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Magnetic flux noise is a dominant source of dephasing and energy relaxation in superconducting
qubits. The noise power spectral density varies with frequency as 1/f% with o < 1 and spans 13
orders of magnitude. Recent work indicates that the noise is from unpaired magnetic defects on the
surfaces of the superconducting devices. Here, we demonstrate that adsorbed molecular Os is the
dominant contributor to magnetism in superconducting thin films. We show that this magnetism can
be reduced by appropriate surface treatment or improvement in the sample vacuum environment.
We observe a suppression of static spin susceptibility by more than an order of magnitude and a
suppression of 1/ f magnetic flux noise power spectral density of up to a factor of 5. These advances

open the door to the realization of superconducting qubits with improved quantum coherence.

Low-frequency 1/f magnetic flux noise was first iden-
tified in the 1980s when Superconducting QUantum In-
terference Device (SQUID) circuits were cooled to mil-
likelvin temperatures in an effort to reach quantum-
limited sensitivity for applications such as gravity wave
detection [1]. While the white noise level of these de-
vices decreased as expected with decreasing temperature,
an excess low-frequency flux noise persisted to the low-
est temperatures. The flux noise power spectral density
scaled with frequency as 1/ with a < 1; strangely, the
magnitude of this excess noise was roughly independent
of device geometry and materials [1]. At the time, many
noise sources were ruled out; however, the microscopic
origin of the noise was never identified. The source of flux
noise has remained a longstanding puzzle in condensed
matter physics [2].

More recently, it has been realized that this noise is a
dominant source of dephasing in superconducting quan-
tum bits (“qubits”) [3-5], a leading candidate for scalable
quantum information processing in the solid state [6-9].
In the context of a quantum annealer [10, 11], flux noise
degrades performance by limiting the number of qubits
that can tunnel coherently. For these reasons, there is
strong motivation to understand and eliminate the flux
noise.

Recent experiments indicate that there is a high den-
sity of unpaired surface spins in superconducting inte-
grated circuits [12] and it is now believed that fluctua-
tions of these spins give rise to the 1/ f flux noise [13-15].
There is experimental evidence that interactions between
the surface spins are significant [16]. To date, however,
there has been no experimental data pointing toward the
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microscopic nature of the surface magnetic defects, al-
though there has been speculation that the defects are
due to localized states at the disordered metal-insulator
interface [17] or to surface adsorbates [18], in particular
molecular Oy [14].

Here we describe Xray Absorption Spectroscopy (XAS)
and Xray Magnetic Circular Dichroism (XMCD) experi-
ments that point to adsorbed molecular Os as the domi-
nant source of surface magnetism in superconducting thin
films. We show that improvement in the vacuum envi-
ronment of the superconducting sample and appropri-
ate surface passivation can dramatically reduce the sur-
face density of spins in superconducting thin films. We
present data on the surface spin susceptibility and mag-
netic flux noise of devices before and after various surface
treatments and demonstrate a significant suppression of
magnetic activity and flux noise power. Our results rule
out prevailing theoretical models that invoke localized de-
fects at the metal-insulator interface [17] that interact via
the RKKY mechanism [13]. Moreover, the implication of
an extrinsic noise source provides a natural explanation
for the observed weak dependence of the noise on device
materials [1]. The achieved noise reduction opens the
door to development of improved qubits with extended
coherence times.

Using the Advanced Photon Source (APS) at Ar-
gonne National Laboratory, we have performed XAS and
XMCD experiments on aluminum and niobium thin film
samples. In XMCD, one monitors the absorption of a
spin-polarized sample at specific Xray edges; the Xray
energy provides elemental specificity, while the Xray he-
licity provides access to orbital magnetism. Devices were
cooled to 10 K, and XMCD experiments were performed
in fields up to 5 T. Initially we examined sputtered Al and
Nb films cooled in ultrahigh vacuum (UHV; P < 107?
Torr); we expect these films to be covered by an amor-
phous native oxide due to prolonged exposure to atmo-
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FIG. 1. (a) Xray magnetic circular dichroism (XMCD) at the
oxygen K-edge for a native Al film and an Al film exposed
to air. The native film (top) shows no XMCD signal, while
the air-exposed film (bottom) shows a clear XMCD signal
at 531 eV (traces are offset for clarity). A similar XMCD
signal at the oxygen K-edge is seen for Nb films exposed to
air (not shown). (b) Oxygen K-edge Xray absorption spec-
troscopy (XAS) of an Al thin film cooled in the presence of
5x 107® Torr Oz. Beginning around 45 K we observe a sharp
peak at 531 eV and a broad spectral feature from 535-550 eV
which we ascribe to adsorbed molecular O2. (Traces are off-
set for clarity). Dashed lines are from DFT simulations for
Al;O3 (XAS at 50 K) and for O2/Al,03 (XMCD and XAS
at 10 K); see Supplement [19] for details.

sphere. We examined the Al and O K-edges in the Al
films and the Nb L-edge and O K-edge in the Nb films
and observed no XMCD signal at any of these energies
[Fig. 1(a), upper trace]. However, when we intentionally
degraded the vacuum of the sample cryostat by bleeding
in air or dry Oy gas at a pressure of order 10~6 Torr
for several minutes, we observed a clear XMCD signal
at the O K-edge [Fig. 1(a), lower trace]. Density func-
tional theory (DFT) modeling allows us to assign the
measured XMCD signal to molecular Oz [dashed line in
Fig. 1(a)]. In a separate series of experiments, we ex-

posed the metal thin film continuously to oxygen as we
cooled down from room temperature in an Os partial
pressure of 5 x 1078 Torr; the experimental data and
corresponding DFT calculations are shown in Fig. 1(b).
We observe a strong modification of the O K-edge XAS
signal starting at a temperature around 45 K, indicat-
ing the onset of significant adsorption. By comparing
the spectral weight of the broad feature from 535-550 eV
in the high-temperature spectra to that of the narrow
peak at 531 eV in the low-temperature spectra, we can
roughly quantify the amount of adsorbed oxygen rela-
tive to that bound in the native oxide of the metal. We
conclude that the films are covered by 1-2 monolayers of
adsorbed O2. The best agreement between DFT and the
measured XMCD and XAS signals occurs when the Oq
bond is tilted with respect to the beam direction. This
is consistent with prior DFT calculations of Oy adsorbed
on Al;O3 (0001), which indicate that the molecular bond
axis is tilted at 55° from the surface normal [14].

The XMCD results suggest that the dominant mag-
netism in Al and Nb thin films of the type used to make
qubit circuits is due not to a high density of intrinsic
defects, but rather to adsorbed molecular Os. The out-
ermost electrons of the Os molecule form a spin 1 triplet
state [14]. Og is paramagnetic at high temperature; at
low temperature, solid molecular O5 displays a complex
phase diagram with multiple competing magnetic orders
[20]. In typical superconducting qubit experiments, de-
vices are cooled to millikelvin temperatures in vacuum
cryostats that achieve pressures of order 10~¢ Torr prior
to cooldown; this pressure corresponds to an adsorption
rate of roughly 1 ML/s, assuming a unit sticking coef-
ficient. Even when the cryostat is cold, there will be a
continual flux of molecules from hot regions of the cryo-
stat to cold regions where the sample is housed. Thus,
an accumulation of magnetic O5 on the surface of these
devices is inevitable.

This realization motivated us to attempt noise reduc-
tion by improving the vacuum environment of the super-
conducting devices. To this end, we have designed her-
metic sample enclosures based on grade 5 titanium alloy
(Ti-6Al-4V); see Fig. 2. This alloy has excellent UHV
properties due to its low outgassing and its hardness, al-
lowing realization of all-metal conflat seals. Moreover,
the material is compatible with high-bandwidth weld-in
hermetic SMA connectors. Finally, grade 5 titanium su-
perconducts around 4.5 K, providing a magnetic shield
for sensitive superconducting devices.

In Fig. 2 we show the details of the enclosure and
the sample prep chamber. The sample box is pumped
through a copper pinch tube with a turbomolecular pump
and an ion pump. During evacuation, the sample enclo-
sure and chamber are baked to 120°C. Following vacuum
bake, the sample cell is cooled to room temperature and
the cell is hermetically sealed using a commercial pinch
tool. In some cases, the sample cell was backfilled with
NHj; gas prior to pinchoff. In other cases, the sample
was irradiated with UV light (365 nm) during evacuation
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FIG. 2. (a) Schematic of hermetic grade 5 titanium enclosure
for susceptibility and flux noise measurements. The enclosure
incorporates weld-in SMA feedthroughs and a single 2.75”
conflat gasket. (b) Schematic of the sample prep chamber.
The chamber incorporates a turbo pump, an ion pump, and a
transfer arm used to install the NEG in the sample chamber
following activation.

to promote photodesorption of strongly bound magnetic
species, and a nonevaporable getter (NEG) pill (SAES
Inc.) was activated in a separate chamber and transferred
into the sample enclosure under vacuum. The NEG pro-
vides continuous pumping in the sample cell following
pinchoff.

In a first series of experiments, we characterized the
surface spin density on washer-style Nb SQUIDs by mon-
itoring the temperature-dependent zero-frequency sur-
face spin susceptibility of field-cooled devices, after the
method described in [12]. The device layout is shown
in the inset of Fig. 3. Here, we intentionally trap flux
vortices in the thin films of the Nb SQUID by cooling
through the superconducting transition in the presence
of an applied magnetic field. Any unpaired magnetic
defects on the surface of the device develop a thermal
polarization in the relatively strong (tens of mT) local
fields in the vortex core. As temperature decreases, the
thermal polarization of the defect spins increases. The
flux through the SQUID loop thus displays a roughly 1/T
Curie-like dependence on temperature, and the measured
flux change can be used to extract a surface density of
unpaired spins. For typical devices, we infer a surface
spin density of order 107 m~2 [12, 21].

In Fig. 3 we compare baseline data to data from a
cell that was evacuated and then backfilled with NHjs
gas at approximately 100 Torr prior to pinchoff. The
temperature-dependent flux is suppressed by roughly an
order of magnitude. Nonmagnetic NH3 has a higher free
energy of adsorption than Oy (1.5 eV wersus 0.15 eV
according to our DFT calculations on AlyO3), and hence
occupies available surface sites that would otherwise be
taken up by magnetic O, resulting in a suppression of
the surface density of adsorbed spins; related approaches
to suppressing magnetic adsorbates were suggested in [14,
18].

Both susceptibility and magnetization noise scale lin-
early with spin density, and reduction in the density of
surface spins should yield a reduction in flux noise power.
In a final series of experiments, we have examined the flux
noise of Al-based SQUIDs subjected to various surface
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FIG. 3. Suppression of magnetic susceptibility. Temperature-
dependent flux threading a square-washer Nb SQUID
(350 pH; see inset) cooled in a conventional vacuum envi-
ronment (closed red symbols) and cooled following vacuum
bake and NHj3 passivation (blue open symbols). The arbitrary
vertical offset on these curves has been adjusted so that all
traces match at a temperature of 500 mK. The upper (lower)
branches correspond to cooling fields of +128 pT (-128 uT).
The magnitude of the flux change is proportional to the den-
sity of magnetically active surface spins [12].

treatments; the results are presented in Fig. 4 and Table
I [22]. In these experiments, the Al-based first-stage de-
vice under test (DUT) is biased with a voltage, and the
fluctuating current through the DUT is measured with
a second Nb-based SQUID; measurements are performed
in an adiabatic demagnetization refrigerator (ADR) at
a temperature of 100 mK. We have characterized de-
vices where the SQUID loop is encapsulated either in
SiN, or SiO, grown by plasma enhanced chemical va-
por deposition (PECVD). The SQUIDs described here
were designed with a relatively high loop aspect ratio
(ratio of loop width to trace width) of 25, as this geom-
etry enhances the coupling of surface spin fluctuations
to the device [5, 15, 23] (see Supplement [19]). We fit
the measured noise spectra to the form A/f* + B, and
we compare the 1/f noise power A and noise exponent
o measured on identical devices before and after surface
treatment. In all, we have examined before/after spectra
of 10 devices.

In the case of SQUIDs encapsulated in SiN,, we ob-
serve a significant noise reduction both for devices pas-
sivated with NH3 and for devices cooled in improved
vacuum following UV illumination. Fig. 4a shows be-
fore/after spectra from one sample that was baked in the
titanium cell and passivated with NH3 using the protocol
described above. The flux noise power spectral density at
1 Hz decreases from 8.2 u®?%/Hz to 1.6 u®Z/Hz. In Fig.
4b we show before/after spectra from a device that was
subjected to UV illumination and cooled in improved vac-
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FIG. 4. (a) Flux noise spectra of SQUID device SiN,-4 before
(upper trace) and after (lower trace) vacuum bakeout and
NH3 passivation. Inset shows device layout. (b) Flux noise
spectra of SQUID device SiN,-6 before (upper trace) and after
(lower trace) vacuum bakeout and UV illumination.

uum; here, the flux noise power spectral density at 1 Hz
decreases from 1.7 pu®3/Hz to 0.35 u®2/Hz. We have
examined a total of 6 SiN -encapsulated devices; the re-
sults are summarized in the Table. For these devices, we
observe a magnetic flux noise level of 3.9 + 2.2 u®3/Hz
at 1 Hz prior to surface treatment, with noise expo-
nent o = 0.95 + 0.17. Following treatment, we find a
noise level 1.7 & 1.0 u®3/Hz at 1 Hz with noise expo-
nent o = 0.83 + 0.18. A noise reduction is seen in every
SiN, encapsulated device, with an average reduction in
Se(1 Hz) by a factor of 2.8 and a maximum noise re-
duction by a factor of 5.1. We remark that repeated
noise measurements on individual devices (even follow-
ing thermal cycle to 300 K) show very small variation
in the absence of surface modification (see Supplement
[19]); the robustness of the noise spectrum to thermal cy-
cling suggests that fixed disorder at the surface dictates
how the O5 molecules are adsorbed, or alternatively that
strongly bound magnetic species persist to high temper-
ature, providing a noise “fingerprint” for each device. To
our knowledge, the 1/f flux noise spectral densities mea-
sured in our surface-treated nitride devices are the lowest
reported in the literature, when the noise is appropriately
scaled by the device aspect ratio.

In the case of SiO,-encapsulated devices subjected to
UV irradiation under vacuum, no clear noise suppression
is seen. We speculate that this is because the UV photon
energy of 3.4 eV is large enough to break bonds in the en-
capsulating oxide, perhaps liberating additional oxygen
and providing another path for magnetic contamination.

Pre-treatment Post-treatment

. Se(1 Hz) S (1 Hz)
Device  Treatment

(u®3/Hz) (u®3/Hz)
SiN,-1 UHV 2.0 1.0 1.4 1.1
SiN,-2 N5 14 0.7 2.4 0.7
SiN,-3  UHV,0V 2.8 1.0 13 0.9
. NT; 1.6 11
SiNo-d v Uy 8.2 1.2 4.2 0.8
. N3 17 0.7
SiNesb gy v 41 0.8 1.1 0.6
. N5 11 0.9
SiNe-6 gy Uy L7 L0 935 06
Si0,-1 _Udv, UV 134 05 137 05
Si0,-2 _Udv, UV 6.5 1.0 25 0.9
Si0,-3 UOV, UV 18 0.7 5.1 11
Si0,-4 Udv, UV 3.0 0.8 5.4 0.8

TABLE I. Noise reduction by vacuum and surface treat-
ment. The Table includes results of before/after measure-
ments on six SQUIDs with SiN, loop encapsulation (SiNg-
1...6) and four SQUIDs with SiO, loop encapsulation (SiOg-
1...4). Relative uncertainties in flux noise power spectral den-
sity Se (1 Hz) and noise exponent a are 10% and 25%, respec-
tively, as determined from repeated measurements following
thermal cycling (see Supplement [19]).

Our ability to reduce 1/f flux noise power by up to a
factor of 5 indicates clearly that adsorbates are the dom-
inant source of low-frequency flux noise in our devices.
It is reasonable to ask why the noise reduction is not
larger. It could be that the remaining noise is still dom-
inated by residual adsorbates. We measure pressure in
the 1079 Torr range at the ion pump, and pressure in
the cell is likely an order of magnitude higher. Improve-
ments in vacuum could lead to further noise reduction.
Once again, the suppression of static spin susceptibility
in the Nb SQUID described in Fig. 3 is larger than the
noise reductions in Al-based devices described in Fig. 4
and Table I. This discrepancy suggests that the details of
the disordered surface play a critical role in dictating the
adsorption and/or fluctuation dynamics of the Oz mo-
ments. We do measure systematically higher flux noise
in oxide-encapsulated devices, and we have seen an in-
crease in the flux noise of the nitride-encapsulated devices
over the course of several years prior to this investigation
of surface treatments, presumably due to uncontrolled
evolution of the disordered surface; see Supplement [19].
Alternatively, it could be that the residual noise is due
to some other magnetic states that are immune to the
surface treatments described here.

Our DFT calculations indicate that an Os molecule
adsorbed on Al;O3 (0001) sits atop Al atoms and has a
spin of 1.8 up that rotates almost freely in the plane per-
pendicular to the molecular axis (barrier to spin rotation
~ 10 mK) [14, 24-26]. 1/f noise results from a distribu-
tion of relaxation times [27] that can arise from spin-spin
interactions. DFT finds that neighboring O2 molecules
on Al O3 have ferromagnetic exchange, and Monte Carlo
simulations show that a distribution of ferromagnetic in-



teractions produces 1/ f noise consistent with experiment
[14]. Surface disorder could change the magnitude and
sign of these interactions, affecting the noise exponent «;
these questions are the focus of ongoing research.

In summary, we find that adsorbed molecular O is
a dominant source of magnetism in superconducting de-
vices. The identification of an extrinsic noise source ex-
plains the weak dependence of 1/f flux noise on device
materials and invalidates prevailing theories for the noise
based on defects at the metal-insulator interface. Suit-
able surface passivation and improvements in the sample
vacuum environment lead to significant reductions in the
surface spin susceptibility and low-frequency flux noise
power. These developments open the door to the de-
velopment of frequency-tunable superconducting qubits
with improved dephasing times.
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