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Presenter
Notiz
This talk will focus on the recent progress on superconducting qubit research at Karlsruhe Institute of Technology.

We will present spectroscopy and time domain data on transmon qubits, highlight the potential of concentric transmons recently developed at KIT, and give an outlook on coupled qubit-magnon systems.





Martin Weides KIT & JGU Mainz 2

 Introduction

 Anharmonic many-level quantum circuit

 Dispersive shifts, power spectroscopy, Rabi sidebands

 Concentric transmons

 Gradiometric, fast tunable, site-selective sz coupling

 Ongoing

 QuantumMagnonics:

quantum limited detection of dynamics in ferromagnets

IEEE/CSC & ESAS SUPERCONDUCTIVITY NEWS FORUM (global edition), January 2016. 
KRYO 2015 oral presentation.  Not submitted for publication.



Martin Weides KIT & JGU Mainz 3
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Classical bit

Quantum bit (qubit)

S = 1/2

Bits and Quantum Bits

1st transistor 1947

Today’s chips

Integrated circuit
1-4 GHz clock rate
Multi-core processsor

Superposition & entanglement: 2N- dim. Hilbert space

 Parallel processing (Shor factoring, Grover search, Q-simulation)
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Presenter
Notiz
In the last 7 decades computing based on the binary system, using 0 and 1 as logic information carriers, has developed towards today's large-scale supercomputing centers operating 100s of thousands of cores and reaching more than 10 Peta flops per second. However, mathematically speaking,  the class of solvable problems using digital computing is limited. 

Replacing the 'bit' with a 'qubit', i.e. a spin 1/2 particle, one may utilize quantum superposition, and -if connecting several qubits- quantum entanglement to address a larger class of problems. Large number of degrees of freedom are intrinsic to the quantum device. Due to the large computational space, created by the Hilbert space, and 'massive' parallel processing some algorithms can be implemented efficiently on a quantum computer, if realized with sufficiently large and fully entangled qubit register. Examples are factoring of numbers, searching an unsorted database, or -more likely to be implemented in this decade- quantum simulation. 





Martin Weides KIT & JGU Mainz 4

Transmons: capacitively shunted Josephson junction
 Anharmonic oscillator

Non-linear, tunable LC oscillator

Magnetic flux  changes LJ(f)



Two lowest levels  Bloch sphere
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Presenter
Notiz
A Josephson junction capacitively shunted forms an anharmonic LC oscillator, due to the non-linear point-like Josephson inductance. The energy (or frequency) transition from ground to first excited state differs from the transitions for higher levels. Applying an on-resonant microwave drive to that first transition and going into the rotating frame transforms the system into a spin 1/2 particle, with the higher, fast oscillating levels neglected in a first approximation. 
This 'artificial atom or electron spin' has fixed level spacing. By replacing the single junction with a split junction the effective Josephson inductance becomes tunable by applying a magnetic flux, i.e. the level transition can be set by an outer magnetic signal (static or pulsed).
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Anharmonic many-level quantum circuit

Consider higher quantum levels

transmon qubit: 
weak anharmonicity

Neeley Nat. Phys. 4, 523 (2008)
Fedorov Nat. 481, 170 (2011)

Bruß PRL 88, 127901 (2002)
Cerf PRL 88, 127902 (2002)

Paraoanu JLTP 175, 633 (2014) 

enhanced security of key
distribution in quantum 
cryptography

quantum
simulation
spin-½ ↔ two levels

spin-1 ↔ three levels

efficient & robust 
quantum gates
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Presenter
Notiz
For quantum computing one uses mostly a spin 1/2 system, or qubit, as basic information carrier. However, higher levels can be used as well, for example to implement faster quantum gates, for increased security in quantum cryptography, or for quantum simulation. A two level system represents a spin 1/2 system, a three level system a spin 1 system, a 4 level system a spin 3/2 systems, etc. 
In the following, we will exploit the weak anharmonicity of transmon qubits to implement experiments in analogy to quantum optics, but only implemented with microwave frequencies and 100s of microns larger artificial atoms. 
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Experiment

 microstrip geometry

 overlap Josephson junction

 transmon regime:  �� ≫ �� ⇒ ��~0.05

 spectroscopic measurements

 VNA readout tone

 microwave drive/probe tone

Blais et al. PRA 69, 062320 (2004)

Koch et al. PRA 76, 042319 (2007)

Sandberg et al. APL 102, 072601 (2013)

Braumüller et al.,PRB 91,
054523 (2015)
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Presenter
Notiz
In our first work, we realized a transmon qubit using aluminum thin films on an intrinsic silicon substrate. The Josephson junctions have been patterned optically, and the substrate backside was metallized to realize a microstrip geometry. The qubit had a split Josephson junction as indicated on the left (paddle structure). It was capacitively coupling to a lambda/2 readout resonator which was coupled -in turn- to a transmission line. The chip was magnetically shielded and placed on the 20mK stage of a dilution refrigerator. Spectroscopic measurements including several microwave drives on the coupled qubit-cavity system, described by the Jaynes-Cummings Hamiltonian, will be presented on the following slides.
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Power spectroscopy – multiphoton transitions

Braumüller et al.,PRB 91,
054523 (2015)
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Presenter
Notiz
Sweeping frequency and power of the microwave drive while measuring the dispersive change in coupled readout resonator transmission shows clearly distinguishable features, corresponding to resonant excitations in the system.




Martin Weides KIT & JGU Mainz 9

Power spectroscopy – multiphoton transitions

 Six bound states in Josephson potential

 Dispersive shift scales with excitation number ‹n›

Multi-photon transitions

Braumüller et al.,PRB 91,
054523 (2015)
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Presenter
Notiz
The transitions can be explained by multi-photon transitions from the ground state up to the 5th excited level. For example, the transition at 4.6 GHz corresponds to a two photon transition to the 2nd level. The transition at highest frequency (4.8 GHz) is the single photon transition to the 1st level. 
Interestingly, the amplitude of the dispersive shift (indicated by the color scale) depends on the qubit level. Higher levels provoke a larger shift of the readout resonator. We will investigate this in detail on the following slide. The experimental data is well-reproduced by numerical calculations (not shown here). 
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effective Hamiltonian

Dispersive shift by higher levels

Induced by resonator Induced by qubit

Braumüller et al.,PRB 91,
054523 (2015)
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Presenter
Notiz
In the effective Hamiltonian, both the qubit and resonator levels are still 'coupled'. Hence, their levels depend on the state occupation of the coupled subsystem.
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Rotating-wave Hamiltonian

Dispersive shift by higher levels

Induced by resonator Induced by qubit

|S
21

(w
)|
2

Spectroscopy: equal population of 0 , �

Relative resonator shift c*
0j

g01 = 115 MHz
D≈1 GHz

Braumüller et al.,PRB 91,
054523 (2015)

IEEE/CSC & ESAS SUPERCONDUCTIVITY NEWS FORUM (global edition), January 2016. 
KRYO 2015 oral presentation.  Not submitted for publication.

Presenter
Notiz
The resonator transmission is function of the qubit state. For qubit ground state, the resonator Lorentzian is indicated in red (bottom left). For higher qubit level populations (i.e. |j>), the transmission is modified by the dispersive shift \chi_0j, For simplicity of measurements, the resonator transmission is determined at a fixed frequency, indicated by the dashed line. 
In spectroscopy, both qubit levels (ground and j level) are equally populated, corresponding to a mean dispersive shift of \chi^*_0j, to be determined experimentally in good agreement with numerical calculations. 
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Power spectroscopy – data & simulation

measurement

simulation

Braumüller et al.,PRB 91,
054523 (2015)
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Presenter
Notiz
Here we present the power spectroscopy data along with numerical simulations. The good agreement is supported by line-cuts for fixed power shown at the right. 
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Multiphoton dressing	 � − � , Rabi sidebands

 0 , 2 degenerate in rotating frame  dressing

 Probing level structure (in rotating frame) with weak probe tone

measurement simulation

Sweep drive amp, probe freq.Strong drive

Braumüller et al.,PRB 91,
054523 (2015)
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Presenter
Notiz
In the following, we are adding another microwave drive. The first tone (drive tone) couples the ground state with the 2nd excited state, and the second tone probes the new dressed system. In this experiment, the drive power and probe frequency are swept. For stronger drive amplitudes, the appearance of Rabi sidebands is clearly visible. For example (i) represents transitions from the dressed |3> state to either |0> or |2> state (both in the dressed state). 
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Multiphoton dressing – pumping the |�⟩-level

Dynamical coupling of levels by probe tone
 avoided crossing, Autler-Townes doublet

measurement

simulation

Sweep drive & probe freqs.

Braumüller et al.,PRB 91,
054523 (2015)
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Presenter
Notiz
Instead of sweeping frequency and power, both frequencies (of drive and probe tone) can be swept. The dynamical coupling by the probe tone yields Autler-Townes  doublets, appearing as avoided level crossing in the experiment.

We have extended this experiment to the more complex |3> level where Autler-Townes triplets have been observed. 

Again, the good agreement with numerical simulations indicates the good control of our superconducting quantum circuit. 
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Advancing coherence in superconducting qubits

Devoret, Schoelkopf Science 339, 116 (2013)

 Long coherence: scalable quantum computation, error correction

 Useful: high experimental flexibility by fast flux tuning of levels
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Presenter
Notiz
There is a Moore's law for superconducting quantum circuits. Both lifetime T1 and coherence time T2 have been systematically improved, reaching the threshold of 10 000 operations per error, which is set by theoretical concepts for quantum error correction. Beside increasing the coherence, it is advantageous to use tunable qubits for better control of circuits parameters and experimental flexibility. However, adding tunability reduces the coherence in most cases, unless the quantum circuit is operated at a 'sweep spot' where it becomes insensitive to magnetic flux noise (to first order). 
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Novel design: Tunable, concentric transmon qubit (2d)

Coherence �� limited by energy relaxation

 Minimize surface/interface TLS loss  microstrip design

 radiative decay  reduce qubit‘s dipole moment (symmetry)

 Fast (ns) tunability

 Side-selective sz and sx couplings

Braumüller et al., arXiv:1509.08014
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Presenter
Notiz
Since the coherence time T2 is limited fundamentally by the qubit lifetime T1 we have chosen a qubit design for maximized T1 times. The dielectric loss, caused by coupling to electric dipoles (forming two level states TLS)  is reduced by using a microstrip design and large dielectric gaps where the reduced electric field does not cause coherent coupling to the parasitic defects. Radiative loss is reduced by replacing the paddle geometry to a concentric geometry which has no radiative fields in the far-field. The Josephson tunnel junctions are placed symmetrically along the vertical axis, thereby forming a gradiometric design. Qubit level splitting is tuned by a current in the transmission line to the right, allowing both static and pulsed detunings. The gradiometric, concentric qubit features a magnetic dipole moment, i.e. can be \sigma_z coupled. This coupling strength depends on the topology, a qubit chain horizontally aligned is maximal coupled while qubits placed vertically are only sigma_x (capacitively) coupled.




Martin Weides KIT & JGU Mainz 18

Concentric transmon qubit – flux spectroscopy

EJ, EC do not match conventional transmon theory Koch et al. PRA 76, 042319 (2007)

 Modified Hamiltonian considering geometric inductance

Braumüller et al., arXiv:1509.08014
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Presenter
Notiz
From qubit spectroscopy at fixed qubit splitting the quantum circuits parameters E_J and E_C could be determined. However, detuning the qubit transition leads to inconsistent values. This is caused by considerable geometric inductance, most likely to be located in the outer ring, which reduces the total anharmonicity. We have worked out a simple model with a modified Hamiltonian, for details please refer to our paper. More precise, numerical simulations of the qubit geometry are ongoing. 
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Pulsed measurements – Rabi oscillations
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Braumüller et al., arXiv:1509.08014
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Presenter
Notiz
Here the concept of Rabi oscillations along the experimental data is presented.
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Pulsed measurements – Lifetime and coherence

P1

P0

0              10            20            30
Dt [s]

T1=9.1 s

P0

P1

0              10               20               30        
Dt [s]

echo T2=10.2 s

Braumüller et al., arXiv:1509.08014
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Presenter
Notiz
Lifetime T1 and echo T2 fits along with experimental data are presented.
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Pulsed measurements – fast z (energy splitting)-control

Braumüller et al., arXiv:1509.08014
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Presenter
Notiz
The concept of fast detuning (corresponding to a controlled azimuthally precession of the qubit state) is shown along its experimental verification by using a superpositioned state created and readout with a pi/2 pulse. 
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Full sx,sy,sz control, SSB-mixing,

shaped pulses (DRAG)

Gate benchmarking (99.54%)

Precise qubit state control

Monitor decay �� =
�

�
(|0〉 + |1〉) (x-axis)

Schneider MA thesis (2015)

XYZ-tomography, benchmarking, state control
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Presenter
Notiz
Using single-sideband mixing and shaped pulses for derivative removal by adiabatic gating (DRAG) we achieve a single qubit gate fidelity in excess of 99%. 
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Full sx,sy,sz control, SSB-mixing,

shaped pulses (DRAG)

Gate benchmarking (99.54%)

Precise qubit state control

Monitor decay �� =
�

�
(|0〉 + |1〉) (x-axis)

XYZ-tomography, benchmarking, state control

Schneider MA thesis (2015)
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Presenter
Notiz
Using full tomographic control and measurement, the qubit state trajectory is determined during a sequence of pulses. Here, a superpositioned state is created, followed by controlled precession by pi/2. Last, the qubit state is brought back to the ground state.  
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Full sx,sy,sz control, SSB-mixing,

shaped pulses (DRAG)

Gate benchmarking (99.54%)

Precise qubit state control

Monitor decay �� =
�

�
(|�〉 + |�〉) (x-axis)

XYZ-tomography, benchmarking, state control

Schneider MA thesis (2015)
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Presenter
Notiz
The qubit state trajectory following a slightly detuned pi/2 pulse is measured tomographically. Relaxation processes lead to a state inside the Bloch sphere (i.e. a mixed state). The precession velocity is set by the detuning of the initial pi/2 pulse from the qubit transition. 
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Magnon: quantized spin wave excitation

Future information technology
(e.g. spin-torque oscillator, spin-wave propagation control for logic)

Strong magnon damping: magnon/phonon/electron scattering

Grand challenge:

To understand physics, single magnon information needed!

Slavin et al., Nat. Nanotech. 4, 479 (2009) Vogt et al., Nat. Commun. 5, 3727 (2014)

Attenuation length  ~10 umLinewidth Δf > 1 MHz

Magnonics: spin waves in nanostructures
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Presenter
Notiz
Magnonics is an emerging field of modern magnetism. It combines spin waves and magnetism to investigate the behaviour of spin waves in nano-structure elements. Magnons can be viewed as a quantized spin wave. For instance, microwave oscillators based on spin-torque or logic elements using topology can be realized.
Momentarily, a challenge is the strong magnon damping due to scattering with (mostly thermally excited) magnons, phonons or electrons. It if of fundamental interest to investigate coherence of spinwaves down to the quantum regime. 
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 Quantum ground state (T=10 mK)

 Ultra-low power spectroscopy, coherent coupling

 How to achieve?
Extend magnon to artificial spin! 

Access magnon lifetime and coherence via coherent coupling

Use concentric transmon with sz coupling

How to probe a single magnon?
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Presenter
Notiz
To realize that goal, we have started a new research project, supported by the ERC. The goal is use ultra-low power spectroscoy and coherent (i.e. strong) coupling between a magnon and a superconducting qubit to determine the magnon density of states. This is done by extending the magnon with our artificial spin, which we can control to a high precision in its quantum mechanical amplitude and phase. The newly developed concentric transmon offers the chance of direct, inductive coupling to the ferromagnet. 
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