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Single-photon
Landau-Zener-Stuckelberg-Majorana

M. Kuzmanovic, I. Bjorkman , J.J. McCord, S. Dogra, and G. S. Paraoanu,
Phys Rev Research 6, 013188 (2024)



Landau-Zener-Stuckelberg-Majorana effect

* Introduce finite coupling () between levels

System Hamiltonian reads

I’\{ _ 1 vt Q
2\Q —ut
Instantaneous eigenenergies:
€1/2 = $%\/(vt)2 + 02

* Dynamics changes
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Eigenstates gradually exchange character
* Equal superposition at avoided crossing
« Completely interchanged eigenstates after process



Non-adiabatic transition probability

* Adiabatic transfer if infinitely slow changes

* In practice, gates faster than qubit decoherence, yet slow enough to have
approximately adiabatic transfer
* Finite probability that the transfer is non-adiabatic

* Analogous to driving with chirped drive €2 cos(wqt)o, sweeping across Wege
with drive frequency  w;(t) = wge — vt/2+ 6

* System Hamiltonian
H = —%(’Ut —0)o* + %U‘B

 If te[-T/2,T/2] and |0 /v| < T the non-adiabatic transfer probability is

Q2
Przsm = exp [—WW}



Beyond Rabi pulses: phase modulation for qubit control -

M. Kuzmanovic, |. Bjorkman, J.J. McCord,
S. Dogra, and G. S. Paraoanu,

h—A@) Q0r) Phys Rev Research 6, 013188 (2024)
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* single-qubit gates ||Ug — U(Q, A(t)) ”F minimized

: 2kt
Ar) = E ay | sin(kt) + cos(kt)
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Two-photon
Landau-Zener-Stuckelberg-Majorana



* Three level system (transmon) driven by S Q) cos wyt readout
wq(t) :wgf/Q—Ut/Q—F(S ) \ HW“ \ | ’ |T
te[-T/2,T/2] Fo- EFJEJ%QH 1
* In a frame co-rotating with the drive e) 1
o 1A -
and after RWA, the system Hamiltonian is =5l AW — Wer /2
le W
H = —hilg) (el + 2 (l2) el + le) el N
hgef 2) . G

_|_

(le) (£l + 1) {el) 4 A|f) 1],

e Detunings: Age = wge — wy(t) — (dwqa(t)/dt)t Aot = wer — wy(t) — (dwq(t)/dt)t

* Resultingin Age(t) = —A —vt+46 At (t) = —A+vt—6

where A = wye — wer/2 = wer/2 — wer = Ec/2h setbytransmon anharmonicity



Ideal two-Photon LZSM Hamiltonian

<
&

o —A—vt+0 - 0
e System Hamiltonian H—1 Qeo 0 Qot
2 2
Q= Qge = Qor/V2 0 et _A4ut—96

2

 Technical issue: atransfer from|g) to |f) cannot be realized with constant )

as none of the instantaneous eigenstates start in |g) nor end in |f) exactly

* Solution:  Q(t =£T/2) =~ 0 Q(t) = Qexp [K.(2t/T)"]

* Wechoose K,.=1n(0.01) n=4



Eigensystem

e Each instantaneous eigenstates are expanded in the generic form
alg) + Ble) +lt)

* Instantaneous eigenenergy colored based on the weight of each
component in corresponding eigenstate

* Two eigenenergies at ~ —A
form an avoided crossing
* Absorption of two photons

using |e) as intermediary state
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Transmon under drive

e External microwave

 Interaction Hamiltonian

dkl ~ <k"ﬁ,“> weh/Q

A= —i(Ey/8Ec)Y4(b—b")/v2
* First four levels RWA Hamiltonian:

E = Ejycos(wgt + ¢)

H;,.: =h Zk] 98 COS(wdt -+ é)
* Rabi frequency between states kand |
O = —dnEo/h

»

weh/2

H = — hAge |g> <g| + hAef |f> <f| + hAeh |h> <h|
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Acn(t) = win — wge — 4D — 20 = —4A — 4D — 29



< < < James, D. F., and Jonathan Jerke. "Effective Hamiltonian theory
e c Ive a m I O n I a n and its applications in quantum information." Canadian Journal

of Physics 85.6 (2007): 625-632.

Time-averaged effective Hamiltonian

* (ii) change in drive frequency over time is slow in comparison to everything else
* (iii) weak interactions s.t. 4™ and higher order effects negligible

The ac Stark shift in frequency between |g) and |f) depends on presence of fourth level |h)

i (_26 _gpde , 305 —30% + Q%h) o T, e(t) < A

Hep ~ =3 7 12A g9 9A e €(t) = wa(l) — wgr/2 = —vt/2+0

* But Qg = Qef/\/§ = th/\/g, leading to the cancellation of the ac Stark shift

Final effective Hamiltonian

o7 = |g) (gl — I£)(f]
(2ph) _ R z hQ2 T st
Hygay ~ —5 (20t — 20) o5 + =55 0g; o2, = |e) ] + [£) (g

* effective coupling Q). = — Q. Qes/2A

Has form of LZSM, yielding for the nonadiabatic probability (2ph) Q2
1.ZsM — ©€XP [_'” . }




robustness but also an increase in the
threshold of amplitude robustness
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From effective Hamiltonian: P7EY = exp |—m3 | Qy = —02/2A
* Robustness to amplitude; impact of amplitude offset exponentially reduced
o |f |’U\ increases, equalincreasein Q4needed for same probability



AWG Quantum Machines
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Experiment _

* Transmon

Readout Probe
o Wge/zﬂ' = 7.24 GHz wef/zﬂ- = 6.90 GHz | g z |z g z
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* Duration T =400ns wa(t) =wgr/2+ Dt/T+6

* We choose D/27 = —12.5 MHz

* Larger | D| gets us closer to Wge and Wer
« Smaller|D| and we recover Rabi oscillations

Directional
coupler




Result

 Adiabatic transfer

from |g) to |f)

= i -
* Parameters h=. 0.6
2/2m = 55.6 MHz and /27 = 0 MHz ‘_g
0.
o
* Experimentally g 04l 0 o0 o 200

pr ~ 98.0% and p. < 3.48%

* |[deally

pe > 99.9% and p. < 1.87% 0.2+

* Effective model (dotted lines) and Lindblad model

(dashed lines) in agreement 0
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Comparison with ideal three-level model
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Robusthess

* Probability

to measure |f) with
different 2 and o

-
=
2

(0]
o

Population

(@)
o

LN
o

N
o

Amplitude /27 (MHZz)

. 200 -10 -5 0 5 10
Time t (ns) Offset /27 (MHZz)



Two-photon LZSM process

* Atwo-photon LZSM process with double LZSM velocity

« Compare non-adiabatic transfer probability to experimental data

0 . .
2ph) Q2f [ v /2% =125 MHz/us |
P( — EXP [ T2 I v/2m =100 MHzlus ]
LZ5SM 4|U| 051 I v/2m =625 MHizls ]
AF -
Qe = —02/V2A -
—-1.57
. - 4 =
Should scale like In py o< ) ElY
25|
* The agreement is a clear signature 3l
of the two-photon LZSM process
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Negative LZSM velocity

ton Qe _
* Hamiltonian H = —hAglg)(gl + —= (Ig){el + [e)(g))  Qerlt)=—Aduvi=0
invariant under Age(t) = —A —vt+46
simultaneous exchange of hQt
+ e)(f| + |f)(e|) + AA|f) (f].
O =~ (le) E] + If) (el) + Aclf)

 Experimentally pr =~ 97.7% and to |e) is p. < 7.92%

e Ideally pr > 99.9% and p, < 6.48%. 1
* Similar robustness 0.8
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Conclusions



Robustness:
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Comparison with single-photon LZSM:

Q, cos(wyt)o,

1 ph
H(LZEN)I —

| ph)
PIEZI;M

(qubit g with chirped X-drive)
wy(t) =w—vt/24+6

h 1759
—5(91—5)02 +_q0x

2

2
Qq]
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Doubling of LZSM speed:
0 . .
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Two-Photon Landau-Zener-Stuickelberg-Majorana

* Reduce number of qubits in large-scale quantum computer by
increasing information per qubit

* include third level of the transmon
* Transfer from |g) to |f) is robust

e Utilizing all levels require ability to transfer between each state
* direct transfer prohibited
* existing protocols (Raman process, (sa)STIRAP) sensitive to offsets

or increasingly complex —— STIRAP
: 2 saSTIRAP
* Lowest |e) population £ Resonant 2ph -
c>§ e D27 = -25 MHZz
= —D/27 = -20 MHz
Eigenstate

0 50 100 150
Amplitude /27 (MHz)



Generalizations Simulation

o
=

* Swap gate utilizing LZSM techniques
* three transmons, one is a flux-tunable coupler

Voltage (V)
o
o
N

* Generalizations to multilevel systems :
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