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Computing principles and challenges
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Coherent data carriers:

Cooper pairs, phonons, and magnons

This talk:

I. Coupling

II. YIG on-chip technology



Dmytro Bozhko – 14.06.2021 

I. Coupling: two systems

Graphics: Rair Macêdo

To couple two systems, one 

needs to link them using some 

physical interaction
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I. Coupling: hybridization

Graphics: Rair Macêdo

The stronger the coupling is, the 

faster one can pass the state 

from one system to another
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I. Coupling: the simplest electromagnetic system

X. Zhang et. al. Phys, Rev. Lett. 113, 156401 (2014), 

D. Zhang et. al. Nat. Commun. 8, 1368 (2017)

Microwave photon in a cavity and magnon

(cavity magnon polaritons - CMPs):

Seems to be a simple system. 

Is there a theory around?

Yes and No!
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Yttrium Iron Garnet (YIG, Y3Fe5O12)

▪ Room temperature ferrimagnet (TС = 560 K)

▪ Cubic crystal

▪ Low phonon damping

▪ Lattice constant 12.376 Å

▪ Unit cell – 80 atoms

3” YIG wafer

SRC “Carat”

I.I. Syvorotka

YIG mono-crystal
Longest known spin-wave lifetime (up to 700 ns)
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I. Coupling: CMPs history
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I. Coupling: what we can couple?

Search for dark matter!

Ferromagnetic axion haloscope:

D. Lachance-Quirion et. al., Appl. Phys. Express 12, 070101 (2019) G. Flower et. al., Physics of the Dark Universe 25 100306 (2019)
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I. Coupling: what we can couple?

D. Lachance-Quirion et. al., Appl. Phys. Express 12, 070101 (2019)
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I. Coupling: what we can couple?

D. Lachance-Quirion et. al., Appl. Phys. Express 12, 070101 (2019)
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I. Coupling: control

X. Zhang et. al. Nat. Commun. 6, 8914 (2015)

Magnetic bias field:

M. Harder Phys. Rev. Lett. 121, 137203 (2018)

Position of the sample:
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I. Coupling: theory

|S21|
2=

Eout
Ein

Harmonic coupling:

M. Harder et al, Sci. China-Phys. Mech. Astron. 59, 117511 (2016)

Unknown!!!
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I. Coupling: theory

Dynamic Phase Correlation:

M. Harder et al, Sci. China-Phys. Mech. Astron. 59, 117511 (2016)

One can calculate S parameters but 

needs also to know the coupling!
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Perturbation theory

Empty cavity

At the sample

If disturbance to the cavity mode due to

dielectric part of the sample is small:

R. Macedo et al, Phys. Rev. Applied 15, 024065 (2021)
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Perturbation theory

R. Macedo et al, Phys. Rev. Applied 15, 024065 (2021)
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Perturbation theory

R. Macedo et al, Phys. Rev. Applied 15, 024065 (2021)

Now calculating the susceptibility tensor:

Any sample shape can be accounted for:

If the sample’s shape is more 

complicated  Micromagnetics
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Perturbation theory: results

R. Macedo et al, Phys. Rev. Applied 15, 024065 (2021)
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Perturbation theory: ultra-strong coupling
Experiment:

R. Macedo et al, Phys. Rev. Applied 15, 024065 (2021)M. Goryachev et al, Phys. Rev. Applied 2, 054002 (2014)

Our theory:

The developed theory allows to 

qualitatively accurately describe 

majority of so far studied systems
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II. YIG on-chip technology - problems

Bulk YIG samples are great, but what 

about thin films?

L. Mihalceanu et al., Phys. Rev. B 97, 214405 (2018)

Magnetization of YIG/GGG sample at 4K:

Baity et al., arXiv:2104.08068v2 (2021)

YIG/GGG sample damping above 10K:
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II. YIG on-chip technology - problems

Bulk YIG samples are great, but what 

about thin films?

Magnon damping in YIG/GGG is due to 

magnetization of GGG and impurities in YIG

Magnetization of YIG/GGG sample at 4K:

Baity et al., arXiv:2104.08068v2 (2021)

YIG/GGG sample damping below 10K:

Mechanical removal of GGG helps at mK!

What about micron-sized YIG elements?

Kosen et al., APL Mater. 7, 101120 (2019)
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II. YIG on-chip technology - solutions
Epitaxial liftoff

Potentially good and robust method, but:

Requires a few MeV He ion source

Ga+ Focused Ion Beam

Levy et al., Appl. Phys. Lett. 71, 2618 (1997)

J. Förster et al., J. Appl. Phys. 126, 173909 (2019)

Time-resolved 

scanning 

transmission x-ray 

microscopy:

Robust and available in most of labs, but:

Implantation of Ga ions ruins YIG
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II. YIG on-chip technology - solutions
Xenon Plasma Focused Ion Beam tool

Robust and available in some labs,

No implantation of noble gas ions

Fabrication (starting from 100µm YIG on GGG):

Baity et al., arXiv:2104.08068v2 (2021)
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II. YIG on-chip technology: measurements
FMR of unstructured 100µm thick YIG on GGG at RT

Baity et al., arXiv:2104.08068v2 (2021)

Not the best YIG to start from, 

but good to test the technology 
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II. YIG on-chip technology: mK measurements

Baity et al., arXiv:2104.08068v2 (2021)

Adiabatic demagnetization refrigerator experimental setup Simple CPW measurement

Measured FMR linewidth – 15MHz

Sample is strongly overcoupled! 
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II. YIG on-chip technology: mK measurements

Resonator with YIG sample

COMSOL simulation 

of resonator fields:

Baity et al., arXiv:2104.08068v2 (2021)
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II. YIG on-chip technology: mK measurements

TheoryMeasurement

Strong coupling regime (g2/(ΓYIGΓresonator)>>1) achieved as well as

good agreement between experiment and theoryBaity et al., arXiv:2104.08068v2 (2021)

R. Macedo et al, Phys. Rev. Applied 15, 024065 (2021)
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Conclusions

➢ Theory of coupling of a ferromagnetic element to an 

electromagnetic resonator has been developed and 

proven to be accurate (even in the case of strong 

coupling)

➢ Basics of the YIG on-chip technology were developed 

but require further investigations

➢ Despite relatively large obtained linewidth, the obtained 

planar YIG/superconducting elements hybrids are much 

better than other magnetic materials for quantum 

computing applications
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