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Superfluid helium-3

Nobel Prize in 1996

1971 Discovery of superfluid phase in helium-3

“Evidence for a New Phase of Solid *He",
Osheroff, Richardson, and Lee, PRL (1972)

phase transition ~ mK

spin-’rripleT p-\/\{ave .STGTZ . Nobel Prize in 2003 =
by attraction via spin fluctuations. |
pioneering theoretical

contributions to superfluid 3He
Why study superfluid 3He ?

Superfluid *He is "Model Matter”.

pure material Superfluid 3He
well-known properties I

Topological Superfluid




Superfluid helium-3

. 3He atoms make Cooper pairs in
A-phase high femp. & press.

Anderson-Brinkman-Morel (ABM) state h Spm"THPIeT P"WGV@ STGTe.

4
spin S5, =0 ‘b L Solid

orbital L, =1 broken time reversal symmetry

A — (ATT ATl) _ ﬁ (kx—FZky 0 )
A Ay

3 Superfluid A phase

kp 0 ke + 1k, . Superfluid B phase

Pressure (MPa)
N
)

A(k) '
—é(— k)T 2 Normal fluid
0 1 L 1
Weyl Hamiltonian 0 1 2 3

. . Temperature (mK)
surface dispersion P

Hpac(k)~=g_(k) T

chirality - ni arc (zero energy states)



Superfluid helium-3

B‘phase Balian-Werthamer (BW) state 3He atoms make COOPCP pair‘s in

L.=-1 L,=0 L,=+1 S
spin-triplet p-wave state.
@ T + sz ji St

3 Superfluid A phase

J=854+L =0 timereversal symmetry

App Ap\ A [~k + ik, k. . Superfluid B phase
A” Au _kF k. k’x—i—?,k'y

Pressure (MPa)
N
]

isotropic full gap topological #: w3p = 1 - Normal fluid
Bogoliubov-de Gennes eq. %% : ; 5 L 3
HBd(}(k>\Ifk(’l°) = Ek\lfk(’l“)
quasiparticle energy . .
E;:ct::tAsmH Wi (1) = Ne™ " exp (_f)q)
L ]_:> ﬁUF 0
: So = BTN : coherence length
0! )2 >,
q):I: _ :FZ€Z¢/2 F
| T S
- 0 i e "




Superfluid helium-3

wave function of bound state

\Ilk” (r) = Ne sin(k, z) exp ( 2&)) Cbk| N T E

field operator (

Wy (r)
< v (r
v(r) = \%Er; B Z [%” \Ijzn (r) + &T—kn \Ij’gu (r)}
. k|
\\Ijl(r)) W, (r) = Ul (r) Majorana fermion

Bogoliubov-de Gennes eq.
HBd(}(k>\Ifk(’r‘) = Ek\Ifk<’l°)

quasiparticle energy | Z
Ef = +Asinf T, (r) = Ne'™ ™ exp (_%) ?

| L= _> - 2 o = % : coherence length
ol e~ 19/2 i
i ot — :{;ief¢/2 d 4
i : P, £l S S S S
_ ie



Superfluid helium-3

A-phase B-phase
broken time reversal symmetry time reversal symmetry
topological # Wop = 1 Wwsp = 1

Weyl| fermion

surface dispersion

1
0
_1 O 1—]_ k‘y
ka

Majorana fermion

surface current mass current spin current



Topics

© Quantitative evidence of Majorana fermions
in surface bound state of B-phase

E
rough surface |
previous work: Y. Aoki, et al., Phys. Rev. Lett. 95, 075301 (2005).
H. Choi et al., Phys. Rev. Lett. 96, 125301 (2006).
1 Okl
specular surface 1 10 o

experimen’r: H. Ikegami, S. B. Chung, and K. Kono, J. Phys. Soc. Jpn. 82, 124607 (2013).
’rheor'y: Y. Tsutsumi, Phys. Rev. Lett. 118, 145301 (2017).

quantitative agreement of experiment and theory

~ Surface bound state in A-phase
with mass current and angular momentum



Experiment for ions trapped below a free surface

H. Ikegami et al., JPSJ 82, 124607 (2013).

3 _ surface Andreev T/Te
(@) *He-B ) nd state , 108 0605 0.4 0.3
20 < d < 60 nm 103 prr—————— -
g ¢ o *He-B (30 mT)
O O O O 'Efl ¢~ 80 nm negative ion
‘ ié‘n <> E 10°
| : S 3
ELV 72 E=
<
electron bubble (R=2.0nm~10/kr, M=290ms)-2 10’ :
/ ]
7 constant-differential-cross-© 27 M
B P oo™ 21 -
0 PR ST S S [T S ST ST TN N S S S
< % AU v 107 2 3 4
P—P TN\ Results ToT

p
Mobility is smaller than the bulk value.

scattering by surface bound state

Mobility is independent of trapped depth.
despite spatial dependence of SBS



Equation of motion for electron bubble

p/ dP / / /
= k" —k)(1— fi)fxlv(k,o— k' 0")
4—“"/;’0 ct kkz;a o

/ —1
P—D V} p = hk : quasiparticle momentum fi = (¢®/**7+1) * : Fermi distribution

o : quasiparticle spin Eg : quasiparticle energy

first order of v

dP h?

— = — E'—k)Kk'— k) v(l— Ik,o — k' o

7 kT Z ( )( ) - v(1 — fi) fel'( )
k.k' 0,0’

transition rate: T(k, o — k', 0") = 2%5(@, Btk o — ko)’
Stokes drag force: Cil—ft) = —nv| elastic scattering
- e
driving force: ecE| = —v,

v

€ mh / 8f !/
L= M= 2 (k) k)’ <_8—E’;> 6(Er — Ei) ) Itk 0 — k', o)
k. k'

o,0’



T-matrix

D ltko =K o)=Y (U o T5|Who) |

O-7U/:T7\L
momentum eigenstate 1 0
1 10 1 i
‘ k:,a> O‘| F> T \/§ 01’ l \/5 —1
1 0
Lippmann-Schwinger equation
Ts =V + VGsTs V thard sphere potential R = 11.17kp"
T-matrix in normal state
Al A A 0.50 kFR
TN(E/’I%): tN(k,k)l N X X ’ .t L | | | | I I I I I I IE I 1 I | ]
0 —tn(—k, k)i a o :
tN( = TN, ; (20 + 1 i ’sm 51Pl(k k) - :_,-' - .
- phase shift = 0.00p—— e
I : ;.. ]
tan 0; = jl(kFR)/nl(kFR) 0950 N -~' : ]
: x “ ]
-0.50 [ | L ] | I I - N N B
0 1 23456728 910111213141516
[

O. Shevtsov and J. A. Sauls, PRB 94, 064511 (2016).



Mobility

e mwh of /
_:72(k1|—k||)2( 6E’;> (B = Ek) Z“ 0 = ko)

H k., k'

d$)
Z / dEk,/—k’N (k, Eg, 20)

e 2 <0 A 8]‘
oo () [ 08 (<)t

DOS
N(E,z) = ENF% exp ( §> "3 : 3He particle density
total cross section transport cross section
27 2w I
Otot (B, 2) = g /O dsf);lg (p, E,2)  ou(E,z) = g /O dip(1 — cos w)j—g(% B, z)
p=¢—¢

polar angle averaged differential cross section
do

7TNF 2 )
dQ(@aE z) = (kF> ( ) Z Z‘tk||,8kJ_,O’—>k”7SkJ_7 )‘

ss-:l:laa

ky (E)N(E))? ki =kl = /ke =K




Scattering cross section

0.05 T T T T

| depth-dependence 0.75¢

<0 — 105

0 0.2 04 0.6 0.8
E/A

suppressed by
approaching surface

opposite dependence against
DOS of surface bound state

resonance peak with
bound state around ion

Eb,l = ACOS((SZ_H — 51)
E.V. Thuneberg et al., Physica B 107, 43 (1981).
increase DOS of surface bound state

decrease DOS above gap

decrease DOS of bound state around ion

decrease scattering cross section



Mobility
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Summary (B-phase)

© Majorana fermions in surface bound state
has been observed via scattering by
an impurity.

© The experimental result quantitatively
agrees with theoretical calculation.

experiment: H. Ikegami, S. B. Chung, and K. Kono, J. Phys. Soc. Jpn. 82, 124607 (2013).
theory: Y. Tsutsumi, Phys. Rev. Lett. 118, 145301 (2017).



Topics

© Surface bound state in A-phase
with mass current and angular momentum




Surface bound state and mass current

Direction of AM by the mass current
corresponds to that by Cooper pairs.

2,

N,
250
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Quasiclassical theory

A

A/Er <1 /dgkaz (k,r,wn) =g(kp,r,wy) = —im <_gif ifg>

~—Eilenberger equation \

. . an]A. _A k , T° a
—Zh’UF . Vg(k:F,r’wn) — [(AT(kF T) _ngi )> ,g(kFa’r’;wn)]

\_ J

kFa kF)f( %‘7 'r,wn)

order parameter: A(kp, NokaTZ/

: Ay
mass current: J(r, 1) = NOWkBTZ/ Ar Prgo(kr, T, wy)

density of states: N(kp,r, E) = NoRe|go(kr, T, wn)liw, —E+in]

mass current spectrum: j(kr, 7, E) = pprNoRe [go(kF, T, wn)|iw, — E+in)



Quasiclassical Green s function

@Ordzr parameter N\ = A k., + ZA k

AA Ay
A,
self-consistent
solution
0 T
A, = Agtanh(z/E4) B8
Ay, =
€A — h’UF/AA
0 T
A
A, = Ay = A,
uniform
0 T

specular surface
x =10

. analytic solution: (ky = cos¢sind, k, = sin¢sinb)

B 1 [w N AZ sin? 0 cos? ¢ soch? (i)]
90 \/w2 ALsn?0 — z(wn + zAA sm&smqb) £a

bulk

surface state
YT and K. Machida, JPSJ 81, 074607 (2012).

/jy X SeCh2(CU/€A)

J.A. Sauls, PRB 84, 214509 (2011). 0 T



LDOS and current spectrum

,&Local density of states (LDOS)

(a)

=

5 ,

= | l

I | I

= 1 | I

=S | |

Z 0.5¢ i—:—'
0 ' ! !

—Ayp 0 Ay
E

,&Mass current spectrum

(b)

S
o )

<
Ot

Jy(0,0 = /2, E) /mvr Ny

1
0.5

0
-0.5

-1

-1 -0.5 0 0.5 1

Jbound _ _n_h Jcont _ @
Y 2 v 4
(77 : density of 3He atoms)
__ Tbound cont nh
S e
@Angular momentum
[
A
 ——
< > L., = —— (N :number of *He atoms)

R> €&
like all *He atoms form Cooper pair

macroscopic intrinsic angular momentum



Chiral domain wall

wop = —1 wop = +1

OZ(kx + ’ka)

"o :
Y. :
~— :
2
A N——" :
~ :
i . > 0.05 qy E—!ﬁ, ,
: =
é 1 0 , ; |
20 10 0 10 20 -20 -10 10 20
/& z/&

Y. Tsutsumi, J. Low Temp. Phys. 175, 51 (2014).



Chiral domain wall

wop = —1 wop = +1

> L

@ordzr parameter

1

S

0.5/ 4

0f 3

2

-0.5 g i
-1

. 4 05 0 05 1°

20 -10 0 10 20 ky/krp

33/60 AUJQD =2

Y. Tsutsumi, J. Low Temp. Phys. 175, 51 (2014).



Current by gapless excitations

Jy =
g
~
=
-0.5 0 0.5
ky/kr
J — gapless excitations  G.E. Volovik, Pis’ma ZhETF 66, 492 (1997).
(0
OFE(k
. 0J, " = j{: Dy,asgn () on(ky)
current by Cooper pairs o(E=0) Oy |,

__nh
k=k,

h/ nh 2
JAM _ T ex NN ky.a OE (k)
é y ! T 2 ( ke ) 00\ Ok,
a(E=0)



Chiral state with higher AM

chiral £ -wave state A(k) o (k, + iky)e

LZ:thO(—> < Nh, ({>2)

Y. Tada et al., PRL 114, 195301 (2015).
G.E. Volovik, JETP Lett. 100, 742 (2014).

zero energy state
A(k:c,aa ky,a) — _A(_ka:,aa ky,a)

_He —_ ) = —1.2....
. COS [(n 2) gl s M y Ly w4

nh
— %/
kkza> 4

E(ky)

LLLLLL L

o nh ko’ OE(k)
=g 2 (kp) Sgn( ok,

a(E=0)

current by Cooper pairs

¢h

ex. chiral f-wave state wop =3 ” |
JAM . nh > g ,*1: v,"‘;v
Y B 4 ky,a _ \/g 0 \/§ ’
]{31:‘ 2777 2 - d

> ky




Summary

A(k) o (kg + ik,)"

current by Cooper pairs current by gapless excitations
J* =0, ({=1)
h
¥ = =2l (A1)
nh
Jsurf — " (¢ =1
4 ) ( )

Jsurf ~ O, (é ?é 1)
© 3He-A is a good system to observe surface current.

pure system, large chiral domain, charge neutrality



Summary

Quantitative evidence of Majorana fermions
in surface bound state of B-phase

Surface bound state in A-phase
with mass current and angular momentum



