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Figure 1.2: Circuit diagram of (a) a fixed-frequency transmon qubit , (b) tunable transmon qubit. (c)
Energy potential of a transmon qubit, with anharmonic energy levels shown.

1.2.3 The Transmon

The introductionof the transmonqubit in 2007 [26] allowed for superconducting qubitswith coher-

ence times in the 10-100 µs range. By shunting a Cooper pair box with a large capacitance (Figure

1.2), one canmakeaqubit that is insensitive to chargenoise. Over thepast 12 years, this qubit design

has become the standard-bearer of superconducting qubits.

The frequency of a transmon is that of an anharmonic LC oscillator, where the inductance is pro-

vided by the Josephson junctions. It can also be represented in terms of the Josephson energy

EJ = Φ0I0/2π and charging energy Ec = e2/2CΣ, where CΣ = Cs + CJ is the total capacitance

of the qubit including the junction capacitance. This frequency is given by

ωq = 1/
√
LJCΣ =

(√
8EJEc − Ec

)
/~. (1.29)

It is o�en useful to be able to adjust the frequency of a transmon, either to perform gates or to

compensate for fabrication scatter. By using a pair of junctions, an external flux Φe can tune the

e�ective critical current, and therefore the Josephson energy of the qubit. The new Hamiltonian

becomes
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H = 4ECn
2 − EJΣ

√
cos2

(
πΦe
Φ0

)
+ d2 sin2

(
πΦe
Φ0

)
cos

(
2πΦ

Φ0

)
(1.30)

= 4ECn
2 − E ′J(Φe) cos

(
2πΦ

Φ0

)
, (1.31)

whereEJΣ = EJ1 +EJ2 and d = (γ− 1)/(γ + 1), γ = EJ2/EJ1 is the junction ratio. ReplacingEJ

with

E ′J(Φe) = EJΣ

√
cos2

(
πΦe
Φ0

)
+ d2 sin2

(
πΦe
Φ0

)
(1.32)

in 1.29 gives a tunable frequency

ωq(Φe) =

(√
8E ′J(Φe)Ec − Ec

)
/~. (1.33)

1.2.4 The Rectmon

Many of the previous qubit designs used in our group were floating, without a galvanic connection

to ground. For the experiments discussed in later chapters, a new qubit geometry was needed. In

particular, the goal was to design a tunable transmon that could be coupled at multiple points to a

planar resonator. In order tominimize the potential for slot-linemodes and other stray resonances,

it was ideal to have a grounded qubit, with an unbroken ground plane surrounding the qubit is-

land. A rectangular geometry was used, to enable capacitive coupling between the qubit island

and the center conductor of a coplanar resonator. A rough design geometry was parametrized in

ANSYS Q3D, and optimized to generate the target capacitance values. The new geometry, dubbed

the rectmon, is shown in Figure 1.3.
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Figure 1.3: Rectmon geometry generated with Q3D. A rectangular island is placed in a rectangular
pocket with a capacitance to groundCS . A flux-bias line tunes a SQUID loopwhich shorts the island
to the ground plane.

To verify the design, this device was fabricated (See Appendix 1) and cooled down in a dilution

refrigerator to be measured at 25 mK. Further details into qubit control and readout techniques

are discussed in Sections 2.1 and 3.1, respectively.

The coherence of qubits, or the measure of how well a qubit’s quantum state persists with time,

is characterized by a standard set of lifetimes. In the absence of decoherence, a qubit prepared

into any excited state (|ψ〉 = α |0〉+ β |1〉, where β 6= 0), will remain in this state until subsequent

manipulation. However, in the presence of dissipation and low-frequency noise, the qubit statewill

change in time at some rate. The rate that the qubit relaxes to its ground state is described by the

coherence timeT1,

Γ1 ≡
1

T1

. (1.34)

To experimentallymeasureT1, the qubit is rotated by π about theX orY axis, and ameasurement

of the qubit is performed at some later time t . The probability of finding the qubit in its excited state

as a functionof t can thenbe fit to an exponential decay function. An example of aT1measurement
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of a rectmon qubit is shown in Figure 1.4.
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Figure 1.4: Relaxation experiment to measureT1.

In addition to relaxation into the ground state, the qubit can alsodephase. This canbe thought of as

noise in thequbit’s frequency. Togetherwith energy relaxation, dephasing leads to thedecoherence

of an arbitrary quantum state at a rate Γ∗2 given by

Γ∗2 ≡
1

T ∗2
=

1

2T1

+
1

Tφ
. (1.35)

T ∗2 is measured in a Ramsey experiment by preparing the qubit in a perfect superposition state

with a rotation of π/2 about the X or Y axis, with a pulse at a frequency ωq + δ. The qubit state

will precess at this detuning frequency. Some time later, an identical pulse is applied to the qubit. If

the qubit did not dephase, the resulting qubit state will oscillate between |0〉 and |1〉 at frequency

δ. Dephasing will result in an exponential envelop to this oscillation, eventually resulting in a ran-

dom mixed state with 50% occupation probability. This exponentially damped sinusoid can then

be fitted to extractT2. An example of a Ramsey experiment is shown in Figure 1.5.

Ramsey experiments are sensitive to low frequency noise between individual experiments. This low

frequency noise can be reduced with an echo experiment. A superposition state is prepared with a

π/2 pulse (on resonance this time), with a following identical pulse at time t . However, this time a


