Quantum computation: quantum process
and characterization

Xiao Xue

QuTech, Delft University of Technology, Lorentzweg 1, 2628 CJ Delft, Netherlands
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Quantum computers look like...
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Pure state and mixed state

10) = ((1)) (0] = (10) po=10x0l = (5 )
1) = ((1)) (1] = (01) pr =11 = (8 (1))

> |+x) = |O>\7§|1> = \/15(1) Piy = |FxN+x| = %G 1)
y

a? ab*)

W) = cos 8 10) + sin@e'?|1) = a|0) + b|1) pw=l‘1’><‘l’l=(a*b b2




Pure state and mixed state

AZ
|O> 2 b*
_ _(a* a
po =X = (% )
a’? 0 10O + [IX1] 1,1 o
Py’ = 2 Pmax—mixed = ==
> (0 b ) 2 50 1)
y
For any p: For a pure state p: Tr(p?) =1
1) Tr(p) =a*+b*=1 For a mixed state p: Tr(p?) <1
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Relaxation and dephasing

Figure: Nielsen & Chuang
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Depolarizing process N
pw = [¥)w| = (4 207

a*b b2
Figure: Nielsen & Chuang
Depolarizing:
1 _t1 _t
——e Tai(=—a?) e Tagb*
_| 2 2
Py’ = _t 1 _t 1 ,
Ta *b - — Ta(— — b
e laa ;"€ (2 )

S DN =
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State Fidelity

F = Tr(pmeapref)

Recap:
Consider p,.r= |a){a|as a pure state For a pure state p: Tr(p?) =1
F = Tr(pmeapref) = (a|pmeala) For a mixed state p: T?"(pz) <1
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Measurement fidelity

Let’s think about it a bit further...

F = Tr(pmeapref) = (a|pmeal@)

Consider py,., as known, but p,..-= |a){a| is unknown...
F gives “measurement fidelity”.

Faulty measurement: p,or= pla)al + pplBXB

F = Tr(pmeapref) = Pl pmeala) + pﬁ<,8|pmea B)
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Positive operator-valued measurement

For an ideal POVM, E;;, = | ) (¥ m|, with |y, ) often chosen to be the eigenstates.

Outcome: P,, = Tr(|w> <1l/| E..) Single qubit: {Ep =10) <0, E; =[1) (1]}

Measurement error:

{E5 =(1—€0) 00| + €1 1) (1], Ef =€0l0) 0] + (1 —€1) [1) (11}

€o and €; are the readout errors of |0) and |1) states

Measurement fidelity:

Fo = Tr(ESEy) = Tr(ES|0)O]) = 1 —¢g
Fy = Tr(ESE)) = Tr(ES I (1) = 1—€
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Quantum operation/channel

Consider a state

p = laXal p = palaXal + pglBNP]

Define a quantum operation/channel

A(p) = Kla)alKT A(p) = paKlaXalKT + ppK|BXBIKT

Sometimes the channel is a statistical mixture of multiple operators

A(p) = KipK] + KopKT + -+ KiKi +KJK, + - =1

defined as Kraus operators

.
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Dephasing channel

If p completely loses its phase information:

+/07
BT P2 _ a10)0] + bI1)(1]

*
P = (a ; ) Kaephasepax (P) =

The Kraus operators are I/v/2 and Z/ /2.

Often p loses its phase with probability (error rate) 1 — p

I— 1+ 1-p
Kaephase(p) = pp+ Tp(p +ZpZ) = Tpp i TZPZ

with the Kraus operators /(1 + p)/2I and /(1 - p)/2Z.

.
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Depolarizing channel

If p completely loses its information in all directions:

p+XpX+YpY+ZpZ
7 =

P = (a ; ) Kdepmax(p) —

The Kraus operators of the maximum-depolarizing channel K,),, .. are
L2, X112, Y2, and Z /2.

Often p loses its information with probability (error rate) 1 —p:

Kaep(p) =pp+(l—p)1/2
_1+3p

= p+T(XpX+ YpY+ZpZ)

Here, the Kraus operators are /1 +3pl/2, \/1-pX/2,\/1-pY/2,and \/1—-pZ/2.

Recurring KCy.p, will finally fully depolarize the state:

.
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Kraus operator in Pauli basis: y-matrix

A(p) = KipK{ + KopK3 + -

L& &S
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P0=I

d’ P,=X
Kl-=zaiij P2=Y
Jj=1 P3=Z

Single qubit case:

Ki = al-OI + ai1X + Cll'zy + al-3Z

x-matrix is a d?xd? dimensional complex matrix



Examples of y-matrices

Kdephase(p) =P+ I_TP(P +ZpZ) Kdep(p) =pp+({1-p)I
l+p 1-p =1+3pp+1_p(XpX+YpY+ZpZ)
=g P Ars 4 4
I X Y Z L+3p
ﬂo 0 0 I ( 1 0 0 0 )
¢ \ o L2 o o
100 0 o X P o o
Xdephasing = 0 0 0 0 v p 0 0 Tp 0
i i
0 0 0 12_p) 7 Lo o o £

« y-matrix is a matrix of coefficients.
* It's always symmetric.
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Examples of y-matrices

It's difficult to use y-matrix for multiple operations

dZ
P Alp) = z Xk PipPy
j k=1
d? d?
P Ay (A (p)) = z X;%qu(z X PipPi)Py

p,q=1 Jj,k=1

.
lllllll
lllllll

il QuTech

\\\\\\\\\



Superoperators
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Revision of state fidelity

Operators can be decomposed into Paulis Ki = ajol +aj X + apY +ai3Z

1
Same for density matrices (density operators) p=3 (I +nX+nY +1,7)

Now let’'s imagine performing POVM:

On the x-axis: F=Tr(pX) =r

Tr(I1X) = 0
Tr(YX) =0

: Tr(ZX) =
On the y-axis: F=Tr(pY)=mn T:EXXg _ g

On the z-axis: F=Tr(pZ) =r,
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Quantum state tomography

How to perform POVM along the x-axis? F = Tr(ppref)

prer Must be a physical state (not necessarily a
¥ = (0 1) _ 1(1 1) 3 }( 1 —1) pure state), with Tr(pyer) = 1.
1 0/ 2\M1 1/ 2%\-1 1 Pauli matrices cannot be prepared as they are
1 1 not density matrices of any physical state.
=5 (10) + 11)(0] + (1D = .(10) = [1)H 0] = (1])

re = Tr(pX) = Tr(ppos1) — Tr(ppo-1)

Tr(pY) = Tr(ppo+ir) — Tr(ppo-i1)

N
|

Tr(pZ) = Tr(ppo) — Tr(pp1)

.
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Super-operator and Pauli transfer matrix

Tr(pl) 1

1 we | TT(X) | [ 1y

P —E(l+rxX+er+rZZ) =\ rreon) | | 5
Tr(pZ) "z

- A dxd dimensional density matrix can be represented now as a d? dimensional vector.
« The first entry is always 1 : Trace preserving (TP).

« The other entries correspond to the projection onto x/y/z axes in Bloch sphere.
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Pauli transfer matrix (quantum channel)

1
c_ K =l trXxtnyanz)e |
Af; = —TriPiK(P)) p=g(I+nX+ny +nz) |
TZ

PTM is expressed in the Pauli operator basis, meaning it can be directly
applied to a state vector in the super-operator format

(Tr(pl)) (1)
L Tr(eX)| 1 |ry
o) =Zlmren | | 7y VA, XIVA, YIVE, ZIVd
\Tr(p2)) \T2)
(E|= L(l, Tr(EX), Tr(EY), Tr(EZ)) State/measurement fidelity:
V2 Ir(Epl = (Elp)

.
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Examples of PTMs

Kdephase(p) =P+ I_TP(P +ZpZ) Kdep(p) =pp+({1-p)I
_1+p +1——pZ 7 =1+43pp+1;p(XpX+YpY+ZpZ)
T g
Output density operator
(10 0 0y ! 1 0 0 0)
0O p 0 O X 10 p 0 O
Adephasing: 00 »p 0 y Adep— 0 0 p O
0 0 0 1) Z 0 0 0 p)
I X Y Z

Input density operator

» y-matrix is a matrix of input-output.

 It's not always symmetric.
il QuTech



PTM Application

Density operator

1_
,Cdephase(p) =pp+ Tp(p + ZpZ)

1+ L—
WSk PR )N,

g

1
p=§(1+rxX+er+rZZ)

Output density operator Super operator
(1 0 0 0 I :
10 p O O] X 1,
Adephaszng —lo: ® p 0 % . . > |P>> — \/_i T;C,
o 0 0 1) z Directly multiply v
I X Y Z

Input density operator

o
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Pauli transfer matrix

d? d?
B (P = ) XhaPo( ) XhPOPOP,
p,q=1 Jj,k=1

A complete circuit: Ay (A1(p)) = G2G1lp »
pE = (EIGN...G2G11p)

where G; is the PTM of the i-th gate.

G; is the PTM of A;

Average gate fidelity:

.
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Example: controlled-Z gate

Red: +1
Blue: -1

Pauli transfer matrix

Output operator P,
=
[

1 IX 1Y 1Z XIXXXYXZ YI YXYYYZ ZI ZXZYZZ
Input operator P,

llllll
lllll

lllll
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Red: +1/4
Blue: -1/4

x-matrix

v BN |

ZY -
ZX 1
24 W
YZ-
YY -
YX -
o Yl-
XZ 1
XY -
XX 1
Xl 4
z{l N
1Y -
1X 4

1 IX 1Y 1Z XIXXXYXZ YIYXYYYZ
P

Z| ZXZYZZ



Characterize a quantum process
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Quantum process tomography

Measure the complete input-output correlation.

Measure it

0, 1, (0+1),
along x/y/z

Intuition: prepare different states in experiment, and ~ (0-1), (0+i1)...
apply the operator on them, followed by Channel
measurement of the outcome states.

Quantum

This can be described in either y-matrix or PTM, but
PTM is easier.

o
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Quantum process tomography

Gi13 == (XIG1Z))

Entry of a PTM

N = DN =~

(pz—p-21Glpo—p1)

Gij=(PilGIP})
Pif ——r %um +11))

porr — |0)/]1)

Therefore, a PTM G can be fully reconstructed by preparing and measuring the
state in all the basis states {pg, p1,0%, 0-%,p 7 P2y before and after the process respec-
tively.

L& &S
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Quantum process tomography

Gi13 == (XIG1Z))

Entry of a PTM
{(pz—p-21Glpo —p1)

N = DN =~

Gij=(PilGIP})
Pif ——r %um +11))

porr — |0)/]1)

Limitation:
State Preparation and Measurement (SPAM) error

Solution:

« Gate set tomography
peiiie « Randomized benchmarking
« Others...



Randomized benchmarking
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Depolarizing error

Tr[g—lgideal] +d |
g = dd+1) G = NGideal Error: A

Tr[g—lgideal] — Tr[A_ll]

Coherent error: rotation angle, rotation axis...
Incoherent error: dephasing, depolarizing, relaxation...
Assumptions:

1. The error of a gate does not depend on the previous gates (Markovian).
2. The error of different gates are the same (gate-independent).

it (Imagine the error is decoherence and all gates are equally long)
it QuTech



Depolarizing error

“Twirling” a small error with unitary operators.

Aa'ep = ZiU;rAZ/{i
In reality, we can use Clifford group to efficiently approximate the twirling process

Adep(P)- ZC ACklp) Ngep(p) =pp+(1-p)lid

Fidelity of error A:

1
FA:FAdep FA=T7’[A—1I] P —

.
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Clifford gates Clifford stabilizes Paulis:
CkPiCY = Py

Single qubit Cliffords

Paulis

X2, Y2
X2 =X12
-X72, Y2
-X72, -Y/I2
Y72, X/2
Y72, -X72
-Y72, X/2
-Y/2, -X/2

27 /3 rotations

7 /2 rotations

-X72, Y72, X/2
-X72, -Y12, X/2

X, Y2
X, -Y2
Y, X2
Y, -X72
X2, Y2, X/2
-X72, Y72, -X/2

Hadamard-like

R. Barends et al., Nature 2014

------



Clifford gates

Single qubit Cliffords

Paulis

27 /3 rotations

7 /2 rotations

-X72, Y72, X/2
-X72, -Y12, X/2

X, Y2
X, -Y2
Y, X2
Y, -X72
X2, Y2, X/2
-X72, Y72, -X/2

Hadamard-like

e
3
0
-

-----
------



Clifford gates

Single qubit Cliffords

Paulis

27 /3 rotations

7 /2 rotations

-X72, Y72, X/2
-X72, -Y12, X/2

X, Y2
X, -Y2
Y, X2
Y, -X72
X2, Y2, X/2
-X72, Y72, -X/2

Hadamard-like

e
3
0
-

nnnnn
------



Clifford gates

Single qubit Cliffords

Paulis

27 /3 rotations

7 /2 rotations

-X72, Y72, X/2
-X72, -Y12, X/2

X, Y2
X, -Y2
Y, X2
Y, -X72
X2, Y2, X/2
-X72, Y72, -X/2

Hadamard-like

e
3
0
-

-----
------



Clifford gates

Single qubit Cliffords

Paulis

27 /3 rotations

7 /2 rotations

-X72, Y72, X/2
-X72, -Y12, X/2

X, Y2
X, -Y2
Y, X2
Y, -X72
X2, Y2, X/2
-X72, Y72, -X/2

Hadamard-like

e
3
0
-

-----
------



Concatenated depolarizing channel

1-step depolarizing channel: Outcome state:
1 K
Ndep(p) == k;C,tACkl o) Adep(p) = po+(1-p)Iid
m-step depolarizing channel : Outcome state:
dep (p) = f K_C;C-m Ackm CZZ ACkZC]JZl Ackl |p>> dep (p) Adepm Ad@pz Adep1 |p>>
Kiyeer k2, by 1—p™
=p"'p+ I,

d

L& &S
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Randomized benchmarking

Sequence fidelity: Fidelity of error A:

Fseq(py) :Tr[Eu/Am(Pw)]

:Tr[Ew(pu,——)]p +TrlEy— Ly Fy=TriA-11=p+ "t
=Ap" + B.

L& &S
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Randomized benchmarking

+ T 7 dep(p) Adepm AdePZAd€P1|p>>
" (o) = fk —CkmACkm...CszCszklACkl|p>> - | pm

=p"p+ - I,

Now let C, = Cy,, Cy, :Csz,tl,..., andC; =Ci CI

_ ot
ko ,andletC;_., = Ckm (GG

C;,)", the sequence can be written as:

1
dep(p) »/;,,7 ..... i ﬁclmﬂAClm...ACleCll ).

Recall: G = AgGideal RB measures Clifford gate fidelity.

L& &S
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Randomized benchmarking

, 1
AZZ,D (‘O) = ﬁ Clm+lAClm"‘ACl2 Acll |p>>

m
Mooy [2 ) [ 1 K

» 3888088
==

A real Clifford gate

with error
Aep0) =Naep,,-Ndep, Ndep, |1P) 1 p
1_pm FA=T7'[A_11]=P+7
:pmp g d I,

o
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Randomized benchmarking

Zzep (p) :Adepm"'AdepzAdepl |,0>>

1
m ooy f i i
ep 0= | L ACky -l ACk,CL, ACK 19) s L
kl/n,...,kz,kl :pmp+ —I’
d
A+B} @ -———>N\=|

______ Y /\1

T2 [1) & & o E A

\ L )

% Y
2 N
5 \
© 4
£ \
o E
=i “
5 " 40
z A
a e
% .
\*\\ A
\\\\\\\ _.~~~ /\100
B[ s T .|
0 100

0000
0000

\\\\\
-----

Number of Clifford operations



Single-qubit RB
Single exponential decay:

F, =Ap™+B

» —EHEE @A

}=-=-=\
/ \
»/ %
Op 1 O 0O O
Ox 0O p 0 O : > (1 O) 0o
gy 0 0 p O 0 pI) 0i i=x,y,z
o \0 0 O p Simplified notation

o
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Two-qubit RB

Single exponential decay:

®o, — Apm + B

Fq

zZ

In tOtaI C )\ C O\ I C O\ I 4 N ( N\
11520 elements |1) — : . a
|
C1 CZ : C3 | CN R
|
|1> _\ J )i \ )| \ J \ /_@
: |
e ). T ™ N\
y 4 s > N
1 0 o0 0\ 00®0p
0 P, 0 0 | oi®o N
y 0 0 pl 0 | 0p®g; I,] =Xx,9,2
‘ QuTech 0 0 0 pl/ 0i®0;



Simultaneous RB Three-fold exponential decay:
Fo,00, = A1P1 + Azp7" + A1pp1s + B

zZ

3 9
$ (NNGisEChaRReS GG r.y = 1 P1tp2) + P

sampled for each qubit

Sequence randomly

1) —[ Ct C3 }
Ve ). - N
y 4 7 > n
1 0 0 0 O'0®O'O
(O plll 0 0 O'i®0'0
it 0 0 pLy 0 | oo®o; |
i QuTech 0 0 0 pi2liy/ 0:80; ;J('_';'(‘_e,'zet’”él_)(ﬁ,)éknzpé%“a”t“m Info 2019

See also: J.M.Gambetta et al, PRL 2012



Simultaneous RB Three-fold exponential decay:

— m m m
Fo @0, = A1P1 + Agpy” + Appp1; + B
Peff = 7= (P1F+D2) + = P12
With correlated errors: P12 + P1 D2 => General case 15 15
_ sim K 1, 1-p; o 1=p2
No correlated errors: P12 = D1 D2 => Ngep(p) =(p1p” + 5 I)®(p2p~ + > I)

a—@HA
: |
n — ¢ H sz]i—[ - & A

Sequence randomly
sampled for each qubit

Jj ——
P4 N\
7 N\
y 4 n

1 0 0 0 \ 00®0ay

0 piL4 0 0 0;®0y
0 0 Pl 0 ] 9@ J.Helsen, X.X., npj Quantum Info 2019
T _ ] Helsen, X.X., npj Quantum Info
it QuTech 0 0 0 pi2liz/ 0:®0; X.X., et al. PRX 2019

See also: J.M.Gambetta et al, PRL 2012



Separating the three channels

Use additional two-qubit Pauli operators to flip

Two-qubit spacie 0. o 0 5 @00 the initial state p A(0;®0; p 0;Q0;)
0 :p111 0 0 0,0y ﬂ
0 0 " poly 0 | 00®g;
010 0 pilha/ @9 Xo,80,(01®05) - A(g; ®j p 0;@0;)
v l]
I;subspace 1 g 0 0 0o ®0,
0 pr 0 O 0x &0
0 0 p1 0 ) 0y®gg 1 0 0 0
0O 0 O I p1 0,®0y O 0 0 O p21; and py,1;,
'lr ______ o 0o 0 0 (p) become all 0
Y 0 0 0 pg

Isolate the 0,&0, term
(SPAM bases)

Character function: x, g4, (0;®0;)

TABLE 1. Values for the character function yp(c) for P € {(6, ® I),(I ® 0,), (6, ® 0,)}. X.Xue., etal. PRX 2019

P\e 1I o6l Io, o690, ol Io, o, oJd Io, oy, o0, 0,0, 060, 0,06, 00, 06,0

p23i0. o 1 1 1 1 =1 1 =1 =1 1 =i 1 -1 I L
i QuTech Io, 1 1 1 1 1 -1 -1 1 -1 -1 -1 1 -1 T -
nn oo. 1 1 1 R | 1 -1 -1 T L e - 1 1




Add Pauli operators at the beginning

|
T D' AL [ 1 1
e dHaH dn LCh R
: | I Sequence randomly _
00®0y, 0;Q0,, : : | sampled for each qubit
0'z®0'0a Jz®az 2 : ] ! [
1) | C12H sz]:_[ CSZJ | L CI%’H R? J.Helsen
S , JEEEEE N
” 7 > N
1 0 0 0
0 pily 0 0
peiiie 0 0 p2l2 0
QuTech 00 0 Pl e XX, npi Quantum nfo 2019

X.X., etal. PRX 2019



Character randomized benchmarking

(NSNS  sion fis

G o s
» i BHEHE- @ —@ A
1) | Cle CZZH CSZ} { CI%H RZ]_M J.Helsen

0,®0y, 0,Q0,,
g, &0y, 0,Q0,

L& XS
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J.Helsen, X.X., npj Quantum Info 2019
X.X., etal. PRX 2019



Quantum computation with
spin qubits In semiconductor

Xiao Xue

QuTech, Delft University of Technology, Lorentzweg 1, 2628 CJ Delft, Netherlands
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“Quantum phenomena do not occur in a Hilbert space.
They occur in a laboratory.”

-- Asher Peres

. QuTech



Future quantum computer

Linke, et al, PNAS 2017

Semiconducter (quantum dot, donor...)

% Scaling, high density;

+» Coherence;

J/

s “Hot” (cryo-electronics, easy wiring).

Loss, DiVincenzo, PRA 1998
Transmon|@f 0

Kane, Nature 1998

-3
T=100 mK Sae Bl o)
B (=2 Tesla)
J-Gates
( A-Gates ——ZL
|

A
7’ 7’ 7
>

p+ 31p+ I
L7 Substrate




1 billion qubits

Trapped ions Superconducting qubits
100 X 100 m? 5 X 5 m?

\ 100 um ==
Much smaller for / A

surface trap

2000 o

L& &S
ooooooo

Spin qubits




Transistor v.s. quantum dot

Transistor: 1 gate / 1 device

Loss and DiVincenzo, PRA 1998

All-electrical operation
» Tunable energy of electrons
* Tunable tunnel barriers

» Electrical contacts

Accumulation IGIIG2IG11G2IG1IG2iG 1] Accumulation
Gate Gate

QDots: 2N+3 gates / N devices

A good starting point
for scalability

' QuTecMaurand et al, Nature Nano 2016




Intel-QuTech collaboration

| 4 i 4 e
ot
SN
8\ S
- : e
== N
'4_:‘1 <3 Hpret
3
-

10 years, 50 M$

Silicon spin qubits
Transmon qubits

Architecture, Cryo-CMOS,
interconnects

Leo DiCarlo
Pl of SC qubit group

Lieven Vandersypen

Director of QuTech
Pl of spin qubit group

Jim Clark Mike Mayberry

Pl Intel Quantum group  Vice president Intel

{15 quTech  Achievement: quantum dot arrays made @ Intel 300 mm cleanroom



Spin qubits made in Intel Fin-FET ~ Zwerver et al., Nature Electronics 2022

Qubits made at Intel R

W2

L. M. K. Vandersypen, M. A. Eriksson. A X\ é\ /’
Physics Today, 2019 = :

A\

" \i/’, A\ =
\F =
..\'\ 'rf!- ( \
'\\.\ .

k, AN > 7 )

.
N »
S o _Dummiﬁcation
"’ - =

G5 1 G6 lG?

For comparison:

l |

Lower gate layer

W/ AN AW &

Implant region

Contact

Quantum dots  Reservoir

I 300mm fabrication
il QuTech
N R. Pillarisetty, et al., IEDM 2019



Semiconductor heterostructure

Si cap (ideally oxidized)

GaAs
SiGe

AlGaAs with Si dopant (p-type)
AlGaAs Si (or Ge)

GaAs SiGe

Argument: bury the electrons deeply

For Ge, the carriers are holes instead.

"4 ZOBDE

%%%A&®5N?%%&
P x

it QuTech V /

Quantum dots  Reservoir



Semiconductor heterostructure

Si cap (ideally oxidized)

SiGe
AlGaAs with Si dopant (p-type)

AlGaAs Si (or Ge)

GaAs SiGe

Argument: bury the electrons deeply

For Ge, the carriers are holes instead.

"4 ZOBDE

%%%A&®5N?%%&
P x

V.

Quantum dots  Reservoir



Semiconductor heterostructure

LP B RP

El EN KR

purified 28Si

qubits

28G;j ¢ 8 nm —

Si,.Ge,, I 300 nm

SiCe, 1 900 nm

natSi




Artificial atom

Single electron energy diagram Multiple electron energy diagram
-> orbital energy -> orbital energy + charging energy
QD QD
- —@—
- —@—
: Outside —e— Outside
—— —@—

« |deally, the dot is a quantum harmonic oscillator.
* In reality, there’s always some deviation.
« For simplicity, we often plot it as a finite square potential well.

.
lllllll
lllllll

il QuTech

\\\\\\\\\

R. Hanson et al., RMP 2007



Transport

s 0@ 0
///////J\W\//////// o “Single electron transistor”
..
V /

Quantum dots  Reservoir

The energy levels are controlled

via a metal gate on top Coulomb peaks:
D :
Energy Q Outside A E o
A >

N-3 || N-2 N-1 N N+1

IpoT (arb. units)

o
v

gate voltage Vg

12



Single electron spin state

Last electron

Orbital N
_._

.
lllllll
lllllll

Apply a magnetic field
Zeeman splitting:
E, = gugpB;

13



Spin-to-charge conversion

» Spin-up --->

 Spin-down --->

.
lllllll
lllllll

0 electron

1 electron

14



Two electrons in one

Orbital N=0 _6_ Orbital N
+
+ Orbital N

Orbital N=0 _$?_

(1) = 11N /V2

Orbital 1 —@— —o—
Orbital 0 —‘— —?—

lllllll

1) L0
{1 QuTech

dot

Spin-singlet, with total spin O.
They are not distinguishable.

? + 6 Spin-triplet
b 4 Total spin1

(N +11I)/V2

15



Charge sensor (SET)

A QD with one electron
Spin qubit

Energy QD I I
A ‘

A QD with many electrons
Degenerate states-> spin doesn’'t matter

Capacitive coupling -‘ !

All peaks shifted

—
© A
2 Eadd .
=
S
E IN-3||N-2 || N-1 |{ N [{N+1
...... o
lllllll D
-

e
3
0
-
(@)

-------
\\\\\\\\
\\\\\\\\

gate voltage Vg

16



Charge sSensor (S ET) Monitor the current through the sensor
Qubit Sensor

One electron

| T D |—e=
v —o—
—O—

Qubit Sensor

No electron
- ——
—0O—
WL QuTech ——
seliii ;




Initialization-readout cycle
4 RP Voltage

Time
Step 1 Step 2 Step 3
foiic.. Initialization Operation Readout

lllllll

18



Double quantum dot (DQD)

Fermi-Hubbard model charge sensor gradient
|
13
23
L.P B RP
+ + S
EN EN EN E —100 -
o
e
’ "Q ~150 -

—200

“Charge stability diagram”

.
lllllll
lllllll

i QuTech



Pauli spin blockade

LP B RP

El EN KR

s/ \'a

(1) = 11N /Y2

allows tunneling

(0, 2) charge state

.
lllllll
lllllll

i QuTech

J off

WY

J

WY

J

AU/

Ty L)
(41 + 1IN /V2

forbids tunneling

(1, 1) charge state

“Detuning”

Open barrier

20



Energy (ueV)

Two-spin energy diagram

— X P : Zeeman energy difference:
11) T P A5 « Non-uniform g-factor
50| =0 e Jz - Different local B field
. 8 J2
ool \ _ .
10) 3 P !J Off‘ Q/J\¢
o \VAVA
100)
_3"_/1 03 01 0 (\)'1 Eigenstates T IT)

detuning, €, (meV)

) Adiabatic transfer (LT + lTl))/ﬁ

—_—
w w \\} TL) (1) = [TIN /A2

[L1) L)

.
lllllll
lllllll

i QuTech



Single-shot readout — spin-charge conversion

Spin-selective tunneling: \(@

1.5

0.5 1 1.5
time(ms)



Recap of readout

Elzerman readout:

Fermi energy can be thermal-broadened

Must be operated at high field

Need an electron reservoir

No thermal-broadening

Can be operated at low field

No need for electron reservoir

23



Charge stability diagram

charge sensor gradient

YOR X1RY1

RP (mV)

Device fabricaton by U. Mukhopadhyay and J.P.
B W, Dehollain

24



Common methods are not scalable

300 !_ 0.15 0 =
| (1,0,1,1)8 (1,1,1,1) | S
\; - O ‘__U
S > 3
£ 200 \(1,0,1,1) -0.15 3 )
[a \‘_ —_ & E
& (1,0,0,1) 2 o %
= wn — (@) 5
o c Y 8 : »
3 g = S 5
£ 100 23 > “ ‘ ‘ ‘*u o
o - © _ =
= 2 @ 01,1,1,1,0) | -_ 8
T B : G
SE 1§ =
0 7~ 2 S
0 100 200 300 -190 ' 5

Gate voltage P4 (mV) -370 Gate voltage P2 (mV) -180
Charge stability diagram quadruple dot Charge stability diagram hextuple dot

. Controlled filling becomes challenging due to cross-capacitances and latching effects.
i1 QuTech



Cross capacitance

y wm oy
111]1] ||T\i|

Bl P2 B2 P3 B3 P4 B4 Bl P2 B2 P3 B3 P4 B4

aaaaa
lllllll



Qubit control o5 R
El BN EN

Vector source generator

(IQ modulation, 10-20 GHz)

Arbitrary waveform generator

ch1 ch2 ch3

@ Microwave
(single-qubit gate)

Readout signal

Current-meter

Chemical potential control

@

Barrier control
(exchange interaction, two-qubit gate)

.....

------



Entering therotating frame

Magnetic field

Larmor precession: electron “spins” aroud the B,.

Q1: how to make the spin rotate around the x-axis?

A: Apply a field B,.

A: Simply applying a B, field does not work.

28



Enter the rotating frame
Step 1: ignore global phase

10(8)) = e~ Eot|0(t = 0)) 10(6)) & |0(t = 0))
11()) = e~Ext|1(t = 0)) [1()) & e E=H1(t = 0))
= e~ tole TR (¢ = 0)) 10(8)) + [1(8)) & [0t = 0)) + e~ | 1(t = 0))

= ¢~ tEotp—tgkBBLt |1 (¢t = 0))

Q3: why is the qubit vector static in Bloch sphere?

E, =gugB,

.
lllllll
lllllll

29



Enter the rotating frame

Simply applying a B, field does not work.

For the electron, B, is osillating.

Q2: Why do we use microwave to rotate the spin?

Hint: It's an oscillating electro-magnetic field.

A

30



Enter the rotating frame

A

Step 2: Decompose oscillating field into two rotating fields.

Rl

One will rotate in same direction as spins.

O O

QuTech Static field in the rotating frame Oscillating twice as fast -> ignored

A

31



Enter the rotating frame

Q3: Why is the qubit vector static in Bloch sphere?

A: Bloch sphere is plotted in the rotating frame.

y
I Rabi oscillation Precession
b
0.8 4 2
0.6
= 04 -
0.2
0.0 7 i ‘ T T ' T T ‘ \ T “ T T
0 5 10 15 20 25 30
222, P H 0 1 Rotating frame
QuTech Veldhorst et al, Nature Nano 2014

Nutation

Laboratory frame

32



Z gate and dephasing

rotating f rame 10) A rotating frame is determined by the energy

o)) =1[0(t=0
10(£)) = 10( )) splitting (frequency) of the qubit.

rotating frame

1)) = e*F=H1(t = 0)) > 1)

rotating frame

0(®) + 11(1)) = 10(t = 0)) + e7*%=F|1(¢t = 0)) >10) + |1)

Q4: What if we change the qubit energy intentionally?
A: Z gate.

rotating frame

0() + [1(8)) = 10(t = 0)) + e E+AEN1(t = 0)) > [0) + e A1)

Q5: What if the qubit energy fluctuates under environmental noise?

A: Dephasing.

rotating frame

0()) + [1()) = |0(¢t = 0)) + e~ EHEW1(t = 0)) > [0) + e10EM 1)

o
lllllll
lllllll

i1 QuTech
SR 33



Single-qubit gate: ESR and EDSR

Electron spin resonance Electric dipole spin resonance

TR, e oy T
- "y -

-
s

~
§~~
>

Micromagnet

Cobalt micromagnet
enabling single-qubit gates

T Electrical drive
111 QuTech -->
SR Effective oscillating magnetic field

34



Frequency selectivity and Crosstalk

Q2 Q1
U8 NCO2 NCO1
__E -
S0.6F
o
Q- i N
S 0.4}
C
£ | "
wn O
0.2} &
A | | | ,I ,I 1 | |
-90.0 -89.5 -89.0 23.5 24.0 245
A Sideband Frequency (MHz)
|11) E—
110) ——
01) —

L& &S
lllllll
lllllll




Two-qubit gate: exchange interaction

IR

Eigenstates
(uncoupled)

T
T
1T

[44)

.
lllllll
lllllll

:’ lllllll ()I 1- "
000000
LR uiec
(S X R R
LS R R I I
Ses e

Eigenstates
(coupled)

|17
(L) + NN /V2
(4T = 1) /2

4D

Energy (ueV)

s
——
-
I

‘11> N
ol 5(0,2)
01) \
0 o - 1LAN | *—__
10) I
-50¢
100)
-i 1 1 1 \l
30103 07 0 01

detuning, €, (meV) '

Hoxe = JS1 + S; = ] (Spptbiampetmbipytoyt=S, , - S,,)

36



Two-qubit gates

|12 ) s % i
Conditional rotation:
J
A \—.I/Z |
NAN === R Sy ~
T2k w
IOO) Y Y A 4 v
(1 .J((zm . 0\ Conditional phase:
C-Phase: () — 0 ¥ 0 0
J 0 0 eiJ(e)t/Zh 0
\0 0 0 1) "'\
(1 00 O\ -\.;
_ /3 T nh\ 010 O
D 2(-5)2(5)v (@) =0 0 1 «
{ o o 00 1

37



Pulse sequence
4 RP Voltage

Time
Step 1 Step 2 Step 3
foiic.. Initialization Operation Readout

lllllll
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Pulse sequence

SQD signal (arb.unit)

550 b

480 500 520

llllll
lllllll

&

o
v |
’

&
>

/

RP Voltage

LP Voltage

Microwave

i\
~\
N

Time

39



Error mechanism: Nuclear spins

&S
— SR 1 G 7T \
H—guBSBJrSZAZIZ .:x, &:‘,
b . -y ¢\x
Overhauser field B, Q y“*‘
Full polarization A — Ai GaAs: A ~55T
SEERERRRRE Z paget, 1077

GaAs dot: N ~ 106

Statistical polarization
AN Ny VN By=AINE s mT
Merkulov, Efros, Rosen, PRB 2002

redlt.. Khaetskii, Loss, Glazman, PRL 2002

lllllll

i QuTech




Error mechanism: Nuclear spins

HZQ#B§§+§ZA7;E

|\ J
Y

Overhauser field By,

0()) + 11(1)) = |0(t = 0)) + e~ E+EON|1(¢ = 0))
1 rotating frame)e |0) + e—i6E(t)t|1>

+ SE(t) = gugBn(t)
By §<’

........ Q T h
lllllll
LR uiec
[ 1 X X X
N N )
S e

> X

41



Materials impact on coherence time

GaAs

T, ~10ns

T,PP < 0.2 ms

Petta et al,
Science 2005

L& &S
lllllll
lllllll

Si

\
g%
\

<
b\

T2* ~ 1 MS

T,PP > 0.5 ms

Kawakami, Scarlino, et al,
Nature Nano 2014

28Si

s

T," ~ 100 pus

T,PP ~ 28 ms

Veldhorst, et al,
Nature Nano 2014

42



Error mechanism: Charge noise

Charge trap
«—>
Gate kA
Gate dielectric § ‘ Q O
Channel
A
A
B, T
o V ¥ Al >
o 00 0 0'c0 00 o0 d :
® 06060000 0000 +1 |0) + e "IEE@IL] 1)
®© e ©0 000 0 o o0 o d
Arash Sheikholeslam et al., SE(x(t)) = gugB,(x(t))
Journal of Material Chemistry C 2016 +
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Valleys in silicon

CB minimum

P Y
2e” " s
Pe®""a

Orbital splitting: >1 meV
Valley splitting: 0 — 300 ueV
Zeeman splitting: 30 — 80 ueV
1 GHz =4 uelV

4-fold

6-fold degeneracy

degeneracy

Energy

2-fold
degeneracy

Bulk Unstrained Si
Strained Si

Strained Si QW

44



Quantum Dot Spin Qubits

LD ST

Loss-Divincenzo Singlet-Triplet

|
v

* Very compact

* Requires magnetic
manipulation in some way

* Loss and DiVincenzo

(1998)

 Two dots

» Control with one gate voltage

* One electric axis

* One magnetic axis
* J.Levy (2002)

Slide courtesy Mark Eriksson

4 |
L) )

EO HQ

Exchange Only Hybrid Quantum Dot

l | A |
X t B 5
Y

(‘_‘__4_”»,. ‘;___

I ¥

! A
L8 . / v‘
e £

* Three dots
* Control with two gate voltages
* Two electric axes

* DiVincenzo et al., (2000)

* Two dots

* Control with one gate
voltage

* Two electric axes

e Z. Shi, et al., (2012)




Alternative: Singlet-Triplet qubit
J
° ¢

Eigenstates
(coupled)

TT)

(L) + 11N /2
Qubit space

(41 = 1) /2

[41)

.
lllllll
lllllll

i QuTech

€
Cphase gate through
capacitive coupling

A S)
Z
J
V7AB
m§ 21t
|To)

M. Shulman et al, Science 2012
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Alternative: Exchange-only qubit

D. DiVincenzo et al, Nature 2000

HANAR)

0 = ISIT)  1)=QB3)"T N = 13T T)

0)

C
) Q) 1S;) S,.)
g J J T,

55 ? 3 \[0) Y > <~

c 201 111 102 0
J. Medford etal., “ / \ 1Q,)
Nature Nano 2013 '

|5|>/ \ 1S,)

ll:::oo I I I 1
M 0 €M gP | >

.........

......... detuning €




Alternative: donors

Schematic of material Material confinement potential B\ (510'3 Tesla)

Dopant atoms

S
©
2 D ot 0 -
= 9 D™ (1e7) 1 Barrier
z |8 ¥ Si
hx TE XIYIZ //
L7 Substrate

. Kane, Nature 1998
i1 QuTech

sssssss




Alternative: donors

Flip-flop qubit

20
I :
_ | i) 1 Electron spin: ~1ms
I 807 fpmam =T $ . "5 5 7 17 Nucler spin: ~1s
o 60f : : [ : I
E 40 F 1 . | iy —|d) I : T
>
e ! @ Tight-binding V2
|d) — Two-level approx.
0 -

4.07 4.08 4.09 4.1 4.11
Electric field E, (MV m™)

G. Tosi, et al., Nat Comm 2017

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



Quantum computation with
spin qubits In semiconductor

Xiao Xue

QuTech, Delft University of Technology, Lorentzweg 1, 2628 CJ Delft, Netherlands

U T Y Y T D
| W W W W W W N N
\ VOV VN N N Y
L Y Y Y Y W Y O W
L Y Y Y Y Y W O T
| W W W W W W W W
L W WO W W VW W VR W
| W W W W VA W W W
L W W W W W W W W




Modular design

Bit lines

» Local operations in each module
« Remote couplers between modules
* Integrated electronics for control & readout

Word lines

NxM qubit array

_ihititinnn

L. M. K. Vandersypen et al., npj Quantum Info (2017)

QuTech

-------



Modular design

Bit lines

 Local operations in each module

_ , « Remote couplers between modules

@— Classical electronics .

| * Integrated electronics for control & readout

ultiplexing
C, DAC
lor modulation

Word lines

NxM qubit array

High-fidelity operations

_itititnn

L. M. K. Vandersypen et al., npj Quantum Info (2017)

it QuTech



Materials impact on coherence time

GaAs

T, ~10ns

T,PP < 0.2 ms

Petta et al,
Science 2005

L& &S
lllllll
lllllll

Si

\
g%
\

<
b\

T2* ~ 1 MS

T,PP > 0.5 ms

Kawakami, Scarlino, et al,
Nature Nano 2014

28Si

s

T," ~ 100 pus

T,PP ~ 28 ms

Veldhorst, et al,
Nature Nano 2014



Materials impact on fidelities

GaAs

2-spin exchange: Q > 50

Martins et al, PRL 2016

L& &S
lllllll
lllllll

:’ lllllll Q T h
100000
LR uiec
(XXX R
LY X R X ]
Ses e

Si

\
g%

<=
oy

1-Q gate: >99%
2-Q gate: 92.0%

Reed, et al, PRL 2016
Watson, et al, Nature 2018
X.X., et al, PRX 2019

288i

s

1-Q gate: >99.9%
2-Q gate: 98.0%

Yoneda, et al, Nat Nano 2018
Huang, et al, Nature 2019



DQVlce purified 28Si

Dephasing times

T,*: 20 ps, 10 us (8 min avg)
Valley splitting: >140 ueV

Charge stability diagram
SQD signal (arb.unit)
J

Detuning:

‘ Couples strongly to charge noise

J Barrier control at symmetry
Q i \¢ point:
Improvement of coherence by a

factor of 5~6

335 480 500 520
Vrp (MV) Symmetry point: Reed et al, PRL 2016, Martins et al, PRL 2016

6



Symmetry operation against charge noise

Fix the barrier pulse amplitude
Sweep the detuning

Spin-up probability 0.2 0.8 J

B L N, B, g, MR Ry e N Sa e

ol J
33333
=

Decoupled CPhase
Watson et al, Nature 2018

Detuning (mV)
o

el ™ ™ el

g = i T =
Total barrier pulse duration (us)

Symmetry point: Reed et al, PRL 2016, Martins et al, PRL 2016

lllll

......



Adiabatic CZ gate

) Theory:

o | < Burka_rd etal., PRB 1999

o < Meunier et al., PRB 2010

@ ) > Russ et al., PRB 2018

L

)< >
Barrier voltage '
Simulated fidelity : ~99.98%
E 20F -+ Q1(Q2=0)
E Q1 (Q2 = 1))
o ™ adasg@anssi 02 (Ql o |O))
C —
= 10 Q2 (Q1 =|1))
o
O]
©
>
O
C
]
-]
X g e
n":':‘:':‘:' ] 1 ] I ] Lt_]-OT I ] ] 1
SRS QuTech 60 120 180 240 0 60 120 180 240

RS Barrier pulse amplitude (mV) Barrier pulse amplitude (mV)

» 100
£
v 50
c
E 0 | | | |
0.0 25 5.0 7.5 10.0
J (MHz)
5 100
£
o 50F
S
E ok i | | |
0 60 120 180 240
Barrier pulse amplitude (mV)
20F eme Q1 ‘l
b Q2 3
15} y
y
N ,-’
S 10f /
= J
5
OI 1 1 1 1
0 60 120 180 240

Barrier pulse amplitude (mV)



Optimize pulse shape using Gate Set Tomography

Qubit frequency (2x)
1Q gate duration (2x)

Manual
calibration

SRS  Parameter set =1 1Q phase shifts (1Q) (4x)

(Ramsey,

allxXY...) CZ amplitude

_ 1Q phase shifts (CZ) (2x)

0.10

I Positive
0.08F WEm Negative

0.06

Error

Gate set Operator 0.04k

tomography diagnosis

0.02fF

0.00 X IY Xl YI 1Z ZI Z2Z

Hamiltonian element

Analysis using PyGSTi (Sandia) - http://www.pigsty.info
H QuTech ~98% CZ gate before optimization

‘‘‘‘‘‘
.....



Optimize pulse shape using GST

Manual
calibration

(Ramsey, e a4 Parameter set

Gate set
tomography

Operator
diagnosis

Analysis using PyGSTi (Sandia) - http://www.pigsty.info

0.10

0.08F

0.06

Error

0.04f

0.02f

0.00

Qubit frequency (2x)

1Q gate duration (2x)

1Q phase shifts (1Q) (4x)
CZ amplitude

_ 1Q phase shifts (CZ) (2x)

Il Positive
Il Negative

X IY Xl Yl 1Z 21 Z2Z
Hamiltonian element

H = = N N
(0] S
o o

Barrier pulse amplitude (mV)
N
(=)

o
T

J (MHz)

=
(=)
L) T

Ul
o
T

60

w
o
T

| —— Before

215} i
2

0
405060

0 25 50 75 100
Time (ns)

_________

/\

4050 60

0 25 50 75 100
Time (ns)

>99.5% CZ gate after optimization

10



Two-qubit CZ fidelity of 99.65% * 0.15%

See also: 3P donors: Madzik Nature 2022
and silicon (J always-on): Noiri et al., Nature 2022

Measured CZ and silicon (CZ): Mills et al., arxiv preprint

Two-qubit gate set tomography

CZ fidelity:
99.65%

Germ? :CZ CZ (@74 [ 4 "
\J v U v :
\J \J \J \J :

H

‘Xcu Xa1 Xa2 Xczz‘: Xa2 Yo  YazXar  Xa2 Yar  Yaz Xau Xai Xai

Tr{Pout/\(P,'n)}

Fiduc'ial-in Fiducial-out
1685 such sequences in total

R. Blume-Kohout et al., PRX Quantum 2022

i QuTech

------
......

11



Modular design

Bit lines

 Local operations in each module
« Remote couplers between modules
* Integrated electronics for control & readout

Word lines

NxM qubit array

Multi-qubit arrays

_ihititinnn

L. M. K. Vandersypen et al., npj Quantum Info (2017)

il QuTech



Building lattices from the bottom-up

Delft 2012
Local electrodes allow
individual tunability

Harvard 2011

4
llllll
lllll




Towards larger 2D array

GaAs GaAs

* Note: not an
actual device

GaAs Ve, Vi
SiMOS/
SiGe
vL.TL *

-

Vi - -
gl — Delft
i g i ” j| L)L LN Ongoing

RS Morfemousque, Nat Nano 2021



Qubit arrays

Hendrix, et al, Nature 2021

Ge/SiGe

NxM qubit array

3-qubit phase correction code
tninnt

S. Philips, M. Madzik, et al, arXiv:2202.09252

Si/SiGe

iiiil Qulech 3-qubit GHZ states _

90 nm dot pitch 15




Single-qubit control (EDSR)

1.00

"
4
1

0.75

Spin probability (%)
o
(2]

o o
8 B
o;‘“ﬁ"‘-bﬂ.ﬂ"'":
- 8%

200 400 600 800 O 200 400 600 800 0 200 400 600 800 O 200 400 600 800 O 200 400 600 800
time (ns) time (ns) time (ns) time (ns) time (ns) time (ns)

8

o-
- 8L

o

Qubit T,*(us) T,"(us)

-99.77% |
- 99.87% 1 3.0 14.0
- 99.96% -

. 99.88% > . 2 2.5 21.1

:99.91%
99.89% ¢ _ 3 37 404

spin probability (%)

4 3.7 37.2

0 100 200 300 400 5 59 44.7
nth clifford (#)

ooooo
ssssss
------

5.1

26.7




Exchange control and Bell states

(MHz)| J,, Jog Jyy J,s Jeg
J,on | 121 0023 0018 <0.03 0.040
Jyon [ <005 111 <030 <0.03 0.040
J,on [ 0050 <0.03 66 <0.07 0.042
Joon [ 0038 <003 0031 98 0250
J,on | 0033 <003 <002 <003 53

(W) +111)/v2

() + 1))/ V2

Cobalt Mircromagnet

Qubits

| Screening gate (EDSR)

Fidelity (%)

Concurence (%)

48
2-3
3-4
4-5
5-6

IV 2 3 4 Si) 6

- P P21P3!P4IP5‘P6

BO g B1 5 B2 | B3 g B4 | B5 | B6

J on/off ratios = 100

C

(1) + 1) /V2 () + 1))/ V2

89.2+22
80:1 £2.2
88.3 +3.6
956 29
941 +1.4

86.7 £3.2
83.9+3.8
879 +5.0
94,9 +3.2
90.6 +3.6

() = ilt1))/ V2

Y4



Modular design

Bit lines

Word lines

NxM qubit array

_ihititinnn

L. M. K. Vandersypen et al., npj Quantum Info (2017)

il QuTech

» Local operations in each module
* Remote couplers between modules
* Integrated electronics for control & readout

Spin Shuttling
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Virtual gates application: Shuttling

Material: Si/SiGe . Charge shuttling
P, By P; By Py B PsBs Py By Py B N
A=t
M
Al=to 5

N
= N
< °
X/ 1 2 3 4 5 6 7 8 9 \RK—
( x
0
2 Electron shuttling 3 Electron shuttling
:‘:‘:5:: /W\/\/W\/\/\/\ o/\'. o/\. 04

S Mills, et al, Nat Comm 2019



Conveyor mode shuttling

[90° | | 180° || 270° |

- gate layer

Bit lines

\GHTZ, T T T TT T I L LI T

AR A ; e .
5 =k .. B aon - ] W/\/\A
. silicon layer

L, ea!' NxM qubit array

Seidler, et al., arxiv 2021

CVmode Timet(T)
: 0 13 23 1
1

10 pm long Si/SiGe, 35 nm gate pitch, 280 gates connected to 4 sets
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RELS: QuTech Courtesy of Inga Seidler & Lars Schreiber (RWTH Aachen)
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Modular design

Bit lines

» Local operations in each module
* Remote couplers between modules
* Integrated electronics for control & readout

Word lines

NxM qubit array

Spin-photon interface

_itititnn

L. M. K. Vandersypen et al., npj Quantum Info (2017)

it QuTech



Connecting a double-dot to a resonator

.
lllllll
lllllll

W P. Harvey-Collard et al., PRX 2022



Charge-photon admixing

-----
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Si/SiGe growth by A. Sammak and G. Scappucci

V\,/

Samkharadze, Zheng, et al., Science 2018
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photon

Electric dipole coupling

ge X E, < fiNZ

A\

Electron
charge

Electron
spin

Theory: Benito et al., PRB 96 (2017)

High-Z resonator!

High-Z resonator: Samkharadze et al., PRApplied 5 (2016)



Spin-charge admixing

Samkharadze, Zheng, et al., Science 2018
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40+ i+ 1)
3 20~ Ez +4
=
> 0
>
2 -20 |-, 1)
w Microwave
-40 .~ | ~|—, 1) photon
-50 0 50
() DQD misalignment € (ueV) () Electric dipole coupling
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B |
external Electron High-Z resonator!
> charge
Electron
spin

Sesll Theory: Benito et al., PRB 96 (2017)
e Si/SiGe growth by A. Sammak and G. Scappucci High-Z resonator: Samkharadze et al., PRApplied 5 (2016)




Spin-charge admixing

Samkharadze, Zheng, et al., Science 2018
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) | | ~0) = [, 1) photon
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g gs charge
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Magnetic field gradient AB,

Electron
spin

Condition for AB,

strong coupling | J5 % gc 2t,/h—f, |~ 0Ys

. ns : Theory: Benito et al., PRB 96 (2017)
"""" Si/SiGe growth by A. Sammak and G. Scappucci High-Z resonator: Samkharadze et al., PRApplied 5 (2016)



Vacuum Rabi splitting

Samkharadze, Zheng, et al., Science 2018
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Remote spin-spin coupling

Spin-spin dispersive coupling
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Modular design

Bit lines

» Local operations in each module
. : . « Remote couplers between modules
@— Classical electronics .
| * Integrated electronics for control & readout

ultiplexing
C, DAC
lor modulation

Word lines

NxM qubit array

Quantum-classical interface

_itititnn

L. M. K. Vandersypen et al., npj Quantum Info (2017)

it QuTech
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1 billion qubits

Trapped ions Superconducting qubits
100 X 100 m? 5 X 5 m?

\ 100 um ==
Much smaller for / A

surface trap

2000 o

L& &S
ooooooo

Spin qubits




Superconducting qubits

Cleland group (U Chicago)
_ _ o Chip-to-chip GHZ state transfer (fidelity: 65.6%) Y. Zhong, et al, Nature 2021
Chip-to-chip entanglement (fidelity: 73%)
DiCarlo group (Delft)
C. Dickel, et al, PRB 2018
(a) 3 . “

—

o AT o
%

qubit-drive line {

1-m-long NbTi cable

/L
&4

Fridge-to-fridge entanglement (fidelity: 79.5%) \Iivzlilllng:a%:joueﬁ ;ElT;'%L .
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A ‘supreme’ quantum computer

Google Sycamore quantum processor

Fridge
7 Lg ||
_\‘\I‘ N
t ‘ \\\\\
Qubits
voo Bardin, et al., ISSCC (2019)
iiiil Arute, et al., Nature (2019)
it QuTech
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Way forward: cryo-electronics

Integrated electronics 300K ﬁ
. 1-4K
1% accuracy in all parameters

Digital control (ASIC/FPGA)

I I
60 K TDC| |ADC| |ADC @ QA}
4K X ®@® X
2w N AANAVAN
APD
100 mK 20-100mK
O 5 mW |Bias/References| | T Sensors |
,‘, QuTech E.Charbon, et al., “Cryo-CMOS for Quantum Computing”,

R IEDM 2016.



Cryo-CMOS approach

Use 3K stage for qubit control using cryo-CMOS integrated circuits.

State-of-the-art Future

300K |

DAC T"". QUb|tS and ContrOI i IN controllers ‘ i
in an integrated system || DAC >—( g HEU |
3 K “[]...“ : ]T :
: i
20 mK ", (UL U U1
T J_ L2 @ U PO B
I’ 0nOn0- Ono
Y DY PO e ey e —— I
Aol N

with Charbon & Sebastiano groups at QuTech
R and with Pellerano et al from Intel

HH QuTech ISSCC 2020



Horse Ridge

Horse Ridge, Oregon
(very cold)

Self heating characterization

20.0

@® Diode(Q === 4K-Plate J
17.5 = @ Diodel Y )
@ Diode?2 .....
Y 15.0 T (] Ad
3 o0®
S 125 o ... o0
5 L 000" ]
()
= 0 00'.::00000”'.
g 75 ':300.‘
5.0 -
x4
i 28 — T T 1
e Qudecho:s 0.4 0.5 0.6 0.7
(Y X XX XK
AP PPN Power consumption (W)

intel' Newsroom  Top News Sections ~  News By Category ~

Newelbire INTEL INTRODUCES ‘HORSE RIDGE" TO ENABLE

December 9, 2019

COMMERCIALLY VIABLE QUANTUM COMPUTERS

Horse Ridge
at3 K

Stefano Pellerano, principal engineer at Intel Labs, holds Horse Ridge. The new cryogenic

control chip will speed development of full-stack quantum computing systems, marking a
milestone in the development of a commercially viable quantum computer. (Credit: Walden
Kirsch/Intel Corporation)

» Click for full image

with Charbon & Sebastiano groups at QuTech
Qubits and with Pellerano et al from Intel

A 4

ISSCC 2020
at 10 mK



External LO @
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Horse Ridge micrograph

Intel 22 nm FFL Technology

* 4 Transmitters (Each with 32 Channels
Multiplexed) = 128 qubits.

« Supports 2-20 GHz Microwave Output
(transmons and spin qubits)

 Power Consumption =
330 mW (digital, clock, 1GHz, 5 times
lower at 200MHz), 54 mW (analog)

« SNR > 44 dB (25 MHz bandwidth)

with Charbon & Sebastiano groups at QuTech
and with Pellerano et al from Intel
ISSCC 2020



Fidelity benchmark
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Spin-up Probability
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b ® RT Setup
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" Q .
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i YO "
- N

1 L 1 L 1 L 1
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Number of Clifford Operations

State tomography

RT setup: Tektronix AWG 5014C
+ Keysight VSG E8267D

with Charbon & Sebastiano groups at QuTech
and with Pellerano et al from Intel
X. Xue, et al., Nature 2021



Cryo-CMOS: “Horse Ridge”

Trigger
Horse Ridge
at3K
Qubits
> at1-4K
Dielectric
| silsiGe
Qubits
> at10 mK
X. Xue, B. Patra, et al., Nature (2021)
with Charbon & Sebastiano et al @QuTech . ., )
and Intel Quantum Hot” qubits
Urdampilleta, et al., Nat Nano 2019 (Grenoble) High-fidelity readout up to 1K
piiiic Petit, et al., Nature 2020 (Delft) Universal two-qubit operations above 1K
it QuTech Yang, et al., Nature 2020 (UNSW) Single-qubit gates above 1K
N Geyer, et al., Nat Electronics 2022 (Basel) 98% single-qubit gate at 4.2K
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Modular design

Bit lines

» Local operations in each module
I . « Remote couplers between modules
@— Classical electronics )
* Integrated electronics for control & readout

i = Multiplexing
DAC
ector modulation

Word lines

NxM qubit array

“Hot” qubits

ihittinnne
k.

L. M. K. Vandersypen et al., npj Quantum Info (2017)

QuTech
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T1 and charge noise vs temperature
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M. Veldhorst group @ Delft SiMOS

L.Petit, et al., PRL 2018
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Coherence times vs temperature

A. Dzurak group @ UNSW SiMOS
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Qubits at 1.1K

M. Veldhosrt group @ QuTech Delft SiMOS
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Coherence times vs temperature

Coherence Two-qubit fidelity
e J=0.5MHz d
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Available cooling power

~1 WA
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~100 pW -

Planar Si/SiGe

owire MOS

FinFET MOS
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<100 mK

I |
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Temperature

Maurand, et al., Nature Electronics 2022



Qubits at > 4K

Coherence
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Quantum simulation
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A 2X2 array
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Sensing dot response (a.u.) (d)
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Controllable Tunnel Coupling
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Controllable Tunnel Coupling (
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Quantum simulation: Nagaoka Ferromagnetism

Ferromagnetism in a Narrow, Almost Half-Filled s Band*

YosukeE NaGaokat
Department of Physics, University of California, San Diego, La Jolla, California
(Received 17 January 1966)

PHYSICAL REVIEW VOLUME 147, NUMBER 1 8 JULY 1966

EIGENVALUES AND MAGNETISM OF ELECTRONS ON
AN ARTIFICIAL MOLECULE

Vol. 2, No. 3 (2003) 165-170

International Journal of Nanoscience

D. C. MATTIS
Department of Physics, University of Utah
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Nagaoka Ferromagnetism
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Experimental procedure

Dehollain, Mukhopadhyay, et. al., Nature 2020
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Protocol and main observation

Dehollain, Mukhopadhyay, et. al., Nature 2020
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Adiabatic to diabatic transition, and equilibration

Dehollain, Mukhopadhyay, et. al., Nature 2020
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Test 1: Change topology

Dehollain, Mukhopadhyay, et. al., Nature 2020
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1est Z: Introduce Aharonov-bohm
phase (B-field)

Dehollain, Mukhopadhyay, et. al., Nature 2020
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Test 3: Offset local potentials

Dehollain, Mukhopadhyay, et. al., Nature 2020
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