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Chapter 1:

Single electronics 1.1 Charging



A note on capacitance

A given conductor is at a given potential.

Co1 Ci12 Coo
Charges and potentials are related 00‘, F
through a capacitance matrix: 0

Ci3 Co3
Q= Yy,
j
Vi Yei'ey Cij=Cj AT
- o0 = zero potential
j
Cp1+C12+Cy3 -C2 -Ci3
Cij= -Co4 Cp2+C21+C23 -Co3
-Coq -C3 Co3+C31+C33

Energy of the system: E = %Ecijvivj
hj

A large electrostatic energy change

Consider the electron box configuration:
Symbol for a
tunnel junction c

Ry C 9U 37;[002

The electro-static energy changes when one electron is added to the grain.
Total capacitance C; = C + C,

62

T 2Cy
One needs E_ > kgT in order to observe single-electron effects.

With 1 aF, one obtains E, = 80 meV > kT at ambiant temperature (25 meV).
With 1 pF, one obtains E, = 80 peV > kT at 0.3 K.

Ec

Practical capacitances

Parallel plates: C=¢

8 J—
ocr d
. 43‘[7['1!'2 .
Concentric spheres: C =¢ggg, ~eggecdnry ifrp<<r
fo—14

Ex: 1 cm radius gives 0.1 pF, 1 um gives 0.1 fF (10-%), 10 nm gives 1 aF (10-'8)

A significant tunnel junction resistance

Consider the electron box configuration:
Symbol fora —————————
tunnel junction C

Ry C 9U 37;7|602

The lifetime of a charge state is the discharge time for the capacitor:

T= RTC
Width of discrete levels due to charge quantization in the grain:
_h_ B
T RTC
For charge discreteness tc>2be observable, one needs:
5<E,~S ==  Rr>Rg=_=258kQ

2C e



1.2 The single electron box

Electrostatic energy in an electron box

Consider the electron box configuration:

Symbol for a | [l _
tunnel junction | | ICg T potential V, = U CZ =C+ Cg
potential Vo =[0 T ¢ u 37;|;C02 Q=C3yVq
Substitute for charges, complete the square:

‘2 200, O 2 A2 '
1 2 2]_1[Q% 2QQg Qg Qg 2 2

E=5[(C+Cq)VF -2CUVs+(Cg + Cop) ] “ale, o CZE-C—;CQU +CgoU

2
(Q - Qg)
E= T + terms independent of Q related to work done by the source

z

the box, potential Vi \we define

Electrostatic energy in an electron box

Consider the electron box configuration:

Symbol fora ——————| Il

tunnel junction | |C I potential V, = U
= 9
potential Vo =[0 T c U 37—7|VC02
C+ Coz -C
Capacitance matrix: C =| -C EFC:._C;} """"""""""
—Co2 | -C4

Electrostatic energy of the box:
1 1 2 2
E- S CiMY;- E[(C +Cg)V? - 2C4UV; +(Cg + Cop)U ]
L)

Energy parabolas

the box, potential V,

We define
Cy=C+ Cg
Q=CsV
Qg = CgU

Electrostatic energy as a function of gate charge for various Q = - ne

Gate charge is a continuous variable, Q a quantized one.

/

E

Q=2 Q=1 Q=0 Q=1 Q=2 Q



Charge in the fundamental state Effect of temperature

Charge state defined by the minimum energy: the Coulomb staircase. At thermal equilibrium, Boltzmann distribution:
Island charge is a step function of the gate voltage.
Valid at T = 0. i —E(n)
. S > nexp|-—/
<n> kBT
- fn) - o=
S oxo| E1
— 2 P g
N=—00 B
% depends on the parameter zki
¢ /2Cy

Charge in the fundamental state

The staircase is smeared by temperature.
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Low temperatures Angle evaporation technique

Bilayer of resist with the bottom layer more sensitive, bridges can be realized.

W e
=
u

Temperature of 4.2 K reached with a liquid He bath in
equilibrium with its vapor, 1 K with pumping, 0.25 K same
thing with pure He3.

Temperature down to about
0.02 K = 20 mK with mixture
of He3 and He4: dilution
refrigerator.

Directive evaporation under different angles:

An oxidation can be realized between the two depositions: tunnel junction

A typical sample A fact of nature

Al oxide preferred: reliable, reproducible, despite amorphous nature. Dev!ce connected th_rough rather long wires: 1-2 metgrs_lf IOYV T
At high frequency, wires must be regarded as transmission lines.

Complex devices Impedance close to the vacuum characteristic imped Z
can be build. p pedance Z,.
Zy= A ~ 376 Q
M e g goC

——
—a—

DAV 2V

Fact of Nature: free space impedance much lower than Quantum resistance.
7z _ & _a
Rk 2mhceg =
Fine structure constant: a

1
~ 137.036

The free space effectively shunts the tunnel junction.
EHT = 5.00kV Signal A= InLens  Date :g Mar 2000 Need to have a highly resistive element close to the device: a resistor or

WD= 6mm Aperture Size = 30.00 ym Time :11:49

Mag= 276K, ‘ another tunnel junction. Very close: distance less than photon wavelength.

KTH Nanofabrication Lab 1um
L




A single electron box
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g H FIG. 3. (V) curves for the SNS electrometer at 7 =25 mK,
o and zero magnetic field, for three values of the gate voltage Us
. 50 cue or ing to maxi i iate, and mini gap. B
- 3 s s e The minimum gap corresponds to the bare superconducting gap

i i 24 of two NS junctions in serics. The dot indicates the optimal ot
FIG. 1. Circuit diagram of the experiment, The rectangular € bias point for maximum sensitivity. Inset: /(¥) curve for a sin- H i
symbols represent SN tunnel junctions. The V-shaped marks o gle SN junction under the same conditions. e u rl I S I e
denote superconducting electrodes. The symbol n denotes the ! : ]

number of electrons in the island of the box (marked by a full
dot). The variations of its average 7 with the voltage U are  ° e
detected by monitoring the current / through the SNS elec-  <ns, 5 he
trometer which is coupled to the box through the capacitor Ce. 3 4 e
The bias voltage ¥ and the gate voltage Uo set the working ) i
point of the electrometer. 1 Vst »
T s s oy Wi J
C,ure ot N PR h;myl\rwi
. : -sta i ’ ’ Naaaid !
P. Lafarge, P. Joyez, D. Estéve, FIG, 2. Ground-state energy of the box in the @) normal i vt
N and (c) superconducting states as a function of the polarization i - s
C. Urbina, and M. H. Devoret, C,Ule, for several values of the excess number 7 of electrons in o o
the island. E. is the electrostatic energy of one excess electron -5 P ;
PRL 70, 994 (1993). on the island for U=0. In an ideal superconductor, the et s
Electrometer = SET (see what minimum energy for odd n is A above thg minimum energy for ;Mﬂ .
even n. The dots correspond to level crossings where single clec- 2“3 5 1 0 1 2 3 4 5
follows) tron tunneling is possible. Equilibrium value (n) vs C,Ule is
shown in the (b) normal and (d) superconducting states, at
T=0. CUe

FIG. 4. Variations of the average value 7 of the number of

With a Superconducting island, extra energy A extra electrons in the box as a function of the polarization

CsU/e, at T=25 mK. Trace N: normal island. Trace S: super-

for Odd n umber of e- conducting island. For clarity, trace S has been offset vertically

by 4 units.

The Single Electron Transistor (SET) The Single Electron Transistor (SET)

Consider the configuration with two tunnel junctions: Consider the configuration with two tunnel junctions:

Co e, C

Opposite transitions: - AE, ,

V2 vz (7 -Vi2

77777
Energy changes when one electron tunnels from left to central island: n-1->n,
The electro-static energy is identical to the box case, Q = - ne: work done by the source eV/2 taken into account: )
2 e|C V_+(n-1/2)e
(-ne-Qy) where Cy = 2C + C, AEa=ﬂ+Ec(n)_Ec(n_1)=ﬂ+ gV +(n-1/2)e]
2 2 Cy
-1.

E.(n)=——
C( ) 2Cy Similar expression for tunneling from center to right: n->n

The current through the turnstile depends on the gate voltage: eV eV € —Cng + (n - 1/2)e-
Single Electron Transistor = SET AE, = —+E, (n - 1) -E, (n) =—-— C -
and also on temperature. 2 2 s




The stability diagram

AE, =0 if CyV/2=-CV -n+1/2

AE,, = 0 define lines in a CyV /e ; C;V/e plane: Coulomb diamonds limits.

A given tunneling process changes direction when one crosses the related line.
A

v

\Be‘ge/pé?)acy poiﬁf%«lgetwé’én diamonds

Coulomb diamonds

A SET or turnstile can be formed through a nano-particle bridging a gap
formed by electro-migration.

Differential conductance plotted ina V ; V, plane. To42K

source-drain bias [mV]

W f
L il
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K. I. Bolotin, D. C. Ralph et al, Appl. Phys. Lett. 84, 3154 (2004).

The stability diagram

VI2 g) j:g$ i -V/2

Different zones:

1777
well-defined charge state in central diamond: no current.

bistable state in next line: current appears.
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Coulomb diamonds

A MOS-FET transistor of nanometric scale,
A quantum dot defined by the gate between
source and drain.
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M. Hofheinz, X. Jehl, M. Sanquer, G. Molas, M. Vinet, and S. Deleonibus, Phys. Rev. B 75,
235301 (2007).



The stability diagram

The same configuration with a rf bias at the gate.
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The turnstile as a current source _L-

Practical example of a SINIS turnstile: a
I-V shows Coulonb blockade.
Gate dependence of the current.

J. P. Pekola et al, Nature Phys. 4, 120 (2008).
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The turnstile as a current source

Practical example of a turnstile: a
I-V shows Coulonb blockade.

Limited accuracy: current not limited
when crossing degenary point.

L. J. Geerligs et al, PRL 64, 2691 (1994).

I [pA]

Vv [mv]

FIG. 2. Current-voltage characteristics without ac gate volt-
age (dotted curve) and with applied ac gate voltage at frequen-
cies f from 4 to 20 MHz in 4-MHz steps (a-e). Current pla-
teaus are seen at /=ef. Inset: Current vs dc-gate-voltage
characteristics for /=5 MHz. The curves tend to be confined
between levels at / =nef and (n+1)ef, with n an integer. The
bias voltage was fixed at 0.15 mV. For the bottom curve,
which is nearly flat, the ac-gate-voltage amplitude is 0. For the
other curves the calculated ac amplitude at the sample in-
creases from 0.60e/C for the lowest one to 3.4e/C for the upper
one, where ¢/C=0.30 mV.

. 1|
The turnstile as a current source _L-

Practical example of a SINIS turnstile: a
rf signal applied to the gate.

Plateaus at | = n.ef:
possible current standard.

Depending on the mean gate bias value,
plateaus of different width behavior.

3.0

25

Current (ef)
&

0 0.5 1.0 15 20
(Gate amplitude (e)
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The turnstile as a current source 1

Practical example of a SINIS turnstile: a
rf signal applied to the gate.

| =ef

Bias sign changes: current changes sign

| =ef

Current (pA)

Current (pA)

—460 -200 0 200 400 0 20 40 60 80
Voltage (V) Frequency (MHz)

The electron pump

Three junctions.

Stability diagram: numbers inside
each cell of the honeycomb give the
charge configuration that has the
minimum energy.

Transition rate to a new configuration
is given by usual rate equation.

Creating a circular cycle with gate
voltages allows one too move one
charge with each cycle.

1.5 Pumping electrons

A 7-junction pump

Co-tunneling through two junctions at a time

dominates errors in a usual current pump.

Error down to 15 ppb with 7-junction pump.

M. W. Keller et al, APL 69, 1804 (1996).
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FIG. 3. Pump voltage vs time showing individual error events. (a) Pumping
*e at 5,05 MHz, average error per electron=15 ppb. (b) Hold mode, aver-
age hold time ~600 S. T,,.= 35 mK for both plots.
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FIG. 2. Schematic of the circuit used to study the pump. All components
except the needle switch were fabricated on a single chip. The entire circuit
was placed in a copper box attached to the mixing chamber of a dilution
refrigerator. Coaxial lines entering the box were heavily attenuated (gates)
or filtered (others). The plot shows V,, vs time when pumping *e¢ with a
wait time of 4.5 s %)etweeu electrons.
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FIG. 4. Pump accuracy vs time to pump each electron. The speed of the
electronics used to create the gate pulses limited the experiment to 1,
=100 ns. The line is Eq. (1) with a=0.021. Inset: error rate vs overall pump
rate 1/(1,+1,) for 1,=175 ns. The line represents a constant error per
electron of 16 ppb. 7, =35 mK, V,~0 for both plots.



Chapter 2:
Josephson junctions

The superconducting condensate

Cooper pairs are condensed in a single macroscopic quantum state:

W(x) = w(x)e"

The wavefunction amplitude describes the Cooper density.
The phase is related to the superconducting current:

e
j=—-—
m

It gives rise to flux quantization (vortices) and interference effects.

[2eA+ 1Ve]w(x)*

2.1 Fundamentals on Josephson
devices

The Josephson effect

Consider a weak link between two superconductors:
tunnel junction, constriction, normal metal bridge, molecule ...
A supercurrent | can flow:
Iy =1, sin(@; - 9,)
which is directly to the difference between the superconducting phases.
If voltage is non-zero:
dp 2eV
dt h

Two Josephson relations (1960).



The critical current

depends on physics at the micro/nanoscopic scale.
In a tunnel junction, Ambegaokar-Baratoff relation:

nA(T) A(T)
2e 2kgT

Rnle = tanh

In a short weak link (constriction made of the same superconductor):

Rple ~Ale

In a long normal metal of length L and diffusion coefficient D, at T = 0:

nD  which is the Thouless energy
eRn IC = 7

At non-zero voltage: the R(C)SJ model

Resistively and Capacitively Shunted Junction:

R
I=R\/+C(jj\:+lcsincp / —
N <t
. dyp 2eV [ |°
and: ~ ¥ =77
at = 7 e

2
Combining the two gives: & +Q! do +sing =

with wp = 2:('30, T=wpt, Q= (upRNC (quality factor)

The Josephson energy

Work given by the generator during a time At to obtain the current:
0

At
W = [V (1)t =Z|Cfsin6’d6’ ety coso]
0 e 2e
This is also the potential energy of the junction:
E =E,[1- cos6]
We have defined the Josephson energy:

il

J=-c
2e

If thermal smearing KT is above E, then the phase value is not well defined

and the JJ does not operate properly. This gives :

. >>0.04 uA/K

The R(C)SJ model

2
Equation of evolution: d—cP+Q‘1d—cP+sincp _!
g2 dt le
equivalent to eq. of motion for a massive particule in a tilted wash-board
potential:

2

25

U(CP) =E, (1 - cos cp) - %

Position = @

Mass =C

Velocity = voltage

Potential period = 21T
Potential slope = bias current

7573 325 35154 425  4BNAls !




The R(C)SJ model

Q > 1 (large C, tunnel junctions): full RCSJ model.
Underdamped regime:
after escape, kinetic energy is conserved, hysteretic I(V).

In the sub-gap regime eV < 2A of a tunnel junction, the shunt resistance is
exponentially increased:

A
Rl

M. Tinkham’s book

Retrapping current (2)

[
Using the expression of the phase time derivative: v ‘
112 2xve e
wo %) E d e
= — | — —-1+cos |~

diss "R | 2¢ { E, b L
T —
doy 20)2(5—1+C03cp) =0 '

Just before retrappin = _
pping at p EJ

This occurs (first) at o =1, then E =2 E;

Over a cycle dissipated power = energy gain, i.e. Wy, = AE,.

W wph24 il 5 = |-kl 4_4,
. = — — = —/Z27T =
diss = R | 2 2e " R22r nQ°

Retrapping current (1)

9o &

If @>>1, one neglects damping in the evolution eq.: |=|_sing+C—=—=
¢ 21 4t2

Let’s calculate the energy: E % ffld % }D‘ | sing' P dch' '
P E=_—=[lde'=—= ||l sing'+C = do
2m 2m, 2n

-, 1 td2erde | A 1 (do\]
=E, —COScp)+—f——dt -E (1—003cp)+—— I
1

(DS 0 dt2 dt’ dI_Josephson 2(05 dt
kinetic
1/2
We can thus write: do_ 202 E_ 1+ cosg
dt PIE J
Dissipated power T2 27 22n
ORR POET e = [ t— L[] pwdag1( )i deg
in one cycle is: des o R R(2e) v dtdt  Rl2e) v dt
The R(C)SJ model
Q <1 (small C, lateral junctions): RSJ model.
Overdamped regime: zero mass,
non-hysteretic (V) predicted.
3._.
Predicted IV characteristicsat T=0 v ~
Q
[e]
V =Ryy? - 12 T >
Smeared with temperature. ‘T%g' ) i§
u =10 =
1 -
5-
0




IV in the RSJ model

The voltage is not stationary, but oscillates at high frequency. If T is the period
of oscillation of the phase:

W eVt 2R

We neglect the capacitance term: V=R (I—IC sm@)

We can write: dt = h 1_ do
2eRN I—I sind

T
int te it: dt=T=
ntegrate it [ 2eR s - | sind
and use the expression of <V> to obtain:

f 1 2n
< > 2:rcR 0 |- | sinB  27Ry \/I

RN\/Iz_lg (V)=RyyP-12

Time dependence in the RSJ model

We' - o no % de
e integrate over time from 0 to t: fdt =t= 5 f
0

Using:

f de—iarctan
[-1,sin® /|2_|g |2_|§
\ I tan(cP)— ls I tan(g)— l
We write: t= arctan = —arctan
eRy 2_2 12 _ 2 aj 12 _2
C C

IV in the RSJ model

. 1 2
Integral tables give: f - dj=——=
9 9 -1 sin® /|2 _|(2:

=0 for0 =0 and 2x.

By taking distinct values of the arctan for the same argument, the integral is

0=2n 6=0
-1 -l
arctan( c ] —arctan[ C ] =7

P-P 212
Then: f 1 2 ~ 7= L
v > 2nR 0 |- | sind  27R, \/I R \/|2_|2
N c
2 2
(V)=Ry {2 -I2
Time dependence in the RSJ model
We differentiate / time: P - I2 b oy = 1 1 2eV
2 (DJt 2 2 2( P h
cos cos“| -
. 2 2
2
which gives: 2_j2 08 (2)
V =Ry IC
cos2 &ﬁ We need to remove ¢
We writ 2 2] tan? 1 1
e write: = -
2 JE-B ot cos?
cos“ - ={1+|1Ctan—J+ <
I 2 |
511
29 »
cos“ - /|2_|2
2 _ 1+|£ X+ Csinw t+IC cosw jt = 1+I£COSmJt’
ot I | |
cos” —-

2 New time reference



The RSJ model

The phase oscillates in time non-sinusoidally at low voltage| s
At small (non-zero) V, part of the current is a supercurrent.»k

e o) 2.2 Practical Josephson junctions

V(t)=RNm

N 2 time. )

-40 30 -2 10 [ 1

Tunnel junctions ... ... hormal metals ...

Routinely observed when critical current is large.

Possibly thermal origin,
hypothesis of an intrinsic effect (effective capacitance).

Al oxide preferred: reliable, reproducible, despite amorphous nature.
Complex devices can be build.

aof 12K 0.06 K
>: 1.0+ ‘ d)/d)o=n
oop |S 3 L—
= A = Y,
= P = o5l l\ u
50} o = W —
Q o —
A & I B, = l
S L g i
] & 0.0k - - -
Ot s - " 0 100 200 300 400
° 20 IwA) O I(A)

L. Angers et al, PRB 77, 165408 (2008).



... hanowires, ...

From Nb nanowires templated by a CNT to InAs semiconducting nanowires ...

Viv)

FIG. 2. (a) Voltage versus current dependence at indicated
temperatures for a MoGe nanowire (thickness 7 nm, Ry —
4.3 k), and L — 190 nm) at B — 0. The curves are vertically
shifted by 1 mV for clarity. (b) The same data at a magnified
scale.

A 1 A L
A. Rogachev et al, Phys. Rev. Lett 94, 017004 (2005). -100 | (nA) 100
Y. J. Doh et al, Science 309, 272 (2005).

2.3 SQUIDs

... carbon-based devices, ...

From carbon nanotubes to graphene ...

on-state

L A
Quliivns
SRITWE R ST

500 nm

J.P. Cleuziou et al, PRL 99, g o
117001 (2007); =

H.B. Heersche et al,
Nature 446, 56 (2007). 75

Superconducting Quantum Interference

Device (SQUID)

Let’s integrate ] = —%[ZGA + hﬁcp”‘I’(X)‘z along the loop.

SQUID = two Josephson junctions in parallel.

Pair density constant, current density neglected:

0= h(cp1 —cp2)+ZeBS—h(cp'1—cp'2)
The phase jump at the two junctions differs by 2eB.S/# = 2Td/®,,

Q=) =@ - ¢y +2TAp



Superconducting Quantum Interference

Device (SQUID)
The two supercurrents add coherently. “

Flux though the loop adds a potential vector term 21T®/d,
If loop self-inductance can be neglected:

ls = lco Sin(@1-92) +lco Sin(cm ~ @2 +2n qj;)

where @, = h/2e = 2.05 10-"® Tm? = 2.05 mT.uym?
is the superconducting flux quantum.

Example of SQUID application

Critical current measurements = access to |
the flux through the loop. |
High sensitivity.

Magneto-encelography: array of SQUIDs.
Magnetic field signals of about 10-15T.
Extreme field shielding necessary.

Superconducting Quantum Interference
Device (SQUID)

One obtains:  lg = 2lg sin(¢q - cpz)cos(n qj))
0

le =2l cos(rc ¢)
bo
0.93f
Critical current is modulated by
the magnetic flux through the loop. 0.90¢
Even if there is no flux through the

: 3 0.87
two wires. o !
Analogous to Young’s slit experiment 0.84 1%

in optics.

0.81f ¢

S. Mandal et al, ACS Nano 5, 7144 (2011). 0.3 0.6 0.9
B, (mT)

2.3 Shapiro steps



The Josephson frequency

Consider a Josephson junction biased at a fixed voltage:

de _2eV
dt h
Then the phase evolves with time:

o(t) = @(o)+(%) t

which leads to a time-dependent current

=g sin [O(t)] =1 sin[(zzv) t +®(o)}

at the Josephson frequency:

Wy =2:V=3.109 Hz/uV

Shapiro steps

Steps in the |-V characteristics at well-defined voltages.

Widths of the steps follow the Bessel functions: non-monotonous evolution.

-100 60
40 AL
L 5
go AV o ' 20}k A/, (nA)
201 2 . g 5
> Pl E s R
<L ~
AL GepmEmn| T zg— 4, (nA)
0 | (n A) 80 , .
N 20| al, (nA)

100

Y. J. Doh et al, Science 309, 272 (2005).

Shapiro steps

Apply a rf signal to a Josephson junction: V =V +v cos (ooot + cp)

. 2e 2e .
The response is: O/t = ~ Vot * hag” sinfwgt + ¢] +6(0)
The current can be written as:

n=o
n. [ 2e . |(2e
|=|CE(-1) Jn(hmov) sm[(hvo + nmo)t +6nl
n=0

in is the Bessel function of order n, and 8=+ ng + @(0)

The sine components average to zero, except for: Vg = V,, = nhzﬂ (n integer
e

The nterm |, =1; j, (Zev) sind,, can take any value below:
o

. [ 2e
lc Jn h7v in absolute value.
o

The Volt standard

The Josephson effect relates a voltage and a time.

Combined with Cesium 133 atomic clock reference,

It provides a standard for the Volt, with the exact constant value:
K90 = 2e/h = 483 597.9 GHz/V

One-volt voltage standard
based on an array of 3020 JJ.
Microwave field fed into the fin
guide structure on the left
generates a voltage across the
4 chains of JJ on the right.
Source: NIST.




Chapter 3:

Superconducting quantum bits 3.1 Charge-phase uncertainty relation

At non-zero voltage: the RCSJ model Different regimes
Energy in the system (resistance neglected): AQAp =e
Q2 Q2 . .
E=—_+E, (1 —cos cp) =>4 EJCP2 Two “classical” regimes plus a quantum one:
2C 2C I, NI
) [ - Phase well defined, charge not well defined: usual Josephson effect.
To be compared with [ Ic
1, 2 p2 - Charge well-defined, phase not defined: Coulomb blockade, single
E- Ekq *om electron physics.
Heisenberg uncertainty relation Ap.AqQ = 7 - Intermediate quantum regime, where Heisenberg relation operates fully.

can be translated into  AQAgp ~e

Unit is charge, e is the only charge quanta. Quantum bits can be implemented in various cases.



A quantum anharmonic oscillator

A fictitious particle trapped in a local potential minima.

H=E, cos(¢)-lpe
E
@ Natural frequency: @, =2m TJ
$oC

3.2 MQT oo

Discrete energy levels with distinct energy levels
spacing.

l AU (1)

A quantum anharmonic oscillator Escape measurements
by Escape is both through thermal activation by reaching Current bias t
a unconfined state: Escape detected as the switch from el o B o
I exp( AU) zero voltage to the gap. 0 _| L| L| L| |
¢ TA =5 kgT Stochastic process: a statistical Ryad ot '
| N C . <\/> | |
o and by Macroscopic Quantum Tunneling (MQT). analysis is needed. U 4— eseape
Tvar = p —exp(- 36 AU, . t
5 hwg”
= 1l - Exl,)ér.iencu 7 7
—— Théorie /
: | ¢ e ]
= ©
£ nl '5 o6 T =9:426pA
AU (1) S o £.C=0udpF / 7/ /[
Mat 0 g i::;:san ]j ]/146me AU=0
0 (0}2 (mV) 0.6 w 02 r 1
A ] |
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O. Buisson et al, Néel Institute ’ Ipc (HA) ) by



Macroscopic quantum tunneling

Escape rate described through an

1000, . — —
escape temperature T:

T T T

Q) AU
- 2peXp(_ ke, )
T B lesc _ " & "Quontum Junction”
~ 1, 29489 uA
£ ool -
Crossover between TA and MQT at: ﬁ . %
hoop - ]
MQT x - -
= - o Clossical Junction
7kg o> 1.383 uA
10 1 ol a1 Iwe
10 100 1000
T(mK)

J. M. Martinis et al, Phys. Rev. B 35, 4682 (1987).

A SQUID as a phase qubit

The two levels 0 and 1 can be the basis for a qubit.

<] <] o

IO’ CO IO’ CO

With a SQUID geometry, the barrier width and
height are controlled by the flux.

The escape measurement rate gives the state
occupancy.

3.3 A SQUID as a phase qubit

Rabi oscillations (I)

Two-level system submitted to rf:

hw
R S |O>
hwy=E4-Eq

‘%h‘*’m -Acos(mt)
H=

—Acos(wt) %hmm

Ansatz for the state ‘ll)(t)> =Cp (t)ei(”(”t/2 ‘0> +C, (t)e_i‘”01t/2 ‘1>

Inserted into time-dependent Shrdodinger eq. Hw(z) = ihd—

dy
t
i i(w-mn4)t
Rotating Wave Co= == Ae( 01) C
Approximation: 2h
terms oscillating at i il t
o + wy; Neglected. C, = EA (0-0g1) Co

A2

Cy +i(w-wy)Cy+—5Cy=0

4h



Rabi oscillations (1)

Solutions of the type:  C,(t) = eM

, 1> k+=1A:/A2+A72
Vo1 s 2 h

AV, 2 ?
0>

General solution: Cy(t) = C+e'>”+t +C e
System initially in the ground state: C,=1; C; = 0.

cos(Qrt/2) + iQAsin(QRt/Z))

it

R

Q2 = a2+ A%/1?

C,(t) = i M2 gin(ct/2)
Qph
Probability to find the system in the excited state:

2 A? )
P1(t)=\c1(t)\ =Q@ sin®(Qxt/2)

2

Rabi oscillations in a dc-SQUID

Decay of oscillation amplitude related to decoherence.
At large microwave power, higher energy levels are involved.

100

Quantum SQUID environment @ S — 0.5
80 A =-19dBm
Ly L. | _ AT=1.6 ns
m I ® 60 r Be {04
I = 40
L I 7 — 103
— IQJ 2 0 ©
S
2
(] C. fz@f 1) |Vou & % — 102
| 2 60
} g
= | G 40 r 0.1
- . . 20
: lat
manipulation and seatiot o ol _

measurement 0 5 10 15 20 25 012345678

Microwave pulse duration (ns) Level index, n

J. Claudon et al, Phys. Rev. Lett. 93, 187003 (2004), Institut Néel.
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Rabi oscillations (ll)

A rf signal at hw=hwy, is sent to the qubit (at ground state 0) for a duration t.
The qubit arrives at the excited state 1 with a probability:

]
A2 5 [hA/A=0
P,(t)=——sin (Qrt/2) 0.8
QRn
0.6 JhalA=1
Rabi oscillations: Ps()

proof of quantum-coherent behavior 04

0.2

2 [2. x2/,2
QR-\/A +A2/p o

If no detuning: QR =A /h

| Lnara=3

P,(t)=sin?(Qxt/2)

Jrequency A/21 = (w — wp) /27 is varied between 0 MHz and 750 MHz.

3.4 Josephson charge qubits

Figure 1: Rabi oscillations. Probability of finding a (two level) atom, subject
to “classical” harmonic radiation, in the excited state |€) as a function of time
t. The transition dipole moment (e|d - Eo|g)/27h was chosen to be 250 MH:z.
The detuning between the harmonic radiation frequency and the atom transition



preparation | "quantronium"” circuit H readout

Josephson junction in the charge regime Rabi oscillations g
u(t) ' E
Considering the charge energy as a function gate voltage, the
Josephson coupling opens gaps. The state after the rf pulse ’
Q2 can be probed with a large twning o
H= ¢t Ejcosg JJ in parallel.

M

A two-level system is thus defined. w0
Proves that the particle lies

in a quantum superposition
of two states. g ' ' -
E o 45 T
z S
Decay of oscillation 3 - 143
amplitude related to g% §
decoherence. & g
1o Es=0 235 1T -20_::;
e £ se
E, ~E, daolo o -
0.0 0.5 100 100

Qgle D. Vion et al, Science 296, 886 (2002). Microwave pulse duration t(us) Nominal U, (V)



