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Motivation

e electron spin qubits in Si
* high-fidelity single- and two-qubit (exchange) gates
— error correction

— random access memory
— multiqubit algorithms

e guantum SWAP gate - phase coherent SWAP
— move spin eigenstates in 100 ns, Fs(vpv)Ap = 98%
— transfer product states in 300 ns, FS%)AP = 84%

e coupling of non-adjacent qubits



Device architecture
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isotopically enriched 28Si/SiGe
micromagnet

electron dipole spin resonance
(single spin control)

qubits Q; and Qg (under plunger gates P,
and P,)

(N31 N4)=(11 1)
charge sensing with I, (readout 3 ms)

measure/initialize Qg (via spin-selective
tunneling to reservoir under D)

loading fidelity 95% limited by 110 mK
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Two-qubit interactions

modulate exchange interaction /3 4(Vp4) resonant SWAP gate
. (do) (ac) /\
VB4- (t) — VB4 + VB4- COS(ZT[fSWAp + (I)) projection-SWAP callbratlon: coherent-SWAP

J3.4 > Ye|B§Ot — B20t| - magnetic filed gradient

V Yes Ye - 8yromagnetic ratio

CPHASE-like evolution = SWAP oscillations

~—__

2mfswap = YelB3™ — Bl 3 4

|TT), {{) - unaffected yeBgot — 16.949 GHz

|p3,¢4) € {[TL), [1T)} veBLt = 17.089 GHz
m-pulse = SWAP + single-qubit phases Bext = 410 mT




projection-SWAP

Measurement Cycle

A: Quantum Control at @

213

B: Spin-to-Charge Conversion at A
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C: SWAP at @
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D: Spin-to-Charge Conversion at A

L
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. individual manipulation

: spin-selective tunneling
leaves Q, in the state |1)

: modulate the exchange
interaction, map Q; to Q,

: read out "Q;”
leaves Q; and Qg in state [{)
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projection-SWAP

Resonant SWAP Gate
(i) (i) (iii)  (iv) Loy
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& 1A S i: state preparation
l_ _ o _____ -
Readout Sequence 0 ii: measurement
éh 93 (i ) vory i (v iii: resonant SWAP
N 1 1 1 iv: read out "Q;”
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fswap (MH2)
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. . acC
* no oscillations at small Vé4 )

+ SWAP at VY = 10 mv

* pattern is symmetric about fgyyap = 140 MHz

* initialize |¢p3,¢,) = |[I1)
* flip Q, using X gate
* fgwap burst on B, for 600 ns



Minimize SWAP time

lps) = ) ——

lpa) = L)

* bright fringe — even number of SWAPs

T, = 10 ps for both dots (T, =134 / 52 ms)

fix fSWAP = 140 MHz
change burst time and ac
amplitude

Minimum tgwap = 23 ns (limited by control electronics)



Simultaneous control, initialization, and readout

* initialize |¢p3,¢,) = |[I1)

* RF burst

* measure Q,

* projection-SWAP

* measure “Q;” (measure Q,
infer Q)

17.086 17.088 17.090 16.945 16.949 16.953
f (GHz) f (GHz)

* Rabi oscillations (spacing largest on resonance)
* qubit difference frequency 140 MHz
* Initialize, control, and readout DQD with Q,

fswap (MH2)




projection-SWAP fidelity
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experiment insensitive to state
preparation and measurement
(SPAM) errors

initial states:

|D3,04)i, = L), 1), [TL), [TT)
execute SWAP gate N times

[1T) and |T!) flip-flop for each SWAP
decay envelope is given by fidelity

® _ g _

FP = £ = 96.5%,

FP = 99,60, FP =99.29
= (P)

ES'WAP = 98%
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coherent-SWAP fidelity

— e state tomography before and after SWAP
of the superposition state Q; and spin
down state Q,.
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I =

Hf(ﬂa)

Re(ps)
I

iy — * additional calibration
Qubit4—~ﬁ A= © (oq|T) + B IN®(az|T) + B2 1) —
%7 . Qubic3 ;EJ“XN (az [T + B2 IN®(aq [ T) + By 1))
Single-Qubit Qubit 4 — & pi— A B
£ 00 ’ F:S‘(I/ff)AP = 84%

0.4 4 Interleaved
SWAP

0 5 1'0 15 11
Number of Clifford Gates (N)



Gate calibration

U = Z5(03)74(04)SWAP, Y P Resonant SWAP Gate
Adc Adc t Adc :_ ___________ ! —
93:( 3"‘ 4)dc_ 34tdc o in : [U\j
2 2 : L : N Lo
+ (Agc + Azc)tac 4 ¢ 2 : = — i S )
2 ’ L |
Adc Adc t Adc Readout Sequence -
2 2 (ii) Vi(t) (iii) (iv)
(A5° + AY)lac y
2 -9 t 1
i !

A; = B; — 27 f; - magnetic field detuning
A3y = As—/A, - shifted magnetic field gradient
¢ is the phase of this ac

Calibration of the gate requires a precise

dc/ac
measurement of]34/ and 034 12



Gate calibration

1 1 J
pr=g e (A - e

2
@ [/ Az 4 Az Jas
+ Ttac - 92 t ¢}7
U
1 1 J
A pr == — =sin [(Adc >tdc
Tor X —X/2o0r —Y/2 iac —|2—A Jac 2
| # S e 0]
A dc/ac
change t . 3/4r734
v pT=§—|—§sm[(A - )tdc
b acC ac
®) A T I sb]
Tor X U —X/2o0r —Y/2 2 2
11 I
X/2 p=g =g (A + 5
Aac + A JaC
+ Téltac + %tac + ¢:|7
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Conclusion and outlook

* coherent spin transport in an array of guantum dots

e transfer arbitrary two-qubit states between spins

* no moving charges

shuttle a spin projection across nine-dot array with 85% fidelity

compatible with singlet-triplet and cavity dispersive readouts
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Charge stability diagram
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4 Channel Holzworth
Microwave Source (CW)

Tektronix AWG5008

Channel 1 Channel 2 Channel 5
6dB Power 6dB Power 14 GHz
Combiner Combiner HPF Marki
M4020L)

4 Channel Microwave Vector
Modulation Box (home built)

To

Gate MS

To
Gate P,

Marki
M4020U

Minicircuits
ZEM2B+

133 MHz
HPF

Minicircuits
ZPUL-30P

To
Gate B,
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