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Putting Mechanics into
Quantum Mechanics

Nanoelectromechanical structures are starting to approach the ultimate quantum
mechanical limits for detecting and exciting motion at the nanoscale. Nonclassical states of
a mechanical resonator are also on the horizon.

Keith C. Schwab and Michael L. Roukes

K.C. Schwab and M.L. Roukes, Physics Today 58, 7, 36 (2005)
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Putting Magnonics into
Quamtum Magnonics




Cavity (circuit) qguantum magnonics

New possibility of optomagnonics




Posters

Magnetic quasi-vortex Magnonic crystal



Cavity (circuit) qguantum magnonics
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Magnetostatic (Walker) modes

Continuum limit
kag < 1
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Magnetostatic (Walker) modes

. (11 1/ O) Magnetic field (2, O, O)
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Ferromagnetic resonance

Yttrium Iron Garnet (YIG)
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Harmonic oscillator + harmonic oscillator
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Meta cavity QED
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Experimant: Y. Tabuchi et al., Science 349, 405 (2015)
Proposal: A. Imamoglu, Phys. Rev. Lett. 102, 083602 (2009).



Superconducting qubit

LC circuit Capacitor with Josephson junction
I=1.sin¢
C L C .
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» Phase: ¢




Superconducting qubit

Capacitor with Josephson junction




Meta cavity QED
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Experimant: Y. Tabuchi et al., Science 349, 405 (2015)
Proposal: A. Imamoglu, Phys. Rev. Lett. 102, 083602 (2009).



Meta cavity QED

Cavity (harmonic osciIIator)/ Magnon (harmonic oscillator)

Circuit QED

Y. Tabuchi et al., Science 349, 405 (2015).



Magnon-vacuum Rabi splitting
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Resonant coupling
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“Magnon-polariton” shift
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New developments
of guantum magnonics



Magnon linewidth vs. temperature
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Relaxation and dephasing
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Tomography of magnon states

Microwave cavity




Tomography of magnon states
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Tomography of magnon states
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Tomography of magnon states
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Tomography of magnon states
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Tomography of magnon states
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Tomography of magnon states
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Tomography of magnon states
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Tomography of magnon states
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Tomography of magnon states
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Tomography of magnon states
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Tomography of magnon states
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Tomography of magnon states
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Spectroscopy frequency ws /27 (GHz)
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summary

Quantum magnonics with ferromagnet

« Strong coupling with microwave cavity

« Vacuum Rabi splitting

« Magnon-number-resolving spectroscopy

In progress
« Magnon-state tomography
Quantum magnon state generation
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New possibility of optomagnonics




Effective Hamiltonian

Cross section :A E2 (t)

Dielectric tensor
Hy =L [T B3 (t)e(t)Er (1) Acdt

W. Happer and B.S. Mathur, Phys. Rev. 163, 12 (1967);
J.M. Geremia, J.K. Stockton, and H. Mabuchi, PRA 73, 042112 (2006).
K. Hammerer, A.S.Sorensen, and E.S.Polzik, Rev. Mod. Phys. 82, 1041 (2010).



Symmetry requirements of E

€ = €Rr+ 1€
Hermiticity (losslessness): ; f ;

( symmetric )
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|
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|
N
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Symmetry requirements of g

Reciprocity: € (M) = gj,,;(—M)

Symmetric part: €Ep = even powers of M

Anti-symmetric part: €7 => odd powers of M



Dielectric tensor
g — gO + gl + €21

Scalar light shift (symmetric)

1 0 0 Emm — Ma:Ma:
gg = €Q€r O 1 O Zyy — MyMy
001 Ezz — MzMz
1
Vector light shift (anti-symmetric) Yoy = 5 (MoMy+ MyM,)
0 —ifM, ifM, 1
—ifM, ifM, 0 1
?,f Y f Yo = 5 (Msz + M:BM,Z)
Tensor light shift (symmetric)
Gllz:m: + GIQZyy + GlQEzz 20442:1:3; 204422:1:
€2 = 2G 44204y Gr2Yge + G112y + G122, 2G 442,
2G 442 4 2G 442y, G12Xge + G12Xyy + G112




Vector light shift (Faraday effect)

0 —ifM, ifM,
= | ifM, 0 —1f My Rotation matrix
—ifM, ifM, 0
<



Tensor light shift (Cotton-Mouton effect)

Gllz:}:m + GIQZyy + GlQZzz 2G44Za:y 2G44Ez:1:
€2 = 2G44Z:I:y GlQE:I::L' + Gllzyy + GIQZzz 204423;2
2044223: 2G44Eyz GlQZ:I::r: + GlQEyy + Gllzzz

Stress tensor

Stiffness matrix Strain tensor

[ G111 G2 G2 0 0 0 | [ Buz
G12 Gll G12 0 0 0 Eyy
Gi2 Gi2 Gui O 0 0 Yz
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0 0 0 0 Ga O 23 ..
|0 0 0 0 0 G | | 2%

For cubic crystal like YIG (H // 100)
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DC response



DC response

Scalar light shift

gg = €Q€r |: ] Zyy — MyMy
i E .o = M.M,
1
Vector light shift (anti-symmetric tensor) ~ ey = 5 (MoMy + My M)
0 —ifM, 1
& = [ ifM, 0 ] Sye = 5 (MyM. + M. M,)
0 1
Ezm — 5 (Msz + M:BM,Z)

Tensor light shift (symmetric tensor)
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One—magnon Processes



One—magnon Process

Scalar light shift

gg = €Q€r |i ] Zyy — MyMy
.o = M.M,
1
Vector light shift (anti-symmetric tensor) ~ ey = 5 (MoMy + M, M)
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one-magnon processes
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WO-MmMagnon processes



Two-magnon process

Scalar part

gg = €Q€r |: ]
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What is it good for?



Magnon BEC
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Magnon BEC
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Magnon BEC

gqlH Frequency e (21 GHz)
= Farametric / \
— Magnon

Pumping magnetic field 5 - —

{ I I 1 1 1 I 1 I 1 1 I 1 1 1 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I P
15 10 5 0 5 10 15

Wavenumber g (10% rad cm™)

D.A. Bozhko et al., Nature Physics 12, 1057 (2016)



Who have ever observed it?



Antiferromagnet

LIGHT SCATTERING BY SPIN WAVES I
P. A. Fleury, S. P. S. Porto, L. E. Cheesman, and H. J. Guggenheim

Bell Telephone Laboratories, Murrav Hill, New Jersey
(Received 27 Ma

P.A. Fleury et al., Phys. Rev. Lett. 17, 84 (1966)



One-magnon scattering |

Optical magnon dispersion

20° K

I

P.A. Fleury et al., Phys. Rev. Lett. 17, 84 (1966)




Two-magnon scattering |

Optical magnon dispersion

P.A. Fleury et al., Phys. Rev. Lett. 17, 84 (1966)



What about ferromagnets?



One-magnon scattering




Two-magnon scattering

(D

Driving B field .
[ E—
QWP
@m YIG
Laser: 1550 nm {O'_|_ ; o_ }
{O. } B field Voltage signal
44,0 —
t

2w

k3




Sideband separation

Santec TSL-510 Signal generator Spectrum analyzer
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2 Kittel magnon scattering (100 // H)
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2 Kittel magnon scattering (100 // H)
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2-Kittel magnon scattering (111 // H)
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Tensor light shift (Cotton-Mouton effect)

G122z + G12Xyy + G122, 2G 4424y 2G 4420 ]
€2 = 2G 4420y G12Xpz + G112y + G122, 2G 442y
2G 442 4 2G 442y, G12Xge + G12Xyy + G112
€xx Gi1 G2 Giz2 O 0 0 Yigx
Eyy G12 Gll G12 0 0 0 Eyy
€2z | _ | Giz2 Giz2 Guu 0 0 0 Yz
€yz 0 0 0 Gu O 0 2%,
€ 0 0 0 0 Gu O 23 ..
| €ay |0 0 0 0 0  Gu | | 2%

For cubic crystal like YIG (H // 100)



Tensor light shift (Cotton-Mouton effect)
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Magnon-mode transfer



Dynamic Cotton-Mouton effect
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Power spectrum (dBm)
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(220)-magnons < (110)-magnons

-100

Power spectrum (dBm)
X
(=

(220)-magnon

130}
-140 '
-50 0 50
Frequency (Hz)
»Y
- -

hoton
P _ PR 4

’/

(110)-magnon

photon

-100

—_
—
o

Power spectrum (dBm)
o
o

-130¢

-140 :
-50 0 50
Frequency (Hz)

(110)-magnon
/’v
photon - photon
— —
»Y

’/

(220)-magnon



Two-magnon scattering
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How large?



Look at one-magnon process again



“Intrinsic” sideband asymmetry

Spectrum analyzer
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Two-magnon process

magnetization due to magnon
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