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Interaction of atoms with the photons of the cavity
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2 level atom

A 1 1 0 1 0 1
Hatom — §hwa (O _1> — §hwa0z |g> — (1) |€> — (0)

Photon field

thoton — hw CL

Interaction Dipole moment Electric field

A = cZ-dOl d( to) . Ao, o
Hipy = —dE =51 0 g\T+ T O E = eo—vsm(Kz)(a—l—a)
: d [hw, .

Hint —n~v hg(CLTO'_ + ao +M+) g = ﬁ —VSIH(KZ)
Rotating wave approx. Coupling €0

~ 1
H = ihwa ((1) _01> + hwya'a + hg(cﬁmr +ao_)| Jaynes-Cummings Hamiltonian

In a new basis:

|e,n>—(é) g 1) = (?)
N

=12 (g 1)+ (s "o )

Detuning: 0 = Wy — Wy
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d = (0 Resonant case

=y (o 1)+ (s 5 )

E,=(n+1/2)w,+ R/2

R=2vi+D) 500) () M‘ng: el

|€ > Not an eigenstate, Rabi oscillations between the states 0 1)
’ Mixed photon numbers ﬁ
1 Dressed state
P.(t) = 5(1 + cos(Rt)) ladder
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0 # 0 Off-resonance

E,=(n+1/2)w, £/62/4+ ¢*>(n+ 1)
2
E,~n+1/2)w, +(0/2+ %(n +1))
B {nwr + wa/Q — %(n +1) N photons in the cavity, excited atom

(n+ Dw, —w,/2 + %(n +1) N+1 photons, ground state atom

The Hamiltonian after the perturbation calculation
2 2

_z g 9 ot
H= (hw + h5) + (hw, h(saz)a a

Lamb shift Stark shift

Transmission (arb. units)
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Resonator frequency ~6.7 GHz
(25pueV)

Q~2600

E.~ 1 meV, T¥135mK

No thermal photons

R, — extends from the resonator
to maximize the coupling

This gives a selective capacitive
coupling of the resonator to the
right quantum dot.

Measure amplitude and phase
of transmitted signal by
heterodyne detection (mix with
a local oscillator and measure
low frequency signal).

T. Frey et al., Phys. Rev. Lett. 108, 046807 (2012)



Double dots
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Két dot kozotti csatolds C,, és R, -sal jellemezve:

G,,=4me?/h(t./A), ha t_ kicsi, e-k jol lokalizdltak.

Transzport kizdrélag 3-as pontokban (V 4~ 0)
Egyébként Coulomb-blokdd

E vezetés:

(N;.N,) = (N;+1,N,) > (N;,N,+1) = (N;,N;)

Lyuk vezetés:
(N;.Nz) 2 (N;-1,Nz) > (N N;-1) > (Ny,Np)

SN}

Van der Wiel, Rev. Mod. Phys. 75 1 (2003)

Vg2

@) e (b)

2QDot stabilitds diagrammja
Ahol (N, N,), N;: elektronok szdma az i. doton

-Teljesen szétcsatolt hatdreset (a)

- Egy nagy dot hatdreset (c)

- Hexagondlis mintdzat két hdrmas-ponttal (b)
Egyik 3-as pont lyuk, mdsik e vezetést ad

(0.2) |(1.2) | (22)

(0,1) | (1.1) | (2.1) :hm

(0.0) |(1.0) | (2.0)
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Kéet dot kozotti csatolds Cm es Rm-Sﬂl jE“EH"‘.E’-Zh’E: ZQDUT SfﬂbIIIT&S diﬂgrﬂmmjﬂ
Ahol (N, N,), N.: elektronok szdma az i. doton
SR S SR n
Ca1 Cq2

Eneriaszintek a harmas-pontok kariil:

R.C ReiCin RriCr

.

1.5421,1|_

Transzport kizdrélag 3-as pontokban (V. ~ 0)
Egyébként Coulomb-blokdd

(1,7}

E vezetés: _Jmee T
(NLNp) > (N#1N) > (NLN+1) > (NN, ) ;

=)
Lyuk vezetés: > 15(0,1)=0 : S A
(NN 2 (Ng-1,N,) 2 (N;,N,-1) > (N,,N,) | _,l'_ g
(100 {01
u(N;,N,) : az i-ik dot kémiai potencidlja (010) urE (1 ’0)
pl: Hi (NIfNE) = U(NI:NZ)‘U(NI‘I,Nz) UM[LUFU
_—

V,

Van der Wiel, Rev. Mod. Phys. 75 1 (2003) g1



Coupling double Qdot to cavity

o V_[mV)
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T. Frey et al., Phys. Rev. \.ét#1108, 046807 (2012)
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0.002 el o

First measure it in DC (V;,.;=50uV)

Similar pattern observed with microwave
Microwave frequency and phase is sensitive to
dot configuration

The double dot is blockaded, however, for (2)
interdot transitions are possible

Seen diamond pattern where the currentin DC s
too small to measure

Investigate one particular transition >



Coupling double Qdot to cavity
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Tune interdot coupling by V_

Measure full transmission spectra and

determine the frequency and phase shift for

different detunings (gate detuning)

These quantities are plotted as a function of

detuning (red line on 2D figure)

Two different wave-forms seen for different

couplings
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2t>hv, Dispersive case
I I \ \ T .-' 2\"0 Red: bare qblt level

1.5y, —Green: bare resonator

Black: coupled resonator-qubit system

E/h

Qubit: Two level system with degenerate
0.98v, energies at 6=0, zero detuning

If there is a nonzero t coupling, the levels
2y hybridize and split (2t) splitting
Avoided level crossing - resonator qubit
hybridization
More sophisticated calculations include

1 hvg . . A
H = hyy(n + 5) — Tlcrz + hgsin@(a'6™ + as™)

Vg = - /62 + 42, sin @ = 2t/+/62 + 4¢2. decoherence etc. and fit the data

Energy scales
v1/2m ~ 100MHz Qbit relaxation

vy ~ 6.77GHz k/2m ~ 2MHz resonator g/2m ~ 50MHz Weak coupling

2t/h ~ 9GHz ”Y¢/27T ~ 0.9GHy, dispersive regime

Zt/h ~ 6GHz 7¢/27T ~ 3.3GHz Resonant regime, however dephasing is very fast, no effect of
the crossing seen, very weak g
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6GHz, Q~2000
Homodyne technique

Double QDot, bottom gates
To maximize field source is connected to
node, drain to antinode of the field

~1000a; dipole moment for an electron

Investigate interdot charge coupling
Splitting...
E-~12meV, hf ~25peV

thP (0) -10 -5 0

D} 0

[MM+1}) (MA+1, My g |
& \/ Il. li'- e
= : '
. . m — III,
Detect how the states damp, and shift the cavity freq 5| © 12t 3
Hexagonal diamond patterned measured /\ =, B s D
T-+1,M) MN+T o == \ E Sl
[ o (MN) L (MN+1)
S JL -100 S "
@D
o
. - -
0 -100 -50 0

V. (mV)

K.D. Petersson et al., arXiv:1205.6767v1



Results on InAs

BUTE, Low temperature
solid state physics laboratory

|_ T T T
201, 2t jh = 1.8 GHz [ =-238V| [t ot fastin]
D e e |"l \ -—_A- ot T
21‘._.,"11 51 GHz ,.-,fl '."- "u" D as MMWF-A.-,._,.\\ [.,Mn.,—“ﬁn-—u
st TREPTY] | SS— trrand
—_ D = .\_,_.x_\_\_ X&Wﬁ#m*w \ §'\Lj f”vhw
& |tm=s2aH " Vy=-229V| e “""'-..i‘\ fj_ e o
'a' e : B i T { -.I '!'I : ~ |
J penzzockt “;:;EE% > I e\ /et
-20 Tl f7 10F "'-. / ) 'u"j_;'
B o _:-r‘}"' 3 §- - W
WL S5}
'h: __-'15 0.5 (&= l"\ ’{ { T
LY Luﬂ 1.%- i 1::"'“
40} : : 700 (v ? . :
-02 0 02 -02 02
g (meV) g (meV)

Similar as for the Zurich group, but spin

physics is also interesting

NAND

Determine the vacuum Rabi freq, as
they change the tunnel coupling

g/2m ~ 30MHz
2t/h ~ 1.8 — 7TGHz

Lifetime 15ns

Ad (a) —20 10 0
V, =229V

(M+1,N)

6200
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Investigate spin physics A o
Spin Blockade 2, EDSR Measure |
R
(0,2) and (1,1) %\“ﬁ'\ﬁ/\‘f' )
For (0,2) ground state S(0,2)
For (1,1) Ci

[tM>, [WU>, [N>, and [If>

5
D
Splitting of the fields with external (D
field
G factors different for two dots, 2
no twofold degeneracy
At zero detuning tunneling
hybridizes S(0,2) with S(1,1) singlet

0 25 b0 75

Pauli blockade (™ 1 cannot go into S(0,2))
One can rotate one of the spins selectively (different g factors) by EDSR and lift the blockade: hf,=E,
At low fields hyperfine mixes states

EDSR: The ac electric field is generated through the excitation of the gates, which periodically displaces
the electron wave function around its equilibrium position. Due to the SOI the electron spin will feel an
oscillating effective magnetic field, which is used to rotate the electron spin.



Results on InAs

B EDSR Measure
hf 2
e
(_‘
: \/\@’
f
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NAND

Relax

e

-Prepare in ™ M

- Negative detuning

- Rotate with EDSR

- Zero detuning and measure with cavity:

sensitive to phase response
O*E

_ 1 2
E = QCV OQ EYE

- See the Zeeman-lines in the cavity response

- Measure relaxation by waiting at zero detuning
T, ~1Ims

- Measure Rabi oscillations: vary EDSR pulse
length and power

-Estimations: coupling of distant qubits ~1 Mhz
For reaching strong coupling regime need to
dechorence rate, have ideas... (dynamical
decoupling, GeSi core shell wires, ...)

> Curvature counts, dipole: detuning dependent

A (°) 05 0 D
" | 12f

T T

- - -o'—

% )“fn‘:n';—'i-. &
. -

-
Spin Relaxation
{T ~1 s
- ' I u

10 20
T, (us)

D‘_‘_‘-'-—

|
"'L\/hg\_.-‘\.-""z::‘»l:
\/"‘M
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Similar setup and investigate the interaction of Kondo and

£ .
5 cavity
N
-
o
T
1.214
Ei:"=: E
11213 ®
1212 &
1.211
2 dots on two nanotubes
One open one.glosed e vgiavs
| g
- ‘©
:é L3
od
o -
t: c
- >
2
=
10 1 12 13 Hq2iF 18 18 -1
Vi1 (V) Vg (V)

M. R. Delbecq et al., PRL107,256804 (2011), M.R. Delbecq et al., submitted to Nature Comm.



Similar setup in nanotube

=7 5GHz

¢ (rad)
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Closed dot — sensing

Levels tuned with other gate
No capacitive crosstalk possible
Coupling via virtual exchange of photons

A polaron

1(2) = _4W9192N2(1)/fh

Shift depend on the number of electrons on the tuning
dot

If the open dot is the sensing, no effective tuning
possible

Crossings not lifted—> no electronic transport, and
photon field is also far detuned

Also measured the level shifts by cavity



BUTE, Low temperature
Tra nsmon solid state physics laboratory

Problem with charge qubit: sensitivity to charge noise, fluctuations of the gate electrode
The degeneracy point is a sweet point, sensitivity to charge fluctuations is second order

By increasing the E;/E ratio:

BJE, =1 E/E,=5 EYE, = 10 E/E, = 50

10 T T T 1 ! L S m— — T 1 T 1

° AANAANAAN] Y
> I i L .
5 sweet spot
S , everywhere!

o L L L L ) [ —————————————] 0 T — e—— 7 0 " f— fe—r— "

-2 -1 [} 1 2 -2 -1 0 1 2 -2 -1 4] 1 2 -2 -1 Q 1 2

n, (gate charge) T

- good news: the dispersion of the bands disappear exponentially

- bad news: the anharmonicity decreases (even changes sign), but just
linearly, still enough to separate qubit

AR N I S Y T I 1
20 40 60

J. Koch et al., PRA 76, 042319 (2007)
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EJ-/ES increased by a shunting capacitance (E. decreased): design parameter

1.0
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w
0.5
0.0 s, it B v T i e Wi siiienns] Bomaiilmmes
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CPW ground plaﬁe (Nb)

CPW.center pin (Nb)
SCisland 1 (Al)

SCisland 2 (Al)
" CPW ground plane (Nb)

290 pm
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g/2m ~ 1..100MHz

Uvae = 11.6 MHz
(g/2r = b5.8MHz)
k/2r = 0.8 MHz
] ~/2r = 0.7TMHz




Transmon

Coupling to resonator
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va — va + VRMS(& -+ CALT)

e

V)
Y

resonator mode

Coupling:
g=dE/h

d and E higher than in 3d cavity
easy to arrive at strong coupling regime

CPB

— X

RWA

Jaynes-Cummings Hamiltonign_—

hw, . .
H = hw,(a'a+1/2) + (; 0.+ hglao, +a'o_)

without coupling
(g=0)

Nor!dege'nergtg case: Wy 7£ iy De“generate cas:e: Wa = Wy
P dispersive limit _ > “on resonance |3 T)
- ——[37) :
3 1) — 3 1)— 217)
—[27)
2 |)— 21) 111)
11 1)
11 1) wr[ - 111) 0T)
: 1 F
oyt 1)

H.=4/e* E.CoVays((a+a))

NAND

A. Blais et al., PRA 69, 062320 (2004)



BUTE, Low temperature
Tra nsmon solid state physics laboratory

29
Resonant case, g0 Y 0
Epy =nhwthgyn+1 Wy Wy
0 1}
2q ﬁ
al " Dressed state
-% ladder
| vt
% 2 & qubit detuned
B 0.8 (dispersive)
) 0.6}
W w 0.4¢
0ol = data
Vacuum Rabi splitting can be seen by measuring S pham &
the transmission of the cavity E i : : _
£ b 2g qubit in
g 2 ' resonance
= 0.08} -
- = (kaubit} -+ [pbotcas)
0.02 2
0,

602 6.03 604 605 606 6.07

Fi Voo (GH
A. Walraff et al,, Nature 431, 9 (2004) PeguUency ¥y (OFLE)
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Non resonant case, g0

dispersive regime: ® -®_>> g **g ﬂ 2g2/A
=
- State dependent polarizability of ‘atom’ pulls the E
cavity frequency g L 3
g2 1 2 2
Hepp = Mwr + 7002) + 5 (Wa + 700%) E MW
S
/ \ - — 1 o ;
Lamb shift @r-g/A o+ g¥A "

qubit ac Stark shift
and cavity shift

charge qubit

Example: spectroscopy of CPB \/

The transition energies mapped
with sophisticated setup...

0.9 095 1 1.06 1.1
gate charge, 2n,

D. Schuster et al., PRL 94 (2005), 123602.



BUTE, Low temperature
Qua ntum bus solid state physics laboratory

Exchange of excited states via virtual
photons in the dispersive regime

Phase qubits...
c #/2 transmission line
|TT D> 1_:av'rh_.r3.74 GHz
l.',t}1 + Q}E J B
N
ITd D) A [LT D) ~
1 \% . S ” A - - \_\x
A g\\ ;fg vy )
| TR
Wy Wo
W,
¥ N D) L 4




