Neutral excitations produced on-demand in the Fermi sea

(Injection from a driven Andreev’s level)
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Single-particle emission on demand was realized,...

one quantum level - one particle, one voltage pulse - one particle

Dynamic QD Static QD Voltage pulse

VU 8 16 24
me () time () me ()

M. D. Blumenthal, et al. Nat. Physics 3, 343 (2007) X
G. Feve, et al. Science 316, 1169 (2007) J. Dubois, et al., Nature 502, 659 (2013)

but unwanted e-h excitations can also be created
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verified, ...

Fermi sea hosts two types of particles (electrons and holes):
Current is sensitive to the charge sign, (I) ~ eNe + (—e)N, = eAN — It does not see e-h pairs
While the shot noise is not, P*" ~ e2Ne + (—€)?N;, = e2N — It should be minimal
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FIG. 3. (Color online) Top: Pumped current of the sample driven at
400 MHz with a power of 1 dBm. Arrows (a), (b), and (c) indicate the
voltage positions of the spectra shown in Fig. 2. Bottom: Corresponding
noise power (symbols) averaged over the range of 5-15 kHz (10-15 kHz
for ~152<U1=~146). The solid curves display theoretical estimates given
by Eq. (3) (see text).
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=

S (2nf,)I(€f,)

01 T/T/2) 1

A. Mahé, et al. PRB 82, 201309(R) (2010)

10

® 6-Ghz Lorentzian
2W=30ps ?
® 16-GHz sine
24-GHz sine JL
02| ® 4-GHz square
W
01
- \O _ o
) "'—“’.\c\_‘
o 1 2

Charge per pulse

Lorentzian to observe the manifestation of the DOC™. Because non-integer
charges require many hole excitations, the larger noise is observed around
4= 0.6 for both pulse types. The suppression of the DOC at integer charge is
signalled by a noise minimum at g ~ 1 for the sinusoidal pulses. For the
Lorentzian pulse, thermal averaging shifts this minimurm to higher value,
9= 1.4, However, itis actually for g = 1 that the number of excitations

ve the finite noise ob: d is entirely due to thermal excitation

J. Dubois, et al., Nature 502, 659 (2013)
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... formulated

Static QD (na/a)

Voltage pulse (a)

p(E 1) = [

U(t) = ct:
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M. Kataoka, et al., PSS B 254, No. 3, 1600547 (2017)

2wopo
Eot J. Keeling, et al., PRL 101, 196404 (2008)
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G. Haack, et al., PRB 87, 201302 (2013)
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J. Keeling,et al.,PRL 97,116403 (2006)
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J.D. Fletcher et al., Nat.Comm.10,5298 (2019) T. Jullien, et al., Nature 514, 603 (2014) R. Bisognin, et al., Nat.Comm.10, 071101 (2020)

2 2
S Y
(T L)
peXP(Ea t, I‘) = 27\'050:\/? ~ p(E7 t)7 \UEXP ~ \UL7

a correlation coefficient r ~ 0.75
E —pu~100meV, AE ~1meV, purity <O0.1 E—pu~AE ~0.0lmeV, purity ~1
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Problem statement and results

What if the quantum level is more complex? Then what is emitted is also more complex

Andreev's QD (Nambu view) |0) — |1) = e-h pair (real particle view)
/EZ\ an electron absorption
T i
(¢ shdve (1) )

Cooper pair splitting

—
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Problem Solving Algorithm

Hobp

QD—-N
—

6op (B)] = (E—pu+i0) T~ Flop — £ (E)

1

S(E)=T—2miW} (E) G4 (E) Wy (E) |&| SST=1

(adiabatic drive)
4 AqolU(1)]

é(l,ex)(tl; t)) = 1 5 (wt)ST ()T

27 t1—tr
3 U7
¢ty b) = 7 0] (1) ¥ (1)
(n =+ for electrons, 1 = - for holes)
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| i-LINK, 05-06 June, 2023 | Slide 7 of 29



Formalism
m Excess correlation function

Examples: Quasi-particles excited by the voltage pulses
m Plain quasi-particles: Leviton and anti-Leviton
m A compound quasi-particle: A dipole
m Auxiliary correlation function (to identify a pure state)

Andreev's ac pump
m Excitations with variable charge
m A charge-neutral spin-dipole quartet

Summary
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Excess correlation function

Definitions G vs S (adiabatic drive)
GO(t; 1) = <\TJT(t1)\’I:'(t2)>7 Win Wour=S ¥in
Gty 1) = GU(tita) — G (i ta), .
G7nik) = Go(tit) = Gor(tits) GB(tita) = S (t)S (t2) GD(trita),
quasi— particles vacuum
A X ex ei%(tl_tZ) S (tl) S (t2) — 1
g(l)(h' ) = / £e"%(trtz) _ € " ! Gt )(tl; t2) - 2mi t; — t
AR h 21t — t2’ ! 2

— 00

EARVA (t1) WV (to) < single particle

below | use ;x = 0 and omit ¥
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Plain quasi-particle excited by a Lorentzian pulse

S(t)y=e 0, o(t)=¢£ [Td'V(t)

Leviton anti-Leviton

e 2, t € 2, t
ﬁVL(t) = m, QYL = 2 arctan FT, % aL(t) = —m7 Pal = —2 arctan ﬁ’
t+ il L)y . _ *
S =— G =i (a) V() Gy (i) = W3 (t) Var (t2),
I/ /T
vil) = T va(t) = wi()= YT
t—lr-,- EL( ) L( ) t+iFT ’
a non-occupied state is added an occupied state is removed

I(t), 1/
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A compound quasi-particle: A dipole

(at the threshold, the Andreev’s level emits a dipole)

e 42 t\? — total — electron — hole
-V(t) = z = 2arct
h ( ) t4 + ri? arctan < 7-) 9 |(t)
r t+t - A A
G(S,-lﬁ(tl;tz) = — :‘VT(tl)Gc(ﬁlp)‘U(fz)»

7 (82 +il2)(t2 —ir2)
Matrix representation:

= 55 L) v
e

tFem/4’
b = /dtw’;(t)wb(t), ab—eh

A(1)]2
The number of particles: (i) from the quantum state: Ngj, = 2% =1, (ii) from the shot noise: Nd;p =Tr [Gc(ﬁlp)] =1

A dipole (a pure state) is a superposition of an e-h pair and a vacuum : | |dip) = f leh) + ﬁ |vac)
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Two type of particles causes the sign problem

How to verify purity of a dipole state?
GO for a pure state is idempotent:

indeed, for a Leviton, GL(l)(tl; to) = Vi (t1) Vi (t2), we have Gfl) o Gfl) = Gfl),
where © = [ d7(x,7)(T, %),

while for a hole (a removed particle, gl < gg}(} = G(1*) < 0), the extra sign is needed :

C Pt 1) = —W2, (81) War (1) = GP 0 G = —GY),

Therefore, for an e-h state, G(1:) |oses its ability to verify purity. For example:

G =6V + 6\ = 6l e 6l = 6V -6l £ 65,
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solves the sign problem

Let's go back from the quasi-particle (e-h) picture:

Ne

GO (tit) = Yoy 0l (0)ves(t) — 3 Be wi () ny(ts) -teross terms,
—_——— —

j=1 - - k=1 ) X
poles in the upper semi-plane poles in the lower semi-plane

to the minimal real-particle picture (remembering that holes are nothing but removed electrons):

Np
G g () = G (1 t2)+z Vi (t1) Vp i (2)-
N————
G _ g k=1
on off
In equilibrium, G(1#) =0, while G(12%) £ 0,

For the dipole state (matrix representation):

A(lex) 1 1 i (1,ex) A(l,ex) 1 A(1,ex)
Gdlp - 5 < —i -1 > = Gdlp Gdlp ( Gd,p )

A(laux)  _ A(l,ex) 0 0 _1 1 i aux) A(1, aux) 2 2i A(1,aux)
Gdip Gdip + ( 0 1 ) - 2 i 1 = Gdlp 4 —92j 2 Gdlp

o
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. e-h pair from QD

e v o= {T/JTﬂ/wwa 7¢$}T <+ the Nambu spinor,
g with ¢ = d for a quantum dot and ¢ = ¢, for a lead
{e eJpe Ve e

@ H(t) = Hq(t)+H, +H7,

R ':ld(t) = dAT {_€d(t)7'z®0'0—EZT0®O'Z—ATX®O'0}C7,

t:_A R o0

F— ochbeehe AL = 5> & & +He, WBA: J— o,
n=1
Ar = Jrd'¢, +Hec,
eq(t) = eqo+el(t), elU (t) = ct < a clean emission
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N-QD-S systems

L A
Figure 4. (a) Schematic HOMO wavefunction (red/blue) and FIG. 1. Scanning electron micrograph (SEM) of the triple-
spin-carrying molecular orbital (gray) on a surface for differ- dot device. Orange circles indicate positions of quantum dots

ent tip positions, with the corresponding Kondo lineshapes
in the insets. At the HOMO nodal plane, the lineshape is
symmetric. (b) Tunneling into the superconducting substrate
at positive (top) and negative bias (bottom) populating the
YSR excitation (right) from an unscreened-spin ground state H. Wu, et al., arXiv:2105.08636
(left). Due to spin polarization of the YSR state and singlet ! !

Cooper pairing, the spin of electrons tunneling (into) from

the substrate is (anti)parallel to the impurity spin.

within the InSb nanowire, underneath three superconduct-
ing leads (Sy, S2, S3, NbTiN), electrostatic gates that sepa-
rate and tune dots are marked with inverted T’s. The circuit

L. Faribacci, et al., PRL 125, 256805 (2020)
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scattering matrix

= T—27iWIG (t, 1) W,

= (E—p+i0)]—HAy(t)-%,

7 A (s Jr|®
- _il W= 7(2_3), y= T
27 Jo
e 0 rma O
A 0 0 PO
& _ 5 %i X rig,a . StS=1,
“Nta - i °
0 -m. 0
2 —E2-2v2—i2v(eq+Ez) i2vA
=t e = —ate s = mi(=E2) e = nua(-E2),

E2 =E2 - A% — 2 — j2vEz,
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and the emitted state

PN é* §T _i
G (tr; 1) = g, (1) = ct,
(1) (1)
o) o el o
e iy = | O G0 Gt
12 G(l)* 0 _ G+ 0 ’
11,2 (1)« L O
0 Gl 0 —Gy

¢ (i) = L%z — [+ Z+it] [+ &2 - iy

1
T cm (12 —€*2/c?) (12 — £2/c?) ’

6\ (Ez) = 6 (-E2),

i+t +i2
W (it N c ,
e fie) or (€ —€72/%) (8 - €2/¢?)

67, (E2) = G} (~E2),

The two-particle state is excited in each spin sector:

G =0= GL (t1it) = T2, aj. o3, (1) V)i (12)

michael.moskalets@gmail.com |
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reveals a pure 8-particle state (describing 2e and 2h)

_ /rsin(¢)/m (t) rsin( /71'

Basis wave functions: v (t) = Y=, where E/c=re”®

Quasi-particle basis (not Nambu!) : ¥ = (we,d}h)
G (i) = Ul (1) G0 (1), G} (tite) = Ul (11, —E2) 6PV (12, —Ez),  etc.

t—re— ’

Imt
Nambu spinor : Wy = {dT,di,dI, —d;}T
Y, W(-E2
Quasi-particle Nambu basis (in this model f = E; — —E7) :
\]\JqN - {¢e7 flbh? 'll)e(—EZ), wh (_EZ) vwev 1/)/17 1Z)e(_EZ)7 1/)/7 (_EZ)}T Ret
[ ]
W(Ep Wy

Following the poles : (the lower semi-plane: E < p, the upper semi-plane: E > )
Gaw) — G(Le) 4 diag (0,1,1,0,0,1,1,0), 0 — empty in equilibrium, 1 — filled in equilibrium,
The emitted Nambu state is a pure quantum state (effectively 8-particle state):

Gaw) G(Law) — G(Law) byt any sub-matrix is not idempotent, e.g., @T(#’aux G L) + GT(#’E’"X)
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A time-dependent current, I, = eGO(-},) (t; t), reveals

"fractional” - due to
competing processes:

(i)N, (ii)CPS, (iii)no emission
(nothing happens or
CP absorption)

E;/A=1.0; 1.1; 1.2; 1.3; 1.4; 1.5

left pulses due to |-level: right pulses due to T-level:

% ﬂﬁ%% CP absorption . + %ﬂﬁ%
- it e t
: B HhH N :

o . § e

CPS

N

CcpP
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of the sub-gap eigenstates of Hy and the emission regimes

g _ Zaz?,i ? dtG((,l(,) (£:£) = ne — np, sub-gap states (each provides the same information):
psh o = {UT|eT>707VJ,|h~L>7O}‘>efh’
2TA=T) [2) = {0,uiled),0,vy|h )} —e—h
[e @)
3 JJ dudeTr [607 (5 2) 60 (1 2)] = ) —1 ) —12
n;io np gf;u)fﬂ (E;mm
charge — noise o1 ‘“E
-Qe s o5 b 5 Fa A b
2.0 02 ~01
- -0.3l e
e E;/A =0.7, E;/A = 1.0, Ez/A = 1.2 two
10 no crossings touch crossings
05 no emission two dipoles four fr. particles

/A
' 1 2 3 4 5 B

v/A =002 U(t)y=ct, c>0 QD population: 0 — 1 — 2

michael.moskalets@gmail.com
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Two dipoles are emitted at £y =

GT(T) (tl, tg) =

1
G¢(¢) (ti ) =
I —12)
(E-pin

(ndgip) =

o5 &ln
-0.1

=02
=03

e2T(1-T)

michael.moskalets@gmail.com

V'v2 + A? with probability 1

GT(i) (tl, tz) = —7G (1) (tl; t2),

S with [, =

V2vA/c at v — 0,

a1 1 1 i
and Gdlp) = 5 < —i -1 ) )

1= () =5 = () = (mg)= =2

(tl' t2) - 7Gdlp (tl; t2) )

2 4’
Nior = (nt) + (ny)=1
1) ~ (ne) = {my) = 0
a charge-neutral spin-dipole quartet
1(t) ~ Gy (£:1).
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Two particles are emitted for each o

I (t) = eGY (8 1),

el. emission / el. absorption

14/l
|1>={u¢|eT>,0,v¢|h¢),0} o
(E-p)/D -2 é )
0
0.15 R .
0.10
0.05 _3
Ed/A
-05 05 )
-0.05
-0.10 \ o |
" Lt
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at work)

12) = {0,ulel),0,vt|n 1)} hole absorption / hole emission
(E-p)/A I/l
015 ST
0.10 == — A = :
0.05 A
€4/
05 05 ¢ A3
-0.05
-0.10 -3
-0.1
0.15 -4
-020+

Another parts of eigenlevels give us a spin-down current
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of the sub-gap eigenstates of H, at the crossing points

€q+ A2+65
{ur]e),0,v |h]),0} {0,uylel),0,vy [h 1)} up = )
(E-p)/ (E-p)/D \/2A2+26d <ed+\ / A2+el21>
0.26 0.15}
0.15 0.10}
0.10 0.05}
0.05 o s €ald = A )
205 05 &l -0.05) \/2A2+2€d (ed_ v A2+6§)
-0.05 -0.10}
0,10' -0.15}
-0.15 -020+
2 2 .
|Ug| + |V5| =1:
crossing L 2 _ crossing L 2 crossing ,R 2 _ crossing ,R 2
(Meqr < |up (€ = vy (eg , (Mnr < v (eg = |y (€g
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Population vs emission:

Spectrum of the Hamiltonian: Ez/A=1.2 ne,T nh,T
(E-p)/A
0,10 n
100
0.05
0.8y
-0.5 05 el 0.6}
-0.05 0.4F
-0710 0.2\
: ; Ez/A
12 2 3 4 5 ¢
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Population vs emission:

Spectrum of the Hamiltonian: Ez/A=1.0 Ne,t Np,1
(E-p)in
n
0.10 0.8+
0.05 0.7¢
el 0.6¢
-0.6 -04_-~02 02, 04 06
-0.05 0.5}
0.4}
-0.10
; ' ' Ez/A

1.01 1.05 1.10 1.15 1.20

The mean number of particles emitted is less than the population
because the widened level crosses the Fermi level partially and contributes to emission partially
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m A driven Andreev’s level allows us to create :

. Excitations with variable charge
. A charge-neutral spin-dipole quartet

m A charge-dipole excitation can be created using a voltage pulse

m Methodology : "ex" versus "aux”

. GW-*< provides W for created quasi-particles (injected, removed and/or excited electrons),
. G(1),aux (: GWex 4 G(1)removed G(l)vexc"te") verifies the number of relevant DoF via
G(l)’a”XG(l)’aUX —_ G(l),aux
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Thank you!
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