PHY682 Special Topics in Solid-State Physics:
Quantum Information Science

Lecture time: 2:40-4:00PM Monday & Wednesday

Last time 9/9: DiVincenzo’s criteria; photons and continuous
variables; spins (electrons and nuclear); trapped ions and atoms
(hyperfine states)

Today 9/14:

1. Finish Week 3 material (Information is Physical): Superconducting
qubits & topological qubits
2. Begin Week 4 material: quantum gates [How to use Qiskit]



Physical qubits---Superconducting qubits

>
O Superconducting qubits: (a) Phase; (b) Flux; (c) Charge; (d) Transmon/Xmon O/w
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Physical qubits---Superconducting qubits

L Transmon qubit [Koch et al. PRA 76, 042319 (2007)]
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Useful references on SC qubits and how to
control them via Qiskit Pulse

Qiskit Pulsej Programming Quantum Computers Through the Cloud with Pulses,
Thomas Alexander, Naoki Kanazawa, Daniel J. Egger, Lauren Capelluto,
Christopher J. Wood, Ali Javadi-Abhari, David McKay,

arxiv:2004.06755
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First-principles analysis of cross-resonance gate operation, l 174‘ |
Moein Malekakhlagh, Easwar Magesan, David C. McKay, /T e
arxiv:2005.00133
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Fermions, bosons and anyons

» Fermions, such as electrons, cannot occupy the same state and

their wavefunction gives a minus sign under particle exchange
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» Bosons, such as photons, prefer to occupy the same state and
their wavefunction is the same under particle exchange
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» Anyons are exotlc partlcles and their wavefunction gives
arﬁl%rary phase under exchange [usually in two dimensions]
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Two exchanges = Looping

B B A B
cconge g o mb @ e mp e o
\_/ \_/
A B LXCLW’B,Q J\a.(@
Looping: @ ®
Q% Tlyenn fy e ‘@(,’L‘h .
% ¥

In 2D: the loop cannot be
continuously shrunk to a
point

= Ro cohit{amt on particle statistics
A1) (o
\ M ,)h(/



Exercise: bosons and fermions

(a) For two-mode bosonic operators and state, calculate

(ah)?al|01,0,) =7

(b) For single-mode fermionic operators and state,
¢l0) =0, &'0) = 1), ¢[1) =10), é'[1) =0
Consider the following two-mode state:

1Y) = CECI’()l,Uz) = |14, 12)

Compare the two following states by direct calculation: [you may need ¢¢' = I — ¢1é ]

0201|¢> 0102|¢>

Do you see a sign difference?



Physical qubits---Topological systems

» Intrinsic topological phases harbor exotic particles called “anyons”

and their braiding (braid group) gives rise to quantum gate

More on these in later lectures.
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Physical qubits---Topological systems

O 2D p+ip superconductor = Majorana fermion [Ivanoy, PRL 2001]
(see also next slide) < Hto




Braid group
Q Use(TDo represent braiding of i-th and (i+1)-th threads: %
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Majorana fermions (Majorana Zero Mode) \@FW
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Exercise: proof of the Majorana
picture

Pty
N-1 /\ N-1
H=- Z (élé$+1 + émém+1 + él+1ém + éjﬁ— A:r:) = —1 Z ;}\/B,CB’S/A,CE—%—l
TSN ~ ~

ow this

= /W‘@%j
e—0 ¢—o H---ﬂ@
Y nz h Yoz Yau Yi s \Fan
/\\

4

éx — ;)/B,a: =k 7;fAYA,ac éj«; - ﬁ/B,ac - i’YA,w

Hint: re-write the terms in the summand of c operators
in a product form: (site x) times (site x+1)



Braiding Majorana fermions

Q Where to get Majorana fermions®?
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Why topological qubits?

O Topological quantum computation is robust against nois
(does not need active error carrections) [more later]

O Beautiful and elegant mathematics
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0 Gates implemented via ‘braiding anyons’

L However, it is still very challenging to realize good topological
qubits [Effort from academia and industry such as Microsoft
(both theory and experiments)]




Do Poll

Which qubit platforms would you bet on?

(a) Superconducting qubits

(b) Trapped ions

(c) Trapped neutral atoms

(d) NV centers in diamond

(e) Quantum dots/ Doped Phosphorus
(f) Topological qubits

(g) Photonic qubits

(h) None of above

Sharing Poll Results

Attendees are now viewing the poll results

1. Which qubit platforms would you bet on? (Multiple choice)

Superconducting qubits (10/20) 50%
.|

Trapped ions (3/20) 15%
[

Trapped neutral atoms (2/20) 10%
|

NV centers in diamond (3/20) 15%
===

Quantum dots/ Doped Phosphorus

(4/20) 20%
_—
Topological qubits (13/20) 65%
[_— ]
Photonic gubits (3/20) 15%
I
None of above (1/20) 5%
E——

Stop Share Results Re-launch Polling
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Some existing quantum computers

ATATHT A

e ’ ' — , D-Wave 2000-
Intel 49-Qubit QC . ; Rigetti 20-Qubit QC
Google 72-Qubit QC Qubit Annealer

IBM 50-Qubit
Q Computer

=>» More will appear (including other pIatfor%s)
IRIEN \/\OTS»/




Physical systems for quantum simulations

Observation of a discre

J. Zhang!, P. W. Hess', A. Ky, prmm(hs P. Becker!,
N.Y.Yao? & C. \'Ul'lll)tl 3

A. Lee!, J. Smith', G. Pagano', I.-D. Potirniche?, A. C. Potter?, A. Vishwanath?*
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disordered dipolar many-body system
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In'nialization?_ Time evolution (n times)

[system: high centration NV
centers (45ppm)]
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ARTICLES

ctlemlstry PUBLISHED ONLINE: 10 JANUARY 2010 | DOI: 10.1038/NCHEM 483

Towards quantum chemistry on a quantum computer

B. P. Lanyon'?*, J. D. Whitfield?, G. G. Gillett'?, M. E. Goggin'®, M. P. Almeida'?, |. Kassal*,
J. D. Biamonte?®?, M. Mohseni*?, B. J. Powell'3, M. Barbieri'?, A. Aspuru-Guzik** and A. G. White'?

for hydrogen molecule
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=>» Later in the course, we will use IBM quantum
computers for such computation



Two more DiVincenzo criteria

Needed for quantum communication:
1. The ability to interconvert stationary and flying qubits

2. The ability to faithfully transmit flying qubits between
specified locations



