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Presenter
Presentation Notes
Low-frequency excess flux noise is the dominant noise contribution for magnetic flux sensitive superconducting quantum devices that are operated at temperatures well below 1K. Its existence limits, for example, the coherence time of flux and phase qubits and makes measurements of low-frequency signals using low-Tc SQUIDs challenging. But even though low-frequency excess flux noise appears frequently, its underlying mechanisms aren’t fully elucidated.This talk focuses on our most recent insights into low-frequency excess flux noise. The results presented here are summarized in:S. Kempf et al., Appl. Phys. Lett. 109, 162601 (2016) 



low-frequency noise makes life hard:
• averaging / measurement times
• quantum coherence
• dephasing
• …

Flux noise of a superconducting quantum device

white noise low-frequency noise

dc-SQUID
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Presenter
Presentation Notes
The magnetic flux noise spectrum of a superconducting quantum device is typically composed of white noise and low-frequency noise contribution showing a 1/falpha frequency dependence. The latter contribution affects averaging and measurements time of SQUIDs, quantum coherence and dephasing time of qubits and many other physical properties of superconducting quantum devices.



Sources of low-frequency noise

S. LaForest et al., PRB 92 (2015) 054502

‚external‘ sources
• insufficient shielding
• vortex motion
• RT electronics
• magnetic impurities on device

JJ related sources
• critical current fluctuations
• TLSs within barrier

‚wiring‘ related sources
• low-frequency excess flux noise
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Presenter
Presentation Notes
There are many potential sources for low-frequency noise in superconducting quantum devices:External sources such as magnetic disturbances that couple into the device due to insufficient magnetic shielding, motion of trapped vortices within superconducting structures, low-frequency noise of the room-temperature electronics that is used for reading out the device or magnetic impurities sitting on or in the vicinity of the device.Sources that are related to Josephson junctions such as critical current fluctuations or two-level systems within the tunnel barrier.Sources that are related to the wiring such as surface spins sitting on the superconducting structures forming the quantum device.The last source is presently thought to be the origin of low-frequency excess flux noise possibly caused by nuclear spins within the superconducting material, adsorbed molecules, dangling bonds, surface oxide layers etc. (see figure).



Temperature dependence of low-frequency noise

In general: amplitude of flux noise increases with decreasing temperature

but: different behavior for different SQUIDs
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Presenter
Presentation Notes
Even though the origin of low-frequency excess flux noise hasn’t be revealed so far, many experimental observations were previously made. It is, for example, mostly accepted that the amplitude of low-frequency excess flux noise increases with decreasing temperature. However, a closer look reveals that this behavior is non-universal and that different SQUIDs show varying results. For instance, we show on this slide the measured temperature dependence of the noise amplitude and the noise exponent for two different SQUIDs. While the first SQUID (red triangle points) shows a temperature independent noise amplitude and an increasing noise exponent with decreasing temperature, the second SQUID (blue circle points) shows an increase of noise amplitude and a more or less decrease of the noise exponent with decreasing temperature.



Pivoting of noise spectra

S.M. Anton et al., PRL 110 (2013) 147002 

noise spectra pivot about a frequency fc

correlation between SΦ,1/f(1Hz) and α

washer SQUID
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Presentation Notes
The apparent non-universal behavior that we mentioned on the previous slide can be explained/understood by observations made by Anton et al. They measured low-frequency noise for a large number of simple washer SQUIDs at different temperatures and observed that all noise spectra of a certain device (measured at different temperatures) cross each other at a pivot frequency fc that is characteristic for a particular sample SQUID. This behavior implies a correlation between the noise amplitude and the noise exponent which is given by the equation shown on the slide. Depending on the nominal value of the pivot frequency fc, this results in different temperature dependences of the noise amplitude and exponent. For f < fc , for example, the noise amplitude quoted for the frequency f  changes with temperature while for f = fc the noise amplitude stays constant when changing temperature.



Universality

D. Drung et al., IEEE Trans. Appl. Supercond. 21 (2011) 340

4K
< 320mK

• universal temperature behavior
(independent of SQUID type)

• universal behavior among different
SQUIDs

• correlation between ε1/f (1Hz) and α

investigation of gradiometers, SSAs, …
(‘more complex SQUIDs‘)
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Presentation Notes
Drung et al. investigated the correlation between the noise exponent and the noise amplitude for a large number of SQUIDs with a more complex device geometry of, for example, series and parallel gradiometers, series SQUID arrays (SSAs) or integrated two-stage SQUIDs. They observed a universal behavior in terms of temperature dependence as well as in terms of different SQUIDs. More precisely, they observed that the noise amplitude and exponent increases with decreasing temperatures (this matches previous observations) and that their data set can be described by a relation between the noise amplitude and exponent that is identical to the correlation mentioned on the previous slide. Consequently, the correlation between the noise amplitude and exponent indicating that all spectra pivot around a frequency fc not only applies to individual SQUIDs but also to different device structures.



What we have learned so far…

flux noise increases towards
lower temperatures

pivoting for simple SQUIDs universal behaviour

Pivoting for more complex SQUIDs? More correlations?
Dependences?
Non-universalities?

Open questions:
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Presentation Notes
We have seen so far that low-frequency excess flux noise increases towards lower temperatures, that noise spectra measured for a simple washer SQUID at different temperatures cross each other at a pivot frequency fc implying a correlation between the noise amplitude and the noise exponent and that the correlation between the noise amplitude and exponent is universal and also applies when comparing the noise amplitude and exponent of different SQUIDs. On the basis of these observations, a couple of questions naturally emerges. One might ask whether there are more correlations that haven‘t been observed so far, whether there are further dependences that haven‘t been revealed so far and whether there are hints on a non-universal behavior.



Flux noise versus energy sensitivity
- Flux noise versus washer SQUID/qubit dimensions -

T. Lanting et al., PRB 79 (2009) 060509R

Prediction for flux noise

R.C. Bialczak et al., PRL 99 (2007) 187006

analytical expression experimentally verified
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Presentation Notes
When addressing the questions mentioned on the previous slide, we have to ask which figure of merit is best to be considered. Presently, in most studies of low-frequency excess flux noise, data are expressed in terms of magnetic flux noise due to historical reasons. For this reason, many experimental and theoretical works use this approach. Bialczak et al., for example, determined an analytical prediction of the magnetic flux noise of a simple washer SQUID which was later on experimentally verified by Lanting et al. However, we will see on the next slide that there are strong hints that energy sensitivity should be at least regarded in parallel.



Flux noise versus energy sensitivity

S.M. Anton et al., PRL 110 (2013) 147002 D. Sank et al., PRL 109 (2012) 067001

flux noise energy sensitivity
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Presentation Notes
When carefully analyzing different data sets, one quickly recognizes that different spectra might fall on top of each other when analyzing them in terms of energy sensitivity. This can be seen, for example, in the data set measured by Sank et al. They measured three different noise spectra that seem to differ from each other by about a factor of 2 (standard and wide trace, and high L, all plotted versus f). At the same time, the device inductance differs by about a factor of 2. This shows that the energy sensitivity is essentially constant. Since there are more hints that energy sensitivity might reveal new insights into the low-frequency excess flux noise, we decided to use both figures of merit, i.e., we analyzed the full data set both in terms of magnetic flux noise and energy sensitivity.



Analyzed data set

Comprehensive analysis (T < 1K):

• 84 superconducting quantum devices
• 373 individual noise spectra

• 21 SQUIDs (109 spectra) measured by us
• 15 SQUIDs home-made, 6 SQUIDs provided by PTB Berlin

• literature
o F.C. Wellstood et al., Appl. Phys. Lett. 50 (1987) 772
o R.C. Bialczak et al., PRL 99 (2007) 187006
o S.M. Anton et al., PRL 110 (2013) 147002
o D. Drung et al., IEEE Trans. Appl. Supercond. 21 (2011) 340
o S.M. Anton et al., PRB 85 (2012) 224505
o F.C. Wellstood et al., IEEE Trans. Appl. Supercond. 21 (2011) 856
o T. Lanting et al., PRB 89 (2014) 014503
o D. Sank et al., PRL 109 (2012) 067001
o R. Harris et al., PRB 81 (2010) 134510
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Presentation Notes
During the last 30 years, acquired was a quite large number of measurements of low-frequency excess flux noise at temperatures below 1K. However, thus far there has been no comprehensive analysis taking into account all data sets at the same time. We therefore decided to combine our own measurements, for which we used SQUIDs with a more complex device geometry (see next slides) with a large number of measurement that were reported in literature. In total, our analysis is based on 373 individual noise spectra. About a quarter of them were measured by us. The other measurements were taken from publications that are quoted on this slide. 



Single SQUIDs

60 µm

Second-order parallel gradiometer with separate input and feedback coils
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Presentation Notes
Our measurements of low-frequency excess flux noise were triggered by the development of SQUIDs that are optimized for the readout of metallic magnetic calorimeters (MMCs). Since MMCs require current-sensing SQUIDs that are insensitive to magnetic background fields and that reach a near-quantum-limited noise performance, we develop planar, second-order parallel gradiometers (this slide) as well as N-SQUID series arrays (next slide). Both type of SQUIDs are then combined in a two-stage SQUID setup. More details on our different SQUID designs can be found inS. Kempf et al., Supercond. Sci. Technol. 28 (2015) 045008



N-SQUID series arrays

N-SQUID series array of N first-order dc-SQUID series gradiometers
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Temperature dependence of low-frequency noise

16-SQUID series array
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Presentation Notes
This slide shows a representative measurement of the temperature dependence of one of our home-made 16-SQUID series arrays. We see that both, the noise amplitude as well as the noise exponent, slightly increase with decreasing temperature. This behavior is therefore consistent with the observations previously made for simple washer SQUIDs (see slide 4) and for SQUIDs with a more complex device geometry (see slide 6).



Temperature dependence (continued)

advanced SQUIDs show pivoting, too

T decreases
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Presentation Notes
When plotting the noise amplitude as a function of the noise exponent (this plot results from combining both plots of the last slide) we see that the data points are aligned at a monotonic curve representing the correlation between the noise amplitude and exponent (see equation on slide 5). The same behavior can be observed when looking at other SQUIDs taken from our batch. We therefore see that SQUIDs with a more complex device geometry show essentially the same behavior as simple washer SQUIDs.



Look at the large data set

single SQUIDs / qubits SQUID arrays

SQUID
qubit

Nb
PbIn
PbIn + Nb
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Presenter
Presentation Notes
On this slide we show summaries of the all measured noise amplitudes and exponents expressed in terms of magnetic flux noise for a large number of superconducting quantum devices and temperatures. Our analysis includes SQUIDs (separated into single SQUIDs and SQUID arrays)  as well as flux and phase qubits. The devices were made of different materials (Nb, PbIn  and devices made of 50% Nb and 50% PbIn). Each point in these plots represents a single noise measurement of a sample device taken at a fixed temperature below 1K. Most of the devices were measured at different temperatures. These measurements show up as individual data points without temperature or sample device encoding. Data points were either taken from own measurements or from literature (see slide 10).



Look at the large data set (continued, I)

single SQUIDs / qubits SQUID arrays

SQUID
qubit

Nb
PbIn
PbIn + Nb

• qubits show α ≈ 1
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Presentation Notes
When comparing different device types (SQUIDs, qubits), we see that qubits (squares in the plot) always show alpha ~ 1 and are well separated from all data points belonging to SQUIDs (see red ellipse). We additionally see that qubits feature significantly lower noise amplitude than SQUIDs having the same noise exponent.  Next slide will address the material difference.



Look at the large data set (continued, II)

single SQUIDs / qubits SQUID arrays

SQUID
qubit

Nb
PbIn
PbIn + Nb

• qubits show α ≈ 1
• PbIn / PbIn + Nb show higher noise than Nb
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Presenter
Presentation Notes
When comparing the measured noise amplitudes of SQUIDs made of different materials we see that PbIn and PbIn + Nb SQUIDs show systematically higher noise values than bare Nb SQUIDs (see dashed line separating both regions). Consequently, this is an evidence for a material dependence of low-frequency excess flux noise.



Look at the large data set (continued, III)

single SQUIDs / qubits SQUID arrays

SQUID
qubit

Nb
PbIn
PbIn + Nb

• qubits show α ≈ 1
• PbIn / PbIn + Nb show higher noise than Nb
• Nb SQUID arrays show higher a than single Nb SQUIDs

IEEE/CSC & ESAS SUPERCONDUCTIVITY NEWS FORUM (global edition), April 2017.  
Oral presentation at KRYO 2016. No manuscript was submitted for hardcopy journal publication.

Presenter
Presentation Notes
When restricting the analysis to Nb-based SQUIDs (blue triangles in the plot), we see that most SQUID arrays systematically feature higher noise exponents than single SQUIDs. More precisely, SQUID arrays mostly show alpha > 0.8 while single SQUIDs show always alpha < 0.8 independent on the actual device type (series or parallel gradiometer, simple washer SQUID etc.). Both regions are marked by different colors in the figures.Remark: The SQUID arrays each consist of 4, 8, 14 or 16 SQUID cells that are connected in series. There is no systematic dependence of low-frequency excess flux noise on the number of SQUID cells within the array.



Look at the large data set (continued, IV)

single SQUIDs / qubits SQUID arrays

SQUID
qubit

Nb
PbIn
PbIn + Nb

material and device-type dependence of low-frequency excess flux noise

possibility to engineer flux noise spectra
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Presenter
Presentation Notes
Combining the observations discussed on the previous slides, we see that low-frequency excess flux noise shows a dependence on device material and device type. This, at least to some extent, facilitates to engineer the shape of low-frequency flux noise spectra. By choosing a proper combination of device type and device material, it should therefore be possible to optimize the noise performance of a device with respect to a certain application.



Flux noise and energy sensitivity versus α for two SQUIDs: comparison

flux noise energy sensitivity

248pH

145pH

correlation among different SQUIDs?
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Presenter
Presentation Notes
We have already mentioned that in most present studies of low-frequency excess flux noise data are expressed in terms of magnetic flux noise due to historical reasons. We have also argued that the energy sensitivity (resolution) might be an additional important figure of merit for analyzing low-frequency excess flux noise. To compare both approaches, we show on this slide the measured noise amplitude and exponents of two different SQUIDs expressed in terms of both, magnetic flux noise and energy sensitivity. The analysis in terms of magnetic flux noise shows a less obvious correlation between two groups of data points for both SQUIDs than the analysis in terms of energy sensitivity.  In the latter case, these two groups align almost perfectly with each other (the dependence of ε vs.  can be approximated by a straight line). This strengthens our belief that in the future both figures of merit should be used for analyzing the data.



Large data set revisited (I) 

single SQUIDs / qubits SQUID arrays

SQUID
qubit

Nb
PbIn
PbIn + Nb
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Presenter
Presentation Notes
This slides shows once more the measured noise amplitudes and exponents expressed in terms of magnetic flux noise of the entire data set. There is no new information as compared to slide 15, but it is shown again to emphasize the contrast to the following slide, with presents the energy density at 1 Hz versus α.  



Large data set revisited (II)

single SQUIDs / qubits SQUID arrays

correlation between noise magnitude and exponent among different SQUIDs
and for different temperatures

S1

S2

S3

S4
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Presenter
Presentation Notes
In contrast to the previous slide, we show here the results when expressing data in terms of energy sensitivity. We clearly see that most of data belonging to different SQUID (or array) groups appear correlated with each other (except those labeled S4, A1, A2). This is indicated by solid lines representing correlations between the noise amplitude and exponent (see slide 5). These correlations between noise magnitude and noise exponent hold for different SQUIDs and temperatures.The reason for emerging of these correlation groups isn’t clear so far. There is no obvious commonality between devices within one group. However, we found it interesting that such a grouping somehow naturally occurs even though there are no obvious commonalities. 



Large data set revisited (III)

• pivot frequency depends on SQUID type
• SSAs show higher noise at pivot frequency
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Presenter
Presentation Notes
This table shows the number of spectra, the pivot frequency as well as the noise amplitude at the pivot frequency expressed in terms of energy sensitivity  for different groups that can be identified within the plots shown on the previous slides. It is obvious that single SQUIDs and SQUID arrays show a different behavior when comparing pivot frequencies or noise amplitudes.



Summary and outlook

what‘s next?
• energy sensitivity vs. flux noise
• material dependence (nuclear spins, RKKY interaction, …)

recent insights in low-frequency excess flux noise
• spectra pivot for advanced SQUIDs, too
• device type and material dependence
• universal correlation between noise magnitude and exponent
• possibility to engineer low-frequency noise
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Presenter
Presentation Notes
In this talk we presented our most recent insights in low-frequency excess flux noise of superconducting quantum devices. We found that more complex SQUIDs such as second-order parallel gradiometers or SQUID series arrays show spectral pivoting, too. We found several hints for a device type and material dependence as well as an apparently universal correlation between the noise magnitude and noise exponent. The device type and material dependence of low-frequency excess flux noise might in the future allow to engineer low-frequency noise by adjusting the noise properties of a superconducting quantum device according to the requirements of a certain application.In the future, we want to further inverstigate whether the amplitude of low-frequency excess flux noise should be described in terms of magnetic flux noise or energy sensitivity?  With this objective, we will study washer SQUIDs with different loop sizes but the same inductance. In addition, we want to further study the material dependence of low-frequency excess flux noise. Recent theories, for example, predict a dependence of low-frequency excess flux noise on the nuclear spin or the strength of RKKY interaction. We will, therefore, fabricate SQUIDs made of proper materials that should allow us to specifically address these questions.



Thank you for your attention!
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