@ BBICLLAS LLIKOAA SKOHOMMUKM

HAUWOHANBHLIA MCCNENOBATENLCKUA YHUBEPCUTET

Quantum acoustics

Hoknap no crtatbe M. Biled, et al, "Schrodinger cat states of a 16-
microgram mechanical oscillator", Science 380, 274-278 (2023)

A.M.CaTtaHuUH

npodgpeccop MNOM HNY BLUDS,
BHC nabopartopuun BelvncnnTenbHom dnsnkm



Outline

Introduction

Nonclassical states

Quantum superposition, entanglement and Schrodinger’s cat paradox
Quantum acoustics

Resonators, phonons and qubits

Quantum acoustics

Wigner function

Jaynes-Cummings model

M. Biled, et al, "Schrodinger cat states of a 16-microgram mechanical
oscillator"”,

Summary



Nonclassical states like superposition and entanglement

E. Schrodinger, Die gegenwartige Situation in der
Quantenmechanik. Naturwissenschaften 23, 807—-
812 (1935)

can be found, in an English translation, in Quantum
Theory of Measurement, edited by J. A. Wheeler and
W. H. Zurek (Princeton: Princeton University Press,
1983), pp. 152-167
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Quantum superposition
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Entanglement

Entanglement is a term used in quntum theory to describe the way that particles of

energy/matter can become correlated to predictably interact with each other regardless of
how far apart they are. E. Schrodinger, Naturwissenschaften 23, 807 (1935).
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How to prepare entangled states of photons in the

microwave frequency domain?

PRL 112, 170501 (2014)
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Observation of Measurement-Induced Entanglement and Quantum Trajectories

N. Roch.,"” M.E.
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FIG. 1 (color online). Experimental setup. (a) Simplified
representation of the experimental setup. (b) and (c) Schematic
of the phase shift acquired by a coherent state sequentially
measuring first qubit 1 (b) and then qubit 2 (c) in reflection.
(d) Picture of the base-temperature setup.

of Remote Superconducting Qubits

Schwartz,' E Motzoi,” C. Macklin," R. Vijay." A. W. Eddins," A.N. Korotkov,*

K.B. Whalev.? M. Sarovar.’ and L

(a) ,
0.02f Msﬁ us
z 0 [
g rg ™
T ooz LE o
I =
-0.04 I 7
‘

b

Counts

0506 004 -0.02 0 002 004 006
V(1= 0.65 ps) (Volts)

FIG. 2 (color online). Demonstration of indistinguishability
between |01) and |10) computational states during measurement.
(a) Example of the temporal evolution of the measurement signal
V.. The inset shows the associated instantaneous voltage V(r).
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Entanglement between distant macroscopic mechanical and spin
systems

Rodrigo A. Thomas et al. Nature Physics |
www.nature.com/naturephysics (2020)

We generate an entangled state between the motion of a
macroscopic mechanical oscillator and a collective atomic spin
oscillator, as witnessed by an Einstein—Podolsky— Rosen
variance below the separability limit, 0.83 + 0.02 < 1. The
mechanical oscillator is a millimetre-size dielectric membrane
and the spin oscillator is an ensemble of 109 atoms in a
magnetic field.




Experimental investigation of Schrodinger’s cat paradox

The Schrbdinger’s cat.
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Quantum acoustics

Chu et al., Quantum acoustics with superconducting qubits,
Science 358, 199-202 (2017)

Here, we experimentally demonstrate a high-frequency bulk acoustic wave resonator that is
strongly coupled to a superconducting qubit using piezoelectric transduction with a cooperativity
of 260. We measure qubit and mechanical coherence times on the order of 10 microseconds

A

Qubit with piezoelectric
transducer

Our quantum electromechanical device, shown
in Fig. 1A, consists of a frequency-tunable
aluminum transmon coupled to phonons in its
nonpiezoelectric sapphire substrate using a thin
disk of c-axis—oriented aluminum nitride (AIN)

h =420 um

= qubit electric field
- 9




Phonons

The concept of phonons was introduced in 1932 by Soviet physicist Igor Tamm.

Lattice displacement and effective mass

A Laguerre-Gaussian (LG) mode
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Transmon qubit
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Coupling

Consider only the dominant tensor components

To find the coupling of these modes to the qubit, we can write the mechanical interaction energy as H =
— [o(Z)s(Z) dV = — [ c33ds3(Z)E(Z)s(Z) dV. Here, o(T) is the stress, E(Z) is the qubit’s electric field pro-
file, and ¢33 and d33 are the stiffness and piezoelectric tensor components, respectively. For simplicity, we are only
considering the dominant tensor components perpendicular to the surface of the substrate. Quantizing the qubit mode
as F(Z)(a + a') and the phonon mode as s(%)(b + b'), we can use the rotating wave approximation to equate this
interaction energy to the Jaynes-Cummings Hamiltonian Hi, = —Fhg(ab’ + a'b).

Then the interaction energy between the transmon and the phonon mode

Hiy = —hg(abt + a'b).

13



parameter value | parameter value
Waquvit/ 27 5.9456 GHZ | Wpyhonon 5.9614 GHz
go/2m 258kHz | Agispersive/27  1.85 MHz
T /27 19kHz | k1 /27 2.5kHz
yRamSey o 24kHz | k5™ J27 1.5 kHz
E /27 21kHz | k5 /27 1.4kHz

List of qubit and phonon properties and experimental parameters.



Cavity Quantum Electrodynamics (CQED)

2¢g = vacuum Rabi freq.
K = cavity decay rate

Kfé@[ ) v = “transverse” decay rate
W transition {jipo}o/ac um field

Jaynes-Cummings Hamiltonian

1 h
H = hw, (aTa + 5) + C;aaz +hgla'o™ +ac™) + H, + H,

strong coupling limit (g = dEo/h > v, K, 1/tiransit)

D. Walls, G. Milburn, Quantum Optics (Spinger-Verlag, Berlin, 1994) 15



A Circuit Analog for Cavity QED

2g = vacuum Rabi freq.
K = cavity decay rate
Iﬁ@l « y = “transverse” decay rate
7 o out
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in a Superconducting Quantum Circuit, PRL 101 240401 (2008)
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Coherent states
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Wigner function

1
14

E. Wigner, Phys. Rev. 40 749 (1932)
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Quantum Homodyne Tomography

L. G. Lutterbach, L. Davidovich, PRL 78 2547 (1997)
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Occupation probability

Occupation probability
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Schrodinger cat state
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Dissipation
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Jaynes Cummings Hamiltonian

H _1 T i
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Jaynes Cummings Hamiltonian: “dressed atom”
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[V (0))atom = Cglg) + Cele), [¥(0))field = ZCHIH}, [¥(0)) = [¥(0))atom @ [¥(0))field-

n=(

The solution of the Schrodinger equation is now

(1) = Z {[C.Cpcos(Atv/n + 1) — iCyCpyy sin(At/n + 1)] |e)

n=0

+ [~ CeCyoy sin(rt/n) + C,C, cos(At/n)]g)} n).

In general, this is an entangled state.
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Jaynes-Cummings model: dispersive regime
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Biled, et al, "Schrodinger cat states of a 16-microgram
mechanical oscillator", Science 380, 274-278 (2023)
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The inset shows the superposition of two
opposite-phase oscillations of atoms in the
crystal lattice

Simulated evolution without
decoherence of the qubit |e) state population Py, and

purity v under the JC interaction when the qubit is
initialized in |—Z) and the phonon in a coherent
state. |

lllustration of the evolution of an initial

phonon coherent state (red circle on the left) in phase
space. The blue (yellow) crescent shapes indicate
the state | ) (|®_)), which is the phonon state when
the qubit is initialized in | +X) (|—X)). Interference
fringes appear around time tc when the qubit is
prepared in a superposition of |+X) and |-X).
Around the revival time tg, the two phonon states
again overlap (purple).
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Experimental sequence for observing collapse
and revivals dynamics and for preparing cat
states

Measured qubit population and state purity. The
solid and dashed black lines are the simulation
results of the qubit population and purity,
respectively. Three time points of particular
interest are highlighted (dashed lines):

Measured (C) and simulated (D) Wigner
functions function of the phonon state at the
three time points. The black crosses indicate the
positions of the two coherent states composing
the fitted CSS state
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Cat states prepared with different displacement pulse
amplitudes A.

A=0.25 A=0.30 B

>

% W E 'ré‘ff_i;f.}},. i gg;fI The phase space distance between the coherent
== e ﬁ = 253221 state components
F=—T—"7 I T P, [
1 »  |182%
- || . 51_}2% D= lo; — ayl/2

Im(B)

O T )
‘ : ‘ ® CSS

-4 B analytical

|
NHFOKFNNRKROMKN

o = —dg

_'2_'1(') 1 _2_1() 1 0.]25 0.'30 0.'35

Re(pB) Re(pB) displacement
Sl
3 S

amplitude A - - —
TR = . D= o2l =Vn
e B 1 :g !\‘E ‘f A ok Vi T

4 i |-
) - L
/ m‘ o o

4 L 4
u T T T

parity

D10 I 010 1 —2-T0 1 32
Re(B) Re(B) Re(B)




A a0 1 B
—~30
=1 o >
= > 83
o y =5

204 S ©
£ S £
= o QO
= O C
© c
210
0 T T T -1
-1.5 -0.5 0.5
Re(B)

Measured 1D cuts through the interference fringes
of the D = 1.43 cat state for a range of wait times
between state creation and measurement.

0 20 40

wait time T (us)

C 14
134
12
=1
=11 -
(&g
10 4
9 ) }
8 T T
1.0 1.3 1.6

cat ctate cize N

Characteristic decay times

33



Summary

Results show the generation of cat states in a microgram-mass solid-state mechanical
mode using the tools of cQAD.

These tests would benefit from larger-sized cat states, resonators with higher masses,
and longer phonon lifetimes.

The maximum size of the cat state that we can prepare is currently limited by our
device parameters, including both the qubit and phonon decoherence rates.

The latter is especially important given that, in general, the decoherence rate of the cat
state is proportional to the square of the cat state size D.

Furthermore, additional improvements to the properties of qubit and phonon resonator

would enable alternative cat state generation protocols that can in principle lead to
states with a higher fidelity to, for example, a CSS state.
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