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Two Scales of Quantum

Harnessing quantum mechanics for next-generation technologies:

Macroscopic Quantum Systems Single Quantum Systems
(N > 1) (N~ 0(1))
Starting Emergent many-body Coherently-controlled
Point phenomena single quantum systems
Examples » Bose-Einstein condensates Cold atoms
 Fractional quantum hall Superconducting qubits
e “Quantum” materials Impurities/defects in solids
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Two Scales of Quantum

Harnessing quantum mechanics for next-generation technologies:

Macroscopic Quantum Systems Single Quantum Systems
(N > 1) (N~ 0(1))

Challenges  Address/control individual Scale entanglement to
quasiparticles; multiplex non-trivial sizes; extend
information; extend coherence in time
phases to ambient

Cross-cutting Hybrid quantum systems; novel materials for qubits; novel

resources quantum sensors
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This talk:
v Time-dependent driving /
v' Berry phase
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NV- Center in Diamond

Optically-addressing single
atomic defects by confocal
microscopy:

—— ZOpm

Extremely
pure material!
(~1 ppb N,
~.01 ppb NV)
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What makes NV centers special?
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THE UNIVERSITY OF CHICAGO

Optical spin readout and initialization: spin-dependent photoluminescence
Superlative spin coherence:

~1 ms T, (phase memory)

> 100 ps T, at room temperature for °C-purified samples!

Conduction Band Radiative: Non-radiative

h :
Ams= 1 pathway

- strong
ES -~ __ 1 \

Intersystem
m; =0 i Crossing to Singlet
! States
m_= *1 |

- = ?
Valence Band Off-Resonant

Excitation

Room Temp
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NV Center at Low Temperature
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* Resolving spin-orbit fine NV Emission Spectrum

structure of excited state L W " Zero
below <20 K s T E‘honon
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NV Center at Low Temperature

Resolving spin-orbit fine
structure of excited state
below <20 K

Quantum optics without
laser trapping or high

PSB fluorescence (a.u.)
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NV Center at Low Temperature

High-fidelity spin-selective
transitions enables:
« Spin-photon entanglement

spin to photon polarization
spin to photon number

« Optical spin control

Quantum interface between
spins and photons

|¢Ph0ton)

Ny

PSB fluorescence (a.u.)
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- Togan Nature (2010)
" Batalov PRL (2009) | &) E)
" Zhou PRL (2017) i t | Lambda) »
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T

) Cycling ___
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Quantum memory
* Remote entanglement
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NV Center at Low Temperature Qe T

High-fidelity spin-selective
transitions enables:

Spin-photon entanglement

spin to photon polarization
spin to photon number

Optical spin control

Quantum interface between
spins and photons

|¢Ph0ton)

[ }Dﬂ f

; {”‘ /d

PSB fluorescence (a.u.)
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,- Quantum memory
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See works by:
Hanson Group (Delft)
Wratchrup (Stuttgart)
Lukin (Harvard)...

Low Temperature (<20 K)




+ Versatile Sensor!

Ground State Hamiltonian:

Ground State Spin Energies

E (GHZz) mg = +1
A

Temp.

Pressure

N

Hgs ~ D(T,P) S%—dgs (Ex(SxSy + S,S¢) + E,(S2—S2) +yS-B

B, 2.8 MHz/Gauss
E, 17 Hz/(V/cm)
Temp. -80 kHz/Kelvin
Pressure 15 MHz/GPa

“Quantum Sensing”

Nanoscale resolution
Ease of use, wide-temperature range



+ Versatile Sensor! Measure energies directly (spectroscopy).

g 1.04a s
| .
% 09 ¢ Peak shift
N Q .'
£ 0.8 ¥
& y >
=
2,790 2,820 2,850

Radio frequency (MHz)

Or measure phase accumulation.

Ground State Spin

+17 E(P) ,
E (GFLZ) mg = +1 P Long coherence
% times key!
____________________ B, E 1
A , g~
Temp. ' 0 (|0) + el¢|+1>)/\/2 \/Tmeas *Teon
m_= -1 .
Pressure S (Sw) Ramsey Sequence (DC Fields)
J noitse
mg=0 ¥ b LML . S IV I IR 9.4
g Y T @ &) () & ) & () m, (%)
B (gauss) e ’ x ' ' ‘ ; g
x k

Dynamical Decoupling Sequence (AC Fields)



+ Versatile Sensor! Wide-ranging applications in physics,
' chemistry, biology, medicine

K Microscope objective
i 2D layer of ‘
Lv:; 7 1 NV centers ,/I‘@_J’" imT:;::::ip\
. c';o‘ At
a
- BiFeO,
Non-collinear magnetic
order in BiFeO, Electron/spin transport in 2D
(Gross Nature 549, 2017) materials

(Tetienne Sci. Adv. 3, 2017)

Pt

0
magnetic agd{io,,
Specimen Pk -

Poly- 22
butadiene s . .
; Nanoscale nuclear Action potential of
magnetic resonance ¢ i_ i i marine worm
Vo (Aslam Science 357, 2017) (Barry PNAS 113, 2016)

chemical shift (ppm)
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Accelerating Adiabatic Manipulating Spins
Quantum Control by Geometry

e | AUIX)

L ()

) )

* Engineering quantum * Robustness of Berry
shortcuts to phases to noise
adiabaticity « Arbitrary single qubit

» Fast optical pulse quantum gates by
shaping for state non-abelian

transfer via STIRAP holonomies
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K |8> ’’’’’ =R | ..A2> Closed-Cycle Cryostat
! \ (5 K)
i(t)
Q_(t) et Q (t)
5 * ------------------- Optimized for
| By=1+1} oy phase/amplitude controlled
g two-color excitation of A
[0} systems

Cryostat /
Sample (5.5 K)
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Robust state manipulation

« cooling atomic systems
* nuclear magnetic resonance (ensembles)
« adiabatic quantum simulation

Landau-Zener Transition
System remains in instantaneous

T Spin-1/2 ) eigenstate if its rate of change is
adiabatic.
§ - Adiabatic Criterion: 4B(@ %
o 2AA 1 dt
|_|CJ «~ —
b - [Bz(t) A ]
b2 A _Bz(t)
4) , T
-1 0 1
B(T) Important consequences for more complex systems:

: L Quantum simulations
(e.g. sweeping a magnetic field)  Quantum thermodynamics



Shortcuts to Adiabaticity - The Need for Speed Ay MOLECULAR
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A classical analogy for non-adiabatic transitions: SLFI,IIN-:IIII-:TD
Non-Adiabatic Counterdiabatic (bank!) w

Engineering the quantum Hy(t) » Ho(t) + Hep ()
track: S
Extra control to counteract non-adiabatic

transitions

Review: Torrontegui Advances in AMO Physics 62 (2013). Originally: Berry, Demirplak/Rice.
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Hamiltonian in moving frame of adiabatic eigenstates |@ (t)): ’N
U(1) = > ilo) (i (0)] N . FAST FORWARD

Evolution is

H,(1) = Hy(t) + W(1) useful to us

= E0)lgi) (ol + i

“Fictitious force”,

i off-diagonal : L
diagonal 9 drives transitions!

A W(t
The counterdiabatic term exactly cancels W (¢): ()

Ho(t) — Ho(t) — U)W (1)U ()

Hep (1)
Is Hcp(t) experimentally practical? | ¢ g for Landau-Zener Hamiltonian:
B,(t) A
(How to calculate H j(t) without exact H;, = A B ( t)
diagonalization?) z Add
Jarzynski PRA 2013. Deffner PRX 2014. i _dB,(¢) A .
Vandermause PRA 2016. Ribeiro PRX 2017. oo === B mzr % B, (D!

Review: Torrontegui Advances in AMO Physics 62 (2013). Originally: Berry, Demirplak/Rice.
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For state transfer, only initial ¢; and final
t; times are important!

Follow dressed adiabatic eigenstates:

V(®)lex(®))

Hy(t) » Ho(t) + Hgyrp(t)

Multiple choices for V (t) gives multiple forms for
Hgurp(t)!

Non-adiabatic
------ Adiabatic
- SATD Shortcut
~~ Dissipation

A. Baksic, H. Ribeiro, A. Clerk, PRL 116 (2016).
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Stimulated Raman Adiabatic Passage (STIRAP):
State transfer by dark state |D) of a lambda (A)

system Dark State — anti-symmetric
[ e\ normal mode
| €)
Q / \ Qe
‘ 11 n 11 n
i SEIE QL@ | 00
o) . . l
‘ |D) = cos(6/2)|a) —!ei¢sin(9/2)|,8) | ) | > |ﬁ>
6 = 2tan™(Q,/Qp) iy a €
b = arg(/0y) Superposition that

does not absorb light!



Application: STIRAP s
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Stimulated Raman Adiabatic Passage (STIRAP):
State transfer by dark state |D) of a lambda (A)

system
/ \ Sphere
£y 2 v O eld —
& [5 : i

® D)
Dark State

@ D) =cos(6/2)|a) = e #sin(6/2)|8)
Q=2 tan_l(ﬂ /.Q ) STIRAP:
“"F7 Superposition that
¢ = arg(Qq/Qp)

Bergmann Rev. Mod. Phys. 70 (1998).
dOGS not absorb |Ight| Yale*, Heremans*, Zhou* Nature Photon.10 (2016).

Golter Phys Rev Lett 112 (2014).
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Application: STIRAP P
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Evolve dark state as a function of time by

evolving the phase and amplitude of 2 No excitations if fields are
optical fields: changed adiabatically!

g) —
Qo (D) X Qp(1)

1B) Bloch
Sphere

v B Dark State |D)
o) | )
@ D) =cos(6/2)|@) - et #sin(6/2)|)
6 = 2 tan"* (/) STIRAP:
Bergmann Rev. Mod. Phys. 70 (1998).
¢ = arg(ﬂa/ﬂﬁ) Yale*, Heremans*, Zhou* Nature Photon.10 (2016).

Golter Phys Rev Lett 112 (2014).
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Hilbert Space H STIRAP Hy(t) > Ho(t) + Hsgrp (D)
!Qs(t)> <Qp(t)! Optimal adiabatic
---------------- shape

QB+051E) = C
Vasilev PRA 80 (2009)

Qp(t)

Non-adiabatic

Hg¢,7p(t) modifies Q¢ and
Qp, but involves |€) in
dressed state dynamics.

------ Adiabatic . _
—— SATD Shorteut  dressed’ adiabatic

~~~ Dissipation eigenstates

Task: shape two

optical pulses. 0

Race against excited '

state decoherence £

(T, ~ 12 ns)! | Qp(t) |
<} ; L

0 4 8 12 16 20
Time (ns)
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Hilbert Space # p o) STIRAP Ho(t) = Ho(t) + Hsarp (1)
A=0), M
t !QS(O; (Qp(t)! Optimal adiabatic
--------------- shape
" 2 28\ —
<3 Qs(t)eld)s Qp(t) QS (t) +QP (t) =C

Vasilev PRA 80 (2009)

Non-adiabatic

Transfer

Hg¢,7p(t) modifies Q¢ and
------ Adiabatic Arem e, . | .
— SATD Shoricut dressed’ adiabatic (@) . Qp, but involves |¢) in
~~~ Dissipation ~ €igenstates 1+1) dressed state dynamics.
|—1)
Two choices (V(t)'s) for ‘dressed’ dark state:
SATD MOD-SATD —> ~20% reduced |e) occupation

" Ashape = 'Q'shape/ﬂmin
~ Energy Gap * Duration
0.5
Non-adiabatic (Ashape = 1)

1 > 1

32 0~ 22 5

0 0.5 1 Oé P,C}‘OIQ 0 0.5 1 O% ?;‘.;“Oﬁ
Time (norm) Time (norm)

Adiabatic (Ashape = x)
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Transfer efficiency vs speeding up protocol:
MOD-SATD is 3x faster than the adiabatic protocol to reach 90% transfer.

Adiabaticity A (Q/Qmin)
L 1 2 3 4 5 6
g - 1 g () = 21 122 MHz
: - oo | A MOD-SATD
Efn ; O SATD
c ? 0.8 [E v Adiabatic
. 5 g Interpolants
0_ £ 0.7 3
Time (norm) T 1
l*lf\Ij .u-tuh;»' :q;) 0'6 -g
2} 7=
1 - S g
© -}
~ 051G
= —
2 05 i ' '
2 Q.4 v T Lq\ 08 09 0
At L) Transfer Efficiens —
0 # 2 1 0.3¢t I . 1 1 : | 1"
0 R AN 10 20 30 40 50 60
Time (nofm) Pulse Length L (ns)

Ashape ~ Energy Gap (Q) * Duration (L)

Constant optical power Vary protocol duration
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Time-Resolved Excited State Population:

Experiment Model
251 o Q—2n-13MHz] 0 E B % . |
1 H 1 . D = 4Tl* Z = . 1|
Source of infidelity: & 2 & 06 5 & 05 0=2m 113 MHz
8 4el Adiabatic £ £ o4 _ Adiabatic
SATD 04 g g 03 _ SATD
b 4 a 4
| 1A2) j MOD-SATD {02 @ O g-f /A \__ *+ MODSATD
A(=0) —Ax___ |l ) § 2 A oSS
T 0 10 20 30 40 50 0 10 20 30 40 50
Time (ns) Time (ns)
_ 200
N ~
= T
160
TE; = 60
Q 120 CEI
< =)
80
0 10 20 30 40
- 200
N <
= as
160
= z
5\ 120 B
G g
> 80
>> 200
N ) Adiabatic
E 160 g § 60
. . — = &
Dynamics working E 120 ok
& o &
S o

80

as designed!

0 10 20 30 40
Time (ns) Time (ns)
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Classical Parallel Transport

Quantum Electronic Wavefunctions

SO 7 Berry phase for graphene
Q\/.//..»"‘ - 1
WA\
L/ \t final
Y - geometric

initial rotation y

Intrinsic to cyclic evolution,

reflecting the underlying geometry
of the space.

o (A g
lpk(r) (B(E)) e

pseudospin g

2-component Bloch wavefunction

— sublattice degree of freedom momentum space
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Classical Parallel Transport

Quantum Electronic Wavefunctions

7 Berry phase for graphene
\ \ -

final
e S— j geometric

initial rotation 14

Intrinsic to cyclic evolution,

reflecting the underlying geometry
of the space.

Control cyclic evolutions of a single quantum
system (real spin)!

Use geometric phases as robust logic operations.

Leek Science 318, 1889 (2007). Berger PRA 87, 060303 (2013). Zu Nature 514,72 (2014).
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Optically Controlled Berry Phase _ ‘g VOLECULAR
|—1)
Berry Phase -
« from adiabatic cycle for a two- [Y) = etV |Y)
level system Phase gate
Bloch sphere _ Solid Angle
C. G. Yale*, F. J. Heremans*, B. B. Zhou*, Y = 5

D. D. Awschalom et al, Nat. Photonics 10, 184 (2016). |_|_1>

@ Dark State: |-1g>1-|+1g>~|-1g>

®=0° *1g Amplifyde: )} = —= 13-
Pt )
._.C_.S 0-21¢ X e VB = -0 A S'I'Inll?\]:} o)
S 0.1[ :
Tangerine slices - [ ol LT 1/
(vary wedge 0. A Y
angle @) £ -01fox, X —
- / : 3 2 0 2 I o Y+ 3 A " - = —YB
o el . e, R Incremment
0 60> 120 180 240 300 360ph asdphase
1 ®, aiadge-mlgle () :
Q =31 MHz "o 0 BE y Oppefertence)

A = 65 MHz Time (1) pole
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Optically Controlled Berry Phase | Ay MOLECULAR
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|—1)
Berry Phase =
« from adiabatic cycle for a two- ' [Y) - etV |yP)
level system Phase gate
Bloch sphere _ Solid Angle
C. G. Yale*, F. ). Heremans*, B. B. Zhou*, VY = 5

D. D. Awschalom et al, Nat. Photonics 10, 184 (2016). |_|_1>

Noise Bandwidth 3 MHz

e T=250ns
°T=2500ns | ¢ s,=14
: = 10|
> C
> b
5.
Q=31 MHz 0
A = 65 MHz <>(norm> 0 = 4 6

T (us) Inject artificial phase

Berry phase robust to noise in long cycle time limit! noise &¢ into laser.



Non-Adiabatic Holonomic Quantum Gates

Geometric rotation around E. Sjoquvist, Phys. Lett. A 380, 65 (2016):
arbitrary axis?

Use non-adiabatic geometric phase from
an optical excitation cycle (in time).

Result is rotation by arbitrary angle
around any desired | 2)/|D) axis.

|+1) Bloch Sphere

- Vi "
» i )
.z'/ A \\\-
y. / Vo
£/ TN
7S ' ‘
i / ! i ™,
. : = ,‘ W.‘_‘_\u:}\

Gatel |D) Set axis: (0, ¢) . : ; D6,
OUT. = (a “" b el ) x\ D\ é Dark State
“\\ \\ » / /f/_f"
Matrix-valued geometric phase: L@ ouT
G = |DXD| + €'V |B)(B| |—1) 6 =2 tan"!(2,1/0_)

¢ = arg(Q41/0-4)



Non-Adiabatic Holonomic Quantum Gates

Geometric |D) |B)

Interpretation: 35 e Cycle
/ tan“(-ﬂ/A)x{ ’@

_2)/
Geometri
|A2) |Az) c Phase
Subtle point: dynamic phases are zero for two-
photon resonance and square optical pulses
T |0- TIOnlsplulsle
500 - 8. o © 5nspulse 7
a ' amplitude
. 3 electro-optic
Gate l D) Set axis: (0, ¢) ©* modulator
. (~1 ns rise time)
ouT: Y= (a@+ber ) L

Time (ns)

Since transformation is purely geometric and non-commuting
(non-Abelian), they are known as “holonomic” quantum gates.




Experimental

Control over rotation angle:
1)

-2y Q./ZTE 278MHZ

: T £}
el +1 A e PL ©
30 r s 1 (cts) —
. = 1 750 L)
GEJ P
)
= o
| 100
>
RS TErE= e T2w %
SetA 500 0 500 2
A/2m (MHz) Q
©
Rotation NN N @~ ©
angley 27 T 0

N
=\

=\

o

Microwave

(6, ¢, 4/)

con-w\[\[\p I |- B

Microwave

State Holonomic State
1 Prep. Gate (~5ns)  Tomog.
Phase-Shift Gates Z(y)
5 =0 -1)
'_I ' L . L I : ' ¥ " IM ‘
#82-a, /27 (MHz) AT
AR o 134
A 252 \”1\/
i & — Eq.2 - ‘,./\%\
. N ~ TV /
__Simul. » ]/
T,Ts ga .
L o =1
] i P i |+1)
g\”\ ,08 A
- B _Af /2 - y=m|l-—
94/ (MHz) V0% + A2
| o/ O 134 |
°© A 252 Detuned gates (less maximal
' | "~ excitation, shorter gate time
500 0 500 9 )

Detuning A/27 (MHz)

achieve higher fidelities.



Full Quantum Process Tomography

Full control over rotation axis and angle:

Maximal fidelities F

P JTHE INSTITUTE FOR
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1 X(m) (NOT) 1 Y () 1 Z(m)
Fidelity0§ 0.79 05| 0.79 05 0.86
Resonanto e 0 0 L
Changing | =< % SRS
@h  posoe pESSw oSS 4
Y Y Y 1)
Z7 x Y 2 Z ] x Y Z Z X z Qubit States
|Q_1]= 1Q44] Q1= Q4] Q4=0
X(/2) ¢=0 Y(m/2) ¢—7T/2 Z(m/3) -1)
0.5 0.5
Z
Detuned ﬁ 0.82 08305 l_ 0.95 B 51 H|d)
Changing ° gJ||9 %%D ': %
A/Q 0.5 s==% =t s i
"Mﬁ .'x 'Mﬁ % e
Yz I X Y Z YZ I X Y Z Yz |
A/Q=./1/3

Gate fidelities limited by excited state decoherence (~12 ns).
« Current gate speeds < 6 ns. Relatively fast/efficient!

« Detuned gates achieve higher fidelities. B. B. Zhou et al. Phys. Rev. Lett. 119, 150403 (2017).

See also Sekiguchi et al. Nat. Photon. 11, 309 (2017).



Conclusions

All-optical quantum control with
engineered dynamics

QS (norm)

Accelerated adiabatic passage (~3x speed-up
for STIRAP, fidelities > 0.90)

Robust Berry phases and efficient/arbitrary
single-qubit gates via geometric phases

SATD , — |aux)
. ", ()
0.5

k ‘
0 Py
0 05 333 s‘&q“ — —
Time (norm) ! " |-1 ) |.|_1 )

B. B. Zhou et al., Nat. Phys. 13, 330 (2017).
B. B. Zhou et al., Phys. Rev. Lett. 119, 150401 (2017).

C. G. Yale*, F. J. Heremans*, B. B. Zhou*, et al, Nat. Phot. 10, 184 (2016).

Positions available!

Bath of weakly
coupled 3C spins

AP

by T SR
electron . h
88

\-IN
Nucleus 2

A - hyperfine

Quantum control over
multi-qublt registers

Quantum sensing of
condensed matter systems



