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Well-defined two states
|0>and |1>
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Steady state Hamiltonian for B, =
-hw,/2 O
H,=-hyB,S, = 0
0 1Bg2, [ 0 ha)o/z

Rotation on Bloch sphere for B,

H, = -hyB,cos(at)S, = [ 0

-ha/2 0

Htotal = ('hy/z)[BOGz + 31COS(a)t)GX] H2EEUEI Q‘

BERD/N\SIL =T

B, along z-axis |4 >=]1>
/EF
} = -hw,o,/2 _<: hyB,=ha,
| ’]\>:O>

= B,cos(wt) along x-axis (B, << By)

-hay/2 } cos(at) = -hyB,cos(wt)c,/2
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Spin exchange = (-J/4)oc; 0,

Pulsed voltage to on/off exchange
coupling J for [1>||>and [|>|1>

Generate entanglement
Uswar [1>11> = (11>[{> +1]{>[1>)/(1+)

Swap two qubits

Uswap [T>1>=1>]1>

H.,. = (-:3/4)6,6,= -J(L/4)(I + 6,°G,) + (3/4)]

= (-3/2)Ugypp + (I/4)]

exp[-iH

exc

t/h]= exp[IIUgyapt/2h]exp[-1It/41]

= lcos(Jt/2h) + 1UgapSIN(IU/2R)
= 1Ugyap for Jt=h/2
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X Sehottley gate b RILES DR
Dot
# | Depletion ZDEG(S) M M ZDEG(D)
1
...... T
Vg

1 D channel conduction

\ /
o\ 7m -,
N_ _~

Conductance (2e2/h)

Gate voltage
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X Sehottley gate b RILES DR
Dot
# | Depletion ZDEG(S) M M ZDEG(D)
1
...... T
Vg

1 D channel conduction
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with T<1
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— . Apply negative
EFFVFOER pluEer voltage to gates
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n-AlGaAs
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"PLUNGER"
GATE

tunneling of electrons
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Dot
%N) Total energy for N electrons
N
U(N) :Z En + Eint(l\l)
1
L Chemical potential

Ty, #(N) =U(N) - U(N 1)
=Ey + Eint(N)_ Eint(l\I -1
Er AI’ WN) —— - Energy necessary for putting the Nth electron
}&U\W u(N-1) Ap(N) = (N) — (N —1) : Increment
= AE, + E,(N) —2E;, (N -1)
“Er"is a probe "I V‘ +E(N-2)
for . E. = u(N) ’ Approximation : large N, spinless, capacitive

| AE, =E_IN, E_=(Ne)?/2C

u(N)  w(N+1) p(N+2) .
Eint(N)_ 2Eint(|\| _1)+ Eint(|\| _2): E

N-L NN+ Apu(N)=E. IN+e*/C~e’/C

B—EFHEIRILT— (U—OFyyd)
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Vg2

2,0) | 2,1) | (2,2)

(1,00 | (1,1 | (1,2)
&

(0,0) XI’O) (2,0) l

u(Oo) H(L0)= n(1.0) =u(L,1) o @%@ e
@ @ Isolated two dots Tﬁ\gl ’Q_ng

TVgl TVgZ Two dots are only coupled
w(N,) and p(N,) independent through the gates.
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Electrostatic I I
=P w1 |
\ N
WO.1 (1,0) 1(0,1)
L 1 -
Vg2 Va1 Vg2

(0,1) \ (1,1)

(0,0) \ (1,0)
@_1 }_@ Capacitive coupling
\></ between two dots

Tﬁ\gl Q_ng

One-electron charging in one dot raises
the electrostatic potential of the other
dot by E_.=e?/C, .., Which is equivalent to

n(1,1) - u(0,0).

V

intral
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Electrastatic Electrostatic+tQuantum mechanical

(N1,N5)=(0,0)

Vgl

Tunnel coupling
between two dots

N1 'N2) Capacitive coupling
between two dots

BOAE,

One-electron charging in one dot raises Degeneracies between different charge
the electri)sgatlc potential of the other states are lifted by the tunnel coupling. The
dot by E.=e“/Ci, Which is equivalent to total electron number is only well defined.

n(1,1) - u(0,0).
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HEEBE LD EFh )LD EEFFEER A

7 —V_,,==0.762[V]
——V_,,=0.764[V]

. —— V| p,=0.766[V]
@ —— V| ,=0.768[V]

AlQPC

60

T, = 22msec

exp('t/Te)
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Time(sec)

0 40 80
At (msec)
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Double dots Ono and ST, Science 02; PRL 04

Petta et al. Science 05
Koppens et al. Nature 07
Nowack et al. Science 07
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Double dots Ono and ST, Science 02; PRL 04

Petta et al. Science 05
Koppens et al. Nature 07
Nowack et al. Science 07

Transpot ie terminated by
forming a triplet state
= Initialization
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Nat. Phys. 2010; PRL2010, 2011

M M ///Q\
T
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BO

e @@

Field gradient
fESRl fESRZ

ABZ — BO+Ale +ABZZ

10 to50 mT/0.1um

. AB, 1s the in-plane stra
Inhomogeneous Zeeman field z P y

magnetic field//B
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exc

0.

e, [ e,

2EEFRYND2REY

—

(11>]1>-]1>]1>)/N2
S(1,1)

Si—

—

Triplet
(I11>]{>+]{>[1>)/N2

U~AE>>J,t

Singlet ﬁ ﬂ IU

#

EFRF

Doubly occupied
Singlet

[11>V>5(2,0)

ﬁ IV>|1>S(0,2)

1S(1,1) > £[5(0,2) >
V2
J~t

>[1> T(1,1)

Singlet is ground state

Energy detuning 6= E;-E,

When 6 ~ U,
S(0,2) and S(1,1)
are hybridized.

Used for qguantum
gate operation
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Tokura et al. Springer 2009

Small detuning : J=4t /U,

Large detuning: J — (/U + (4t )2 — Un) — 2V, — bW

3

Etriplet:O

Vinfer/ UH =0.67
V. /U, =0.01
t,/U,=0.1

S(1,1), S(0,2)
T,, T, Ty(1,1)

W/U, =0

S(2,0)-S

Energy detuning 6= E;-E,

J control with
detuning
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QPC charge sensing to detect to charge change in the double dot

@

| Right dot 2- Left dot
.*é' Bor Left dot
sr 15mT &7
%D WAA'J
0.95 1' 1.05
B (T
T. Obata et al. PRB 2010 Burst time (us)

R. Brunner et al. PRL 2011



frequency (MHz)

J. Yoneda et al. PRL 2015

LA
o

120 T 7 T o
80 - -

40 - —

ESR spectral width Af

e Intrinsic part Afipe = (T,*)™! : P, independent

dominant when T,; > T," (slow ESR)

o Extrinsic part Afext X Eqc X /P (T )

dominant when T, < T," (fast ESR)

0 I I I
0 1 2 3 4

E,c(a.u.)

jortest X-gate = 2 nsec << T,*

ESR line shape

- | | LRabi ]

0 > 10 15 20 25 30

burst time (ns)

| "l
° fast regime /]
4 a
3 = ) T
s 1:Rabl
= 2 1
E
= 10 =
L low regime 3
= 6 [ a
L 5 = -
4 R g
3 ° E CW
2 ® PP -
I |||I
1 2 4 6 8 2 4 6 8
1 10 100

Rabi frequency (MHz)
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Phase shift of Larmor precession = Rotation about z

J. Yoneda et al. PRL 2015

-0.360

9 @9 -0.365

EZl \ @/ E21+AZ -0.370

0.375
U = Aztwarr/h 0.44 042 P2.040

R (V)

C (V)

(1,1)

1.04 Min. Z(w/2) time = 5 nsec << T,*

0.5 R,(0) =R, (n/2)R (O)R,(-n/2)

Signal (a.u.)

...Temporal detuning of AE,
2nAtAf, (AE, =hAf))

eeman

eeman

0.0

Z gate time (ns)



Single-spin Based Qubits in TQD

(2,0,1) (1,1,1) (1,0,2)
6 | | | S
| |
A Sz=-3/2
—_ | |
52 Sz=-1/2 |
> l . |
s 0f | Rabi |
g :. z=+1/2 |
© -2 | ——F
0.40 i} | %12 IgﬂBBext Jy3 I :
038 f ) Sz=+43/2 |
NS | | | 3
= 260 -40 20 0 20 40 60
< 034 ' ' Detuning ¢/h (GHz) | '
 onf QD1&2 feature QD28&3 feature

0.30 E. A. Laired et al., PRB (2010)

L. Gaudreau et al., Nat. Phys. (2011)
J. Medford et al., PRL (2014)

0.28

0.26

-1.04-1.02-1.00-0.98-0.96-0.94-0.92-0.90
P3 (V)
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Capacitance model

APL M. Delbeqc et al. 2014

Si, SipSig Sor,Sop SgR

(a) CL le CmZ CmS CR
L™\l [
— 2| H4— =
Vi Vi
£ . v; .
E Cis :
Vi

40}

Vpy (mV)

-160 =120 —80
A\ (mV)




EFtO2WT—k [T>N> o [I>T>
R. Brunner et al. PRL 2011 Probability of finding the singlet in the output |y,>

2 2
Py.:one = [(ITY + |{(|I)|T
03 e 0.59 bright |<| )l >|¢z)| |<| )l )ll/)2>|
e Calculation of concurrence using
60 parameters derived from experiments

6 Po(@u)

P
3 P~
< s
O
e 40
E?D 1 68 o
20
20 100

—)> SWAP fidelity ~ 98%
Rabi fidelity ~ 50%
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Double QD Triple QD Quadruple QD Quintuple QD |,.

1310011802

QD ST1=0.175
'.‘ ' - A

-0.38 e T wm Al
-0.44 -0.42 0.
VR (V) Pl(mV)
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(Quantum

~

system

E
\_

1>

I0>4/

Environment

Dephasing

o(t) ==t +Ap(t)
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E 1 (PE)
ERHIRER

T4/ TRILXF—IKTE
ETJILIRN)YY
ERRTUONIL
= E K

IKESE: 1/f BRFEK

EBHIESE: 1/ KEFEK

vayhE: B SREK

HRAIRE
AEVENEHE/ER
. BI5. K. A
2K F
AEFHERTF
= R

HAEY: BT R
th ~ 5 B

BEPEAR T EBSAR . o0 0

T,>T,>>T,*
AEVIREEDTOE—L R



1/fand 1/f2 5T : EFRA b3
BEMIZOE ERRH

BEiiEsE (T —FEEXOELE)
BRI H

BRZERDICESERET OHNF

| AT=1
tranSpOrt

B: Tunneling
with T<1

Gate voltage
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Buisert et al. PRL 2008

— Mg - : : : :
E : lDU "r‘r"""-f.*q ..'dlrm.pz — 'l::I.B..'iIr i
= "y — 42V
E < — -1.6V .
=

O

- 1/f2

‘IEII“é | 112!1 1D” 1D' 10°
Frequency (Hz)

—-1/f2 = 2-level fluctuation
(switching noise)

T

Vigp=-1.4 V; Vg=-0,965V

—1/f = homogeneous background
charge noise

Time (s)
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Energy relaxation (T,)

Nuclear siin

—— Phonon
+Spin-orbit

“Slow” due to weak

coupling to environment
> 0.1 msec



Fae—L IR : RAEVE

Phase flip )

....caused by o,

-
>/
- ’

v« Spinflip: T,

....caused by 6, = o, * Ic,



S RER(T,)ERE Y REE (T,)

Phase flip Spin flip: T,
T, T,* _
...caused by 6, = o, * Io,

...caused by o,

Spin-orbit

HSO: OL('pycyx + pry) T B('px6x+py6y)

For QD, <p,, p,> =0 and only o.. included
——> Only weakly influence “Spin flip”

Coupling to lattice nuclei

H, A‘\IIXX( .S _+1.S, IZSZ)

“Spin f||p “Phase flip”




AEVENEHRBERICKDREVENDT,

Pump and probe measurement, Fujiswa, ST PRL 02

N=2 _ .
Triple N=1 @
1s—+f p\ Singlet 1L Zeeman splitting
l 4 T9ueB
\I/
T,>200 ps 04l 7/
B=0T & B,=8T
T=70mK . T,~0.85ms
0.3+
¥ 05 f 0.2 |
®)
=200 us . ! . | . L
... lower bound 0.0 0.5 1.0 1.5
) | | | | | Waiting time (ms)
0 20 40 60 80 100 Elzerman et al. Nature 04
th (us)

. T,~sec Amasha et al. PRLOS8
Fujisawa, ST et al. Nature 02
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Small energy for piezo phonon
Large energy for deformation phonon

EZceman=91gB

Spin flip rate for small Zeeman energy
Iy o< B B?ay*
with B2 from phonon DOS

A, : spin—piezo-phonon coupling
B: piezotensor

[y

Spin flip rate [1/s]

=
o1
LILILBLAL 1 L L

=
TT

Iy =(1 ms)tformy=1meV,B=1T
and B =102~10"1 (GaAs)

2&BHE—7 B INER D EM

Golovach etal. PRL 04

e s — e S—

______

-, lransverse
phenon for PE -

Longitudinal T
phonon for PE ]

T,>0.1msecforB<2T

[ |
6 B

R I O T Y [
10 12 14 la |8 20 22 24
B[T]

T,=2T,..very long (> ms)




Phase flip )

....caused by o,

-7
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GaAs QD BextAB, S_+1S,
.S
50 nm A HF A‘\V( ] ( 2 + Z Zj
TTlT é@ 111 Dynamical l
lear polarization
H(H Ul Nuc
H ™ 11 T Slow shift of
N=105 to 106 AB, =mT resonance ESR field

Statistical fluctuation of

; _i_
nuclear field = N mT

Standar deviation of ESR
line: o = a few MHz
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Classical dynamics
P(By) | ALl

D
-—
—~

(o)
S—
ZmN
ey
=

amplitude
=

]
-—
T

0 tirﬁe (.afbl. .u}nits.) 5
The decay is fitted as Gaussian

42 /(T2
Nuclear field is approximated of the form exp] ff\//E(TZ) ]
Gaussian distribution of nuclear fields T} = ~ 10 1s (GaAs)

with deviation /< (By)Z > gupy< (By)? >

Central spin problem

ol fos Central-spin problem is to investigate
many-body correlations in nanoscale
nuclear spin bath.

Ay e, 15~ 1201 N
B Purifv Si EX) phosphorous donors in silicon, silicon quantum dot, GaAs
Two body correlations ( u I'Ify I)
s guantum dot

e
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w4
() foo q e_ﬁ b12 [1 (Q )] i , ) :
P(t) = W X — cos(Q;t where Q, = + w
—w  V2mo) (20Q,° ! v V1 |
— (generalized Rabi freq.)
Average over Spin flip |_orob.
Overhauser field for detuning w
distribution

e b, > o (strong driving case)
For |w| < o, the integrand is roughly constant.
1
P(t)~—=[1— cos(b;t)] fort ~ L
2 b1

e b, < o (weak driving case)

1 |b T 2
P(t)~C+—0 Tlcos <b1t+—) fOrt>b—

1

FHL Koppens et al., PRL (2007)

@ @



burst time in units of T,

BRAEVHEEROEE

Interaction time < Rabi (spin flip) time ©—> |nteraction time >> Rabi time

Electron spin resonance (ESR)
Line shape broadening due to

dephasing rate

1T,*

Magnetic field

Rabi oscillations

Spin flip probability

Disrupted chevron patter in the B-t domain

3.0
2.5
2.0
15
1.0
0.5

spin flip prob.

0.0

4 2 0 2 4

B, offset in units of B,

4 2 0 2 4

B, offset in units of B,

1.0
0.8
0.6
0.4
0.2
0.0

0.0

X - gate fidelity
Low fidelity

.
. v . @
i AT 4

05 10 15 20 25

burst time in units of T,
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J. Yoneda et al. PRL 2015

1
Ee‘(t/zﬂz[l — cos(b;t)] (Strong drive Rabi)

~
86 MHz 0
1.0 cC
— ) ——
gﬁ ()]
= £
[ L]
5 05 =
o N
[6)
o S
0.0 o

burst time (ns)

Average X gate fidelity > 94%

%\ECOS (b1t + %) (Weak drive Rabi)

15 MHz
10

burst time (ns)

0.5

ESR sighal (a.u.)

0.50 0.51 0.52
B (T) 29

burst time (ns)
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1sec
é' T,>T
1 2
® GaAs QD
N=4x10°
1000 »
¢ GaAs [ ¢pijic®
100
w ® T
& o T
. 10 ® Tz* & * Feedback
*I‘_& 1 ° o T,: spin-orbit
|—;' ® T,*, T,: hyperfine
0.1 Q* ® Non-exponential transverse spin
® decay reflecting Non-Markovian
® dynamics due to hyperfine int.
0.01 Coish and Loss, Phys. Rev. B 70,

195340 (2004)
2000 2004 2008 2012 2015

Year
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15ec$
T,>>T,
® GaAs QD
N=4x10°
1000 ®
¢ GaAs | cpiic®
100
= 109 T ‘
- ® 1 ®
r_N 1 ® °
- o
" .
0.1
ps ®
o
0.01
Pauli X-gate time

2000 2004 2008 2012 2015
Year
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1sec 0.5sec
$d = T,>>T,
A . I/ i"“\'::::::::
28 ® GaAs QD
N=4x10°
1000 e A Nat. Si QD with 4.7% 2°Sj
N=5x103
¢ GaAs
100 B 28Sj QD with 0.08% 29S;j
— N=102
B e, Nat. Si
o 10 A Ti* = * Feedback
*I‘_& 1 A T,: spin-orbit
- T,*, T,: hyperfine
= 0.1 Non-exponential transverse spin
decay reflecting Non-Markovian
dynamics due to hyperfine int.
0.01 Coish and Loss, Phys. Rev. B 70,

195340 (2004)
2000 2004 2008 2012 2015

Year
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H. Bluhm et al. PRL 105, 216803 (2010)

Feedback loop:
Measure standard oscillations
Measure a few data points for a short time

and fit the standard oscillation to extract
deviation of AB,

Feedback pulse to compensate the
environment change X

Measure the actual data

= \/\/\
— o 0.8 -
o 25 #ﬂw PE P 10 30
=  (ns)
EU | =
0 1 UUU 1 5[}[] 2000 2500

t(s)



J~0 2SI

EURIBEDIESTE (BINBZEAEV S IBORELSE) MHIE

---------
a®
.
o
o

14> T>

fl\ | | T —14ns (a) |

|

data
flt

II|
I

—94ns (b) |

N il W \f\/\/\/\f\

100

H. Bluhm et al. PRL 105, 216803 (2010).

feedback response time o = 1 s.

200 nm
GR -

UL

(@)

JUL

(b)
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M.D. Shulman, Nat, Commu. 5, 5156 (2014)

1S)
z Ramsey fringes in rotation about
J .
VorB z-axis of TO and S
Th)) = [
0.8 0.8
%" 0.7 %" 0.75 N
T § 0.6 § 0.7 Y
e 0.5 e 0.65
. £ 04 E 06
| 50mK g 03 % 055
: s 02 B 05
' £ 0.1 £ 045}
| VCO "o " 04 . S
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M.D. Shulman, Nat, Commu. 5, 5156 (2014)
Measure N~100 time within 0.1 msec to estimate ABz
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Narrow Si inversion layer

J.C. Licini et al. Phys. Rev. Lett.

55, 2987 (1985).
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AB ring for phase control with B
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' Electron as
| a wave

Phase difference between two paths

A@:k-(ll—lg)—F%BS

0 wmﬁ/\/\f\-ﬁ

0 100 200 300

1/4H (1/T)

Normal-metal AB ring
R. Webb et al. Phys. Rev. Lett. 54, 2696 (1985).
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Single-particle electron coherence
screen

electron as I Quantum dot
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Wave vector: k I l; Gating: ak4l
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Path difference phase AB phase




Electron as

a wave

QD
Two-terminal AB Ring with a QD

OorTr

T e

{248 M 1 0D [ =8

(G ¢p : Linear conductance from Sto D

- Boundary conditions between contacts -
Unitarity: Gsp(B) = Gps(B)
Time reversal symmetry:
Gsp(B) = Gps(—B)

w Gsp(B)=Gsp(—B)

Phase rigidity O or & ... only maintained
by back scattering and multiple
interference within the ring although
expected phase shift is smooth:

JE—

Difficult to measure transmission phase

€

hBS —I_ A%Odt}t
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Weizmann group
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M. Yamamoto et al. Nature Nano. 7, 247 (2012).
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Beam splitter when 6=(1+2n)(n/2)
50% (upper) : 50% (lower)
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AB ring Gate for
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Right tunnel-coupled wire as a beam splitter

- 1) +il2) _
AB ring output 1= V2 for 6=n/2 Coupled wire output
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V2 2
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oo | EEEES O LFSO heneen two outputs
y) 9 No phase rigidity in
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Weak coupling
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S. Takada et al. APL 2015
A=Ak (V) .

Measure phase shift

| N> + elde| >

b T TIN EAN e -tqg”-u—

BB e ~p,= £BS + K
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1
SN
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15

Magnetic field (mT) - B (mT)
Multi-path interferometer Two-path interferometer

Phase rigidity: G(B) = G(-B) Unambiguous measurement of phase
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Breit - Wigner
@)=l = —
(6—&) +I°

= sin’s(c)
Scattering phase shift

T(¢c) o)
; /

I’
&p E

\ 0

I £
P(E)

density of states

1 doce)

I 'O(g):ﬂ de

Localized level: half-occupied
for resonance g=¢,

N = jp(a))da)zé

T(g:)=1 for &g )= 5

N:l5(gF) : Friedel sum rule I
T
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N — 5(€F) related

Friedel sum rule

1
N = —5(5F) for spinless fermions
T

N = % [@(gF)Jr@(gF)] for spinful electrons

Landauer formula
2
e
G=— (T +1]
~(G+1)

Lo(er)= Si”25r¢(5F)
=1
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Excess charge due to tunneling

o @ Phase shift Ay,
\_/ Friedel's sum rule: A@4,;= TAN

One-by-one tunneling due to Coulomb blockade,
"""" then An across a Coulomb peak between two

O | == Coulomb valleys
An =1then A@y,=Tm
lead J lead
ea , :
o 0.20 —
015 — —
T Cqulomb valley Coulomb valley
0.05 |- -
0.00 by m— i et ey v
-0.64 -0.63 -0.62 -0.61

Vi (V)
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A

Coulomb peak

Phase (x)

G

A AQdot Transmission phas

S

AVAAVAVAVAY,

Magnetic field

Coulomb peak

1.0F l ' ' —0.22

0.8+ —0.20

0.6 a1 -0.18 ~
—40.16 2

0.4F 2
—~0.14

0.2+

3 -10.12
0.{}1 1 1 \|. i |
-0.640 -0.630 -0.6520 -0.610

Phase deduced from | line shape by Friedel’s sum rule

AQ

Friedel's sum rule: Apgot = 7——

—

Phase shifts 1T across the Coulomb peak

cf.) R. Schuster et al., Nature 385, 417 (1997)
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Hexchange

@ 1
Yeondo = ﬁ(” l> —| l D) singlet

for T<Tx = Uexp (-1/ vJ)

Screening of local spin by exchange coupling with
electrons at Fermi sea in the leads.
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Lifting Coulomb blockade at low temperatures
N-1(odd) N (even) N+1(odd)
S=1/2 S=0 S=1/2
T<<Ty .... Unitary limit :Gya=2(e2/h)
T<Ty

T>>Ty.... Gha=e?/h

Conductance

Zero-bias (dI/dV)peak in dens|ty of states LogT dep. of dl/dV peak
A

Vsd =0

St

er=(
o

di/dV.,
dli/dV,,

> —> logT
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AQyoi = /2 for An=1/2

IP 0.34@ I LI L LY ' A
\ e
Spin singlet \11: o LU =% : T ~100 mK
o 0 % 0.30F
O o0.28- .
0.26 °
\ | AT \hdl
EO 3 4 5 6 7 390.1 2 3 4 5 6
|) Temperature (K)
lead Temperature dependence of
the conductance at the Kondo valley
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Temperature dependence of Coulomb peaks Coulomb diamond



Theory

ZETHBOREDEHS

Weizmann group

e 17 / 2 — shift in the Kondo regime (T <Ty)

« 1 — shift in the Coulomb blockade regime (T >>T,)

*Large QD (6 <TI')
- 1T - shift in the Kondo valley (# 11/2)
T (=90 mK) < T, (=1K)
Y. Ji et al., Science 290, 779 (2000)
«SmallQD (6 >T)
- 11/2 - shift across each Coulomb peak
T (=30 mK) > Ty (= 1 mK)

M. Zaffalon et al., PRL 100, 226601 (2008)

f

Multi-terminal AB ring Inconsistent with theory
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*T=15mK<T,~ 100 mK

|_
E
T T T
- 25mK
0.10 50mK
100mK
150mK
—~ 0.08 200mK
< 250mK
k=S 300mK
— 350mK
€ 006 | ZoomK
[) — 450mK
= — 500mK
3 0.04F |— 600mK
(@)
0.02 .
0.00 & ", - _
-0.30 -0.25 O O N .

| 1 |
014 012 010 -0.08 -0.06 -0.04
Vo (V)

* r/2 plateau at the Kondo valley
Direct evidence of Kondo singlet state



