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Materials and Methods

The device was fabricated on a Si/SiGe heterostructure grown by reduced-pressure
chemical vapour on a n-type Si(100) substrate. The Si/SiGe heterostructure comprises a
900 nm thick linearly graded Si;xGex layer, followed by a 300 nm thick relaxed Sip7Geg 3
layer, a 10 nm thick strained natural Si quantum well, a 30 nm thick Siy 7Geg 3 spacer, and
a 1 nm thick Si cap. To insulate the gates used to define the quantum dots, 20 nm of
Al,O3 was grown in the dot region with atomic-layer-deposition. Subsequently, the gates
were fabricated using electron beam lithography, evaporation and a lift-off process of 25
nm of Al. The superconducting nanowire resonator, coplanar waveguide feedline and
ground planes were fabricated by sputtering 14 nm thick layer of NbTiN, followed by
reactive ion etching in a SF¢/He plasma. The gate oxide is removed in the superconductor
region prior to reactive ion etching to reduce dielectric loss. We estimate a sheet
inductance of Lg = 9.1 pH/O for the film.

The completed device was cooled in a dilution refrigerator with 10 mK base
temperature, and 70 dB cold attenuation between room temperature and the feed line
input.



Supplementary Text
Device images

Fig. S1.

(A) Optical micrograph showing a microwave feed line (top), superconducting resonator
(center), a double quantum dot with bond pads (right and bottom) and a line to apply a
DC bias to the resonator (left). Dark grey areas are NbTiN, light grey the exposed Si
surface, and yellow Au pads and lines. (B) Scanning electron microscope (SEM) image
of a finished device with Co micromagnets on top of SiNy. The micromagnets are 220 nm
thick, 360 nm wide, and separated by 500 nm. (C) Angled SEM image of the device
showing the position of the micromagnets with respect to the dot accumulation gates. (D)
Image of the device with typical voltages applied to the gates the in single electron
regime. The purple and red colored gates are connected to the resonator ends.



Measurement setup
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Fig. S2

Schematic of the measurement setup.



Additional structure in the avoided crossing

A small additional structure located between the two well resolved vacuum Rabi splitting
peaks can be observed in Fig. 2C and Fig. 4,C and D. We note that this peak has an
asymmetric behavior with respect to the external magnetic field. To eliminate the
possibility that this structure is due to magnetic hysteresis effects in the Co
micromagnets, we compared the feed line transmission for the spin qubit in the
configuration corresponding to the avoided crossing (with 2t./h = 10.4 GHz) when
ramping up or down the magnetic field. The observed anticrossing is unchanged for both
directions, as can be seen in Fig. S3. Moreover, increasing the measurement power by 20
dB did not reveal a change in this additional structure, suggesting that it is not due to
stray photon population. Finally, we computed the transmission spectrum using an input-
output model including the spin, charge and photon using the theory from Ref. 28. Using
the measured spin qubit parameters, this theoretical result, shown in Fig. S4, did not show
any feature similar to the one observed in Fig. 2C and Fig. 4, C and D. To conclude,
while the origin of this small additional structure remains to be clarified, the avoided
crossing of the spin qubit and the resonator responds fully as expected to changes in
DQD detuning, DQD tunnel coupling, and magnetic field. Also the two-tone
spectroscopy data appears not to be affected by this small feature.
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(A) Copy of Fig. 4C in the main text where the sweep direction of B, is from high to
low field. (B) Similar data to (A), but with B, swept in the opposite direction.
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Fig. S4

(A) Copy of Fig. 2C in the main text. (B) Simulation of the transmission using the
following parameters: € = 0, 2t./h = 8.7 GHz, g./2m = 210 MHz, AB, = 23 mT,
Ye/2m = 52 MHz, f,, = 6.0507 GHz, k,. /2 = 2.7 MHz, k;,/2r = 1.46 MHz. Here,
B, = Bext + B, mm, With B, .., the stray field of the micromagnets in the direction of the

external magnetic field.



Bare cavity resonance
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Fig. S5

(A) Cavity resonance before the formation of the DQD and in the absence of an external
magnetic field. (B) Similar data to (A), but after the formation of the DQD with a single
electron confined in one of the dots and Beyy = 110 mT.



References and Notes

1. S. Haroche, J.-M. Raimond, Exploring the Quantum: Atoms, Cavities, and Photons (Oxford
Univ. Press, 2006).

2. R. J. Thompson, G. Rempe, H. J. Kimble, Observation of normal-mode splitting for an atom
in an optical cavity. Phys. Rev. Lett. 68, 1132—1135 (1992).
doi:10.1103/PhysRevLett.68.1132 Medline

3. M. Brune, F. Schmidt-Kaler, A. Maali, J. Dreyer, E. Hagley, J. M. Raimond, S. Haroche,
Quantum Rabi oscillation: A direct test of field quantization in a cavity. Phys. Rev. Lett.
76, 1800—-1803 (1996). doi:10.1103/PhysRevLett.76.1800 Medline

. A. Wallraff, D. I. Schuster, A. Blais, L. Frunzio, R. Huang, J. Majer, S. Kumar, S. M. Girvin,
R. J. Schoelkopf, Strong coupling of a single photon to a superconducting qubit using
circuit quantum electrodynamics. Nature 431, 162—-167 (2004). doi:10.1038/nature02851

I

Medline

5. L. Chiorescu, P. Bertet, K. Semba, Y. Nakamura, C. J. P. M. Harmans, J. E. Mooij, Coherent
dynamics of a flux qubit coupled to a harmonic oscillator. Nature 431, 159-162 (2004).
doi:10.1038/nature02831 Medline

6. J. P. Reithmaier, G. Sek, A. Loffler, C. Hofmann, S. Kuhn, S. Reitzenstein, L. V. Keldysh, V.
D. Kulakovskii, T. L. Reinecke, A. Forchel, Strong coupling in a single quantum dot-
semiconductor microcavity system. Nature 432, 197-200 (2004).
doi:10.1038/nature02969 Medline

7. T. Yoshie, A. Scherer, J. Hendrickson, G. Khitrova, H. M. Gibbs, G. Rupper, C. Ell, O. B.
Shchekin, D. G. Deppe, Vacuum Rabi splitting with a single quantum dot in a photonic
crystal nanocavity. Nature 432, 200-203 (2004). doi:10.1038/nature03119 Medline

8. M. D. Shulman, O. E. Dial, S. P. Harvey, H. Bluhm, V. Umansky, A. Yacoby, Demonstration
of entanglement of electrostatically coupled singlet-triplet qubits. Science 336, 202—205
(2012). doi:10.1126/science.1217692 Medline

9. M. Veldhorst, C. H. Yang, J. C. C. Hwang, W. Huang, J. P. Dehollain, J. T. Muhonen, S.
Simmons, A. Laucht, F. E. Hudson, K. M. Itoh, A. Morello, A. S. Dzurak, A two-qubit
logic gate in silicon. Nature 526, 410-414 (2015). doi:10.1038/nature15263 Medline

10. T. F. Watson, S. G. J. Philips, E. Kawakami, D. R. Ward, P. Scarlino, M. Veldhorst, D. E.
Savage, M. G. Lagally, M. Friesen, S. N. Coppersmith, M. A. Eriksson, L. M. K.
Vandersypen, A programmable two-qubit quantum processor in silicon.
arXiv:1708.04214 [cond-mat.mes-hall] (14 August 2017).

11. D. M. Zajac, A. J. Sigillito, M. Russ, F. Borjans, J. M. Taylor, G. Burkard, J. R. Petta,
Resonantly driven CNOT gate for electron spins. Science 10.1126/science.aa05965
(2017).

12. X. Mi, J. V. Cady, D. M. Zajac, P. W. Deelman, J. R. Petta, Strong coupling of a single
electron in silicon to a microwave photon. Science 355, 156—158 (2017).
doi:10.1126/science.aal2469 Medline



http://dx.doi.org/10.1103/PhysRevLett.68.1132
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=10046088&dopt=Abstract
http://dx.doi.org/10.1103/PhysRevLett.76.1800
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=10060524&dopt=Abstract
http://dx.doi.org/10.1038/nature02851
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15356625&dopt=Abstract
http://dx.doi.org/10.1038/nature02831
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15356624&dopt=Abstract
http://dx.doi.org/10.1038/nature02969
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15538362&dopt=Abstract
http://dx.doi.org/10.1038/nature03119
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15538363&dopt=Abstract
http://dx.doi.org/10.1126/science.1217692
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22499942&dopt=Abstract
http://dx.doi.org/10.1038/nature15263
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26436453&dopt=Abstract
https://arxiv.org/abs/1708.04214
http://dx.doi.org/10.1126/science.aal2469
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28008085&dopt=Abstract

13

14

15

16

17

18

19

20

21

22

23

24

25

26

. A. Stockklauser, P. Scarlino, J. V. Koski, S. Gasparinetti, C. K. Andersen, C. Reichl, W.
Wegscheider, T. Thn, K. Ensslin, A. Wallraff, Strong coupling cavity QED with gate-
defined double quantum dots enabled by a high impedance resonator. Phys. Rev. X 7,
011030 (2017). doi:10.1103/PhysRevX.7.011030

. L. E. Bruhat, T. Cubaynes, J. J. Viennot, M. C. Dartiailh, M. M. Desjardins, A. Cottet, T.
Kontos, Strong coupling between an electron in a quantum dot circuit and a photon in a
cavity. arXiv:1612.05214 [cond-mat.mes-hall] (15 December 2016).

. X. Mi, M. Benito, S. Putz, D. M. Zajac, J. M. Taylor, G. Burkard, J. R. Petta, A coherent
spin-photon interface in silicon. arXiv:1710.03265 [cond-mat.mes-hall] (9 October
2017).

. A.J. Landig, J. V. Koski, P. Scarlino, U. C. Mendes, A. Blais, C. Reichl, W. Wegscheider,
A. Wallraff, K. Ensslin, T. IThn, Coherent spin-qubit photon coupling. arXiv:1711.01932
[cond-mat.mes-hall] (6 November 2017).

. P. Haikka, Y. Kubo, A. Bienfait, P. Bertet, K. Mglmer, Proposal for detecting a single
electron spin in a microwave resonator. Phys. Rev. A 95, 022306 (2017).
doi:10.1103/PhysRevA.95.022306

. L. Childress, A. S. Serensen, M. D. Lukin, Mesoscopic cavity quantum electrodynamics with
quantum dots. Phys. Rev. A 69, 042302 (2004). doi:10.1103/PhysRevA.69.042302

. G. Burkard, A. Imamoglu, Ultra-long-distance interaction between spin qubits. Phys. Rev. B
74, 041307 (2006). doi:10.1103/PhysRevB.74.041307

. M. Trif, V. N. Golovach, D. Loss, Spin dynamics in InAs nanowire quantum dots coupled to
a transmission line. Phys. Rev. B 77, 045434 (2008). doi:10.1103/PhysRevB.77.045434

. A. Cottet, T. Kontos, Spin quantum bit with ferromagnetic contacts for circuit QED. Phys.
Rev. Lett. 105, 160502 (2010). doi:10.1103/PhysRevLett.105.160502 Medline

. C. Kloeffel, M. Trif, P. Stano, D. Loss, Circuit QED with hole-spin qubits in Ge/Si nanowire
quantum dots. Phys. Rev. B 88, 241405 (2013). doi:10.1103/PhysRevB.88.241405

. F. Beaudoin, D. Lachance-Quirion, W. A. Coish, M. Pioro-Ladri¢re, Coupling a single
electron spin to a microwave resonator: Controlling transverse and longitudinal
couplings. Nanotechnology 27, 464003 (2016). doi:10.1088/0957-4484/27/46/464003
Medline

. M. Pioro-Ladriere, Y. Tokura, T. Obata, T. Kubo, S. Tarucha, Micromagnets for coherent
control of spin-charge qubit in lateral quantum dots. Appl. Phys. Lett. 90, 024105 (2007).
doi:10.1063/1.2430906

. E. Kawakami, P. Scarlino, D. R. Ward, F. R. Braakman, D. E. Savage, M. G. Lagally, M.
Friesen, S. N. Coppersmith, M. A. Eriksson, L. M. Vandersypen, Electrical control of a
long-lived spin qubit in a Si/SiGe quantum dot. Nat. Nanotechnol. 9, 666—670 (2014).
doi:10.1038/nnano.2014.153 Medline

.J. J. Viennot, M. C. Dartiailh, A. Cottet, T. Kontos, Coherent coupling of a single spin to
microwave cavity photons. Science 349, 408—411 (2015). doi:10.1126/science.aaa3786
Medline



http://dx.doi.org/10.1103/PhysRevX.7.011030
https://arxiv.org/abs/1612.05214
https://arxiv.org/abs/1710.03265
https://arxiv.org/abs/1711.01932
http://dx.doi.org/10.1103/PhysRevA.95.022306
http://dx.doi.org/10.1103/PhysRevA.69.042302
http://dx.doi.org/10.1103/PhysRevB.74.041307
http://dx.doi.org/10.1103/PhysRevB.77.045434
http://dx.doi.org/10.1103/PhysRevLett.105.160502
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21230956&dopt=Abstract
http://dx.doi.org/10.1103/PhysRevB.88.241405
http://dx.doi.org/10.1088/0957-4484/27/46/464003
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27749276&dopt=Abstract
http://dx.doi.org/10.1063/1.2430906
http://dx.doi.org/10.1038/nnano.2014.153
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25108810&dopt=Abstract
http://dx.doi.org/10.1126/science.aaa3786
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26206930&dopt=Abstract

27.X. Hu, Y.-X. Liu, F. Nori, Strong coupling of a spin qubit to a superconducting stripline
cavity. Phys. Rev. B 86, 035314 (2012). doi:10.1103/PhysRevB.86.035314

28. M. Benito, X. Mi, J. M. Taylor, J. R. Petta, G. Burkard, Input-output theory for spin-photon
coupling in Si double quantum dots. Phys. Rev. B 96, 235434 (2017).
doi:10.1103/PhysRevB.96.235434

29. N. Samkharadze, A. Bruno, P. Scarlino, G. Zheng, D. P. DiVincenzo, L. DiCarlo, L. M. K.
Vandersypen, High-kinetic-inductance superconducting nanowire resonators for circuit
QED in a magnetic field. Phys. Rev. Appl. 5, 044004 (2016).
doi:10.1103/PhysRevApplied.5.044004

30. S. Rochette, M. Rudolph, A.-M. Roy, M. Curry, G. Ten Eyck, R. Manginell, J. Wendt, T.
Pluym, S. M. Carr, D. Ward, M. P. Lilly, M. S. Carroll, M. Pioro-Ladriare, Single-
electron-occupation metal-oxide-semiconductor quantum dots formed from efficient
poly-silicon gate layout. arXiv:1707.03895 [cond-mat.mes-hall] (12 July 2017).

31. T. Frey, P. J. Leek, M. Beck, A. Blais, T. Ihn, K. Ensslin, A. Wallraff, Dipole coupling of a
double quantum dot to a microwave resonator. Phys. Rev. Lett. 108, 046807 (2012).
doi:10.1103/PhysRevl ett.108.046807 Medline

32. K. D. Petersson, L. W. McFaul, M. D. Schroer, M. Jung, J. M. Taylor, A. A. Houck, J. R.
Petta, Circuit quantum electrodynamics with a spin qubit. Nature 490, 380-383 (2012).
doi:10.1038/naturel1 1559 Medline

33. L. M. K. Vandersypen, H. Bluhm, J. S. Clarke, A. S. Dzurak, R. Ishihara, A. Morello, D. J.
Reilly, L. R. Schreiber, M. Veldhorst, Interfacing spin qubits in quantum dots and
donors—hot, dense, and coherent. npj Quantum Inf. 3, 34 (2017).

34. T. Hayashi, T. Fujisawa, H. D. Cheong, Y. H. Jeong, Y. Hirayama, Coherent manipulation of
electronic states in a double quantum dot. Phys. Rev. Lett. 91, 226804 (2003).
doi:10.1103/PhysRevlLett.91.226804 Medline



http://dx.doi.org/10.1103/PhysRevB.86.035314
http://dx.doi.org/10.1103/PhysRevB.96.235434
http://dx.doi.org/10.1103/PhysRevApplied.5.044004
https://arxiv.org/abs/1707.03895
http://dx.doi.org/10.1103/PhysRevLett.108.046807
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22400878&dopt=Abstract
http://dx.doi.org/10.1038/nature11559
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23075988&dopt=Abstract
http://dx.doi.org/10.1103/PhysRevLett.91.226804
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=14683264&dopt=Abstract

	aar4054-Samkharadze-SM.ref-list.corrected.pdf
	References and Notes




