Electron bubbles and Weyl fermions in chiral superfluid

SHe-A

Oleksii Shevtsov James A. Sauls

Northwestern University, Evanston, IL 60208 USA
October 12, 2016

(1) Introduction to superfluid *He and
e-bubbles

(2) Transport and AHE of e-bubbles in
3He-A: Experiments

(3) Structure and transport of e-bubbles
in 3He-A: Theory [O. Shevtsov and
J. A. Sauls, PRB 94, 064511 (2016)]

DMR-1508730



Symmetry group of normal-state *He: G = SO(3)s x SO(3)L x U1)y x P x T
BW state (B-phase):
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Spin-triplet p-wave order parameter:
Aap(k) = d(K) - (iF0y), 40 du(k) = Ak
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Electron bubbles in liquid *He
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@ Bubble with R ~ 1.5 nm, @ QPs mean free path / > R,
A< R< & Knudsen limit
o Effective mass M ~ 100ms @ Normal-state mobility is const

(ms — atomic mass of 3He) below T = 50 mK
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Electron bubbles in chiral superfluid 3He-A ] K

ke + ik,
K

TZ&?)HG—A UAH I Z\ E
X / Y
3nmj—>fv 5

Ve VaH
—

. ~ = N
Electric current: v = ) € + puap€ X | Salmelin et al. PRL 63, 868 (1989)

An(k) = A

—£

Hall ratio: tan a = vap/Ve = |pan/pL |



Mobility of e-bubbles in 3He-A (Ikegami et al., RIKEN)

Science 341, 59 (2013); JPSJ 82, 124607 (2013); JPSJ 84, 044602 (2015)
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Mobility of e-bubbles in 3He-A (Ikegami et al., RIKEN)

Science 341, 59 (2013); JPSJ 82, 124607 (2013); JPSJ 84, 044602 (2015)
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Equation of motion for e-bubbles in *He-A:

. d N .
(i) MF‘; = e€ + Fgp, Fgp —force due to quasiparticle scattering
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Equation of motion for e-bubbles in *He-A:

i MY

(iiy Fgp = —? -V, 7 — generalized Stokes tensor
0

0 ) in superfluid 3He-A with 1 || e;
|

(iv) M% —ef — v+ —iv « Ba,

) Beff:fgnAHi, Bur ~ 10% — 104 T !

. av —1
(vi) dt:O ~ v:ﬁf,‘, where ﬁ:e?);
€ nL TIAH
Bl=—, UL =€ 5% HAH= —€ 55—
o n3 + Mau 15+ Nau

g e€ +Fqop, Fgp —force due to quasiparticle scattering



c
a
tt
e
ri
in
g
o]
f
=]
o]
g
0
liu
o]
0
\
QP
S
0
lii
th
e
n
e
g
a
ti
Y,
e
io
n
\
k
/
k



/ k
Scattering of Bogoliubov QPs off the negative ion Y\1(64/

(i) Lippmann-Schwinger equation for the retarded T-matrix (¢ = E + in, n — 07):
d3k//

PE(C. . E) = TRK.K) + [ TR K| BE B) = Gl )] TE K . )
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(i) Lippmann-Schwinger equation for the retarded T-matrix (¢ = E + in, n — 07):
d3k//

PE(C. . E) = TRK.K) + [ TR K| BE B) = Gl )] TE K . )
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Scattering of Bogoliubov QPs off the negative ion Y\1(64/

(i) Lippmann-Schwinger equation for the retarded T-matrix (¢ = E + in, n — 07):

3 fe!! R R
A )= TR )+ [y TR K[ G0 ) — Gk, )| TEK" k. )
AR _ 1 e+& —Ak) 2 _ 1Pk

(if) Normal-state T-matrix:

fRi, © th(k' k 0 .
TRk k) = <N(O ) Bk —R)]T> in p-h (Nambu) space
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Scattering of Bogoliubov QPs off the negative ion Y\1(64/

(i) Lippmann-Schwinger equation for the retarded T-matrix (¢ = E + in, n — 07):
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tN (k' k) = Z (214+1) €' sin 5,P,(k k) P, — Legendre polynomial
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Scattering of Bogoliubov QPs off the negative ion Y\1(64/

(i) Lippmann-Schwinger equation for the retarded T-matrix (¢ = E + in, n — 07):

3 [ R R
A )= TR )+ [y TR K[ G0 ) — Gk, )| TEK" k. )
" 1 et+&  —AK) h?k?

R — K 2 — _
688~ g (Caily oo, G+ 1AM = g 0
(if) Normal-state T-matrix:
fRE © HUAS) 0 .

R _ )

AR K) = <N ‘ —[tﬁ(—li’,—f()]*) in p-h (Nambu) space, where
thi(k' k) = Z (21 +1)e siné,P(k’ - k), P, —Legendre polynomial
0

Hard-sphere model ~~ tan §; = ji(ksR)/n;(ksR), ji, nj — spherical Bessel fn-s

k:R — the only adjustable parameter (to be determined)!



From T-matrix to drag force

(i) QP scattering rate — Fermi’s golden rule:
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From T-matrix to drag force

(i) QP scattering rate — Fermi’s golden rule:
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From T-matrix to drag force

(i) QP scattering rate — Fermi’s golden rule:
2 AL A IS 1 5 .
r(k' k) = %W(k’, K)o(Ew — Ex), W(k',k) = 5 > [outk o | Tsling o )2

o,0’="7,] in,out

(i) Drag force from QP-ion collisions (linear in v):  Baym et al. PRL 22, 20 (1969)

For =~ h(k' —k) [hk’vfk (—‘Zf,';_') — hkv(1 - f) (—gg)] r(k’, k)

k.k’



From T-matrix to drag force

(i) QP scattering rate — Fermi’s golden rule:

r(k' k) = Z%W(R’,R)é(Ek/ — E), WK, k) :% > [outk o | Tsling o )2

o,0’="7,] in,out

(i) Drag force from QP-ion collisions (linear in v):  Baym et al. PRL 22, 20 (1969)

For =~ h(k' —k) [hk’vfk (—‘Zf,';_') — hkv(1 - f) (—gg)] r(k’, k)
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(iii) Broken microscopic reversibility:
Broken TR and mirror symmetries in 3He-A = fixed 1 ~ W(K' k) # W(k k)



From T-matrix to drag force

(i) QP scattering rate — Fermi’s golden rule:
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(i) Drag force from QP-ion collisions (linear in v):  Baym et al. PRL 22, 20 (1969)

For =~ h(k' —k) [hk’vfk (—‘Zf,';_') — hkv(1 - f) (—gg)] r(k’, k)
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(iii) Broken microscopic reversibility:
Broken TR and mirror symmetries in 3He-A = fixed 1 ~ W(K' k) # W(k k)

(iv) Generalized Stokes tensor:

<~
Fop=-n-v



From T-matrix to drag force

(i) QP scattering rate — Fermi’s golden rule:

r(k' k) = Z%W(R’,R)é(Ek/ - E), WK, k) Z > [(outi 4| Ts|ing,o)[2

o,0’="7,] in,out

(i) Drag force from QP-ion collisions (linear in v):  Baym et al. PRL 22, 20 (1969)

For =~ S (K — k) [hk’vfk< gfg) kv (1—fk/)( gg)]r(k’ k)

k.k’

(iii) Broken microscopic reversibility:
(iv) Generalized Stokes tensor:
8f

Broken TR and mirror symmetries in 3He-A = fixed 1 ~ W(K' k) # W(k k)
Fap— —5-V ~ ny—nepy | dE i(E)
QP = —1 njj = N3Pr aE gjj ;
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3
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k . .
=355~ 3He particle density, oj(E) — transport scattering cross section,
f(E) = [exp(E/kgT) + 1]~' — Fermi-Dirac f-n

=7



Mirror-symmetric scattering = linear drag

FQP = —%} -V, nj = nspf/o dE <_28E> U,/(E)

Subdivide by mirror symmetry:
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Mirror-symmetric scattering = linear drag
Fop = —1 -V, 77ij:n3pf/0 dE(

Subdivide by mirror symmetry:
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Mirror-symmetric scattering = linear drag

Fop = —1 -V, 77/j=f73,0f/ dE(
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Subdivide by mirror symmetry:
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Mirror-antisymmetric scattering = transverse force

Fap=—1 'V, 1j= nspf/o dE <_28E> oj(E)

Subdivide by mirror symmetry:

Kk’ k
W(k', k) = WK k) + WK, k), \/

oi(E) = ot(E) + o\ (E), m Ym
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Mirror-antisymmetric scattering = transverse force

Fop = —1 -V, nijznspf/ dE(
0

Subdivide by mirror symmetry:
Wk’ k) = WH(K k) + WK k),
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Mirror-antisymmetric scattering = transverse force

> af
Fop=—17 -V, nj = nspf/ dE ( ) ai(E)
0

Subdivide by mirror symmetry:

Kk’ k
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Differential scattering cross section for Bigoliubov QPs




Local Density of States (LDOS) around an e-bubble
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Local Density of States (LDOS) around an e-bubble

e exp —6 m2
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tan d, :j,(kfF:’)/n,(kfR) = ON = % Z(l+1)sin2(6,+1 —5/) ~ kfR =11.17
f =0



Local Density of States (LDOS) around an e-bubble

__° ew _ 5 m
MN_nSPfUN = py =1.7x10 Vs
, 4 & )
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Local Density of States (LDOS) around an e-bubble
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Current density around an e-bubble (ksR = 11.17)
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Current density around an e-bubble (ksR = 11.17)
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Current density around an e-bubble (ksR = 11.17)
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Current density around an e-bubble (ksR = 11.17)
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Angular momentum around an e-bubble (kiR = 11.17)
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@ Electrons in 3He-A are “dressed” by a spectrum of Weyl fermions
~ Lz ~ _(Nbubble/z)h ~ —100+

@ Scattering of Bogoliubov QPs by the dressed lon
~~ Drag (—n.V) and Transverse (v x By) forces on the lon

© Borr ~ 2% K2 (keR)? (122 ) = 10° — 1041 ~ Anomalous Hall Effect

@ Mechanism:

Skew/Andreev Scattering of Bogoliubov QPs by the dressed lon
@ Origin:

Broken Mirror & Time-Reversal Symmetry ~~ W(k,K') # W(K', k)

@ Input: Hard-sphere scattering with ktR = 11.17
@ Theory: ~ Quantitative account of RIKEN mobility experiments

@ Future: New directions for lon, Heat & Spin Transport in 3He
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Mirror-symmetric scattering = linear drag

Fop = —1 -V, 77/j=f73,0f/ dE(
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Subdivide by mirror symmetry:
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Mirror-antisymmetric scattering = transverse force

> af
Fop=—17 -V, nj = nspf/ dE ( ) ai(E)
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Subdivide by mirror symmetry:
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Broken TR and mirror symmetries in 3He-A

(1) Broken TRS: Ti= —1

(2) Broken mirror symmetry: Ml = —i
(3) Chiral symmetry: C=T x Iy

(4) Microscopic reversibility for 3He-A: W(k', k; 1) = W(k,k’; —1)

(5) If the chiral axis 1 is fixed: W(K', k) = W(k,Kk)



Alternative QP-ion scattering potential models

UO? r< Ra
e UinN=<-U;, R<r<R,
0, r>AR.

@ U(x) = Up[1 —tanh[(x — b)/c]], x = k¢r
@ U(x) = Up/cosh®[ax"], x = k;r (Péschl-Teller-like potential)

@ random phase shifts model: {4;, | = 1... kax} are generated while dy
is a tuning parameter

Parameters for each model are chosen to fit the experimental value of the
normal-state mobility, 45" =1.7 x 1078 m?/V - s



Alternative QP-ion scattering potential models

Label | Potential | Parameters

Model A | hard sphere kiR =11.17

Model B | attractive well with a repulsive core | Uy = 100E¢, Uy = 10Ef, keR' = 11, R/R’ = 0.36
Model C | random phase shifts model 1 hnax = 11

Model D | random phase shifts model 2 nax = 11

Model E | Péschl-Teller-like Uy =1.01E,kkR=2215,a =3x 103 n=4
Model F | Pdschl-Teller-like Uy = 2E;, kiR =19.28,a =6 x 1073, n=4
Model G | hyperbolic tangent Up =1.01E;, kR =14.93,b = 12.47,c = 0.246
Model H | hyperbolic tangent Up = 2E;, kiR =14.18,b = 11.92,c = 0.226
Model | soft sphere 1 Up =1.01E;, kiR = 12.48

Model J soft sphere 2 Up = 2E;, ksR =11.95




Alternative QP-ion scattering potential models
Hard-sphere model with kfRO? 11.17 (Model A)
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Alternative QP-ion scattering potential models

Label | Potential | Parameters

Model A hard sphere kR =11.17

Model B | attractive well with a repulsive core | Uy = 100E¢, Uy = 10E;, kR’ = 11, R/R’ = 0.36
Model C random phase shifts model 1 fnax = 11

Model D random phase shifts model 2 Imax = 11

Model E Péschl-Teller-like Up = 1.01E, kiR = 22.15, a« = 3 X 10—°

Model F Poschl-Teller-like Uy = 2E¢, kfR =19.28, o = 6 x 105, n
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Alternative way of determining R

(i) Energy required to create a bubble:

E(R, P) = Eo(Up, R) + 4T R%v + 4,;!?3P, P — pressure

(i) v = 0.15erg/cm? is the surface tension of helium

(iii) For Uy — oc:
Ey = — Uy + 72h? /2meR? — ground state energy

(iv) Minimizing Ewrt R: P = nh?/4msR° — 2~/R

(v) For zero pressure, P = 0:

7Th2 1/4
R= <8m 7) ~2.38nm ~» kiR =18.67
e



Normal-state mobility of an e-bubble

(i) (K, k; E) = S (21 + NF(E)P(K - K)
0

1 .
(i) tf(E) = —We@ sin g,
f

... do m* 1\ 2 Biir
=50 K, k; E)[?
i) o= (e ) 1K &)
, I e fopn doo 4w > o B
(V) ox= [ Z 50 —k-K)ge - = 2 l§:0j(/+1)sm (811 — &)
__ e _ _ K
(V) UN = n3pf0N7 Pr= hkf? ng = 372



Calculation of LDOS and current density

Bk [ &K
(27r)~°’/ (2m)3

(i) GB(K' k, E) = (2n)3 ég(k, E)dw k + Gg(k', E)Ts(K k, E)Gg(k, E)

e+&  —A(K)
~Af(k) e — &

(i) GE(r'.r.E) = eV e M GR(K K, E)

(i) GB(k,E) = <

=E+i — 0t
2 >’ € n, n
e2 - Ef

(iv) N(r,E) = —2171m {Tr [Qs”(r, r, E)] }
W) j(r) = %kgr _i lim Tr [(vr, —Vr)QAM(r’,r,en)}

(i) GB(W . r,E)=G¥(r r.en)| ,forn>0

len—¢€

~ ~ T
(vil) G¥(k, K, —en) = [GH(K' Kk, en)]




Temperature scaling of the Stokes tensor components

° For1—1—>0+:

Te
nL T
— —1x —A(T) x /1 — =
1IN () Tc
TIAH 2 T
T x A(T)x1 — —
N () Tc



Formation of Weyl fermions on e-bubbles
3
He-A

’1,51

A(k) = A sin 0et®
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