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Agenda

1. Analog quantum simulation of ultrastrong coupling

2. Spectroscopic data on YIG
* From RT to mK
= mK data
= Thin film YIG

3. Synchronizing magnons with photons

= Avoided level crossing and linewidth

Martin P. Weides University of Glasgow



Quantum Rabi model

QUTIS Solano

= Ultra/ deep strong coupling regime: g =~ w,, w,

Rabi PR 49 (1936); Rabi PR 51 (1937)

WMI 2010, Delft 2016, Waterloo 2017, Tokyo 2017...

Martin P. Weides University of Glasgow



Rabi model and coupling regimes
Fundamental light-matter interaction (Rabi) Q\LL
H/h:w?a&*&qt%é\rz—l—g(&JrnL& aT%—a,
Creation (annihilation) operator for field mode a',a
Qubit operators &, |+) = +|+), 6 |£) = |F), 6., =6T +67, 6, =—i(67 —67)

Coupling strength

Experimental access
"Weak ¢TI, wr,w, P

complexity
"Strong 1. I', < g < w,,w,

= Ultra-strong ', Iy, w,r/lo, wq/lo < G " not exactly solvable

(needs 2" conserved quantity besides energy)
"Deep-strong 1. T w,,w, <g

For small coupling (g < w;, w,) interactions al 7t a

,a-a, oc'a, o

_J\.._

Y
ﬂw wr—w,|

—>Jaynes-Cummings IA{/h = wpala + = 0. +g (&Tﬁ_ T &6+)

Martin P. Weides University of Glasgow



From small to ultra / deep - strong coupling




Analog quantum simulation of ultra-strong coupling

PN AN

ﬁ/h — w,ala + %62 + g (&TE}_ + ao+) + 7, (11 coswit 4 1o cos wat)

Add two microwave drives

In reference frame rotating with w4

H/h = (w0 —wi)dfat 2526, 4g (aT6 + a6+) +86,+%

. ((}—f—ﬁ'f'(w] —wat) + 5 e Hwi —wgf))

= interaction picture in 772—16,6

= basis change via Hadamard transformation

= constraints: Wy — Wy =M1, Werr = W — W, = MHZ

- effective Hamiltonian (ultra-strong /deep-strong)

Heg/h = wepala + 2% + 2 (6% +67) (af +a)

~ MHz ~ MHz 2.5 MHz

Ballester PRX 2 (2012)

Martin P. Weides University of Glasgow



Ultra-strong coupling in rotating frame!

Hei/h =|wegrata | 2% 1 2 (67 +67) (a + a)

2 2 2
~ MHz ~ MHz 2.5 MHz
readout
\ |

|
TL(} Il

ERAV.V.VE

g —_—

Cavity Spin
bosonic mode

Braumdiller et al. Nat. Commun. 8, 779 (2017)
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Vacuum Rabi oscillations between qubit and bosonic mode
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Quantum state collapse, idling and revival

21/ iy = (5 MHz)™

Prep.._ 2t _  Readout
‘I /\MV WAL -
Time -
S |
. ©
w, © Quibit § I
%J \Fa}eff conltrol s
QO .
3 =
Freq. C
- Non-classical feature 0L

Master equation simulation
n4/2m

Rotating frame
Laboratory frame

— Hallmark of large coupling

Relative coupling ratio

. 0.6
— Ultra-strong coupling

Braumdiller et al. Nat. Commun. 8, 779 (2017)
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Extend to full quantum Rabi model (i.e. add qubit term)
Her/h = wend'a + 5 + § (67 +67) (a' + )

6 MHz 3 MHz
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Braumdiller et al. Nat. Commun. 8, 779 (2017)

Martin P. Weides University of Glasgow



11

Agenda

1. Analog quantum simulation of ultrastrong coupling

2. Spectroscopic data on YIG

= From RT to mK
= mK data
= Thin fiim YIG

3. Synchronizing magnons with photons

= Avoided level crossing and linewidth

Martin P. Weides University of Glasgow
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Probing and manipulating single magnons?!

= Quantum ground state (T=10 mK) hw,, > kgT
= Single quanta spectroscopy, coherent coupling

"= How to achieve?
Extend magnon to artificial spin!

) W) =a| 1)+ 8] ])  qubit _magnonic medium
¥ 9\
..... 7 e\ |/ feeA |
wm
) QuantumMagnonics

> Access magnon lifetime and coherence via coherent coupling

Single magnon creation and detection
Quantum-resolved broadband noise spectroscopy

Martin P. Weides University of Glasgow



From room temperature to milliKelvin

(b) 7.92
| Reil. (dB) 10.7
~ -30
T 7.90
O -40 3
P U]
& 7.88f 50 G 106
& — 5
- c
2 7.86f 60 5
@
I -70 2 105
7.84 | | 80
280 281 282
Magnetic field (mT) 10.4

0.3

Transmission coefficient Re(S,,)

4 -3 2 414 0 1 2 3 4
Current [(mA)

X. Zhang et al., Phys. Rev. Lett. 113, 156401 (2014) _
Y. Tabuchi et al., Phys. Rev. Lett. 113, 083603 (2014)

Temperature dependence of hybridized cavity magnon system?

Study from 290 K down to 10mK

13 Martin P. Weides University of Glasgow



resonator magnonic medium

3d split ring resonator 3
%\f fAAm NN Y pure=N
wm

Magnetic field distribution
sl - Parallel Antiparallel

Magnetic sphere (YIG)
placed in center

Reentrant cavity: M. Goryachev et al., Phys. Rev. Appl. ,2, 054002 (2014)

14 Martin P. Weides University of Glasgow



Avoided crossing: Spectrum

6.65 —
Consider coupling to Kittel mode only 3 fo27
% 10.24
6.60 B
= Cavity: field independent 5 | fo21
N 653  6.63
% 6.55 Frequency (GHz) 10.18
9 10.15
= YIG: field dependent 3
g. 6.50 0.12
v
L 0.09

6.45

Sphere: Wres= YUoHefr

0.06

Transmission T=50 K 0.03
= Atresonance: Wyes = Wy = Wy 0.40 220 225 230 235
Field (mT)

Martin P. Weides University of Glasgow
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Magnon linewidth k,,(T)

b, (T)/ 21 (MHZ)
O = N W k1O N ®

~ =

k -4 Transmission, P=0 dBm (VNA)
¢ 4 Reflection, P=0 dBm (VNA)

m ® Reflection, P=—135 dBm

0.03

50

100 150 200 250 300
Temperature (K)

Martin P. Weides

Rare earth impurity scattering
* Dominant peak at 43 K
= Broad shoulder’at 90 K

= Offset of ¥1 MHz from
intrinsic damping &
surface scattering

¥

Model well the temperature
behaviour of our system

Boventer et al. Phys. Rev. B 97, 184420

16
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Approaching the quantum regime

Excitation energy: hw > kT
T =50mK < w/2m = 1 GHz

Excitation power:

= Non-linear system, anharmonic level structure

Coherent limitations and quantum applications?

171 Martin P. Weides University of Glasgow



Experimental setup

" Yttriumiron garnet (Y3Fe; 05 , YIG)
sphere,

7 = 0.5mm

= 3d copper cavity resonator

wTElog/Qﬂ' — 5.24 GHz

= Static magnetic field:
tune magnon frequency

VNA

St (w) = =1+ - e
1(wr—w)—~—ﬁ;1+i(wm

92
—w)+Km

Martin P. Weides University of Glasgow
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Cryogenic wiring

Martin P. Weides

VNA
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Spectroscopic measurement; 60 mK, -140 dBm
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Magnon - photon coupling: ¢/27 ~ 10.5 MHz

Martin P. Weides

University of Glasgow



Magnon linewidth: temperature dependence

0] X P =-140dBm; (n) ~ 1
181 R X P=—-65dBm; (n)~ 10
T 16
= X ¥
“;“14 * >|<*
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1o 3K *+ X X % X X
' X
xX X X
0.8 X
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T /K

21 Martin P. Weides University of Glasgow




Magnon linewidth: power dependence

2.2
X
2.0-
X X
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= X
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Two-Level system (TLS) model

= Bistable energy level

= Loss of excitation

1
= YTLS = 70 -tanh(
J1+ B
—— ———

/

Y0

Martin P. Weides

hw
2kgT

Y. Tabuchi et al., Phys. Rev. Lett. 113, 083603 (2014)

University of Glasgow
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Magnon linewidth below 1.5 K

2.0

1.8-

km /27 | MHz

1.0+

0.81

—— 7 tanh (%) + Yott

X P=-140dBm; {n) ~1
X P =—65dBm; (n) ~ 107

X
xX X X
X
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
T / K

Fit to TLS model:

v = 0.84 MHz, ~o5 = 1.01 MHz

Martin P. Weides

University of Glasgow




Magnon linewidth below 1.5 K

1

h
YTLS — 70 - tanh (Qk(]:T) . \/@ | Yoff

- t | , Yo = 1.02 +0.15 MHz
| %
mm 1.8 T * X
31.6' S
§ 1 % P. = —80.98 + 6.33dBm
=
e

1o X T=60mK

X T =200mK Yof = 0.91 +0.11 MHz
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Fresh data: qubit coupled to YIG

-18

-20

-22
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—26

—28
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—32

[Sul / dB

T - -10 0
Pyxa / dBm

Transmon qubit

— (de) couple from qubit

Martin P. Weides University of Glasgow
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Go thin film

L -]

o

= Sputtered NbN (150 nm) on Si substrate
= Frequency division mux‘ed lumped element resonators

= Flip-chip: 310nm YIG/GGG (Carsten Dubs, Innovent, LPE) face-down on (some)
resonators and transmission line

—> Resonator loss, YIG loss and coupling g

Martin P. Weides University of Glasgow
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Measurement results: at cryogenic temperatures

¥IG coupled to superconducting resonators at 200 mK and 10 dBm

- Lt

6.400

Frequency (GHz)
o
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148 150
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Martin P. Weides University of Glasgow
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Thin film YIG on NbN transmission line / resonator
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= Superconducting resonator strongly damped

- Weak coupling. Keep sampling different magnets....

Martin P. Weides

University of Glasgow
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Agenda

1. Analog quantum simulation of ultrastrong coupling

2. Spectroscopic data on YIG
* From RT to mK
= mK data
= Thin film YIG

3. Synchronizing magnons with photons

= Avoided level crossing and linewidth

Martin P. Weides University of Glasgow



Synchronized spin-photon coupling in a microwave cavity
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Grigoryan et al. arXiv:1702.07110v2
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3dimensional approach

Top view Side view

M=

YIG sphere mounted on BeO
along [110] crystal direction

@ Resonator Port
@ Transmission line
®  YIG sphere

C. Dorflinger MA thesis 2018

Martin P. Weides University of Glasgow
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Experimental setup

Drive 1

Ay, f, P
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esonator

4-)4-)

VNA

Isabelle Boventer

Tim Wolz

Christine Dorflinger (missing)
Bimu Yao (Hu group)

AVAVAVAR S AVAVA
Transmission line )

Drive 2

Ay, f, 2

(p Transmisson line path

N

Resonator path

Martin P. Weides

oS
Hpc

University of Glasgow

C. Dorflinger MA thesis 2018
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Raw data for 3d cavity
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Raw data for 3d cavity, 9dB higher YIG drive
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C. Dorflinger MA thesis 2018



36

Cavity and Magnon frequencies
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— Synchronization appears

Martin P. Weides University of Glasgow
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C. Dorflinger MA thesis 2018
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Dispersion data of polariton modes
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= Avoided level gap set by phase and relative amplitude

Martin P. Weides

University of Glasgow

C. Dorflinger MA thesis 2018
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QKIT software

Open-source software QKIT

https://github.com/qgkitgroup/gkit

Python notebooks

hdf5 data storage

Instrument drivers, fitting classes
Flexible data viewer

Live plotting of measurement data

Incl. circle fit (Probst et al., Rev. Sci. Instr. 2015)

Martin P. Weides

University of Glasgow

git.io/gkit
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Effective qubit pop.

+—+ Quantum simulation
Rotating frame
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Y M. Klaui‘s talk this afternoon

.
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