Bose-Einstein condensation of magnons

Parametric pumping
by electromagnetic wave
at microwave frequency

S.0. Demokritov et al., Nature 443, 430 (2006)

Frequency f (GHZ)

_f)2

Magnon thermalization
due to 4-particle scattering:
incoherent magnon gas

-1.5 -1.0 -O0. 0 0 1.0 15

Wavenumber g (x10°rad/cm)

Bose-Einstein magnon
condensate
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Time-, space- and wavevector-resolved pulsed
BLS spectroscopy
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. = Pump-probe technique
Probing

laser pulse

Laser AOM

Modulation
pulse

Beam splitter—
Synchronization

generator

Pumping Objective— . 48
pulse i

i Resonator

Microwave » ¢
generator Amplifier i

Syncronization pulse

suojoyd
pa329313Q

Data acquisition PC

Resolution _
Time 1ns (111) LPE YIG films 5-7 um
Frequency 50 MHz Width of the pumping area 50 and 500 pm
Wavenumber 2%103 cm-L Length of the pumping area 1 mm
Space 5 um Maximum microwave power 100 W
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i SR Microwave-free creation of a magnon BEC

Are there other ways how to create a magnon BEC state in YIG?

= Yes, by rapid cooling of a magnon-carrying specimen
) Platinum covered YIG stripe

High-energy magnon states
are populated and participate
in the BEC formation process

\ 4

Bose-Einstein distribution
function is crucial for the
guantitative description of the
condensation

Bose-Einstein distribution

D(w)

plw) = n
exp( a)_ﬂ} -1
KT

log Quasiparicle density

wmiﬂ |Og Freq uency Photo-detector ! #

BLS | time
traces
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Integrated BLS Intensity (a.u.)

i SR BEC in rapidly cooled magnon gas

Current pulse . oL :
m:?rg‘;‘ P Magnon population distribution
spectrum YIG heating up to

P 415 K Fast non-adiabatic YIG cooling and BEC formation ! ~
i
17.5 wn
-
()
15.0 1. ©
. @
T i 3 O
10 & 12.5 %
>
§ 10.0 4 =2
S : w
. 8 3
75 =
- - O
I o
o1 5.0 : o)
-50 0 50 100 150 200 250 300 350 400
Time (ns)

M. Schneider, et al., Nat. Nanotechnol. 15, 457 (2020)
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I H TR Magnon BEC: Experiment

Frequency w (21 GHz)

0 3 10 15
Wavenumber ¢ (10*rad cm™)
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I H TR Magnon BEC: Experiment

pumping pulse om 11
NN , Pumplng power 25 W

. I\ h'
v
E
8 10° =
>
& - no condensed state = BEC
9 {o —
£ 3 Freely 05 10 15 20
% 10'43 evolving Time (us)

ia magnon BEC is formed after

] oo BEC o

£ the pumping is off

10° T —r T r 1 rrrrrrrrr —
00 02 04 06 08 H,

Time (Js)
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T e Supercurrent in magnon BEC

Supercurrent: Flow of particles due to phase gradient of the condensate’s wavefunction

A
Complex BEC W(r t) Supercurrent
7 wave function: ’ "

3 BEC density: N_ = |y | J(F,t)=— N.Vo

T m

(EZ BEC phase: @ =arg(y)

o 6 -

3 )

>

@8-::'- fmin 1750

@ {7 [h*‘-—-_.g________;__—-——*—"""
— %_07'::““ RS ) o i) 36°C
T |-~ S == op=o0w (x)t ik e Laser-light 3
%Ijﬂ._-?OB om g 14 ¢ I induced hot spot  [JF| el
© 50513 | 30°C
S _— < . T T .
g 504'?%'4’49#—————— J - ﬁ, ZE
L BEC 100

5.03 Aﬁ[ﬁg%ﬁ&wmev—lﬁﬂch‘!(—v—-—ﬁ

5.02 —f————— —_—— "

300 35 30 4510 15 By changing probing laser power or laser pulse duration

it is possible to control the phase of the magnon BEC
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Dynamics of condensed magnons
In thermal gradient

Pump pulse 2 us

'I—: TECHNISCHE UNIVERSITAT
= KAISERSLAUTERN

10° 3 Probing laser pulse
] PLaser
. >
z - ; =
c d Laser
-]
8107 t P
g Laser Laser
@ — 6 us, 0.4mW
5 Magi:"” — 6us 9.5mW
kS o — 10 ys, 9.5 mW
A 10"~ 7 — 20 ps, 9.5mW
m No influence * — 80 s, 9.5 mW
of a thermal | “W&
radient ' .
J W“”#\ Laser-light SGGC
10° Vil f induced hot spot 'Sl
| LA L L LA AL L L L L L A L L L | : 30°C
00 02 04 06 08 10 12 14 T 1,1
. YIG 1mm
D. A. Bozhko et al., Nat. Phys. 12, 1057 (2016) Time (ps) = WLoaec
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Dynamics of condensed magnons in thermal

ail .
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" (ABERSHATTER gradient - comparison with theory
op = o, (T)t
Supercurrent velocity
:’@103- 3(50) t) m Thermally induced
= v, =D, ————~ ~ 450 — frequency shift of
g OX S the magnon BEC
% ow,(T)/2m
SHS L N —  OkHz
= Observed dynamics of magnon — 188 E:i
= condensate can be understood — 198 kHz
%‘ taking into account — 550 kHz
S 10! Larger nega magnon supercurrents
5103 slope due to o : i gl
§ of supercurrent Corresponding
2 maximal temperature
= change
10° S 4.7 K

L A L B A R B B
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

D. A. Bozhko et al., Nat. Phys. 12, 1057 (2016) Time (ps)
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2D supercurrent

‘]x — I\IcDx 8¢
OX
J,=N,D, %2

Dispersion coefficients

_15°(0)
Y2 o9

_15°0(0)
' 2 oq;

D, = 21D,

Burkard Hillebrands

Supercurrent and anisotropy of spin-wave spectrum

Frequency w (2 GHz)
Parametric @ W,

pumping .

— M
—

.
....
_____
.....
.

......
p——
—

Magnon BEC 1 “min | “mini Magnon BEC
| |

— |
qminl
I 1 1 T T I T 1 T 1 I 1 I T L)

1 1 I I I 1 ] T ] I ] ] I 1 | >
15 10 5 0 5 10 15
Wavenumber ¢ (10*rad cm™)

P
S

: 4_C/nwnw

B =11 »

1D supercurrent

Frequencyw

.......

_LSOO?gB Fredquen
VS

\Jag

200000 150000

q

100000

. . . 100000
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BLS intensity (arb. u.)

TF B Non-local measurement: Supercurrent magnon transport

Probing
laser pulse

Probing laser !
BResonator Lot h

L YIG T}’ Pgop%?g x (um)

/300 -200 -100 O 100 200 300 400 500 600

Pumping
pulse

Microwave ‘ ,
generator | 7 H,

Z =0pum

0O 500 1000 O 500 1000 O 500 1000 O 500 1000 O 500 1000
Time (ns) Time (ns) Time (ns) Time (ns) Time (ns)
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TF B Non-local measurement: Supercurrent magnon transport

Probing
spot

Heating

spot

1H° Yl

Heating laser switched off Heating laser power 116 mW

BLS BLS

1000 1000 |
800 L 800 L
2800 |-

200 200 -

L L X (em) L L L
-200 200 400 -200 200 400

Burkard Hillebrands Online SPICE-SPIN+X Seminar July 29, 2020



JH T Second sound scenario

Framework: Gross-Pitaevskii equation

0 2 ,
iZ+D 2w =y

_10°0(q)
t 2 o

Dispersion coefficient D

Amplitude of four-wave W >0
repulsive interaction

Dzyapko et al., Phys. Rev. B 96, 064438 (2017)

Stationary solution: i (X,t) = /N exp(—1WN_t)

Magnon BEC density: N,
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JH T Second sound scenario

Framework: Gross-Pitaevskii equation Solution: Bogoliubov waves €2(K) (second sound)
2
ig+ Dxe—z—W lw P lw =0 Q(k):csk\/1+ DXKZ/ZWNC
ot OX
2 —
Dispersion coefficient D = %aaL(zq) Long-wavelength limit D k? < 2WN,
Oy

Amplitude of four-wave W >0 @
repulsive interaction Linear dispersion Q(k) =ck

Dzyapko et al., Phys. Rev. B 96, 064438 (2017) @

Stationary solution: i (X,t) = /N exp(—1WN_t) Second sound velocity

C, = 2D WN,
Magnon BEC density: N,
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Second sound scenario

Q(k)=ck, c,=,/2DWN,

= The sound velocity C; must be
Independent on the excitation conditions
l.e. the heating laser power, which
determine the BEC pulse width

600 Heating laser power o °*
116mW 81mW 44mW BRI
= 500 Experiment e m A :; .
= e _ = -
: o’ . A
o 400 Lo 8. " s 4
o ' ) A
cC ° ® .I A
E { .... ] A“ A
w [ ]
A 300 ..'°- A A A
A
I
200 oo At LA e
T . I . T - T ' | ' I
200 400 600 800 1000 1200 1400

Time 7 (ns)

D. A. Bozhko et al., Nat. Commun. 10:2460 (2019)
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JH T Second sound scenario

Cs(ta) = 361 +£19m/s

600 Heating laser power >
Q(k) B CSk’ = \/ZDXWNC 116 mW 81mW 44 mW .
: = 500-Experiment e N A
= The sound velocity C, must be £ _ Pa':abolic i
independent on the excitation conditions ey
determine the BEC pulse width & 1¢,(ty) = 410 + 19 m/s
»
. . . a 3007
= During the pulse propagation, the amplitude |
of the background condensate decays and
: 200
the sound velocity also has to decay
! | ! | ! | ! | ! | ! |
The sound velocity decrease is clear visible 200 400 600 .800 1000 1200 1400
from parabolic fits ! Time 7 (ns)
Smaller decrease of the sound velocity than |:> Low decay of the propagating BEC pulse
expected from the decay of the condensate due to an efficient gathering of surrounding magnons

D. A. Bozhko et al., Nat. Commun. 10:2460 (2019)
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TF B Second sound in an incoherent magnon gas

Excitation of coherent waves Second sound waves
in @ magnon condensate and in a magnon gas in a dense magnon gas
SIS e ee Ry e ecRdlEe - esldlie  MAgNoN gas
3 excitations

-----
ooooooo

magnon condensate
excitations

Z (Mm)

magnon condensate

t (us)
V. S. Tiberkevich et al., Sci. Rep. 9:9063 (2019)

General two-fluid model of a magnon gas combined
with the Gross-Pitaevskii equation for the magnon BEC
needs to be developed
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I H TR Two-component magnon BEC

BLS intensities of the Stokes and anti-Stokes
spectral peaks are related to the densities of
magnons with wavenumbers +q,.,;, and —q,,,
(for fixed angle of wavevector-resolved BLS setup)

»

p

; Frequency w (2m GHz)

qlH

%) =0, Fo

scattered L min

CIscatteredL — qL 'T‘ qmin

Magnon BEC at —¢ , 4{%min | Magnon BEC at +¢
1 ! 1

_ I 1 —_ ]
< ~Ymin, ' min > £ 1201 Stokes part | Elastically
LA NN BB L L S N L L L L B BN L L B L B L S : i
25 20 15 10 5 0 5 10 15 20 25 S 904 scattered light
Wavenumber g (10°cm™) > | Spinwave
‘@ 60 frequency
2 ™ anti-Stokes
= 307 part
) - ~
@ A
m 0

-20 15 10 -5 O 5 10 15 20
Frequency shift (GHz)
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Normalized magnetic field change

TECHNISCHE UNIVERSITAT
KAISERSLAUTERN

{ BLS measurement point}
0 \

i Central |
i zone |

o
()]
1

Supercurrents

Left zone Right zone

N
o
1

Laser

Tandem
Fabry-Pérot
interferometer

Optical
detector

i

Time-resolved
analysis
N
]

Pulse

25 0
Position (um)*

-100 -75 -50

(* Position relative to the antenna)

Burkard Hillebrands

25 50 75 100

generator |
T

Objective

e

_ " Microwave
generator :
and amplifier ;

.

SR

Magnon condensate density in a magnetic trench

..........................

Mlcrostrlp
j ground
connectlon

.......................

(Magnetic trench formation for negative DC current)
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o

Josephson oscillations in magnon condensate

o
()}
1

N
(]
1

Normalized magnetic field change

i Central |
zone

Right zone

-100

715 50 25 0 25
Position (um)

Burkard Hillebrands

50 75

100

BLS intensity (arb.u.)

4 Pump oy ¢« | 1,=-500 mA
' i — BEC at+q
v | —BECat—q
. “1
: hh‘l‘\‘
®©i2 @ @ [
i
-250 0 250 500 750 1000
Time (ns)

(1) time, when magnons are excited
by parametric pumping

(2) time interval during which the
BEC forms

(3) time interval during which the
first oscillation appears

(4) the rest of the observation time

A.J.E. Kreil et al., arXiv:1911.07802v1 (2019)
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Time-dependence of spatial magnon
distributions in magnetic trench
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Time intervals

(1) Pumping time (2) BEC formation (3) First oscillation peak (4) Rest of time
Q E : . i
= | | | i | - | i
B 70 | 60 - | 0 ¥a 6 :
e | 2Ry ' i 4
£ 35; 2l . 30 - AL/ R, | £ E"}
A . |, B\ 5 . DO - | 2
2 51 5 4 |
m O . i . 0 : ; X 0 . i . 0 . i .
-100 0 100 -100 0 100 -100 0 100 -100 0 100
Position (um) Position (um) Position (um) Position (um)
Full lines: BEC at +q
Dashed lines: BEC at -q
| =-500 mA

A.J.E. Kreil et al., arXiv:1911.07802v1 (2019)

Burkard Hillebrands Online SPICE-SPIN+X Seminar July 29, 2020



'I-:' TECHNISCHE UNIVERSITAT
= KAISERSLAUTERN

Josephson oscillations in magnon condensate

€)

I, = -500 mA

i — BEC at+g
i — BEC at —qg

'W M‘W

g) 0 H H 100 — i
< i Central | : /
5 zone | —~ L
o 3
< 2
9 8
© -0.51 >
S B 107 7
@ c
= 2
§e. c
o =
N wn
i —
E Left zone Right zone 0
5 -1.0-
Z —T T T t T 10-2 ||
-100 -75 50 -25 0 25 50 75 100 -250 0
Position (um)

S 140 B 120 BE

: @ T N

& 1035 90 ;

~ | | |

% 70 | 60 | |

c i H

e | N

£ 351 ' I 30 ; J L

7)) i = H

E‘ 0 . | 5’[ : 0 ! [ : ] |

-100 0 100 -100 0 100

Position (um)

Position (um)

250

500

750

Time (ns)

25

1000

(3)

20 1
15 1
10
5 |
0

-100

0 100

Position (um)

12

101

o N

(1) time, when magnons are excited
by parametric pumping

(2) time interval during which the
BEC forms

(3) time interval during which the
first oscillation appears

(4) the rest of the observation time

O

-100 0 100
Position (um)

A.J.E. Kreil et al., arXiv:1911.07802v1 (2019)
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T e Josephson oscillations in magnon condensate

Potential barrier formed by dc current Potential trench formed by dc current
10° § Pump : — 500 mA 10° -
' ' — 400 mA ]

— 300 mA
— 200 mA
— 100 mA
—  O0mA

i — -100 mA
i — O0mA

BLS intensity (arb.u.)
]

BLS intensity (arb.u.)
=

n
1

-250 0 250 500 750 1000 -250 0 250 500 750 1000
Time (ns) Time (ns)

—
Q
|
—
<
N
|

ac Josephson effect in a magnon BEC
carried by a room-temperature ferrimagnetic film

A.J.E. Kreil et al., arXiv:1911.07802v1 (2019)
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Josephson

oscillations in magnon condensate

s)

(n

—
(o)
o
o

Time positio?

BLS intensity (arb.u.)

Frequency (MHz)

—
—

700 =

[©2]
o
o
nm

400 =
30
20
10

o O O O O

o

=
o
|

G
o
|

w
o
|

N
()

400 500
Current (mA)

600

Frequency of the Josephson oscillations is in semi-quantitative
agreement with the prediction of theory

A.J.E. Kreil et al.,

arXiv:1911.07802v1 (2019)
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T B Magnon BEC in confined systems
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= Parallel pumping and magnon scattering processes = Magnon BEC during relaxation

M. Mohseni, et al, New J. Phys., In press (2020)
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Summary

= Non-local spin transport by magnon supercurrent in
a room-temperature magnon BEC

= Bogoliubov second sound scenario for the distant
supercurrent propagation

= Josephson oscillations in a room-temperature Bose-
Einstein magnon condensate observed

=  Advancing of the physics of room-temperature
macroscopic quantum phenomena for their application
INn magnon spintronics devices

Burkard Hillebrands
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= Spin transport by magnon supercurrent in 2D magnetic |
|andSCapeS . Tcondensateg\

-30 -20 -10 0 10 20 30

Frequency @
ky (rad/pum)

= New ways to create the magnon BEC (rapid cooling,
Spin pumping)

= Non-viscose propagation of the magnon BEC

BEC | ' BeC*

= |nterference of Bogoliubov waves

v

—qggec Wavenumber +gRgc

=  Computing with two-component magnon condensates

= Qubit representation using macroscopic magnonic
quantum states
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T B Appendix: phase of supercurrent in magnon BEC

Supercurrent: Flow of particles due to phase gradient of the condensate’s wave function

A
7 4
6
5 1 _/
:MagﬁZn
'B'Ec'; ! | ' ' ' ! | ' ' ! ! |>
0 5 10 15

Wavenumber ¢ (10°rad cm™)

Complex BEC wave Supercurrent of particles
function of particles: ~ W,(r,t) .
Particle BEC density: N, = |‘Pp|2 Jp (r,t) = M—NpV<pp

p

Particle BEC phase: pp = arg ¥,

Complex BEC wave function of magnons: W, (r,t) = C, (1, t)expli(qq - ™ — wyt)]

Magnon BEC density N, and phase ¢y,:  C, (1, t) = /NmeXp(l'QDm)

Phase ¢, of a spatially heterogeneous condensate at position r: we take the
deviation of the angle of rotation of the spin at this position from the rotation for the
case of a fully monochromatic spatially coherent spin wave.

Thus, the phase of a spatially homogeneous condensate is zero.
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Appendix: phase of supercurrent in magnon BEC

Supercurrent: Flow of particles due to phase gradient of the condensate’s wave function

A Complex BEC wave Supercurrent of particles
function of particles: ~ W,(r,t) .
7 Particle BEC density: N, = |‘Pp|2 Jp (r,t) = M—NpV<pp
Particle BEC phase: pp = arg ¥, P
Complex BEC wave function of magnons: W, (r,t) = C, (1, t)expli(qq - ™ — wyt)]
6 Magnon BEC density N,,, and phase ¢,,: Cp(r,t) = /Nmexp(iQUm)
| (0N, (r,t) 0|Cu(r,O)|? 9Cy,(rt oCk (1t
n@8) _ACn@OF 060 0D
ot ot ot ot
] <
0 1
5 —— ia + Vg, V + Ew;}vivj — T|Cpy (T, t)|2] C,(r,t) = 0 < Gross-Pitaevskii equation
[ X :
[Maghon ,, _ Continuity ON, (1, t) T dw(q) wlf = d*w(q)
BEC | gl — S equation: ot tVIim = g dq la=q0 J dq;dq;la=ao
0 5 10 15 N7 "
_ Magnon lwi; . . Wi j dp
Wavenumber ¢ (10°rad cm™) supercurrent: Jmi = vgr/-M{nIZ +— |CViCin — CiViCim|  Jmi = 2” Ny, ar;n
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