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Kvantemekanik

Kvantemekanik: 
“beskriver hvad der sker inde i atomerne”

Store ting: Newtons love

Bohr’s atommodel:
Ikke (helt) rigtig



Kvantemekanik er svært

Albert Einstein Niels Bohr

Det kan da 
ikke passe

Jo det kan!



Fra filosofi til teknologi

I dag: kan lave eksperimenter med et atom        

Verden er bare mærkelig

Bohr og Einstein: Mange diskussioner om betydning

“Gud spiller ikke med terninger”       

Kan det mærkelig bruges til noget?

Kvanteinformation: Gem en bit i et atom

 => nye muligheder

Filosofi/religion

Fysik

Teknologi



Ionfælder
Man kan fange og se ét 
atom

Her 8 Mg+ ioner 

Gem information i et 
atom:
0 = Elektron kører med

 uret rundt 
1 = Elektron kører mod

 uret rundt M. Drewsen, Århus



Partikel bøge dualitet
Kvantemekanik: Alting er både bølger og partikler

Eks: Doppeltspalte forsøg med elektroner 

Skærm



Interferens
Forklaring: Elektroner er bølger

Skærm



Lys er bølger

Lys interfererer => Lys er bølger



Lys er partikler

Geiger tæller 

KLIK!

Radioaktivitet: atomkerne henfalder og udsender stråling
γ-stråling er lys med høj frekvens 

Forklaring (Einstein/Planck): Lys er partikler; FOTONER

Lys er både bølger og partikler   E=h𝜈



Mach-Zender Interferometer



Mach-Zender Interferometer



Beam splitter
En foton mod en beam splitter

1/2 foton eksisterer ikke

Foton går enten den ene eller den anden vej

Detektorerne klikker tilfældigt



Mach-Zender Interferometer



Problem

Klikker begge den øverste detektor nogensinde?

Nej
Hvad er fejlen?

Fotonen går ikke højre eller venstre, den går begge veje.

Fotonen er begge steder på en gang!



Hvad nu hvis jeg kigger?



Hvad nu hvis jeg kigger?

Fotonen kan være to steder på en gang, hvis ingen kigger!



Kvanteinformation
Kvantemekanik er meget anderledes end alt vi er vant til

Kvantemekanisk logik er anderledes

Kvantebit (qubit): gem en bit i et atom

0: elektron kører 
venstre om

1: elektron kører 
højre om

Nyt: elektron kan køre begge veje samtidig => nye muligheder

Gælder kun så længe “ingen måler på systemet”

Ingen information må gå tabt => kræver reversible beregninger 





Aflytning
Alice

Bob

1 Eva



Protocol: BB84

Alice

Bob

1

Fjern beam splitter



Aflytning
Alice

Bob

1 Eva

Eva ved ikke at beam splitteren er fjernet => hun bliver 
afsløret

100% sikker kryptering



Kvantecomputere



Kvantebits (Qubits)
En bit gemt i et atom

”0”= 

”1”=

Nyt: elektronen kan køre begge veje samtidig



Ion fælder

8 Mg+ ions

Michael Drewsen, Århus

Ex: 01011010



Klassisk computer
x

F(x)

F(x)



x

Kvantecomputere

F(x)

F(x)

Alle mulige input ind

Funktionen beregnet for alle 
mulige input ved at dreje 
håndtaget en gang

Eks: 8 bits => 256 input
25 bits => 33 milioner input

Problem: Hvis man måler får 
man et tilfældigt resultat



Kvantealgoritmer

Lav algoritme som giver et svar

Nye muligheder:

•  Lede i en database

•  Z=p1*p2      Ex: 421301=???   svært $$$$$

•  Løse fysik opgaver

601*701   let

⇥
N � N

Let på kvantecomputer
(n3 ⌧ exp(n))



Let eller svært

Ligninger lette at løse Svært at løse

Nemt på kvantecomputer



Hvordan bygger man sådan en?

Atom- og optisk-fysik 
• Ionfælder 
• Optiskgitre  
• Rydbergvekselvirkning 
• Atomare ensembler 
• Lineær optik 

Faststoffysik 
• Superledende systemer 
• Elektroner i kvantepunkter 
• Donere i Silicium 

+ mange flere som jeg har glemt

I dag



Ionfælder
1. Kvante bits 

2. Kontrol: 
Fokuser laser 
på ioner. 

3. Aflæs 
tilstanden

4. Få atomerne til 
at snakke 



Udlæsning
Skyd laser på ioner.

Lyser hvis elektronen  
løber den ene vej.

Ingen lys, hvis 
elektronen løber den 
anden vej. 



1. Kvante bits 

2. Kontrol: 
Fokuser laser 
på ioner. 

3. Aflæs 
tilstanden

4. Få atomerne til 
at snakke 
sammen

Hvordan bygger man sådan en?

SVÆRT, men det går



Status ionfælder

• Operationer virker F ≳ 99,9% 

• Algoritmer er blevet lavet kørt 
for få ioner (7)  

• Sammenfiltret 14 ioner 
• Svært at skalere 
• Kræver bedre operationer 
• Skal flytte rundt på ioner



Superledende systemer
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error detection
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FIG. 1: Repetition code: device and algorithm. (a) The repetition
code is a one-dimensional variant of the surface code, and is able to
protect against X̂ (bit-flip) errors. The code is implemented using
an alternating pattern of data and measure qubits. (b) Optical mi-
crograph of the superconducting quantum device, consisting of nine
Xmon20 transmon qubits with individual control and readout, with
a nearest-neighbour coupling scheme. (c) The repetition code algo-
rithm uses repeated entangling and measurement operations which
detect bit-flips, using the parity scheme on the right. Using the out-
put from the measure qubits during the repetition code, the initial
state can be protected by detecting physical errors. Measure qubits
are initialized into the |0i state and need no reinitialization as mea-
surement is QND.

the repetition code is shown in Fig. 2a, for three cycles (in
time) and nine qubits. This is the natural extension of the
schematic in Fig. 1c, optimized for our hardware (Supplemen-
tary Information). The figure illustrates four distinct types of
bit-flip errors (stars): measurement error (gold), single-cycle
data error (purple), two-cycle data error (red), and a data er-
ror after the final cycle (blue). Controlled-NOT (CNOT) gates
propagate bit-flip errors on the data qubit to the measure qubit.
Each of these errors is typically detected at two locations if in
the interior and one location if at the boundary; we call these
“detection events”. The error connectivity graph21 is shown in
Fig. 2b, where the grey lines indicate every possible pattern of
detection events that can arise from a single error. The last col-
umn of values for the ẐẐ operators in Fig. 2b are constructed
from the data qubit measurements, so that errors between the
last cycle and data qubit measurement can be detected (Sup-
plementary Information).

In the absence of errors, there are two possible patterns of
sequential measurement results. If a measure qubit’s neigh-

bouring data qubits are in the |00i or |11i state, the measure
qubit will report a string of identical values. If the data qubits
are in the |01i or |10i state, the measure qubit will report al-
ternating values, as measurement is QND. Single data bit-flip
errors make the measurement outcomes switch between these
two patterns. For example, if the measurement outcomes for
three cycles are 0, 0, and 1, this indicates a change from the
identical to the alternating pattern in the last measurement,
and hence a detection event. Explicitly, with mt the measure
qubit outcome at cycle t and � the exclusive OR (XOR) oper-
ator, for each of the two patterns we have bt = mt�1 �mt =
0 or 1. A detection event at cycle t is then identified when
Dt = bt�1 � bt = 1.

We use minimum-weight perfect matching22–24 to decode
to physical errors, based on the pattern of detection events
and an error model for the system. Intuitively, it connects
detection events in pairs or to the boundary using the short-
est weighted path length. It is important to note that errors
can lead to detection event pairs that span multiple cycles, ne-
cessitating the need for multi-round analysis as opposed to
round-by-round. See Supplementary Information for details.

To study the ability of our device to preserve quantum
states, we initialised the data qubits into a GHZ state [(|000i+

FIG. 2: Error propagation and identification. (a) The quantum
circuit for three cycles of the repetition code, and examples of er-
rors. Errors propagate horizontally in time, and vertically through
entangling gates. Different errors lead to different detection patterns:
An error on a measure qubit (gold) is detected in two subsequent
rounds. Data qubit errors (purple, red, blue) are detected on neigh-
bouring measurement qubits in the same or next cycle. Data errors
after the last round (blue) are detected by constructing the final set of
ẐẐ eigenvalues from the data qubit measurements. (b) The connec-
tivity graph for the quantum circuit above, showing measurements
and possible patterns of detection events (grey), see text. The exam-
ple detection events and their connections are highlighted, the corre-
sponding detected errors are shown on the right, which when applied,
will recover the input data qubit state.
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Coherent Josephson Qubit Suitable for Scalable Quantum Integrated Circuits

R. Barends, J. Kelly, A. Megrant, D. Sank, E. Jeffrey, Y. Chen, Y. Yin,* B. Chiaro, J. Mutus, C. Neill, P. O’Malley,
P. Roushan, J. Wenner, T. C. White, A.N. Cleland, and John M. Martinis
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We demonstrate a planar, tunable superconducting qubit with energy relaxation times up to 44 !s. This
is achieved by using a geometry designed to both minimize radiative loss and reduce coupling to

materials-related defects. At these levels of coherence, we find a fine structure in the qubit energy lifetime

as a function of frequency, indicating the presence of a sparse population of incoherent, weakly coupled

two-level defects. We elucidate this defect physics by experimentally varying the geometry and by a

model analysis. Our ‘‘Xmon’’ qubit combines facile fabrication, straightforward connectivity, fast control,

and long coherence, opening a viable route to constructing a chip-based quantum computer.

DOI: 10.1103/PhysRevLett.111.080502 PACS numbers: 03.67.Lx, 03.65.Yz, 85.25.Cp

One of the outstanding challenges in building a quantum
computer is to balance coherence, connectivity, and control
in the qubits. Superconductivity provides an appealing
platform because it allows for scalability: the conduction
electrons condense into a macroscopic quantum state, and
large quantum integrated circuits can be made with many
elements having individual control lines. However, quan-
tum coherence in superconducting circuits has proven to be
very delicate, as it is easily disturbed by material defects,
electron system excitations, and radiative coupling to ex-
ternal wiring [1– 8]. To minimize these and other effects,
many groups have recently begun embedding qubits in
three-dimensional superconducting cavities. These 3D
qubits show high coherence, with energy relaxation times
in 3D transmon qubits between 30 and 140 !s [9,10].

Here, we demonstrate a new design for a fully planar
superconducting qubit, based on the planar transmon
[11,12], with energy coherence times in excess of 40 !s.
Our approach balances coherence, connectivity, as well as
fast control. The qubits are frequency tunable, which allows
the implementation of fast two-qubit gates: a CONTROLLED-

Z gate [13– 15] can then be implementedwith high fidelity in
25 ns [16]. With the coherence time exceeding single- and
two-qubit gate times by 3 orders of magnitude, we believe
that our device provides a key ingredient for implementing a
surface code quantum computer [17].

We also identify an incoherent decoherence mechanism,
arising from a sparse bath of weakly coupled defects. This
incoherent regime is made accessible by the long coher-
ence of our qubits. We explore this physics by visualizing
these defects in the measured quantum time-resolved
spectroscopy, by varying the qubit geometry, and by a
model analysis. These defects give rise to frequency-
dependent variations in the lifetime; our results may
also explain the variations observed in lifetimes of 3D
transmon qubits.

Our device is shown in Fig. 1(a), formed by patterning
the Al metal (light areas) and exposing the sapphire

substrate (dark areas). The qubit is the cross-shaped device.
We design the qubit with high-quality coplanar waveguide
capacitors, motivated by the recent advances with super-
conducting resonators, yielding a modular design with
straightforward connectivity. Its four arms connect to sepa-
rate elements, each having a different function: a coplanar
waveguide resonator for readout on the top, a quantum bus
resonator on the right to mediate coupling to other qubits,
XY control on the left to excite the qubit state, and Z
control on the bottom to tune the qubit frequency. The
cross is the qubit capacitor, which connects at the bottom to
the tunable Josephson junction, formed by the rectangular

readout line
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readout
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Z control
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200 mµ
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bus
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FIG. 1 (color online). (a) Optical micrograph of the planar
Xmon qubit, formed by the Al superconducting film (light)
and the exposed sapphire substrate (dark). The qubit is capaci-
tively coupled to a quarter wave readout resonator (top), a
quantum bus resonator (right), and an XY control line (left),
and inductively coupled to a Z control line (bottom). The Xmon
arm length is L. (b) The inset shows the shadow evaporated Al
junction layer in false color (blue regions). The junction size is
0:30! 0:20 !m2. The capacitor central linewidth is S, and the
gap width is W. (c) The electrical circuit of the qubit.

PRL 111, 080502 (2013) P HY S I CA L R EV I EW LE T T E R S
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0031-9007=13=111(8)=080502(5) 080502-1 ! 2013 American Physical Society

Qubit: Elektronpar kan hoppe af og på “ø” i midten



Forbinde qubits
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FIG. 1: Repetition code: device and algorithm. (a) The repetition
code is a one-dimensional variant of the surface code, and is able to
protect against X̂ (bit-flip) errors. The code is implemented using
an alternating pattern of data and measure qubits. (b) Optical mi-
crograph of the superconducting quantum device, consisting of nine
Xmon20 transmon qubits with individual control and readout, with
a nearest-neighbour coupling scheme. (c) The repetition code algo-
rithm uses repeated entangling and measurement operations which
detect bit-flips, using the parity scheme on the right. Using the out-
put from the measure qubits during the repetition code, the initial
state can be protected by detecting physical errors. Measure qubits
are initialized into the |0i state and need no reinitialization as mea-
surement is QND.

the repetition code is shown in Fig. 2a, for three cycles (in
time) and nine qubits. This is the natural extension of the
schematic in Fig. 1c, optimized for our hardware (Supplemen-
tary Information). The figure illustrates four distinct types of
bit-flip errors (stars): measurement error (gold), single-cycle
data error (purple), two-cycle data error (red), and a data er-
ror after the final cycle (blue). Controlled-NOT (CNOT) gates
propagate bit-flip errors on the data qubit to the measure qubit.
Each of these errors is typically detected at two locations if in
the interior and one location if at the boundary; we call these
“detection events”. The error connectivity graph21 is shown in
Fig. 2b, where the grey lines indicate every possible pattern of
detection events that can arise from a single error. The last col-
umn of values for the ẐẐ operators in Fig. 2b are constructed
from the data qubit measurements, so that errors between the
last cycle and data qubit measurement can be detected (Sup-
plementary Information).

In the absence of errors, there are two possible patterns of
sequential measurement results. If a measure qubit’s neigh-

bouring data qubits are in the |00i or |11i state, the measure
qubit will report a string of identical values. If the data qubits
are in the |01i or |10i state, the measure qubit will report al-
ternating values, as measurement is QND. Single data bit-flip
errors make the measurement outcomes switch between these
two patterns. For example, if the measurement outcomes for
three cycles are 0, 0, and 1, this indicates a change from the
identical to the alternating pattern in the last measurement,
and hence a detection event. Explicitly, with mt the measure
qubit outcome at cycle t and � the exclusive OR (XOR) oper-
ator, for each of the two patterns we have bt = mt�1 �mt =
0 or 1. A detection event at cycle t is then identified when
Dt = bt�1 � bt = 1.

We use minimum-weight perfect matching22–24 to decode
to physical errors, based on the pattern of detection events
and an error model for the system. Intuitively, it connects
detection events in pairs or to the boundary using the short-
est weighted path length. It is important to note that errors
can lead to detection event pairs that span multiple cycles, ne-
cessitating the need for multi-round analysis as opposed to
round-by-round. See Supplementary Information for details.

To study the ability of our device to preserve quantum
states, we initialised the data qubits into a GHZ state [(|000i+

FIG. 2: Error propagation and identification. (a) The quantum
circuit for three cycles of the repetition code, and examples of er-
rors. Errors propagate horizontally in time, and vertically through
entangling gates. Different errors lead to different detection patterns:
An error on a measure qubit (gold) is detected in two subsequent
rounds. Data qubit errors (purple, red, blue) are detected on neigh-
bouring measurement qubits in the same or next cycle. Data errors
after the last round (blue) are detected by constructing the final set of
ẐẐ eigenvalues from the data qubit measurements. (b) The connec-
tivity graph for the quantum circuit above, showing measurements
and possible patterns of detection events (grey), see text. The exam-
ple detection events and their connections are highlighted, the corre-
sponding detected errors are shown on the right, which when applied,
will recover the input data qubit state.

Tæt på hinanden:  
Snakker direkte

Lange afstande: 
sender fotoner til 
hinanden gennem 
ledninger



Status superledere
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FIG. 1: Repetition code: device and algorithm. (a) The repetition
code is a one-dimensional variant of the surface code, and is able to
protect against X̂ (bit-flip) errors. The code is implemented using
an alternating pattern of data and measure qubits. (b) Optical mi-
crograph of the superconducting quantum device, consisting of nine
Xmon20 transmon qubits with individual control and readout, with
a nearest-neighbour coupling scheme. (c) The repetition code algo-
rithm uses repeated entangling and measurement operations which
detect bit-flips, using the parity scheme on the right. Using the out-
put from the measure qubits during the repetition code, the initial
state can be protected by detecting physical errors. Measure qubits
are initialized into the |0i state and need no reinitialization as mea-
surement is QND.

the repetition code is shown in Fig. 2a, for three cycles (in
time) and nine qubits. This is the natural extension of the
schematic in Fig. 1c, optimized for our hardware (Supplemen-
tary Information). The figure illustrates four distinct types of
bit-flip errors (stars): measurement error (gold), single-cycle
data error (purple), two-cycle data error (red), and a data er-
ror after the final cycle (blue). Controlled-NOT (CNOT) gates
propagate bit-flip errors on the data qubit to the measure qubit.
Each of these errors is typically detected at two locations if in
the interior and one location if at the boundary; we call these
“detection events”. The error connectivity graph21 is shown in
Fig. 2b, where the grey lines indicate every possible pattern of
detection events that can arise from a single error. The last col-
umn of values for the ẐẐ operators in Fig. 2b are constructed
from the data qubit measurements, so that errors between the
last cycle and data qubit measurement can be detected (Sup-
plementary Information).

In the absence of errors, there are two possible patterns of
sequential measurement results. If a measure qubit’s neigh-

bouring data qubits are in the |00i or |11i state, the measure
qubit will report a string of identical values. If the data qubits
are in the |01i or |10i state, the measure qubit will report al-
ternating values, as measurement is QND. Single data bit-flip
errors make the measurement outcomes switch between these
two patterns. For example, if the measurement outcomes for
three cycles are 0, 0, and 1, this indicates a change from the
identical to the alternating pattern in the last measurement,
and hence a detection event. Explicitly, with mt the measure
qubit outcome at cycle t and � the exclusive OR (XOR) oper-
ator, for each of the two patterns we have bt = mt�1 �mt =
0 or 1. A detection event at cycle t is then identified when
Dt = bt�1 � bt = 1.

We use minimum-weight perfect matching22–24 to decode
to physical errors, based on the pattern of detection events
and an error model for the system. Intuitively, it connects
detection events in pairs or to the boundary using the short-
est weighted path length. It is important to note that errors
can lead to detection event pairs that span multiple cycles, ne-
cessitating the need for multi-round analysis as opposed to
round-by-round. See Supplementary Information for details.

To study the ability of our device to preserve quantum
states, we initialised the data qubits into a GHZ state [(|000i+

FIG. 2: Error propagation and identification. (a) The quantum
circuit for three cycles of the repetition code, and examples of er-
rors. Errors propagate horizontally in time, and vertically through
entangling gates. Different errors lead to different detection patterns:
An error on a measure qubit (gold) is detected in two subsequent
rounds. Data qubit errors (purple, red, blue) are detected on neigh-
bouring measurement qubits in the same or next cycle. Data errors
after the last round (blue) are detected by constructing the final set of
ẐẐ eigenvalues from the data qubit measurements. (b) The connec-
tivity graph for the quantum circuit above, showing measurements
and possible patterns of detection events (grey), see text. The exam-
ple detection events and their connections are highlighted, the corre-
sponding detected errors are shown on the right, which when applied,
will recover the input data qubit state.

• Operationer virker F ≳ 99% 

• Kørt algoritmer på få qubits 
(5/9) 

• Sammenlignet med ioner 
• Ionerne har lavet flere 

algoritmer 
• Ionerne virker “typisk” 

bedre 
• Superledere har mere  

“fart på”



Outsideren

D-wave sælger 1097 qubit kvantecomputer for $10-15M
Superledende qubits

Kunder: Lockhead Martin, Google/Nasa, NSA?



Virker den?
Løser én slags problemer: opfyld så mange modstridende krav 
som muligt => svært problem

Der findes kvantealgoritme
Det er stadig svært

Er det lettere end klassisk? 
Hvad sker der hvis ikke alt virker perfekt?

Maskinen giver resultater

Er de bedre end hvad man kan gøre klassisk?

Detaljeret studie: Nej

D-Wave: I kigger på de forkerte problemer, og vores nye er endnu 
hurtigere….



Konklusion (2)
• Kvanteinformation er sjovt 
• Interessante anvendelser 
• Kryptografi 
• Kvantecomputere: kvantefysik opgaver, faktorisering, .... 
• Svært at bygge i praksis

Førende teknologier 
• Ionfælder 
• Superledende systems 

• Topologiske materialer (NBI)

IBM, Google, D-Wave,…

Microsoft

NSA?Nobelprisen 2012



Hvad sker der i 
Danmark?



Danske forskningsgrupper
Københavns Universitet Århus Universitet
Eugene Polzik/Jörg Helge 
Müller: Eksperimenter med 
atomare ensembler

Mig: Teori for hvordan man 
bygger

Michael Drewsen: Ion 
fælder

Klaus Mølmer: Teori for 
hvordan man bygger

DTU:

Ivan Damgård: 
Datalogi

Peter Lodahl: Lys, 
defekter i faste stoffer

Ulrik Lund Andersen: Lys

Charles Marcus: 
elektroner i faste stoffer



Atomare ensembler

Kryptografi virker over korte afstande

Længere afstande kræver ‘interface’ mellem 
lys og atomer
Hvordan fanger man lyset?
Et atom et småt Brug mange => kan fange lyset



Teleportering

Flyt kaptajn Kirk ved at sende information om ham



En god teleporteringsmaskine

Telefax: læser papir et sted, sender information, og 

gendanner et andet sted



En anden teleporteringsmaskine

På mange måder ikke så god som fax
meget bedre på andre måder



Problemet

Fotonen er to steder på en gang 
=> hvis jeg måler ødelægger jeg 
muligheden for interferens



Løsning
Bland med sammenfiltret kvantetilstand



Experiment



Lys og superledere

Elektronpar flytter molekyles resonansfrekvens

ωω0

Reflektion

Kan i princippet bruges til at koble lys og superledere



Elektroner i faste stoffer

corresponding to either the 201 or 111 charge state. Projection of the
qubit state onto |Srl is carried out in a similar way at measurement
point 1M

r in 102.
Effects of exchange interactions Jl(1) and Jr(1) on qubit dynamics

are modelled by an effective Hamiltonian

HJ(1) = Jl(1)sl + Jr(1)sr (1)

where sl ; (
!!
3

√
sx 2 sz)/4, sr ; (2

!!
3

√
sx 2 sz)/4, and sx and sz

are Pauli matrices in the logical basis {|0l,|1l}. As illustrated in
Fig. 1b, Jl(1) and Jr(1) drive rotations about axes that are 1208
apart on the Bloch sphere. In what follows, we use the terms Jl
and Jr rotations and axes in the spirit of this model.

To demonstrate two-axis control and readout, as well as to test
the applicability of the simple model, equation (1), we first initialize
the system in the |Sll state and separate the electrons into 111 at a
detuning 1S for a time tS, where the qubit evolves under HJ(1

S)
(Fig. 2b). The qubit is then pulsed to 1M

l to measure the projection
of the evolved state onto |Sll, which we determine by measuring the
singlet return probability on the left, P1, over an ensemble of
repeated experiments. Pulsing instead to 1M

r allows for a measure-
ment of the projection onto |Srl, which when averaged over an
ensemble gives the singlet return probability on the right, P2.

Figure 2b shows that, for states initialized in |Sll, there is a rapid
oscillation of the measured P1 as a function of tS at positive detun-
ings 1S, Jl(1

S) ≪ Jr(1
S), and a roughly constant P1 ≈1 at negative

detunings, Jl(1
S) ≫ Jr(1

S). The reverse is true for states prepared
as |Srl in Fig. 2c: P2 ≈1 at positive detunings while P2 exhibits
rapid oscillations as a function of tS at negative detunings.

The insets of Fig. 2 show model calculations of
P1 = |kSl|e−iHJ (1S)tS/h− |Sll|2 and P2 = |kSr|e−iHJ (1S)tS/h− |Srl|2, which
agree well with experiment. These calculations neglect noise in
Jl(1

S) and Jr(1
S) as well as fluctuations in local hyperfine fields.

These contributions are considered in detail in the following.

An exchange pulse can generate rapid qubit evolution on nano-
second timescales, faster than dynamics induced by other sources
such as spin–orbit or hyperfine coupling. The short-pulse regime
thus allows exchange and its noise to be examined in isolation
from other sources of qubit dynamics. Figure 3a shows P1 for a
short exchange pulse tS¼ 1.667 ns, as a function of pulse amplitude
Jr(1

S), over a range of phase f = tSJr(1S)/h− from 0 to &158p ,
corresponding to a 47.4 GHz rotation.

At large positive 1S, where Jr(1
S) ≫ Jl(1

S), the noiseless model
predicts P1¼ 5/8þ 3/8 cos(tSJr(1

S)/h) for initial state |Sll. (Values
5/8 and 3/8 only hold for pulses that are adiabatic with respect
to the interdot tunnel couplings, but diabatic with respect to
Jl(0)þ Jr(0), the total exchange in the centre of 111. This allows
pulses to be modelled as instantaneous changes of the Hamiltonian,
giving P1 = |kSl|e−iHJ (1S)tS/h− |Sll|2 = 5/8 + 3/8 cos(tSJr(1S)/h− ).)
Experimental data agree well with the 5/8 average (Fig. 3a), but
the observed oscillation amplitude, dP1, is notably less than 3/8,
with a distinct dip where phase varies most rapidly with 1S, that
is, where dJr/d1

S is largest. The reduced amplitude can be
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Figure 1 | Device, qubit Bloch sphere and spectrum. a, False-colour
micrograph of lithographically identical device with locations of triple dot
(smaller red circles) and sensor dot (larger red circle). Gate voltages Vl and
Vr set the charge occupancy of the left and right dots as well as the
detuning 1 of the qubit. b, Bloch sphere representation of the qubit with
control axes Jl and Jr indicated, as well as two initialization states, |Sll and
|Srl. c, Energy levels as a function of detuning for the lowest energy states14.
The red and blue levels form the logical subspace inside 111, with the logical
states |0l and |1l denoted at the detuning at which they are the eigenstates
of the system. Each state has a spin-split partner state with opposite spin
projection (not shown). Values of 1 for preparation (P) and measurement
(M) in 201 and 102 are indicated.
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Figure 2 | Charge stability diagram and rotations around two axes. a, Triple
dot charge occupancy Nl Nm Nr as a function of Vl and Vr in and near the 111
regime, 1 = (Vr −V0

r )/2 −(Vl −V0
l )/2, d = (Vr −V0

r )/2 + (Vl −V0
l )/2

(Note that (V0
l ,V0

m,V0
r ) = (−727.09,−449.00,−301.86) mV). The

charge occupancy is measured using the change in the reflected
radiofrequency signal Dnrf incident on the proximal sensor. b, Schematic of a
pulse sequence that prepares |Sll in 201, and transfers that state to 111, by
moving along 1 at d¼0. The sequence then waits at 1S for a time tS, and
returns to 201 for measurement. The probability P1 of remaining in the initial
state |Sll is plotted as a function of pulse position and wait time. Positive 1

brings the state closer to 102, while negative 1 brings the state closer to
201. c, Schematic of a pulse sequence, together with a plot of the probability
of remaining in |Srl for an excursion to the separation point 1S for a time tS.
Insets: model of qubit evolution as a function of exchange. No noise has
been included in the model figures. Discrepancy between model and data is
accounted for by noise, as shown in Fig. 4.
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