
Q
uantum

 Inform
ation 

w
inter term

 2022/23 
2 S

W
S 

 
0. Introduction 

M
ichael Fleischhauer 

TexP
oint fonts used in E

M
F.  

R
ead the TexP

oint m
anual before you delete this box.: A

A 



TexP
oint fonts used in E

M
F.  

R
ead the TexP

oint m
anual before you delete this box.: A

A 

Quantenphysik 



P
ublications & Venture C

apital Investm
ents  



TexP
oint fonts used in E

M
F.  

R
ead the TexP

oint m
anual before you delete this box.: A

A 

a bit of history: 

• 
1980 

 P. B
enioff: first ideas of a quantum

 Turing M
achine 

• 
1981/82 

 R
. Feynm

ann: „S
im

ulating P
hysics w

ith C
om

puters“  
• 

1985
 D

. D
eutsch: form

al concept of quantum
 Turing m

achines 
• 

1994
 P. S

hor: algorithm
 to factorize integers into prim

es 
• 

1996
 L. G

rover: search algorithm
 

• 
1998

 I. C
huang, N

. G
ershenfeld, M

 K
ubinec:  

 tw
o-qubit quantum

 com
puter 

... 
2010‘s

 com
m

ercial interest takes off 

M
cK

insey &
 C

o:   „..investm
ent dollars are pouring in, and  

D
ec. 2021            quantum

-com
puting start-ups are proliferating". 
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128 qubits (?) 
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D-W
AVE

Blick in die W
undertüte Quantencom

puter

Die Firm
a D-W

ave System
s will den "ersten kom

m
erziellen

Quantencom
puter" gebaut haben. Grundlagenforscher bleiben dennoch

skeptisch. Nun haben externe Experten das System
 getestet.

von Robert Gast

Eigentlich könnte sich Scott Aaronson zurücklehnen. M
it 32 Jahren hat der

Am
erikaner eine lebenslange Anstellung als Professor am

 renom
m

ierten

M
assachusetts Institute of Technology (M

IT) ergattert. Kollegen bezeichnen

ihn als "W
underkind", und vor Kurzem

 ist Aaronson Vater geworden. W
äre da

nicht diese Sache, die den Inform
atiker nicht loslässt, die ihn im

m
er wieder

zu hitzigen Einträgen in seinem
 Blog nötigt. Ein kanadisches Unternehm

en

nam
ens D-W

ave System
s behauptet, es habe den "ersten kom

m
erziellen

Quantencom
puter" der W

elt gebaut.

Für Aaronson und viele seiner Kollegen ist das eine sehr gewagte

Behauptung. Seit über 15 Jahren versuchen Dutzende Forschergruppen

einen Rechner zu entwickeln, der dank der Prinzipien der Quantenm
echanik

spezielle Aufgaben schneller lösen könnte als herköm
m

liche Com
puter. Die

bisherigen Bem
ühungen setzen auf Arrangem

ents von Ionen oder Atom
en,

die m
it Lasern und elektrischen Feldern im

 Hochvakuum
 gefangen und

gezielt m
anipuliert werden. Auch m

it Photonen, Supraleitern und so

genannten Quantenpunkten in Festkörpern experim
entieren Forscher seit

Längerem
.

W
eil Elem

entarteilchen und Atom
e m

ehrere Zustände gleichzeitig

31.05.2013

!

D-W
ave: Blick in die W

undertüte Quantencom
puter - Spektr...

https://www.spektrum
.de/news/blick-in-die-wundertuete-quan...

1 von 6

13.09.20, 12:40

ETH
 Zürich

D
eutsch

de

Q
uantenrechner auf dem

 P
rüfstand

17.03.2014 | N
ew

s

Von:  Fabio B
ergam

in

Eine neuartige R
echenm

aschine erregt in der Fachw
elt A

ufsehen. H
andelt es sich

dabei um
 den ersten käufl

ichen Q
uantencom

puter? Ein Team
 unter der Leitung

von ETH
-P

rofessor M
atthias Troyer bestätigt nun, dass die M

aschine Q
uanteneff-

ff
ekte nutzt. S

chneller als ein herköm
m

licher C
om

puter ist sie aber nicht.

D
-W

ave – eine spezielle R
echenm

aschine m
it diesem

 N
am

en sorgt seit einigen Jahren unter Inform
a-

tikern und P
hysikern für G

esprächsstoff
. D

ie kanadische H
erstellerfi

rm
a gleichen N

am
ens bew

irbt die

M
aschine als Q

uantencom
puter. O

b die M
aschine tatsächlich Q

uanteneff
ekte nutzt, w

ird in der Fach-

w
elt allerdings kontrovers diskutiert. W

ürde sie das tun, dann w
äre D

-W
ave w

eltw
eit w

ohl der erste

kom
m

erziell erhältliche Q
uantenrechner.

D
ie Firm

a hat ihr S
ystem

 an illustre K
unden verkauft, w

as das Interesse der W
issenschaftsgem

ein-

schaft, von B
loggern und Journalisten w

eiter befeuert hat. S
o ging die allererste M

aschine 2011 an

den am
erikanischen R

üstungskonzern Lockheed M
artin, der sie für Tests der U

niversity of S
outhern

C
alifornia in Los A

ngeles zur Verfügung stellte. Vergangenes Jahr kaufte G
oogle ein zw

eites Exem
plar.

D
-W

ave kann bestim
m

te m
athem

atische P
roblem

e, sogenannte O
ptim

ierungsproblem
e, lösen, indem

D
epartem

ente

S
tartseite

N
ew

s &
 Veranstaltungen

ETH
-N

ew
s

A
lle B

eiträge
2014

M
ärz 2014

Q
uantenrechner auf dem

 P
rüfs

Ist dies der erste käufl
iche Q

uantencom
puter? Im

 B
ild die aktuelle 512-Q

ubits-Version von D
-W

ave. (B
ild: C

ourtesy of

D
-W

ave S
ystem

s Inc.)

Q
uantenrechner auf dem

 Prüfstand | ETH
 Zürich

https://ethz.ch/de/new
s-und-veranstaltungen/eth-new

s/new
s/...
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D
-W

ave upgrade: H
ow

 scientists are using the w
orld’s m

ost
controversial quantum

 com
puter

S
cepticism

 surrounds the ultim
ate potential of D

-w
ave m

achines, but researchers are already finding uses for

them
.

24 January 2017

The com
pany that m

akes the w
orld’s only com

m
ercially available quantum

 com
puters has released its biggest m

achine
yet —

 and researchers are paying close attention. N
am

ed 2000Q
 after the num

ber of quantum
 bits, or qubits, w

ithin its
processor, the m

achine, m
ade by D

-W
ave of B

urnaby, C
anada, has alm

ost tw
ice as m

any qubits as its predecessor.
M

any researchers rem
ain sceptical about the long-term

 potential of such m
achines, w

hose approach differs from
 that of

other nascent quantum
 com

puters. B
ut others are already booking tim

e on D
-W

ave’s com
puters to explore challenges

from
 m

achine learning to cybersecurity.

M
oreover, im

provem
ents to 2000Q

, the com
pany’s fourth-generation m

achine, are largely a result of researchers’
feedback.

“W
e’re providing guidance as a com

m
unity of scientists,” says D

avide Venturelli, a physicist at
the N

A
S

A
 A

m
es R

esearch C
enter. Venturelli m

anages a schem
e run by the non-profit

U
niversities S

pace R
esearch A

ssociation (U
S

R
A

) in W
ashington D

C
 that lets external

researchers access a joint N
A

S
A

–G
oogle D

-W
ave m

achine.

D
-W

ave is also w
orking on a fifth m

odel, w
hich it hopes w

ill answ
er critics by providing even

E
lizabeth G

ibney

K
im

 S
tallknecht/The N

ew
 York Tim

es/eyevine

D
-W

ave’s latest processor has 2,000 qubits —
 far surpassing the capacity of previous m

odels.The best science

P
rint

D
-W

ave upgrade: H
ow

 scientists are using the w
orld’s m

ost c...
https://w

w
w.nature.com

/new
s/d-w

ave-upgrade-how
-scientists...
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 suprem
acy using a program

m
able 

superconducting processor

Frank Arute
1, Kunal Arya

1, Ryan Babbush
1, Dave Bacon

1, Joseph C. Bardin
1,2, Ram

i Barends
1, 

Rupak Bisw
as

3, Sergio Boixo
1, Fernando G. S. L. Brandao

1,4, David A. Buell 1, Brian Burkett 1,  
Yu C

hen
1, Zijun C

hen
1, Ben C

hiaro
5, Roberto C

ollins
1, W

illiam
 C

ourtney
1, Andrew

 Dunsw
orth

1, 
Edw

ard Farhi 1, Brooks Foxen
1,5, Austin Fow

ler 1, C
raig G

idney
1, M

arissa G
iustina

1, Rob G
raff 1, 

Keith G
uerin

1, Steve H
abegger 1, M

atthew
 P. H

arrigan
1, M

ichael J. H
artm

ann
1,6, Alan H

o
1, 

M
arkus H

offm
ann

1, Trent H
uang

1, Travis S. H
um

ble
7, Sergei V. Isakov

1, Evan Jeffrey
1,  

Zhang Jiang
1, Dvir Kafri 1, Kostyantyn Kechedzhi 1, Julian Kelly

1, Paul V. Klim
ov

1, Sergey Knysh
1, 

Alexander Korotkov
1,8, Fedor Kostritsa

1, David Landhuis
1, M

ike Lindm
ark

1, Erik Lucero
1,  

Dm
itry Lyakh

9, Salvatore M
andrà

3,10, Jarrod R. M
cC

lean
1, M

atthew
 M

cEw
en

5,  
Anthony M

egrant 1, Xiao M
i 1, Kristel M

ichielsen
11,12, M

asoud M
ohseni 1, Josh M

utus
1,  

O
fer N

aam
an

1, M
atthew

 N
eeley

1, C
harles N

eill 1, M
urphy Yuezhen N

iu
1, Eric O

stby
1,  

Andre Petukhov
1, John C. Platt 1, C

hris Q
uintana

1, Eleanor G. Rieffel 3, Pedram
 Roushan

1, 
N

icholas C. Rubin
1, Daniel Sank

1, Kevin J. Satzinger 1, Vadim
 Sm

elyanskiy
1, Kevin J. Sung

1,13, 
M

atthew
 D. Trevithick

1, Am
it Vainsencher 1, Benjam

in Villalonga
1,14, Theodore W

hite
1,  

Z. Jam
ie Yao

1, Ping Yeh
1, Adam

 Zalcm
an

1, H
artm

ut N
even

1 & John M
. M

artinis
1,5*

The prom
ise of quantum

 com
puters is that certain com

putational tasks m
ight be 

executed exponentially faster on a quantum
 processor than on a classical processor

1. A
 

fundam
ental challenge is to build a high-fidelity processor capable of running quantum

 
algorithm

s in an exponentially large com
putational space. H

ere w
e report the use of a 

processor w
ith program

m
able superconducting qubits

2–7 to create quantum
 states on 

53 qubits, corresponding to a com
putational state-space of dim

ension 2
53 (about 10

16). 
M

easurem
ents from

 repeated experim
ents sam

ple the resulting probability 
distribution, w

hich w
e verify using classical sim

ulations. O
ur Sycam

ore processor takes 
about 20

0
 seconds to sam

ple one instance of a quantum
 circuit a m

illion tim
es—

our 
benchm

arks currently indicate that the equivalent task for a state-of-the-art classical 
supercom

puter w
ould take approxim

ately 10,0
0

0
 years. This dram

atic increase in 
speed com

pared to all know
n classical algorithm

s is an experim
ental realization of 

quantum
 suprem

acy
8–14 for this specific com

putational task, heralding a m
uch-

anticipated com
puting paradigm

.

In the early 1980s, Richard Feynm
an proposed that a quantum

 com
puter 

w
ould be an effective tool w

ith w
hich to solve p

roblem
s in p

hysics 
and chem

istry, given that it is exponentially costly to sim
ulate large 

quantum
 system

s w
ith classical com

puters
1. Realizing Feynm

an’s vision 
poses substantial experim

ental and theoretical challenges. First, can 
a quantum

 system
 be engineered to perform

 a com
putation in a large 

enough com
putational (H

ilbert) space and w
ith a low

 enough error 
rate to provide a quantum

 speedup? Second, can w
e form

ulate a prob-
lem

 that is hard for a classical com
puter but easy for a quantum

 com
-

puter? By com
puting such a benchm

ark task on our superconducting 
qubit processor, w

e tackle both questions. O
ur experim

ent achieves 
quantum

 suprem
acy, a m

ilestone on the path to full-scale quantum
 

com
puting

8–14.

In reaching this m
ilestone, w

e show
 that quantum

 speedup is achiev-
able in a real-w

orld system
 and is not precluded by any hidden physical 

law
s. Q

uantum
 suprem

acy also heralds the era of noisy interm
ediate-

scale quantum
 (N

ISQ
) technologies

15. The benchm
ark task w

e dem
on-

strate has an im
m

ediate application in generating certifiable random
 

num
bers (S. A

aronson, m
anuscript in preparation); other initial uses 

for this new
 com

putational capability m
ay include optim

ization
16,17, 

m
achine learning

18–21, m
aterials science and chem

istry
22–24. H

ow
ever, 

realizing the full prom
ise of quantum

 com
puting (using Shor’s algorithm

 
for factoring, for exam

ple) still requires technical leaps to engineer 
fault-tolerant logical qubits

25–29.
To achieve quantum

 sup
rem

acy, w
e m

ad
e a num

ber of techni-
cal advances w

hich also pave the w
ay tow

ards error correction. W
e 

https://doi.org/10.1038/s41586-019-1666-5
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Sim
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ising applications of quantum
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ith noise have prevented nascent quantum
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erful quantum
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ent a protocol for calculating the electronic structure of a m
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plex, useful calculations on quantum
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affected by noise.
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ill be sufficient for som

e applications
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Q
uantum

 com
puters can be used to address electronic-structure 

problem
s and problem

s in m
aterials science and condensed m

atter 
physics that can be form

ulated as interacting ferm
ionic problem

s, 
problem

s which stretch the lim
its of existing high-perform

ance 
com

puters 1. Finding exact solutions to such problem
s num

erically 
has a com

putational cost that scales exponentially with the size of 
the system

, and M
onte Carlo m

ethods are unsuitable owing to the 
ferm

ionic sign problem
. These lim

itations of classical com
putational 

m
ethods have m

ade solving even few-atom
 electronic-structure 

problem
s interesting for im

plem
entation using m

edium
-sized 

quantum
 com

puters. Yet experim
ental im

plem
entations have 

so far been restricted to m
olecules involving only hydrogen and 

helium
2–8. H

ere we dem
onstrate the experim

ental optim
ization 

of H
am

iltonian problem
s with up to six qubits and m

ore than one 
hundred Pauli term

s, determ
ining the ground-state energy for 

m
olecules of increasing size, up to BeH

2 . W
e achieve this result by 

using a variational quantum
 eigenvalue solver (eigensolver) with 

efficiently prepared trial states that are tailored specifically to the 
interactions that are available in our quantum

 processor, com
bined 

with a com
pact encoding of ferm

ionic H
am

iltonians 9 and a robust 
stochastic optim

ization routine 10. W
e dem

onstrate the flexibility of 
our approach by applying it to a problem

 of quantum
 m

agnetism
, 

an antiferrom
agnetic H

eisenberg m
odel in an external m

agnetic 
field. In all cases, we find agreem

ent between our experim
ents and 

num
erical sim

ulations using a m
odel of the device with noise. O

ur 
results help to elucidate the requirem

ents for scaling the m
ethod 

to larger system
s and for bridging the gap between key problem

s 
in high-perform

ance com
puting and their im

plem
entation on 

quantum
 hardware.

The fundam
ental goal in electronic-structure problem

s is to solve 
for the ground-state energy of m

any-body interacting ferm
ionic 

H
am

iltonians. Solving this problem
 on a quantum

 com
puter relies on 

a m
apping between ferm

ionic and qubit operators 11, w
hich restates 

the problem
 as a specific instance of a local H

am
iltonian problem

 on a 
set of qubits. G

iven a k-local H
am

iltonian H
, com

posed of term
s that 

act on at m
ost k qubits, the solution to the local H

am
iltonian problem

 
am

ounts to finding its ground-state eigenvalue E
G  and ground state  

| Φ
G 〉 , which satisfy

Φ
Φ

〉=
〉

H
E

G
G

G

So far, no efficient algorithm
 is known that can solve this problem

 in 
its fully general form

. For k ≥
  2, the problem

 is known to be quantum
 

M
erlin Arthur (Q

M
A)-com

plete 12; however, it is expected that physical 
system

s have H
am

iltonians that can be solved efficiently on a quantum
 

com
puter, while rem

aining hard to solve on a classical com
puter.

Follow
ing Feynm

an’s idea for quantum
 sim

ulation, a quantum
 

 algorithm
 for the ground-state problem

 of interacting ferm
ions has 

been proposed
13,14. The approach relies on a ‘good’ initial state—

one that has a large overlap w
ith the ground state—

and solves the 

 problem
 using the quantum

 phase estim
ation algorithm

15. Although 
this  algorithm

 can produce extrem
ely accurate energy estim

ates for 
 quantum

 chem
istry 2,3,5,8, it applies stringent requirem

ents on the 
 coherence of the quantum

 hardware.
A

n alternative approach is to use quantum
 optim

izers, w
hich 

have previously dem
onstrated utility, for exam

ple, for com
binatorial 

optim
ization problem

s 16,17 and in quantum
 chem

istry as variational 
 quantum

 eigensolvers (VQ
Es) where they were introduced to reduce 

the  coherence requirem
ents on quantum

 hardware 4,18,19. The VQ
E uses 

Ritz’s variational principle to prepare approxim
ations to the ground 

state and its energy. In this approach, the quantum
 com

puter is used to 
prepare variational trial states that depend on a set of param

eters. The 
expectation value of the energy is then estim

ated and used in a classical 
optim

izer to generate a new set of im
proved param

eters. The advantage 
of a VQ

E over classical sim
ulation m

ethods is that it can prepare trial 
states that are not am

enable to efficient classical num
erics.

The VQ
E approach realized in experim

ents has so far been lim
ited 

by different factors. Typically, a unitary coupled cluster ansatz for the 
trial state is considered

6,7, w
hich has a num

ber of param
eters that 

scales quartically with the num
ber of spin orbitals that are considered 

in the single- and double-excitation approxim
ation. Furtherm

ore, 
when im

plem
enting the unitary coupled cluster ansatz on a quantum

 
com

puter, Trotterization errors need to be accounted for 19–21. H
ere we 

introduce and im
plem

ent a hardware-efficient ansatz preparation for a 
VQ

E, whereby trial states are param
eterized by quantum

 gates that are 
tailored to the physical device that is available. W

e show num
erically the 

viability of such trial states for sm
all electronic-structure problem

s and 
use a superconducting quantum

 processor to perform
 optim

izations of 
the m

olecular energies of H
2 , LiH

 and BeH
2 , and extend its application 

to a H
eisenberg antiferrom

agnetic m
odel in an external m

agnetic field.
The device used in the experim

ents is a superconducting quantum
 

processor with six fixed-frequency transm
on qubits, together with a 

central weakly tunable asym
m

etric transm
on qubit 22. The device is 

cooled in a dilution refrigerator, where it is therm
ally anchored to its 

m
ixing cham

ber plate at 25 m
K. The experim

ents discussed here m
ake 

use of six of these qubits (labelled Q
1–Q

6; Fig. 1b). The qubits are 
coupled via two superconducting coplanar waveguide resonators, and 
can be controlled individually and read out using independent read-
out resonators.

The hardware-efficient trial states that we consider use the naturally 
available entangling interactions of the superconducting hardware, 
w

hich are described by a drift H
am

iltonian H
0 . This H

am
iltonian 

 generates the entanglers, w
hich are unitary operators of the form

 
U

EN
T  =

  exp(−
 iH

0 τ), which entangle all the qubits in the circuit, where  
τ is the evolution tim

e. These entanglers are interleaved with  arbitrary 
single-qubit Euler rotations, which are im

plem
ented as a com

bination 
of Z and X gates, 

θ
=

θ
θ

θ
U

Z
X

Z
(

)
q
i

q
q

q
,

q
i

q
i

q
i

1 ,
2 ,

3 , , where θ  represents the Euler 

angles, q identifies the qubit and i =
  0, 1, …

, d refers to the depth posi-
tion, as depicted in Fig. 1c. The N-qubit trial states are obtained from
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puters 1. Finding exact solutions to such problem
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has a com

putational cost that scales exponentially with the size of 
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, and M
onte Carlo m

ethods are unsuitable owing to the 
ferm

ionic sign problem
. These lim

itations of classical com
putational 
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ethods have m

ade solving even few-atom
 electronic-structure 

problem
s interesting for im
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entation using m
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-sized 

quantum
 com

puters. Yet experim
ental im
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entations have 

so far been restricted to m
olecules involving only hydrogen and 
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onstrate the experim

ental optim
ization 

of H
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iltonian problem
s with up to six qubits and m

ore than one 
hundred Pauli term

s, determ
ining the ground-state energy for 

m
olecules of increasing size, up to BeH

2 . W
e achieve this result by 

using a variational quantum
 eigenvalue solver (eigensolver) with 

efficiently prepared trial states that are tailored specifically to the 
interactions that are available in our quantum

 processor, com
bined 

with a com
pact encoding of ferm

ionic H
am

iltonians 9 and a robust 
stochastic optim

ization routine 10. W
e dem

onstrate the flexibility of 
our approach by applying it to a problem

 of quantum
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agnetism
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an antiferrom
agnetic H

eisenberg m
odel in an external m

agnetic 
field. In all cases, we find agreem

ent between our experim
ents and 

num
erical sim

ulations using a m
odel of the device with noise. O

ur 
results help to elucidate the requirem

ents for scaling the m
ethod 

to larger system
s and for bridging the gap between key problem
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in high-perform

ance com
puting and their im

plem
entation on 

quantum
 hardware.

The fundam
ental goal in electronic-structure problem

s is to solve 
for the ground-state energy of m

any-body interacting ferm
ionic 

H
am

iltonians. Solving this problem
 on a quantum

 com
puter relies on 

a m
apping between ferm

ionic and qubit operators 11, which restates 
the problem

 as a specific instance of a local H
am

iltonian problem
 on a 

set of qubits. Given a k-local H
am

iltonian H
, com

posed of term
s that 

act on at m
ost k qubits, the solution to the local H
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G  and ground state  
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G 〉 , which satisfy
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So far, no efficient algorithm
 is known that can solve this problem

 in 
its fully general form

. For k ≥
  2, the problem

 is known to be quantum
 

M
erlin Arthur (QM

A)-com
plete 12; however, it is expected that physical 

system
s have H

am
iltonians that can be solved efficiently on a quantum

 
com

puter, while rem
aining hard to solve on a classical com

puter.
Following Feynm

an’s idea for quantum
 sim

ulation, a quantum
 

 algorithm
 for the ground-state problem

 of interacting ferm
ions has 

been proposed
13,14. The approach relies on a ‘good’ initial state—

one that has a large overlap with the ground state—
and solves the 

 problem
 using the quantum

 phase estim
ation algorithm

15. Although 
this  algorithm

 can produce extrem
ely accurate energy estim

ates for 
 quantum

 chem
istry 2,3,5,8, it applies stringent requirem

ents on the 
 coherence of the quantum

 hardware.
A

n alternative approach is to use quantum
 optim

izers, w
hich 

have previously dem
onstrated utility, for exam

ple, for com
binatorial 

optim
ization problem

s 16,17 and in quantum
 chem

istry as variational 
 quantum
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Es) where they were introduced to reduce 

the  coherence requirem
ents on quantum

 hardware 4,18,19. The VQ
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Ritz’s variational principle to prepare approxim
ations to the ground 

state and its energy. In this approach, the quantum
 com

puter is used to 
prepare variational trial states that depend on a set of param

eters. The 
expectation value of the energy is then estim

ated and used in a classical 
optim

izer to generate a new set of im
proved param

eters. The advantage 
of a VQ

E over classical sim
ulation m

ethods is that it can prepare trial 
states that are not am

enable to efficient classical num
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The VQ
E approach realized in experim

ents has so far been lim
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by different factors. Typically, a unitary coupled cluster ansatz for the 
trial state is considered

6,7, which has a num
ber of param

eters that 
scales quartically with the num

ber of spin orbitals that are considered 
in the single- and double-excitation approxim

ation. Furtherm
ore, 

when im
plem

enting the unitary coupled cluster ansatz on a quantum
 

com
puter, Trotterization errors need to be accounted for 19–21. H

ere we 
introduce and im

plem
ent a hardware-efficient ansatz preparation for a 

VQ
E, whereby trial states are param

eterized by quantum
 gates that are 

tailored to the physical device that is available. W
e show num

erically the 
viability of such trial states for sm

all electronic-structure problem
s and 

use a superconducting quantum
 processor to perform

 optim
izations of 

the m
olecular energies of H

2 , LiH
 and BeH

2 , and extend its application 
to a H

eisenberg antiferrom
agnetic m

odel in an external m
agnetic field.

The device used in the experim
ents is a superconducting quantum

 
processor with six fixed-frequency transm

on qubits, together with a 
central weakly tunable asym

m
etric transm

on qubit 22. The device is 
cooled in a dilution refrigerator, where it is therm

ally anchored to its 
m

ixing cham
ber plate at 25 m

K. The experim
ents discussed here m

ake 
use of six of these qubits (labelled Q

1–Q
6; Fig. 1b). The qubits are 

coupled via two superconducting coplanar waveguide resonators, and 
can be controlled individually and read out using independent read-
out resonators.

The hardware-efficient trial states that we consider use the naturally 
available entangling interactions of the superconducting hardware, 
which are described by a drift H

am
iltonian H

0 . This H
am

iltonian 
 generates the entanglers, which are unitary operators of the form

 
U

EN
T  =

  exp(−
 iH

0 τ), which entangle all the qubits in the circuit, where  
τ is the evolution tim

e. These entanglers are interleaved with  arbitrary 
single-qubit Euler rotations, which are im

plem
ented as a com

bination 
of Z and X gates, 

θ
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θ
θ

θ
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Z
X

Z
(

)
q
i

q
q

q
,

q
i

q
i

q
i

1 ,
2 ,

3 , , where θ  represents the Euler 

angles, q identifies the qubit and i =
  0, 1, …

, d refers to the depth posi-
tion, as depicted in Fig. 1c. The N-qubit trial states are obtained from
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am

iltonian H
, com

posed of term
s that 

act on at m
ost k qubits, the solution to the local H

am
iltonian problem

 
am

ounts to finding its ground-state eigenvalue E
G  and ground state  

| Φ
G 〉 , which satisfy

Φ
Φ

〉=
〉

H
E

G
G

G

So far, no efficient algorithm
 is known that can solve this problem

 in 
its fully general form

. For k ≥
  2, the problem

 is known to be quantum
 

M
erlin Arthur (QM

A)-com
plete 12; however, it is expected that physical 

system
s have H

am
iltonians that can be solved efficiently on a quantum

 
com

puter, while rem
aining hard to solve on a classical com

puter.
Following Feynm

an’s idea for quantum
 sim

ulation, a quantum
 

 algorithm
 for the ground-state problem

 of interacting ferm
ions has 

been proposed
13,14. The approach relies on a ‘good’ initial state—

one that has a large overlap with the ground state—
and solves the 

 problem
 using the quantum

 phase estim
ation algorithm

15. Although 
this  algorithm

 can produce extrem
ely accurate energy estim

ates for 
 quantum

 chem
istry 2,3,5,8, it applies stringent requirem

ents on the 
 coherence of the quantum

 hardware.
A

n alternative approach is to use quantum
 optim

izers, w
hich 

have previously dem
onstrated utility, for exam

ple, for com
binatorial 

optim
ization problem

s 16,17 and in quantum
 chem

istry as variational 
 quantum

 eigensolvers (VQ
Es) where they were introduced to reduce 

the  coherence requirem
ents on quantum

 hardware 4,18,19. The VQ
E uses 

Ritz’s variational principle to prepare approxim
ations to the ground 

state and its energy. In this approach, the quantum
 com

puter is used to 
prepare variational trial states that depend on a set of param

eters. The 
expectation value of the energy is then estim

ated and used in a classical 
optim

izer to generate a new set of im
proved param

eters. The advantage 
of a VQ

E over classical sim
ulation m

ethods is that it can prepare trial 
states that are not am

enable to efficient classical num
erics.

The VQ
E approach realized in experim

ents has so far been lim
ited 

by different factors. Typically, a unitary coupled cluster ansatz for the 
trial state is considered

6,7, which has a num
ber of param

eters that 
scales quartically with the num

ber of spin orbitals that are considered 
in the single- and double-excitation approxim

ation. Furtherm
ore, 

when im
plem

enting the unitary coupled cluster ansatz on a quantum
 

com
puter, Trotterization errors need to be accounted for 19–21. H

ere we 
introduce and im

plem
ent a hardware-efficient ansatz preparation for a 

VQ
E, whereby trial states are param

eterized by quantum
 gates that are 

tailored to the physical device that is available. W
e show num

erically the 
viability of such trial states for sm

all electronic-structure problem
s and 

use a superconducting quantum
 processor to perform

 optim
izations of 

the m
olecular energies of H

2 , LiH
 and BeH

2 , and extend its application 
to a H

eisenberg antiferrom
agnetic m

odel in an external m
agnetic field.

The device used in the experim
ents is a superconducting quantum

 
processor with six fixed-frequency transm

on qubits, together with a 
central weakly tunable asym

m
etric transm

on qubit 22. The device is 
cooled in a dilution refrigerator, where it is therm

ally anchored to its 
m

ixing cham
ber plate at 25 m

K. The experim
ents discussed here m

ake 
use of six of these qubits (labelled Q

1–Q
6; Fig. 1b). The qubits are 

coupled via two superconducting coplanar waveguide resonators, and 
can be controlled individually and read out using independent read-
out resonators.

The hardware-efficient trial states that we consider use the naturally 
available entangling interactions of the superconducting hardware, 
which are described by a drift H

am
iltonian H

0 . This H
am

iltonian 
 generates the entanglers, which are unitary operators of the form

 
U

EN
T  =

  exp(−
 iH

0 τ), which entangle all the qubits in the circuit, where  
τ is the evolution tim

e. These entanglers are interleaved with  arbitrary 
single-qubit Euler rotations, which are im

plem
ented as a com

bination 
of Z and X gates, 

θ
=

θ
θ

θ
U

Z
X

Z
(

)
q
i

q
q

q
,

q
i

q
i

q
i

1 ,
2 ,

3 , , where θ  represents the Euler 

angles, q identifies the qubit and i =
  0, 1, …

, d refers to the depth posi-
tion, as depicted in Fig. 1c. The N-qubit trial states are obtained from

 

1IB
M

 T.J. W
atson R

esearch C
enter, Yorktow

n H
eights, N

ew
 York 10598, U

SA.
*These authors contributed equally to this w

ork.

©
 2017 M

acm
illan Publishers Lim

ited, part of Springer N
ature. A

ll rights reserved.

7 – qubit quantum
 com

puter 

S
im

ulation of 
m

olecules 



TexP
oint fonts used in E

M
F.  

R
ead the TexP

oint m
anual before you delete this box.: A

A 

S
ycam

ore quantum
 chip 

53 qubits 
Science, 08/2020 
  S

im
ulation of Isom

erisation of D
iazene

* 
M

olecule’s electronic structure is sim
ulated on a quantum

com
puter

05 Sep 2020

Sim
ulating chem

ical processes is one of the m
ost prom

ising applications of quantum
com

puters, but problem
s w

ith noise have prevented nascent quantum
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s from
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ing conventional com
puters on such tasks. N

ow
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ards this goal by using the m

ost pow
erful quantum

 com
puter yet built

to successfully im
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ent a protocol for calculating the electronic structure of a m
olecule.

The results m
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 a blueprint for com
plex, useful calculations on quantum

 com
puters

affected by noise.
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