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Abstract—The separation and optimization of noise compo-
nents is critical to microwave-kinetic inductance detector (MKID)
development. We analyze the effect of several changes to the
lumped-element inductor and interdigitated capacitor geometry
on the noise performance of a series of MKIDs intended for
millimeter-wavelength experiments. We extract the contributions
from two-level system noise in the dielectric layer, the generation-
recombination noise intrinsic to the superconducting thin-film,
and system white noise from each detector noise power spec-
trum and characterize how these noise components depend on
detector geometry, material, and measurement conditions such
as driving power and temperature. We observe a reduction in the
amplitude of two-level system noise with both an elevated sample
temperature and an increased gap between the fingers within
the interdigitated capacitors for both aluminum and niobium
detectors. We also verify the expected reduction of the generation-
recombination noise and associated quasiparticle lifetime with
reduced inductor volume. This study also iterates over different
materials, including aluminum, niobium, and aluminum man-
ganese, and compares the results with an underlying physical
model.

Index Terms—Two-level system (TLS), noise, microwave ki-
netic inductance detectors (MKIDs), generation-recombination
noise, optimization.

I. INTRODUCTION

Future mm-wave experiments require ever-increasing de-
tector counts to achieve the necessary sensitivity to pursue
ambitious science cases. Microwave kinetic inductance detec-
tors (MKIDs) are well suited to large-format detector arrays,
including photometer arrays [1], [2], [3] and on-chip filter-
bank spectrometers [4], [5], [6], [7]. To achieve photon-limited
sensitivity for each detector, it is necessary to understand each
component of detector noise, including two-level system (TLS)
noise, shot noise from the generation and recombination (GR)
of quasiparticles, and amplifier noise.

TLS noise is caused by the coupling of a resonator to a
thin amorphous solid dielectric layer, where two-level tun-
neling states are thought to exist based on a phenomeno-
logical model [8]. When atoms tunnel between two states,
the resulting dipole can couple to the electric field of the
resonator, causing excessive noise with a characteristic spectral

shape proportional to f−1/2, where f is the frequency of
the noise. Though a full microscopic understanding of TLS
noise is yet to be established, previous studies have shown
that the TLS amplitude in MKIDs can be altered by changing
the capacitor geometry [9], and through substrate surface
treatments prior to the deposition of the metal films [10]. The
generation-recombination noise of an MKID is caused by the
continual breaking and reforming of Cooper pairs within the
inductor. From the perspective of the resonator, the GR noise
is also dependent on inductor geometry and should decrease
with reduced inductor volume[11]. The amplifier noise can
be minimized by operating the amplifiers just below MKID
bifurcation power, or by using amplifiers with lower noise-
equivalent temperatures.

In this paper, we fit detector noise power spectra to ex-
tract the TLS noise, the GR noise, and the amplifier white
noise for a series of detector designs with different inductor
volumes and interdigitated capacitor (IDC) geometries. We
repeat this analysis with different detector materials, including
niobium, aluminum, and manganese-doped aluminum (AlMn)
with a lower superconducting transition temperature Tc than
aluminum. The goal of this exercise is to identify a set of
geometric and material parameters that enable the tuning of
detector noise to achieve the requirements of a given an
experiment. This has immediate application both to our current
efforts toward the development of SPT-3G+ [12] and to future
missions with more stringent noise requirements such as an
NEP at the level of 10−20W /

√
Hz.

II. DEVICE DESIGN AND FABRICATION

The MKID design used for this study is based on the pro-
totype design for SPT-3G+ [12]. We then modify component
geometries and detector materials to explore their impact on
detector noise. Figure 1 shows a photo of 1×0.5 inch device
used for this study. The microstrip feedline is capacitively
coupled to five pixels, each composed of two MKIDs aligned
to orthogonal polarization optical modes. Operating as detec-
tors, these resonators are intended to couple to radiation via
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a feedhorn, which drives the design of the resonator inductor 
to double as an efficient p hoton a bsorber. E ach i nductor is 
coupled to an IDC whose geometry sets the unique resonant 
frequency of each resonator on the device. Three types of 
devices were fabricated, each designed to test one change 
to device geometry. These include: A) a device with varying 
inductor volumes for all five p ixels t o e xplore t he i mpact on 
the GR noise, B) a device with a varying gap width between 
IDC tines or equivalently varying IDC filling factor, and C) a 
device with varying IDC tine width as well as the gap between 
tines. See Fig. 2 for the design geometries of A), B), and C). 
The devices are fabricated via a single-layer metal deposition 
on a high-resistivity silicon substrate. The resonator geometry 
is defined v ia o ptical p hotolithography a nd a  w et e tch. The 
silicon wafers are prepared with a buffered-HF etch to remove 
the native oxide layer prior to metal deposition. Each six-inch 
wafer contains all of the geometric design variations, so that 
the film m aterial r emains a s c onsistent a s p ossible a cross all 
device types.

Inductor

Capacitor

Fig. 1. Microscope images of the type (A) chip described in the text
with different inductor volumes. Each pixel contains two detectors with two
inductors oriented in orthogonal directions and two associated capacitors
to form the resonators. The inductors are meandered metal lines, and the
capacitors utilize the interdigitated design. The capacitors have curved tines
that allow higher packing density in the final detector array. Bottom right
diagram is from [13].

III. NOISE MEASUREMENT AND MODELING

Detector noise timestreams were measured with a ho-
modyne single-tone setup consisting of a microwave signal
generator, quadrature demodulator, signal splitter, attenuators,
and a 200 kHz commercial ADC. Measurements were taken
over a temperature rang spanning ∼ 8 − 300 mK, and the

(A) Varying inductor volume. Left: 173 𝜇m!, right: 460 𝜇m!

(B) Varying capacitor tine gap. Left: 12 𝜇m, right: 4 𝜇m

(C) Varying capacitor tine gap and width. Left: 8 𝜇m, right: 12 𝜇m

Fig. 2. Detector geometry variations. Here subfigures A), B), and C)
correspond to designs A), B), and C) discussed in the text.

microwave signal was amplified using amplifiers at both 4 K
and room temperature.

We report the noise power spectral densities (PSDs) cal-
culated using the local-gradient procedure in [14] and we
have verified the consistency of this method with the phase-
shift method described in the same reference. Figure 3 shows
example noise measurements for one detector taken at a
microwave power on the feedline of -110 dBm. At 8 mK, we
observe in the noise PSD a clear 1/

√
f slope associated with

TLS noise that decays with increasing device temperature.
Around 1000 Hz, we observe a rolloff in the PSD that is related
to the quasiparticle lifetime. The frequency of this rolloff shifts
to a higher frequency as the operating temperature increases,
as expected [15]. The noise beyond 20 KHz is dominated by
the white noise level of the cryogenic amplifier.
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Fig. 3. Sample fractional frequency shift noise PSD for a resonator. The
1/

√
f feature at lower stage temperature corresponds to TLS noise and

decreases as we increase the operating temperature. The flat white noise level
in the mid-frequency range corresponds to the generation and recombination
of quasiparticles. The white noise floor above the GR rolloff at a few kHz is
mostly system noise dominated by amplifier noise.

Each noise PSD is fit with the following model [16]:

Sxx(f) =

(
A+Bf−n

1 + (2πfτ)2
+ C

)
, (1)

where Sxx is the frequency noise PSD, A is the GR noise
component, Bf−n is the 1/

√
f noise (mostly dominated by

TLS in our system), τ is the quasiparticle lifetime, and C is
the system white noise level.

To break the degeneracy of parameters, we note that the
GR noise level A does not depend on temperature [11]. Thus,
we can fit for A using high-temperature data where the TLS
component is suppressed, and then fit for B in low-temperature
data using a model with fixed A. We found that our low-
temperature data is consistent with n ∼ 0.5 and therefore
fixed n = 0.5 to better expose the geometry dependence of
parameter B. The quasiparticle lifetime, τ , and the system
white noise level, C, are not degenerate with other parameters
since they correspond to distinct features: the rolloff and the
flat region at high frequency (∼ 105 Hz).

Some of the AlMn detectors were found to have a non-
negligible resonator ring-down time τres = Q/πf0, where Q
is the resonator quality factor, and f0 is the resonant frequency.
Since the ring-down time is assumed to be negligible in Eq.
(1), we re-introduced the rolloff term 1 + (2πfτres)

2 to the
denominator of Eq. (1) for AlMn detectors with τres from
independent measure of Q and f0 [11]. The AlMn resonators
also have low bifurcation power [17], which in some cases was
only slightly above the system white noise floor. As a result,
we collected limited data for a fraction of AlMn resonators
within a small range of stage temperature and bias powers
relative to the datasets taken for other materials. For a robust
extraction of the fit parameters, we fit multiple noise curves
taken for the same resonator at different temperatures and
powers simultaneously.

IV. GENERATION-RECOMBINATION NOISE OPTIMIZATION

The generation-recombination noise contribution to the
quasiparticle fluctuation PSD is expected to follow:

SN (f) =
4Nqpτ

1 + (2πfτ)2
, (2)

where Nqp is the number of quasiparticles. The numerator of
this expression should scale with detector volume VL since
Nqp = nqpVL, where nqp is the quasiparticle number density.
We seek to demonstrate the dependence of the numerator on
inductor volume.
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(a) X-polarization detectors, aluminum, type A
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(b) Y-polarization detectors, aluminum, type A

Fig. 4. Quasiparticle number fluctuation PSD vs. inductor volume for X and
Y polarizations. We separate X and Y due to different inductor geometries.

We fit the noise PSDs of aluminum detectors with varying
inductor volume (Type A from Section II), and extracted the
GR noise level (A in Eq. (1)). This parameter theoretically has
dependence A = 4Nqpτ (dx/dNqp)

2, where x = df/f . To
isolate the linear dependence of 4Nqpτ on inductor volume,
we divide out the dx/dNqp term by recognising that

dx

dNqp
=

dx

dT

dT

dNqp
=

1

VL

dx

dT

dT

dnqp
, (3)

and making use of expression for quasiparticle number den-
sity:

nqp = 2N0

√
2πkBT∆exp (−∆/kBT ) , (4)
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where N0 is the single spin density of states at the Fermi level 
(1.72 × 1010µm−3eV −1 for aluminum), kB is the Boltzmann 
constant, and ∆ = 1.76kBTc is the energy gap for aluminum. 
Fig. 4 shows 4Nqpτ as a function of inductor volume for the 
aluminum devices. We grouped the detectors by polarization 
alignment, as the inductor geometry differs slightly between 
polarization. This figure s hows t hat t he G R n oise s cales as 
expected with inductor volume. The difference between X and 
Y may be the different inductor geometries (Fig. 2A).

V. TWO-LEVEL SYSTEM NOISE OPTIMIZATION

We fit n oise P SDs f or a luminum d etectors o f varying IDC 
tine gap width (Type B from II) and IDC tine width (Type C 
from II) to extract the TLS amplitude (B from Equation 1).

Fig. 5a shows a clear decrease in TLS amplitude as the 
IDC tines are spaced further apart. With a larger gap between 
the IDC tines, the electric field is smaller, resulting in weaker 
coupling to the dipole states in the amorphous solid.

Coupling of the field to the TLS is expected to cause a shift 
in both quadratures of the dielectric response function [18]. We 
can measure the quantity F δ by fitting resonant frequency vs. 
temperature to a TLS model [19]. Here F is the filling factor, 
which defines t he f raction o f t he p ower c oupled t hrough the 
dielectric, and δ is the loss for the dielectrics. We measured the 
TLS loss for the resonators and plotted the fit B  values vs. F δ 
in Fig. 5b, where a clear correlation is observed. We repeated 
these measurements for niobium resonators with detector type 
C and found a similar positive correlation between B and F δ 
in Fig. 5c.

To minimize TLS noise, we should reduce the filling factor 
in dielectrics or surface states. While intuitive ways such as 
changing capacitor gap size exist, a more systematic way for 
this optimization is through simulations such as HFSS. We can 
simulate the filling factors for potential TLS locations such as 
dielectrics, surface oxide layers, or interface layers and study 
their correlation with the observed TLS noise levels.

There are additional external parameters for tuning the TLS 
noise, such as the driving power and the operating temperature. 
The phenomenological TLS model predicts the dependence on 
power and temperature as

Sxx ∝ P−1/2f−1/2T β tanh (hf0/2kBT ) , (5)

where P is the power, f is the frequency, β is an empirically
derived exponent (β ∼ −0.14 reported in [20]), and f0
is the resonant frequency. Our measured TLS noise levels
parametrized by B agree with the model in Eq. (5) and
decrease as a function of power or temperature (Fig. 6).
To reduce TLS noise, we can operate at a high bias power
just below the onset of bifurcation [21], and raise the stage
temperature ensuring that the white noise level and resonator
quality factor are not degraded.

VI. QUASIPARTICLE LIFETIME

The quasiparticle lifetime is another parameter we can fit
from the Sxx rolloff frequency. The recombination time is
summarized in [22]:
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Fig. 5. TLS noise’s dependence on capacitor finger gap width and Fδ. (a)
and (b) are for aluminum, and (c) is for niobium.

τR =
τ0√
π

(
kBTc

2∆

)5/2
√

Tc

T
e∆/kBT =

τ0
nqp

N0 (kBTc)
3

2∆2
,

(6)
where τ0 is a material-dependent characteristic electron-
phonon interaction time. Note that one recombination is asso-
ciated with the disappearance of two quasiparticles so that
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Fig. 6. TLS noise’s dependence on driving power and temperature. We
have included ten detectors in each plot for five different gap sizes and two
polarizations. The design is type (B) in Fig. 2.

Γ∗
R = 2ΓRF

−1
ω [23], where ΓR is the recombination rate,

Γ∗
R is the time constant for a small quasiparticle perturbation

to decay (quantity measured experimentally), and Fω is the
phonon trapping factor that accounts for pair breaking by
emitted phonon from the recombination. If we neglect phonon
trapping, Γ∗

R = 2ΓR, and the resulting measured quasiparticle
lifetime τ = τR/2, where τR is defined in Eq. (6). We plot
the dependence of the quasiparticle lifetime as a function of
temperature in Fig. 7 and then fit it to the model in Eq. (6)
with the factor of two correction using temperatures above
0.24 K. The fit value for τ0 is 0.2±0.1 µS, which is of the
same order of magnitude as for previous measurements [22],
[24] but somewhat smaller. [25] found impurities can change
quasiparticle recombination time, which could mean there are
impurities in our aluminum. Another uncertainty comes from
Tc and ∆. We found the τ0 in the model fit sensitive to the
preset Tc and ∆ values, and that using Tc = 1.2 K and
∆ = 1.76kBTc gives τ0 = 0.6µS for the fit. The current
Tc = 1.37K we used for this analysis is from fitting f
vs. T to a Mattis-Bardeen model [26] and may not be very
accurate. Also, ∆ = 1.76 kBTc may not be accurate for a
thin film, and we neglected phonon trapping. We note these

uncertainties for our τ0 result. The quasiparticle lifetime below
∼0.2 K is limited by other relaxation mechanisms, such as
nonequilibrium quasiparticle excitations [27], [28].
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Fig. 7. Quasiparticle lifetime vs. operating temperature. We have included
ten detectors in each plot for five different gap sizes and two polarizations.
Plotted is for aluminum type (B) in Fig. 2. We fit data above 0.24 K to the
model in Eq. 6 with the correction.

VII. ALMN NOISE RESULTS

The AlMn samples we used are the same as the ones
reported in [17]. We can reach a lower Tc than pure aluminum
by doping aluminum with manganese, and baking provides yet
another knob to tune their Tc. Low-Tc MKIDs are interesting
for spectrometers because they open up below 100 GHz for
a few redshifted CO lines and are also useful for MKIDs-
based dark matter searches that require higher sensitivity.
The aluminum and AlMn films were sputtered using high-
purity aluminum and Mn doped aluminum with 1050 ppm
(parts per million) and 1150 ppm doping levels, respectively.
The superconducting transition temperatures for the aluminum
sample, 1050 ppm AlMn, and 1150 ppm AlMn are 1.37 K,
0.73 K, and 0.61 K, respectively. The 1050 ppm sample
subsequently went through a baking process at 180 ◦C for
10 minutes, which shifted its Tc from 0.73 K pre-baking to
0.78 K after baking. Our goals with the AlMn samples are to
understand the dependence of GR noise level and quasiparticle
lifetime on the doping and baking conditions.

The measured noise PSDs for the AlMn resonators are
similar to those for the aluminum resonators shown in Fig. 3,
but the PSD curves are noiser especially in the low frequency
region below about 1 kHz. Since the GR noise level A, in
the temperature and bias power range where we took data,
is independent of temperature or bias power, we fit the set
of PSD curves for an AlMn resonator simultaneously with a
single parameter A, while the τres corrections were applied
independently to each noise curve. The quasiparticle lifetime
for each noise curve, τ , was also obtained from this global
fit. The GR noise level can in principle be expressed in
quasiparticle number fluctuations, 4Nqpτ , by factoring out
dx/dNqp from A. However, we did not do this for the AlMn
resonators because N0 for AlMn was not known to us.
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Fig. 8 shows the GR noise level A in fractional frequency 
shift for different doping and baking configurations. We ob-
serve an increase in GR noise with increasing Mn doping 
levels, and we find t hat b aking m akes t he G R n oise slightly 
worse for the 1050 ppm AlMn resonators. Clearly, these 
observations are still limited by statistics because of the limited 
dataset.

We plot the fitted q uasiparticle l ifetime τ  a s a  f unction of 
the reduced temperature T/Tc in Fig. 9. All samples show 
saturated τ when T/Tc < 0.1, but their rolloff start at different 
reduced temperatures. Doped aluminum with impurities can be 
analyzed with more complex theories developed by Zittartz, 
Bringer, and Müller-Hartmann [29], or Kaiser [30]. Barends et 
al. [25] obtained some qualitative conclusions applying these 
models but did not model their data quantitatively. τ for AlMn 
in Fig. 9 show wider scatter compared with the Al resonators 
shown in Fig. 7. This is because the AlMn resonators have 
lower bifurcation power than pure aluminum, which required 
a reduction in the bias power for the measurement and 
consequently increased the noise.

We can draw qualitative conclusions from the τ vs. T/Tc 
dependence shown in Fig. 9. In the same figure, the modeled 
quasiparticle lifetime τ = τR/2 using Eq. (6) are also 
shown. τ0’s are chosen that the theoretical curves match the 
corresponding roll-off edges visually. Assuming all samples 
are BCS superconductors, the samples doped with manganese 
have τ0 about an order of magnitude smaller than pure 
aluminum. This reduction in τ0 is not unexpected through 
its dependence on impurities [31]. We realize that the BCS 
modeling may not fully apply here: O’Neil et al. [32] demon-
strated that the density of states of AlMn remains BCS-like, 
but additional sub-gap states and gap edge smearing are also 
present.
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Fig. 8. Histograms of the GR noise level A in Sxx for pure aluminum and
AlMn with different Mn concentrations.

Finally, we use the GR noise level A to constrain τ0 and N0.
With Eq. (4) and Eq. (6), we can decompose the dependence
of A into:

A = 4Nqpτ (dx/dNqp)
2
=

τ0
N0

2

VL

(
dx

dρ

)2
(kBTc)

3

2∆2
, (7)
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Fig. 9. Quasiparticle lifetime vs. reduced temperature T/Tc for pure
aluminum and AlMn with different Mn concentrations. We have added model
curves using Eq. (6) with the samples’ measured Tc. The τ0 values for the
model are chosen such that the curves follow the falling edges at higher
temperatures. The data is too noisy for a good fit, but we can still tell τ0 for
AlMn is an order of magnitude smaller than pure aluminum if we assume a
BCS description.

where ρ = nqp/N0 = 2
√
2πkB∆exp (−∆/kBT ). We can

put constraints on τ0/N0 using Eq. (7) since all other terms
can be measured or are known from the design. The resulting
histograms for τ0/N0 are summarized in Fig. 10. The τ0/N0

values for pure aluminum are about two orders of magnitude
larger than those for AlMn, indicating that the density of
states N0 for AlMn is higher than that for aluminum since
the τ0’s only differ by one order of magnitude. [33] reported
a calculation of local density of states for Al with impurities.
One caveat is that we have assumed all the samples are BCS-
like.

10−57 10−56 10−55 10−54 10−53

τ0/N0 (J ¢m3 ¢ s)

0

1

2

3

4

5

De
te

ct
or

 co
un

t

Al_only
1050ppm_nobaking
1050ppm_baked
1150ppm_nobaking

Fig. 10. τ0/N0 histograms for pure aluminum and AlMn with different Mn
concentrations.

VIII. CONCLUSIONS

In this paper, we explored and validated a few directions
to control the noise components of MKIDs. For aluminum
detectors, we were able to tune the GR noise by changing
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the inductor volume of our detectors and observed a linear 
dependence between the quasiparticle fluctuation n oise and 
inductor volume. We can reduce the TLS noise using three 
methods: 1) lowering the capacitor filling factor, 2) raising the 
operating temperature, and 3) increasing the driving power. We 
compared the temperature and power dependence of TLS with 
models and correlated the TLS noise with F δ measured using 
a TLS dielectric loss model. We did the TLS study for both 
niobium and aluminum resonators. We also explored the noise 
components’ dependence on manganese doping with AlMn 
detectors. We found manganese doping increases the GR noise 
level. Assuming a BCS description, we observed that AlMn 
samples prefer a lower τ0 and a higher N0 than aluminum 
samples. The noise for our samples can be controlled below the 
photon noise limit for ground-based photometer applications 
(e.g., SPT3G+). However, we need more thorough optimiza-
tion for space applications or spectrometers with narrower 
bands that require lower noise. This study provides a few 
directions for future noise optimization.
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temperature noise performance of superspec and other developments on
the path to deployment,” Journal of Low Temperature Physics, vol. 193,
no. 5, pp. 1024–1032, 2018.

[17] M. Lisovenko, Z. Pan, P. Barry, T. Cecil, C. Chang, J. Hood, J. Li,
V. Novosad, G. Wang, and V. Yefremenko, “Characterization of the su-
perconducting microwave properties of aluminum manganese,” Journal
of Low Temperature Physics, pp. 1–7, 2022.

[18] D. P. Pappas, M. R. Vissers, D. S. Wisbey, J. S. Kline, and J. Gao,
“Two level system loss in superconducting microwave resonators,” IEEE
Transactions on Applied Superconductivity, vol. 21, no. 3, pp. 871–874,
2011.

[19] J. Zmuidzinas, “Superconducting microresonators: Physics and applica-
tions,” Annu. Rev. Condens. Matter Phys., vol. 3, no. 1, pp. 169–214,
2012.

[20] S. Kumar, J. Gao, J. Zmuidzinas, B. A. Mazin, H. G. LeDuc, and P. K.
Day, “Temperature dependence of the frequency and noise of super-
conducting coplanar waveguide resonators,” Applied Physics Letters,
vol. 92, no. 12, p. 123503, 2008.

[21] L. Swenson, P. Day, B. Eom, H. Leduc, N. Llombart, C. McKenney,
O. Noroozian, and J. Zmuidzinas, “Operation of a titanium nitride su-
perconducting microresonator detector in the nonlinear regime,” Journal
of Applied Physics, vol. 113, no. 10, p. 104501, 2013.

[22] S. B. Kaplan, C. Chi, D. Langenberg, J.-J. Chang, S. Jafarey, and
D. Scalapino, “Quasiparticle and phonon lifetimes in superconductors,”
Physical Review B, vol. 14, no. 11, p. 4854, 1976.

[23] C. Wilson and D. Prober, “Quasiparticle number fluctuations in super-
conductors,” Physical Review B, vol. 69, no. 9, p. 094524, 2004.

[24] C. Wilson, L. Frunzio, and D. Prober, “Time-resolved measurements of
thermodynamic fluctuations of the particle number in a nondegenerate
fermi gas,” Physical review letters, vol. 87, no. 6, p. 067004, 2001.

[25] R. Barends, S. Van Vliet, J. Baselmans, S. Yates, J. Gao, and T. Klap-
wijk, “Enhancement of quasiparticle recombination in ta and al su-
perconductors by implantation of magnetic and nonmagnetic atoms,”
Physical Review B, vol. 79, no. 2, p. 020509, 2009.

[26] J. Gao, J. Zmuidzinas, A. Vayonakis, P. Day, B. Mazin, and H. Leduc,
“Equivalence of the effects on the complex conductivity of supercon-
ductor due to temperature change and external pair breaking,” Journal
of Low Temperature Physics, vol. 151, no. 1, pp. 557–563, 2008.

[27] J. M. Martinis, M. Ansmann, and J. Aumentado, “Energy decay in super-
conducting josephson-junction qubits from nonequilibrium quasiparticle
excitations,” Physical review letters, vol. 103, no. 9, p. 097002, 2009.

[28] G. Catelani, J. Koch, L. Frunzio, R. Schoelkopf, M. H. Devoret, and
L. Glazman, “Quasiparticle relaxation of superconducting qubits in the
presence of flux,” Physical review letters, vol. 106, no. 7, p. 077002,
2011.



8

[29] J. Zittartz, A. Bringer, and E. Müller-Hartmann, “Impurity bands in
superconductors with magnetic impurities,” Solid State Communications,
vol. 10, no. 6, pp. 513–516, 1972.

[30] A. Kaiser, “Effect of non-magnetic localized states in superconducting
alloys,” Journal of Physics C: Solid State Physics, vol. 3, no. 2, p. 410,
1970.

[31] J. Rammer and A. Schmid, “Destruction of phase coherence by electron-
phonon interactions in disordered conductors,” Physical Review B,
vol. 34, no. 2, p. 1352, 1986.

[32] G. C. O’Neil, D. R. Schmidt, N. A. Tomlin, and J. N. Ullom, “Quasi-
particle density of states measurements in clean superconducting almn
alloys,” Journal of Applied Physics, vol. 107, no. 9, p. 093903, 2010.

[33] J. Deutz, P. Dederichs, and R. Zeller, “Local density of states of
impurities in al,” Journal of Physics F: Metal Physics, vol. 11, no. 9,
p. 1787, 1981.


