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Outline

* Control of a Single Electron and Nuclear Spin
in Donor Qubits
* New ldeas

— Spin Physics of Holes in Germanium
— Ultra-Sensitive Ensemble ESR



Control of Single Electron and Nuclear
Spins in Donor Qubits

With Lisa Tracy



Motivation—Donor Based Qubit

Coherent Quantum Control of
Electron Spin with Electron Spin
Resonance

Donors in silicon are relatively uncoupled from
the environment while allowing control.

Kane architecture
B. E. Kane, Nature 393, 1998
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Donor Device Design

Typical Device

: Ohmi
* Poly-Si gated nanostructures e

* 45 kev P Donor implants: 4e11 cm™
e T=20 mK
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Transport Through Quantum Dot

Transport Through Quantum Dot
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Spin Readout

-1.05

-1.11

Pulse across donor transition.

In large B-field, electron on donor
will exhibit spin dependent

1.55

tunneling.

1.56
V

AG

Average of many sequences:

157
(V)

Ohmics

Donor
Neutra|° Quantu
Low Current Dot
Al
_. stripline
Io n ized : 10.00 k'v" 5.0 mm‘ 15‘;—';'50 X 'IELeD n-gée‘u"' | S
High Current ionize _ load . read
, I I 4
T 1.8 g
’ | Oy 1 -§
@y ¥
N, Y
) t-_l_qa_d_ 2
> | >
-0.28 l 1.176
|
= I I
_» 0 I | —
-1 0 1

time (ms)



Single Shot Readout

empty
load read
0.5
1e5 SR, 100 kHz filter . .
OJM M 14 UW HEMT pow Detection of a single
- \B/S_d1=.47;)ruVrms Spin'up e|eCtr0n
< 0.3 CPread =4.118 V
g
§ 0.2
>
0.1
0.0

15

16

17

18 19 20 21 22

time (ms) The donor has a spin down

electron at the end of the
readout cycle.



spin up fraction

ESR of a Single Spin

Measurement Steps:

* |nitialize Spin Down

* Manipulate Spin with Microwaves

e Readout Spin

f, = 38.39909 GHz
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P hyperfine: Af,=115.3 MHz

Hyperfine splitting consistent with Phosphorous

feqr=yBtA/2

Expect two resonance
lines: Nuclear spin up
and Nuclear spin down



Coherent Control of an Electron Single Spin g

Optimized Readout: 96% visibility

Rabi Oscillations
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Coherent Control of Nuclear Spin
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Readout Nuclear Spin through ESR Frequency of electron spin
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Nuclear Spin of P donor
Implanted in Silicon



B=13T

ESR Spectrum of P2 Dimer
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Indicates nuclear spin anti-aligned state

ESR Spectrum and coherence times provide
information about the material and environment 13



Possible New Directions

e Ultra-Sensitive Ensemble ESR (with Lisa Tracy)
* Holes in Ge Nanostructures (with Tzu-Ming Lu)



Ultra Sensitive Ensemble ESR  nduction petectior

Superconducting Resonator with Parametric Amplifier output

Eichler, et al. (2016)
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A Versatile Platform

Large Trade Space with regards
to temperature, magnetic field,
sensitivity, applications, etc.

Spatial mapping possible through
magnetic field gradients

Possible NMR through ENDOR

Multiple Geometries

Direct

DUT

Non invasive

DUT

Nanoparticles/molecules

Use technique to explore a variety of material systems



Strained Ge Quantum Wells

* p-type

* Undoped Structures

* Low Disorder with tunable density
* Large g-factor anisotropy

* Large Spin Orbit Coupling
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Quay et al. Nat. Phys. (2010)
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Laroche, Lu, et al. Appl. Phys. Lett. (2016)




Control of a Single Hole Spin in Ge

. Splitting due to Band Structure:
Carriers are heavy holes strain and E
with J=3/2 and m=+3/2 Confinement
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Conclusion

Single electron and nuclear readout
Coherent single electron control with ESR
Coherent single nuclear control with NMR
New Directions

— Ultra-sensitive Ensemble ESR for material
characterization in the small spin limit

— New Material System: Strained Ge Quantum Wells

* Single hole spin control



