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4 B

_r_\-AlGaAs AlGaAs GaAs
/Ep- ______ #'/?b/f_i
Doped AlGaAs - doped £hed \ : : N
Undoped AlGaAs Spacer SRR -"m‘m:c:& if - i:—f i = v & |
Undoped GaAs M\t&aa&‘t:i::“— %? g g vf s & § § g
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« Typical spin qubit implementation = 2D electron gas (2DEG) |l
such as the one formed at the interface between undoped GaAs ‘Strained ST
and doped AlGaAs CAka No\o Ao ToNon I e SCATTAWG Relaxed Si,.,Ge,
* No doping in the GaAs to ensure high mobility, which is useful in P Ey
high electron mobility transistors (HEMT)>» dalte. ‘@K‘l}lh' V [ Swanedsi  —}
— 9r
« Similarly, qubits can be formed in SiGe/Si(QW)/SiGe %Z Bulkcnt S o
—> fomo auee langhezre duverse— R+3(m ‘/
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A top gate can be used as barrier gate (V; < 0) to repel electrons from the 2DEG
by creating a barrier potential

* Plunger gates (V; > 0) can be formed to locally trap electrons

« Gate constrictions can form a quantum point contact (QPC) serving as tunneling
channels to trap/detrap electrons in the QD

« Single, double or multiple QD structures can be formed
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}oee OPIN-to-charge conversion

. . Qdcn
* Read by|spin-to-charge conversion - A

Tune the dot potential so that only the spin-down
state |1) can tunnel

Probe the dot charge after tunneling

« The quantum dot was obtained by depleting a 2DEG
in GaAs/AlGaAs heterostructure

T, M, R define the dot by depletion

P controls the dot potential with respect to the
reservoir

Long relaxation time T; =0.85msat B, =8 T

Reservoir

J. M. Elzerman, et al., Nature 430, 431 (2004)
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{* D)oo |Spin-to-charge read/initialization)

: & € tyait tead 2 ° 1 .
%10- Inject & wait 21 'v'ﬂ'w Spin-up —LQS In Uup. no read
;‘1 Z- Empty Read=oul Empty I '\“““t'\"."\‘%vﬁ‘.v"J'\f‘.. Current peak durlng
| tread
|
fina e Spin down: a current
T peak appear
'm.\ .
M randomly during t,eaq
Spin-down .
S « The same protocol is
. used for both qubit
Vi o readout and
S i — 3 " - initialization
. ¥ |« Read/initialization
°2 Timemg) & errors might be due to

thermal broadening in
the reservoir

RESAQ-ouT
J. M. Elzerman, et al., Nature 430, 431 (2004)
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e OPIN cONtrol by ESR — EecTroN SPIW Resonvavee

a Electron reservoir Quantum dot qubit b —

oD ”R“e”""  Qubit in epitaxially-grown, isotopically
% enriched %8Si (< 880ppm of 29Si) includes
wﬁ ‘L & On-chip transmission line for ESR
—— :%ﬂj' apg- Reservoir for initialization/read
' ", Gates for electrostatic control
o T |
Sl i - SET for sensing
D « SET stability diagram indicate gate/drain
— biasing needed to initialize/read
® o000- T ¢ .| [ rad [eoy o |nitialize/read by spin-to-charge
-0.02 4 288 EM én 4 :
- _0_04_: 2‘; 208:: | \‘_«J I W COnverSIOn
. I; gggm « Gate voltage I/ is tuned to yield a
—0.08—_ 500 :
o0 ] o [ tunnelmg time of about 100 i
<1 s SOV AT 00 05 10 15 20 = C!'LLE‘ZO.%&OU-Q—
b '4V16(V1)8 252 ime. ) M. Ve dhori, et al., Nature Nanotech. 9, 981°(2014)
- ORAW CURRENT : €' o Wit ferche’ A GO e’ acco capacc\-\.v&w.w:te.
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« During the control time, the qubit states are below the Fermi level in the reservoir

« The RF pulse in the transmission line generates an oscillating B;-field for ESR

 Resonance at the Larmor frequency vy = g° ”BhB" = 39.1 GHz with B, = 1.4T,
g* = 1.998 accounts for the electron effective mass in the QD
M. Veldhorst, et al., Nature Nanotech. 9, 981 (2014)
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oo Amplitude and frequency of ESR
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 ESR decays quickly with the detuning frequency vgsg — Vg

« The Rabi frequency (Q is proportional to B;~+/Pgsr

« The Chevron pattern shows Rabi oscillations as a function of the frequency
mismatch, according to the Rabi formula: ., a0) = = [1 = cos(y/am? ¥ 802t )|

2[wr?+Aw?]

M. Veldhorst, et al., Nature Nanotech. 9, 981 (2014)
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Jeuens Quality factor and fidelity

* Quality factor Q ° Srunpie: guouke fezeul gemo fare
- Defined as the number of qubit operations (quantum gates) before
coherence is lost
Typically we would like Q ~ 103

Q can be estimated as the ratio between the dephasing time T, and the
manipulation time T,

Typically assessed by T, measured by Ramsey experiment
* Quantum fidelity > fomo awere  tLulswatdh wle freguize

Defined as the ‘accuracy’ of a quantum gate ) Mc:‘ia;m‘ di orwpio T +eme
e.g., an X gate operated on state |0) leads to state |1), but reading the final

state would still yield a small probability of reading |0)
typically measured with randomized benchmarking (RB)
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A RAMSEY experiment

 Ramsey experiment:

Initialize /2 pulse P - - Initialize to |0)
:z|o> A= - Rotate % (x%w X
- “::t:;:.:“;;f  Waitfor time ¢
D T - Rotate ~(x)
10) - Measure the probability P,

 Due to precession, P,

—>|NTERFERENCE oscillates with the Larmor

CATERN frequency
WML <..|_,,
2

~

* P also decays due to the

o la freouwea cca.Lc, e eccecewde dephasing time T,
A= w-w, em/semda L0l € VO
cuLuco e ¢ PoMo ée Fouire e ecrcre (D)

Quantum circuits and devices November 14, 2023 daniele.ielmini@polimi.it _ . 23/ 46 -




amace HANN[ECNO| vinto audne wdl wucker ppic

(a) Initial State  (b) Dephasing (c) m-pulse (d) Refocused
(refocusing) state

« T, applies to an ensemble measurement:
- measurement of a large number of physical qubits like in NMR
- repeated measurements on a single qubit

« A single measurement is usually characterized by time T,

« T, can be distinguished from T, by Hahn echo, i.e., a Ramsey experiment with
an added m(y) rotation for refocusing
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‘“A...... Ramsey experiments on spin qubit
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« Ramsey experiment reveal T, = 0.12 ms
« Hahn echo experiment indicate T;! = 1.2 ms

« Hahn echo is repeated N times in the Car-Purcell-Meiboom-Gill (CPMG)
experiment, yielding TS°M¢ =28 ms
M. Veldhorst, et al., Nature Nanotech. 9, 981 (2014)
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(@A ... Superconducting qubit
- ‘msmor! GENERKTORE 6L CAMRO B

« The cross-shaped qubit capacitance (Cooper
" pair box) is:

capacitevely coupled to the XY coplanar
waveguide (CPW) line
Inductively coupled to the Z CPW line
« The SQUID includes. two JJs for flux-bias
coupling
« JJs are typically made of Al/Al,O5/Al and
patterned with electron beam lithography

* The substrate is sapphire or high-resistivity

- silicon
"'*‘\"“"’” (o \7«/\'\ « JJ uniformity is typically around 1% range, i.e.
wllo suf. €A prouo GH ~30 MHz variation in the qubit frequency

Z Cor 1tro| ‘
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(a) (b)

e GONtrol setup

o2

carrier| /| Q| baseband

] : ‘

Amplitude

pulses
it :\\
|\
\
\v

lwd=wLOi'wAWG

to qubits

LO = local oscillator with low phase noise

| an Q features the same frequency but |
and Q phases

|IQ mixer for mixing the LO with the pulses
generated by the arbitrary waveform
generator (AWG):

Baseband | is multiplied to the in-phase
component of the LO

Baseband Q is multiplied to quadrature
component of the LO

For frequency multiplexing, the LO is
tuned close to the qubit frequency, finer
adustment is provided by the AWG such
that w;p + wawe = Wy Where various
W are generated to match the various
qubit frequencies

Gate sequence is executed as a sequence
of AWG pulses

Quantum circuits and devices
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: ;«’Zﬂ.hllgfé:ég«co Virtual Z gate

« x-rotation and y-rotation only differ by a reference phase
 Forinstance, Y can be obtained in two ways:
Applying a pulse to the Q port

Applying the same pulse to the | port after a phase increase of%

 Note: a phase increase of% corresponds to a z-rotation, therefore we can
translate a z-rotation in a change of phase of the following x- and y-rotations
« Forinstance, to operate a Xy followed by a X¢, namely another Xy but with a
phase ¢ relative to the first one, we can execute:
XPXg = Z_3XoZyXg
« Conversely, a Zy gate can be executed by adding phase 6 to all the following
gates, thus reducing the number of gates and improving the fidelity, namely:

— Uz N Z@() N Ui-i—l ] 291 | Ui+2 I IS eC]UIValent to N U’L B UZ(—?—Ul) B UZ(-?—(.J2+01) B
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e MItigating leakage

« The qubit frequency wy, is just few %
different from the higher excitation
frequency wq,

 This can lead to leakage, e.g., the partial
occupation of state 2 during a Rabi
oscillation between 0 and 1

& 20 10 515 50 ° Thisis because the finite pulsewidth leads
(c) ~ Time (ns) to some frequency overlap with w4,
EETTTTTUAN T although the pulse is tuned at w;
 F PR  In addition, phase errors can arise due to
the repulsion between energy transitions
hwy; and hw,

—~ ¥ ) \ N\ ~_|  |eakage and phase errors can be

0.5 -0.25 O 025 05 mitigated by pulse engineering such as

eaensy (CHa) the derivative reduction by adiabatic gate
(DRAG) or other techniques aimed at
creating a notch at wq,

Quantum circuits and devices November 30, 2023 daniele.ielmini@polimi.it _ . 28 /35 -




Ao 2-qubit gates

VQcon\n.catme N e
evomo:e l.afreq > Lbd’ _:
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: Qubit 1 B
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- initial point
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L 4 L L '
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Magnetic flux, qubit 1 (@)
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S
e
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w
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N\

Time, T (n/g)

T~
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Magnetic flux, qubit 1 (@) Probability

2 TASMCN ACCOPPINTY CARAAT\VAMENTE

A 2-qubit gate like SWAP (or iSWAP, or ViSWAP)
can be carried out by capacitively coupling two
qubits for a given time to enable an energy
exchange (see also QCDQ7)

For instance, starting from state |10), one can
tune the frequency of qubit 1 to equal qubit-2
frequency via the magnetic flux ®, (Z port)

Note that the degeneracy is removed at this point
by avoided crossing

Here, Rabi oscillations occur with a frequency
which depends on the coupling capacitance and
frequency detuning, thus enabling transition from
|10) to |01)

By controlling the Z-line pulsewidth, one can
achieve iSWAP or ViSWAP

Quantum circuits and devices

November 30,2023 daniele.ieimini@polimi.t TV =l



e 2=QUDIt SWAP

LANO 1863

» The resulting 2-qubit operator is: 1 0 0 0

y=| 0 cosQt —isinQt 0
0 —isinQt cosQt O

0 0 0 1

« where the swap frequency Q = % depends on the coupling k (slide 16, QCDO07)
« ForQt = %, we have U = ViSWAP’

1 0 0 O

« ForQt ==, we have U = —iSWAP = 0 0. —t 0
2 0O —i 0 O

O 0 0 1

 The operator causes swap with an additional - % shift which creates

entanglement, i.e., starting from an initial composite state, the final state cannot
be decomposed anymore

Quantum circuits and devices November 30, 2023 daniele.ielmini@polimi.it _ l 30/35 -



OLITECNICO Example - WL Mog(.ig...

 The two qubits are first initialized in state |0), thus
& (2] 3/ © corresponding to state |00)

0——x__,}— Y, 2__;_ . : : . : TS .
/ 1 iswar / X_r/2 is applied to qubit 1 leading to ﬁ(|0) +i|1))
1= Xy * X,/ is applied to qubit 2 leading to %QO) —i|1))

« This corresponds to superposition, leading to the
| ”UUU” composite state % (|00) — i|01) + i|10) + |11))

« —iSWAP is applied leading to entanglement,

> namely state ~(|00) + [01) — [10) + |11)) =
~(10) — [1))]0) + > (|0) + [1)]1)

- Finally, gate Y./, is applied to qubit 1 to create

T(i;r;e interference resulting in Bell state %(lOO) +111))

Z Control XY Control
(Frequency) (a.u.)
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(a) SIGNAL CREATION

?o‘\‘ru aNer \.Q.kaa

SIGNAL DETECTION

aL IPurcell filter
g

K 1 —
Res. T [}5 D("fj —
i I“A_?_,“ J /

= — (;Lu,wr ceasuator
(Cpouafoe aLCO/ﬂ/ﬂb;L’o al 7@#

e'tome Ne
fome un

anelledere _ e _
suxerunedio! oscillator capacitively coupled to the qubit

amevce DISPErsive readout of the transmon qubit

(b)

= f 0 H
— 0.5
o L 2X/2m
2 :
— 0.0

0 --------- SE——-—a

Y

° ‘ s
€ on Y o)
o \

27 \!‘———:Z ---------

-2 -1 0 1 2

Frequency, wge - W, (a.u)

 Anharmonic oscillator - state-dependent L:

- low L for state |0)
- high L for state |1)
« Thus impedance reflectivity can reveal the qubit state

 To prevent energy leakage from the qubit during
computation, the probe pulse is sentto a LC

 The read frequency is chosen in-between the two
resonances to maximize the phase difference

) T A band-pass Purcell filter is used with a notch at the

Quantum circuits and devices

Mrema freoueza. JUbit frequency to minimize energy leakage
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A e CONclusions

ANO 1863

« Cooper pair box and transmon are the most popular
superconducting qubits thanks to easy fabrication and flexibility

* The transmon features an excellent T, by large shunting
capacitance

« Tunable frequency transmon available via the SQUID, although
prone to flux noise

» Fixed frequency transmon is less affected by flux noise,

although the operating frequency depends on manufacturing
process

* Initialization, control and readout of the transmon is carried out
by RF pulses
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£ MILANO 1863
)

Electron spin Superconduct Trapped ion Neutral atom | Electron spin | NV center
(quantum dot) (single donor)
- Coherence 400 us 100 us 100 ms 20 ms
time top
Gate time tg,e 200 ns 40 ns 50 us 100 us 200 ns 25 us
N=tcon/tgate 2,000 2,500 200,000 10,000 500,000 800
Fidelity:
1qubit 99.5% 99.99% 99.999% 99% 99.5% 99.5%
2qubit 99% 99.9% 99.9% 90% 90% 90%
read 99% 99% 99.99% 99.9% 95% 94%
Largest 53 qubits 30 qubits
algorithm
Companies HRL, Intel Google, IBM, Honeywell, ColdQuanta, Silicon
Rigetti, D- lon-Q Pasqual, Atom quantum
Wave Computing computing
(anneali\%g)
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