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Outline

 Physical Implementations of Qubits

 Silicon-Based Spin Qubits

 Sandia Silicon Device Description and Qubit Definition

* Description of the Cryogenic Microwave Engineering Challenge

» Electromagnetic Field Simulation Description and Results

» Experimental Demonstration of Coherent Rabi Oscillations of a Single Electron Spin in Silicon

« Comparison Between Experimental Data and Simulation
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Physical Implementations of Qubits

Trapped Ions

Control gates

Superconductors

Donors in Solids Quantum Dots

Images above are from the following references:

» 1. Buluta, et al, Natural and artificial atoms for quantum computation, Rep. Prog. Phys. 74, 104401 (2011).
« T.D. Ladd et al, Quantum computers, Nature 464, 45 (2010).
» J.J.L. Morton et al, Embracing the quantum limit in silicon computing, Nature 479, 345 (2011).
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Silicon-Based Spin Qubits

Control gates

Read-out

Considerations for silicon as a host material for spin qubits:

Original proposal based on control of single donor qubits in silicon was published in B.E. Kane, Nature 393, 133 (1998).

Spin-orbit interaction in silicon is relatively weak.

Nuclear-spin-bearing isotope (*°Si) comprises only 5% of natural silicon and can be removed by isotopic enrichment.

Advanced state of silicon technology offers a common platform for potential spin qubit integration with classical electronics.

Reference: J.J.L. Morton et al, Embracing the quantum limit in silicon computing, Nature 479, 345 (2011).
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Sandia Silicon Device Description and Qubit Definition

[Si02 | ‘ \
field

| B N N
Bpc
ST Schematic Cross-Sectional View of Silicon Device (ESR wire not shown)
w.:7 Bac
Silicon * The regions in have been electrostatically defined using the electrodes shown,
6103160 S e G B 510 | e |0%1 resulting in the formation of a Quantum Dot or Single-Electron-Transistor (SET).
1.7 pm
< //lj > . . .
, FSili - * At our ultra low temperature of operation, T = 15 mK, the electrons in the device can
Top View of Silicon Device: SEM Image be at a different temperature, Te, than the substrate phonon bath at temperature T.
For this particular device, we measured Te = 300 mK for the electron temperature.
J 1 10) * An external static magnetic field B of sufficient magnitude results in

Cxem e 4 1)

well-defined spin states |0> and |1> and enables spin-selective read-out using the SET.

/ « The Zeeman splitting is AE = g ug Bpc = h fesr. To avoid thermal smearing
M
\ S LEEEEE ¢ 10) in spin read-out, the condition AE > kT must be satisfied.

» The measured electron temperature corresponds to:

L T, ~ 300mK < 25 ueV < 6 GHz < 0.2T
Bl—\/\/\/\/\ =AE/M We perform Electron Spin Resonance (ESR) at frsr = 36 GHz and [Bpc| =1.3T
Therefore in our case: AE ~ 6
kgTe
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1 m = 1000 mm

Microwave
Source

294 K

70 K
50 W

4K
1 W

600 mK
5 mW

A Cryogenic Microwave Engineering Challenge

5

1 m = 1000 mm

1.37 = 33 mm 1.37 = 33 mm

Image of dilution refrigerator stages from:

http://www.oxford-instruments.com/products/cryogenic-environments/
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A Brief Introduction to Microwave Engineering

» The Electromagnetic Spectrum:

Radio-Frequency (RF) ranges from 30 MHz - 3 GHz
corresponding to wavelengths of 10 m - 10 cm.

Microwave typically refers to 3 - 300 (GHz)
corresponding to wavelengths of 10 cm - 1 mm.

. OB
E=—-——
V X 5

—

* Maxwell’s Equations: — M,

Frequency (Hz)
3x10° 3x10° 3x107 3x10%8 3x10° 3x10 3x10" 3x102 3x108 3x10“
I I I | I I l I I l
' ' 1 1 1O H ' H '
b =¥ b
o 1§ 1 o P - .
> 1 O ] > '>'<—" (D) 1 e
SoiEer g8 2 5 A
Sgigel 2g 1 igi8 Microwaves < 5 ial
V1A SH At=F = = ' S
@) |2 1 'é:) |>|e| ée E P
S i3 LA = =
' =T r
: el ) :
| | | | | | | | | |
103 102 10! 100 10! 102 103 104 10 106
Wavelength (m)
. 9D - . B}

» Microwave Engineering: Utilizes both field theory and extended circuit theory toward diverse applications. Consider an example:

Ry
MW —
VL

I
w
Ry
>» 2

L

P = R, =Ry 0

~

\ 4
N

=
o T +T

N

b‘

P o 7, = 7,

» For our experiments we want to maximize the local AC magnetic field

10.00 kV|5.0 mm

WD mag det | mode | tilt

150 000 x| TLD | SE

January 29, 2015

and therefore maximize the current through the load.:

Bac = c¢-igsr

1 .
Py, = 3 (1 —|T?) igsr Zo
_ 2 2
= Pin = o5 (1= |I'%) Zo Bac
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Electromagnetic Field Simulation: Description

Rogers RO4350
€,=3.66

. PCB metal (3D PEC)

Dielectric €,=4.75

. Silicon £.=11.9

Chip metal (2D PEC)

mmmmm

Acknowledgement: John Borchardt, Sandia National Laboratories
« “MSMP” in simulated structure above is right angle coaxial-to-PCB Mini-SMP pwave connector.

« “PCB” in simulated structure above (orange) is Printed Circuit Board.:

gap 8mils
h 30mils

@I Silicon Die PCB .
NCHE

[*]

mmmmm

* On-Chip Transmission Line: Colored yellow and labeled “Si Die” in simulated structure above:
* On-chip transmission line design from CQCCT and described in J.P. Dehollain et al, Nanotechnology 24, 015202 (2013).
* The on-chip transmission line includes CPW to CPS transition (balun). CPW = CoPlanar Waveguide, CPS = CoPlanar Stripline.

« Wire bonds not modeled but impact expected to be minimal due to CPW mode design. Our PCB-to-Chip transition shown above.
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Electromagnetic Field Simulation: Results

Rogers RO4350
€,=3.66

PCB metal (3D PEC)

Dielectric €,=4.75

L}
:V Silicon £,=11.9

A Q=

r 9 B¢ Al

Silicon

WD mag det | mode | tilt ——— 500 nm ————
50mm|[150000x | TLD| SE |0

Chip metal (2D PEC)

8 (mm)

Entire solid model that was simulated using HFSS. Key on right.

Name X Y XY Plot 4 HFSSDesign2_coax_to_cpwg_to_device 4 Name X Y XY Plot 3_1 HFSSDesign2_coax_to_cpwg_to_device &
m1  |30.0000|0.0650 Carve Info mt | 30.0000|7.2765 Carve Info
] —— ComplexMag_E/1e6 T —— 4*pi*1e-4*ComplexMag_H
] Setup1 : Sweep 7] Setup1 : Sweep
0.35 — Phase='0deg' 12.00 7 Phase='0deg’
: — : _ —
] E| [(MV/m)/vmW] ] B| [mT/vmW]
0.30 — i
] 10.00 —
'g‘ -
30.25 . E
= o 8.00 —
w . |
b 20 ] g
.20 —
% i 2
2 ] S 6.00 —
80.1 5 -] 8
] 4.00 —
0.10 —
E m1
- 7
0.05 — 2.00 —
0-00 T T T T I T T T T I T T T T I T T T T I T T T T I T T T T I T T T T I T T T T 0.00 T T T T I T T T T I T T T T I T T T T I T T T T I T T T T I T T T T I T T T T
20.00 22.50 25.00 27.50 30.00 32.50 35.00 37.50 40.00 20.00 22.50 25.00 27.50 30.00 32.50 35.00 37.50 40.00
Freq [GHZ Freq [GHZ
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Experimental Data for the Silicon Device: Coulomb Blockade

Dwight Luhman et al,
Sandia National Laboratories

Silicon
10.'(_)|ng 5\évn[1)m 150 000 x le_eé msoée‘g‘t‘ -0.65 -0.6 055 -0.5 -0.45
Vep (CP):
1
1
-l -
\I,L(N+1)\ [, - ——',— ~..~._..
M(N+1) ———_—’ .-nnn....
| [ ol [y R §
S p— U & . ' '
pcs| [ | @ 4 A :
N- - — ' '
) = :
] - ]
| | | ] 1 . .
1 ..E 1
1 1
_ l/ & IN-3||N-2 | N-1{ N O[IN+T
o 4 E add I :
& ~add . O :
£ . :
©
~ - - N-1 +
|5\ - v e S gate votage Vi, :
<0 { =

Coulomb Blockade
gate voltage V5
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Experimental Data for the Silicon Device: Spin Read-Out

Silicon

HV WD mag det | mode | tilt |
10.00 kV|5.0 mm | 150 000 x| TLD| SE |0°|

‘ Source j
Is

SET
island

Single _p— )

electron ( Aoran

ET

<

A. Morello, et al, Nature 467, 687 (2010)

Dwight Luhman et al,
Sandia National Laboratories

A. Morello, et al,
Physical Review B
80, 081307 (2009)




Experimental Data for the Sandia Silicon Device

|

&

-

BEPY 4-58
7

Pranmm—
7
B

Dwight Luhman et al,
Sandia National Laboratories

'
A4
4
. QL=
Al Y oG

Silicon

HV WD mag det | mode | tilt |

10,00 kv|5.0 mm | 150 000 x | TLD| SE |0°] -0.65 -0.6 -0.55 -0.5 -0.45
VCP (CP)

I C .
4 Plunge+ Read/Initialize Spin control
u-wave . o .
U — E — 1 1 1 :
Read ui = [; : o : ‘6‘ : '
- pm— 1 ,[S 1 s 1 1
- — - B H g :
: 1 Rt 1 O Q 1
S Donor  SET Drain Donor SET Drain : k= =y [ '
- : L B :
time  JJ. Pla et al, Nature 489, 541 (2012) . A -
T e
v 15(8 12.7592 (dBm)
¢_ Average — 1.8 0.1686
A h Ln/ 14 0.169
lset Plunge Read o 512 |
A c>3 g 1 0.162
l 3 = os 0.16
30T -
> E 06 0.153
A — T 4/\ B o4 o 16
|SET ) o= 0.159
o
1‘ I_I All of our data are averaged oD PPEPEEe
7 Dwight Luhman et al, Sandia National Laboratories
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Sandia Silicon Device: Experimental Rabi Oscillations

-5 scan
=X 10

Dwight Luhman et al,
Sandia National Laboratories

( ot
=N A0

12.7592 (dBm)

uwave
burst duration (s)

15.5929 (dBm)

uwave
burst duration (s)

18.0320 (dBm)

uwave
burst duration (s)

20.4525 (dBm)

uwave
burst duration (s)

t (sec)

-5
=< 10 scan

22.1363 (dBm)

i 71
Bl
H |
Bl
Bl

uwave
burst duration (s)
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Sandia Silicon Device: Experimental Rabi Oscillations

0175 | | | | | | I | |
o 017} p.ﬁ.“:.r . . .
=, ~ v \ R A T 12.7592 (dBm)
8 e % v o* ...' —
> 0.165];‘.,0 o . . S M o fRabi = 1.00 (MHz)
Dwight Luhman et al, 1%z o024 08 08 11 12 14 16 18 2
Sandia National Laboratories 019 . . I . . . . . T
— - oal™ -
S 018 /’. o i, o, 15.5929 (dBm)
o o o o . .“.. o’ *on -
8017k # . ~ * Tt vos w00 1 fravi = 1.44 (MHz
] = 4 P, et P R R YV (MHz)
O 16 1 1 1 1 1 1 1 1 1
04 06 08 1 12 14 16 1.8 e
019 I I I I I I I I I
o...°0 °
- — “e .o o, —
$ 018 Fals ...-' S s e " 18.0320 (dBm)
% - '. .0 ~, . .. - o. . -, -
> 0L ..-N"-:. .."‘a"";- - °"$'.‘....~"°.~"~ K Campprs fravi = 2.24 (MHz)
O 16r’ 1 1 1 1 1 1 1 1 1
0 02 04 06 08 1 1.2 14 16 18 2
019 | | | | | | | | |
A . A M, . 1 20.4525 (dBm)
3 s LS e T R A :
>° 017 F .. °q o~ b w. ~.:‘ .V-f~..' ~0M0~ " \ ..,O.°$o~..$.-'" fRabi - 2.84 (MHZ)
016r 1 1 1 1 1 | | 1 1
0 0.2 0.4 06 0.8 1 1.2 14 1.6 1.8 2
019 T T T
z 0o s Mo > - 1 22.1363 (dBm)
prs ¢ o’ * . @
Bowtl 4 F o4 o T BT e | frabi = 3.20 (MHz)
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Rab1 Frequency and AC Magnetic Field Dependence on Applied uwave Power

| ! | ! | P
///.
3.0 i
N o,
an 7
S
~ .//
2 2.0} P -
g 7
= 2
:
(S //’
5 1.0 e .
= frop = 36.482 (GHz) |
1 e
WRabi — 5\/(0.) - UJO)Q + (Vvab/h)2 0.0 7 | ! | ! I
0 4 8 12
Vb =< W[V |1hy > Calibrated Rabi SQRT[Power] (mW"1/2)
Here the driving amplitude is proportional
to the AC magnetic field thus:
~ 0.25 - I - . - | >
E v
— 1 N ///

fRabi — wRabi/Qﬂ- — 59 UB Bac/h S 020k o i
L 7
e //’
2 -7
S 015} o .
g -
o e
S -
5 0.10f e -
< 4
£ 0.05 7
= frgr = 36.482 (GHz)
< - -
S 2
= 0.00L= ' . ' : ' L

0 4 8 12

Calibrated Rabi SQRT[Power] (mW"1/2)
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Normalized AC Magnetic Field: Comparison Between Experiment and Simulation

Using the calibrated source power and the AC magnetic field extracted from the experimental Rabi frequencies, we can
extract the ‘normalized’ AC magnetic field shown in the plot [0.0185 (mT/NmW)] at fesr = 36.482 (GHz).

025 T T T T ! I //
slope = Bac = 0.0185 (mT/v/mW) i

0.20 | °. i
£ 0.15¢ s _
E}
O ///
= 0.10} e .

e
0.05 - .
e fesr = ESR Frequency = 36.482 (GHz) |
0.00 =" ' - ' - |
0 4 8 12
V PSOUI‘CG ( \% mW)

. 1 .
Bac =c-igsr P, = 3 (1 —|T)?) thsr Zo

1
= Py = 32 (1 —1T)?) Zo Bic

_ Bac (mT) o . Bac (mT)
IBAC R V Psource (V mW) o \/a |: V Pymsvmp (\/ mW)i|

slope = Bac = 0.0185 (mT/v/mW)
From the table on the right: 42 <a (dB) <52

Bac (mT)
vVPyvsvp (VmW)

2 (mTANmW) < [ } < 7 (mT/ANmW)
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Approximate Loss at

Component 36.482 GHz
' (dB)
RF Switch 6
RT Cable 5
Cryogenic g
Coaxial Cable: 30-35

RT to MSMP PCB

Total Attenuation

from Attenuators 1-6
TOTAL |
from RF Source at RT 42 - 52

to MSMP R/A PCB
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Normalized AC Magnetic Field: Comparison Between Experiment and Simulation

Bac (mT)
vVPuvsvp (VmW)

Experiment: 2 (mT/AmW) < { } < 7 (mT/ANmW)

Name X Y XY Plot3 1 HFSSDesign2_coax_to_cpwg_to_device &
h 4*pi*1e-4*ComplexMag_H
: Setup1_ : Sw <|eep
12.00 — L Phase='0deg
] IB| [(mT/vmW]
10.00 - . .
. - Simulation
':' -
3 ]
m 8.00 —
g 1M\ =]
2 ] A
%X ]
?El 6.00 —
S A Range consistent with
00 experimental data as
. shown above
1 L A N /00 NG A P L \4
0-00 T T T T I T T T T I T T T T I T T T T I T T T T I T T T T I T T T T I T T T T
20.00 22.50 25.00 27.50 30.00 32.50 35.00 37.50 40.00

Freq [GHZ]
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Conclusions

State-of-the-Art Physics often requires state-of-the-art techniques and engineering, as was the case for the work presented.

A central challenge for this work was delivering a strong microwave magnetic field to the single spin location.

This central challenge was addressed through careful microwave design that included 3D electromagnetic field simulation.

Our experimental data reveals coherent Rabi oscillations of a single electron spin.

Reasonable agreement was found between the experimental data and the electromagnetic field simulation.
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Progress of joint UNM-SNL effort toward achieving
state-of-the-art read-out using cryogenic preamplification

D 026

032
S 0.3
% 0.28
20.26
)
0.24r1000 kHz | | |
-100 -50 0 50
Time (ms)

Matt Curry, CQulC at UNM and Sandia National Laboratories (manuscript in preparation).
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