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On the nature of decoherence in quantum circuits:
Revealing the structural motif of the surface

radicals in a-Al,O3

Sun Un'%, Sebastian de Graaf?, Patrice Bertet?, Sergey Kubatkin®, Andrey Danilov?

Quantum information technology puts stringent demands on the quality of materials and interfaces in the pursuit
of increased device coherence. Yet, little is known about the chemical structure and origins of paramagnetic
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impurities that produce flux/charge noise that causes decoherence of fragile quantum states and impedes the
progress toward large-scale quantum computing. Here, we perform high magnetic field electron paramagnetic
resonance (HFEPR) and hyperfine multispin spectroscopy on a-Al,03, a common substrate for quantum devices. In
its amorphous form, a-Al,0s; is also unavoidably present in aluminum-based superconducting circuits and qubits.
The detected paramagnetic centers are immanent to the surface and have a well-defined but highly complex
structure that extends over multiple hydrogen, aluminum, and oxygen atoms. Modeling reveals that the radicals
likely originate from well-known reactive oxygen chemistry common to many metal oxides. We discuss how EPR
spectroscopy might benefit the search for surface passivation and decoherence mitigation strategies.

INTRODUCTION
The rise of quantum information science and technology requires
ever more coherent devices, and the quality of available materials
and interfaces is becoming increasingly important. The charges and
spins of unintended surface impurities and defects are sources of
fluctuating electric and magnetic fields that can have far-reaching
deleterious effects in quantum devices: They set the noise floor in
superconducting circuits operating near the quantum sensitivity limit
(1-3), including sensors such as superconducting quantum inter-
ference devices (4, 5) and photon detectors used for radio astronomy
(6), and they induce decoherence in quantum magnetometers (7, 8).
In solid-state qubits and quantum circuits, these environmental
fluctuators spoil the coherence of the fragile quantum states, thus
impeding the progress toward large-scale quantum computing.
Although the underlying mechanism is still a matter of wide debate
(2, 9-14), surface paramagnetic centers are omnipresent and are
considered to be a major contributor to this decoherence. The noise
that they induce is largely independent of the specific metals used to
fabricate the devices (15), and their surface density in quantum de-
vices (1-3, 11, 16-18) is remarkably constant at about 10" m™
On-chip electron spin resonance (cESR) is a technique able to
directly reveal surface spins present in quantum circuits (18) in situ
and to correlate their presence with noise and decoherence (19).
However, so far, this technique lacks the resolution to reveal any
insightful structural or chemical information about detected spins,
particularly for surface radicals on Al,O3; with a gegr ~ 2.0 (gesr =
hv/yBy, where v is the measurement frequency and By the correspond-
ing magnetic field). ALO3 is a material of paramount technological
importance as it is a common substrate used for superconduct-
ing quantum circuits and it is an archetypical model system for the
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surface oxide always present in Al-based superconducting devices
(20). While the precise identity and the origin of these surface spins
have so far remained elusive, various experiments (13, 21), as well as
density functional theory (DFT) calculations (13, 14), have identi-
fied physisorbed molecular oxygen as one possible candidate for these
noise centers. Less appreciated in this context is that many metal
oxides forming in superconducting quantum devices are known to
catalyze and stabilize products of one-electron reduction reactions
of various molecules, such as superoxide (O") (22-27). The densi-
ties of these surface sites range from 10'® to 10'®* m™ in the various
polymorphs of Al,O3 (26, 28), comparable to the densities of para-
magnetic centers associated with noise in quantum devices. The
ability of metal oxide surfaces to promote reactions that form para-
magnetic centers raises the question whether the absorbed species
are directly responsible for the noise or initiate chemical reactions
that create the centers that are. This further complicates the identi-
fication of these noise centers and strategies to passivate them.
Here, combining several advanced electron paramagnetic reso-
nance (EPR) spectroscopy techniques together with DFT calcula-
tions, we unravel the structure and likely chemical origin of surface
radicals on 0-Al;O3. We argue that the most detrimental surface
spins are the result of oxidation of the hydroxylated surface by
molecular oxygen. Exploiting the inherently higher resolution of high
magnetic field EPR (HFEPR), we identified three different g ~ 2.0 rad-
ical paramagnetic centers in a-Al,O3 samples prepared and treated
in the same manner as the cESR resonators in (18). One of these
radicals (R;) could be pinpointed to the surface by its unique proton
nuclear magnetic resonance (NMR) spectrum. To acquire the spec-
trum and to characterize the Ry nuclear environment, we used high-field
electron nuclear double-resonance (ENDOR) and electron double reso-
nance detected nuclear magnetic resonance (ELDOR-NMR) (20). We
found that R has a spin density extending across a total of three struc-
turally nonequivalent protons and two aluminum nuclei and the oxygens
to which they are bound (Fig. 1D). Key to this finding was the suc-
cessful application of ELDOR-NMR to detect simultaneous three-
spin transitions. Figure 1 shows the conceptual representation of our
methods (Fig. 1, A and B) and main findings: The three different
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Fig. 1. Identifying a-Al,03 surface radicals by their proximity to proton nuclei
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. (AR) The trivial energy levels of an electron spin (S = 1/2) coupled to a single proton

("H, 1="/,) and a single aluminum (¥’Al, /=>/,). (B) The combination of a proton and aluminum nuclei gives rise to a rich set of energy levels. Highlighted are the experi-
mental techniques that we have used to map out these energy levels and reconstruct the environment of radicals. (C) EPR revealed three different radicals in a-Al,05, here
sketched near the surface of the Al,O; crystal. The NMR spectra of two of the radicals, R, and R (green and rose spins), lacked multiple protons in their environment,
locating them inside the crystal bulk. By contrast, the NMR spectra of a third radical, Rs, revealed a coupling to two structurally nonequivalent aluminum and at least three
nonequivalent hydrogen atoms, meaning its only possible location would be near the surface. (D) Sketch of the deduced structure of Rs.

radicals found are depicted as differently colored electrons in Fig. 1C
and the complex structure of the surface radical in Fig. 1D.

Through DFT calculations, we further attribute the R, formation
mechanism to well-documented metal oxide and reactive oxygen
reactions. This chemistry is likely to be relevant to all devices based
on aluminum Josephson junction technology (29), such as super-
conducting qubits.

RESULTS

HFEPR spectra of a-Al,03

Three different a-Al,O5 radical centers, which we will refer to as R,
Rar, and R, were identified by HFEPR (Fig. 2). Ry and Ry are locat-
ed inside the crystal and will be described in detail in a future com-
munication. Here, we focus on Ry, which, we will demonstrate, are
localized on the surface. The Ry spectrum was readily evident at
285 GHz (10 T) and 190 GHz (6 T) (Fig. 2A). It was centered at a gefr
of 2.0065 with a width of 7 mT at 285 GHz. By contrast, R; was not
apparent in the 94-GHz (3-T) spectra, which were detected using
the pulse Hahn spin-echo sequence (fig. S2) (30). The specific con-
ditions of these measurements ensured that these 94-GHz spectra

Un et al., Sci. Adv. 8, eabm6169 (2022) 6 April 2022

correctly reflected the contributions of Ry, Rerp, and Rs. By compar-
ison, the conventional continuous-wave excitation method used to
obtain the 190- and 285-GHz spectra limited us to conditions where
the contributions of the three radical species became dependent on
their spin relaxation (see Materials and Methods) that apparently
enhanced the contribution of R,. By appropriately choosing the
timing of the Hahn echo pulses, we were able to differentiate the
radical species based on their spin relaxation and isolate the spec-
trum of R; because of its faster spin relaxation (Fig. 2C). These data
show that the actual contribution of Ry was 3 to 10% of the total radical
population. The isolated spectra of R;, unlike those of R and Ry,
only weakly depend on the crystal orientation with respect to the
applied magnetic field, By (6.po, fig. S1); that is, the anisotropy in the
g value of Rq is likely to be small. This and its faster relaxation sug-
gest that R, has a significantly different structure and environment
from those of the other two radicals.

The width of the Ry EPR spectrum is also essentially independent
of the observation frequency: 6 mT at 94 GHz and 7 mT at 285 GHz
(Fig. 2A). This demonstrates that the shapes of the R; EPR spectra
are dominated by small unresolved field-independent spin-spin
interactions. The largest of these are expected to be the magnetic

20f10

¥202 ‘20 Jequiesaq uo ABojouyoa] 10 AISIBAIUN SBWRYD T8 BI080US 105 MMM//SONY WOJ S P3PE0 JUMOQ



SCIENCE ADVANCES | RESEARCH ARTICLE

L B L | LR L B
A, R 25|B
|
RS
| 2
285 GHz A
|
l -25
by | ﬁ/\‘
~70
?
} !
94 )
5 -115 |
IIIIIIIII IIIIIIIIIIIIIIIIIIIIIII
2.010 2000 3.35 3.36 335 3.36

Ges

Fig. 2. Three distinct a-Al,O; radicals are revealed by HFEPR. (A) The HFEPR
spectra of a-Al,03 at 94-, 190-, and 285-GHz microwave frequencies with the ap-
plied magnetic field, By, oriented 25° with respect to the crystal ¢ axis (650 = 25°).
The 190- and 285-GHz spectra were obtained using conventional continuous-wave
excitation and the 94-GHz spectra using a two-pulse spin-echo scheme (fig. S2 and
Materials and Methods for details). The 190- and 285-GHz spectra reveal three dis-
tinct radicals: Rs, Rq;, and Ry (B) The 94-GHz spectra taken at various 6.gpabout the
crystal a axis. R and R¢ show distinct orientation dependences indicated by the
brown and orange dashed lines, but the contribution of Ry is not apparent in any of
these spectra. (C) The isolated 94-GHz spectra of R,. The spectra of R are only weak-
ly 6,50 dependent and centered at a gesr of 2.0065 (Bo=3.3550 T at 94 GHz). The
black arrows in (B) indicate the position of Rs. A contribution from the microwave
cavity of the 94-GHz spectrometer (dotted trace) has been subtracted from the
spectra in (C). Superimposed on these spectra are the following: blue diamonds
indicating the amplitudes of the 'H ELDOR-NMR detected EPR spectra of the Hy
protons; violet and green circles respectively indicating the amplitudes of the
27 Al ENDOR detected EPR spectra of Al;; and Als in Fig. 4B and C; and a simulation
(red) based on the R; ?’Al and 'H hyperfine couplings measured by ELDOR-NMR
and ENDOR (see text and the Supplementary Materials for details). All these results
are in very good agreement with the measured HFEPR data for R;.

Magnetic field (T)

interactions between the unpaired electron and nuclear spins of
aluminum atoms and, if present, hydrogen atoms. We now turn to
the characterization of these hyperfine interactions.

The structure of Rs and its localization

The size of such hyperfine interactions, A, reveals details about
the distance between the electron and nuclei, the nature of their
chemical bonding, and their mutual orientation with respect to B.
To gain insights into the electronic structure of the R centers, we
measured these interactions by obtaining the NMR spectra of the R
nuclei using 94-GHz Davies pulsed ENDOR (31) and ELDOR-NMR
(20) spectroscopy. The "H ELDOR-NMR spectra are shown in Fig. 3.
Three protons, Hje, Hys, and Hyo, are identifiable by their effective
nominal hyperfine couplings, |A.f, of 32, 50, and 80 MHz, respec-
tively (Fig. 3A). There was also a fourth resonance around 0 MHz,
arising from small couplings (<8 MHz) characteristic of nuclei in
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the environment (“matrix”) surrounding the radical. The complex
shape of this resonance (Fig. 3B) indicates that it arose from more
than one proton, which we designate Hy;. We were able to unam-
biguously link this ELDOR-NMR-detected matrix resonance to
R by matching its field-dependent amplitude (Fig. 3C) to the EPR
spectrum of R (Fig. 2C and fig. S3). This also established that R had
a number of protons in its environment, indicating that it was a
surface species (see below). The aluminum body of the microwave
cavity of the HFEPR spectrometer itself contributed smaller 'H res-
onances similar to those from a-AlLOs. These likely originate from
hydrated aluminum oxide that coats the aluminum metal, meaning
that the same radical is likely present on the amorphous oxide of
any Al surface.

Having characterized the proton environment of R, we now
turn to the hyperfine coupling of R, to > Al using ENDOR. The
27 Al ENDOR spectra of Ry, R, and Ry were similar (Fig. 4A). This
suggested that the three different centers shared common electronic
structural motifs. The By dependence of ENDOR resonances (i.e.,
the 2 Al ENDOR-detected EPR spectra) of two aluminum atoms,
designated Als and Al;,, was identical to the Ry EPR spectrum
(Fig. 4, B and C, and fig. S4). The sharpness of these two ENDOR
resonances (full width at half-height of less than 75 kHz) indicated
that their hyperfine and nuclear quadrupolar interactions had little
or no radical-to-radical variation. From this, we concluded that the
R, centers were structurally well defined because hyperfine inter-
actions are known to be sensitive to the structure and local environ-
ments of the nuclei (32).

Correlating multiple nuclei to the same R, center
After mapping the individual hyperfine interactions and identifying
the 'H and %’ Al nuclei associated with R, we next turn to under-
standing whether the detected atoms belong to the same R, radi-
cal. Using ELDOR-NMR, we measured the spectra of three-spin
transitions that involve the simultaneous flipping of the electron
spin of the radical and two nuclear spins, typified by the cyan tran-
sitions in Fig. 1B. (By contrast, conventional two-spin ELDOR-
NMR spectra like those in Fig. 3 arise from flipping the spins of the
electron and only one nucleus illustrated by the blue transitions in
Fig. 1B.) The three-spin transitions are only possible when both nu-
clear spins are coupled to the same electron spin center. A quantitative
treatment of the three-spin ELDOR-NMR is given in the Supplemen-
tary Materials. In the following, we summarize the salient results.
Three-spin resonances occur at the sums (illustrated by the right
cyan arrow in Fig. 1) and differences (left cyan arrow) of the fre-
quencies of the two individual nuclear spins. These two-spin fre-
quencies are the same as the ones measured by Al ENDOR and
two-spin 'H ELDOR-NMR. The three-spin spectra at the sum fre-
quencies are shown in Fig. 5 (A to C) along with their correspond-
ing two-spin spectra. Superimposed on these spectra are some of
the pairwise sums of the individual frequencies of Hy¢, Hys, Hag, Hy,
Als, Al}, and Aly; obtained from Figs. 3 and 4. The three-spin spec-
tra have unmistakable intensities at these calculated frequencies,
for example, at the frequencies labeled “Aly + Hye,” “Aly + Hps,”
and “Aly + Hyo” in the region highlighted in gray in Fig. 5B. The
presence of three-spin resonances at these three particular frequen-
cies along with those at “Hy; + Hye,” “Hy + Has,” and “Hy + Hyg”
demonstrates that each of the Hjg, Hys, and Hyg nuclei is associated
with not only at least one Aly atom but also at least one Hy; atom.
Such nuclear spin correlations can be extended by considering the
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Fig. 3. Protons are integral to the structure and environment of R.. (A) The
94-GHz 'H ELDOR-NMR spectra of a-Al,03 measured at four different orientations
6.g0 at the magnetic field By corresponding to the maximum of the R; EPR spectrum
(g =2.0065). Four different R protons, Hao, Has, Hie, and Hy, are apparent, with a
hyperfine coupling A of 86, 50, 22, and 0 MHz, respectively (A corresponds to twice
the relative resonance frequencies). The brown traces are the spectra arising from
the spectrometer microwave cavity. The frequency scales are relative to the micro-
wave detection frequency (94 GHz) and the "H NMR(Zeeman) frequency (Vignmr =
v'uBo, where y1y is the magnetogyric ratio of the proton). (B) The expanded de-
tailed view of the Hy resonances. The partially resolved line shapes and their orien-
tation dependence indicate that Hy is a collection of protons with |Aes| <8 MHz.
(C) The By dependence of the Hy resonances relative to 3.3550 T (g = 2.0065) for
080 = —115°. ELDOR-NMR-detected EPR spectrum (Fig. 2C, blue diamonds) con-
structed from these data matches the spectrum of R;.

blue 'H/'H region in Fig. 5C. Intensities at the frequencies corre-
sponding to “Hjs + Hys” and “Hys + Hyo” show that these three nuclei
reside together on a common center. Furthermore, the frequencies
covered by the ”Al/*’ Al and *’ Al/'H blue regions match other pair-
wise sums of resonance frequencies; for example, in Fig. 5A, the
sum of Als and Al}; at 17 MHz and, in Fig. 5B, the sum of Al;; and
H40 at 52 MHz.

In summary, we were able to identify enough pairwise correla-
tions to establish that H16, H25, H40, HM, A15, Allz, and AIM all be-
long to a common R; center. Figure 5D graphically summarizes
the extended structure of R as revealed from the three-spin data.
Here, we have drawn the pairwise correlations deduced from Fig. 5
(A to C) as solid lines. The arrangement of the nuclei is based on the
DFT calculations described below. Hy arises from multiple hydro-
gen atoms that surround R,. Because such an environment with a
large number of protons is unique only to the hydrated and hydrox-
ylated surface of the a-Al,O3 crystal, Ry could unambiguously be
identified as surface centers. Furthermore, simulations of the 0.5y =
25° Ry EPR spectrum based on the Hiq, Has, Hag, Als, and Alyg hy-
perfine couplings were able to reproduce the R, EPR spectrum in its

Un et al., Sci. Adv. 8, eabm6169 (2022) 6 April 2022
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Fig. 4. R; has two distinct aluminum atoms in its structure. (A) The 94-GHz
0.50 = 25° Davies 27Al ENDOR spectra of a-Al,03. ENDOR traces were obtained
at the magnetic fields indicated by the correspondingly colored arrows in Fig.2A. These
are the positions where the spectra of Rs (black) and the bulk radicals, R (orange)
and R (brown), reach their respective maxima. The frequency scales are relative to
the 2’ AINMR(Zeeman) frequency (v7ainmr = Y27aiBo). (B and €) The magnetic field
dependence (relative 3.3550 T or g = 2.0065) of the two R aluminum hyperfine
resonances, Als (red) and Aly (green), respectively. The associated 27l ENDOR-
detected EPR spectrum that matches the EPR spectrum of R is shown in Fig. 2C. The
gray shaded region (Aly) arises from matrix 2’ Al nuclei that experience small hyper-
fine interactions and are in the environment of the radical centers.

entirety (Fig. 2C, red trace). These same spin interactions also re-
produced the cESR spectra (18). From this, we concluded that these
five atoms and the oxygens to which they were bound defined R and
that the unpaired electron spin density was delocalized over this
group of atoms.

Surface density of R is similar to that of surface spins

in quantum circuits

Using TEMPO ((2,2,6,6-tetramethylpiperidin-1-yl)oxyl), a stable or-
ganic radical, as a concentration standard, we determined the total
concentration of radical centers in a-Al,O3 (Fig. 2B) to be about
3 x 10 m™. R, constituted 3 to 10% of this total, corresponding to
a surface spin density of 1 to 3 x 10" m™2. This is comparable to the
abundance of chemically catalytic “electron donor” sites found in other
polymorphs of Al,O5(26, 28) and also the g.¢ = 2 surface spin density
detected in a-Al,O3 by cESR measurements (18) and agrees with the
surface density of paramagnetic centers, accounting for the magnetic
noise observed in superconducting circuits (1, 2, 11, 17, 18, 33). On
the basis of this density and the consistency between HFEPR and
cESR spectra, we concluded that the g. = 2 species detected by
cESR and the Ry centers detected by HFEPR were one in the same,
the surface centers associated with the associated with the flux and
charge noise in the superconducting cESR resonators (18, 34).
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Fig. 5. Three-spin ELDOR-NMR demonstrates that the detected aluminum and proton
nuclei reside on a common R; center. (A) The three-spin 2’Al/2’Al, (B) ?’Al/'H, and
(€) "H/'H regions of the ELDOR-NMR spectra. The frequency scales of the three-spin spec-
tra (black) are relative to their respective sum of NMR(Zeeman): 2 v27a; nmgr, VZaiNMR +
vignmr and 2vignwr and the two-spin spectra (blue and red traces and frequency scales)
relative to their corresponding simple NMR(Zeeman) frequencies. The gray highlights
the three-spin regions that span the same frequencies as the two-spin frequencies of
Hi6, Has, and Hag (shaded in red). The blue regions indicate three-spin transitions that
have no corresponding resonances in the two-spin spectra, indicating that these arise
from three-spin transitions of pairwise combinations of Hi, Has, Hag, Als, and Aly,. The
pink areas indicate three-spin 2’Al/'H transitions visible in the two-spin spectra. The
dashed lines and labels show the sum of the frequencies of two-spin transitions estab-
lished by ENDOR and ELDOR-NMR. (D) The network of connected nuclei reconstructed
from the spectra superimposed on a model of Rs. A water molecule has been included in
the model to represent the interactions between Rs and the hydration layer that covers the
0-Al,03 surface. Connections to the Aly and Hy are only illustrative; many other distant
interactions with surrounding %Al and "H nuclei could be involved. See Computational
modeling of R to reveal its structure and the Supplementary Materials for more details.
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Computational modeling of R, to reveal its structure

We combined the magnetic resonance measurements on R, with DFT
calculations to model its structure. These calculations used hypo-
thetical neutral AlsO3oHs¢ nanoparticles. Their structures were based
on the a-Al,O;3 unit cell (AlgOg) and experimental studies of the
0-Al,Os;—water interface that showed that the exposed aluminum
atoms were fully terminated with oxygens from water and hydroxyl
groups (Fig. 6, fig. S6, and the Supplementary Materials) (35). Al-
though these models did not capture the crystalline nature of a-ALO;
and were far from exhaustive in terms of the different possible ge-
ometries of the terminal hydroxylated aluminum and aluminum
oxide groups on the 0-Al,O3 surface, they did allow for adequate
prediction of atomic-level properties, such as spin and charge dis-
tributions and bonding interactions. This provided a means for
modeling and examining the possible interactions and reactions
between O, and the a-Al,O; surface that are thought to be import-
ant in the creation of noise centers (13, 14, 21) and, at the same time,
the ability to calculate the EPR properties of the resulting molecular
complexes and products. Of particular interest were the radical cen-
ters that were formed and that could serve as structural models of
R;. To ensure that the DFT methods had predictive value, we first
confirmed that they were able to compute, with reasonable accuracy,
the g values and hyperfine interactions of other previously studied
aluminum-based radicals (see the Supplementary Materials). Having
established this, we applied them to the AlsO3oHss nanoparticles
and compared the calculated g values and hyperfine couplings to those
measured for R, to identify which structural motifs had compatible values.
In this way, we are able to derive a model of the structure of R;.

For most cases where an O, molecule was placed within 1.8 A of
the nanoparticle, geometry optimization led to structures that re-
sembled physiosorbed oxygen in which the two molecules only
weakly interacted, as depicted in 1 (Fig. 6 and fig. S6B). The triplet
character remained on O,, and the charge distribution was similar to
the individual neutral molecules. However, for certain O, orienta-
tions and distances, geometry optimization resulted in a hydrogen
atom transfer to the O, molecule resembling 2 (Fig. 6 and fig. S6A),
forming a final structure that resembled a HO:[Alg O30 H3s] " radi-
cal pair. Its calculated g and hyperfine values were similar to those
of superoxide on y-AL,O3 (see below).

By contrast, the isolated [AlgO30Hj35]" nanoparticle radicals had
g and hyperfine values similar to the measured values for R,. The
calculated *’ Al hyperfine interactions of these radicals depended on
the protonation state of the oxygen atoms surrounding the alumi-
num atoms (Fig. 6 and fig. S6). In general, the more polarized com-
plexes had larger hyperfine interactions. One aluminum atom in
radical 3 is surrounded by three hydroxide ligands and an adjacent
aluminum atom by two. Most of the unpaired spin density rests on
three of the oxygen atoms bound to these two atoms. The calculated
isotropic or average *’Al hyperfine couplings of these two alumi-
num nuclei are —19 and -9 MHz, in good agreement with the mea-
sured values of Als and Al;,. This was also true for the anisotropic,
or the orientation-dependent, components of these hyperfine cou-
plings (fig S4E) which calculations predict are small, 2MHz. The
agreement between calculations and measurements also extends
to the two large —87- and —55-MHz "H hyperfine couplings that
were comparable to the absolute values of 84 and 50 MHz measured
by ELDOR-NMR for Hyy and Hjs (Fig. 3A). Given this consisten-
cy and the sensitivity of the 'H and *’Al hyperfine interactions to
the details of the unpaired electron spin distribution, we conclude
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Fig. 6. Interactions between O, and a-Al,03 surface can lead to outer-sphere
electron transfer and radical formation. DFT studies of the interactions between
0, and neutral AlgO30H36 Nanoparticle models of the a-Al,O3 surface show that the
most common interactions are those similar to structure 1, modeling physisorbed
0, on 0-Al,03. However, geometry optimization of certain initial configurations
leads to a hydrogen atom transfer from the nanoparticle to the O, forming radical
pairs similar to 2. Structure 3, obtained by reoptimizing the structure of 2 with the
protonated superoxide removed, leads to a radical with calculated hyperfine cou-
plings that closely resembled those measured for R. Structure 4 is a simplified view
of the radical center in 3. The blue surfaces depict the distribution of the unpaired
electron spin density. The calculated average (or isotropic) hyperfine interactions
experienced by the two %Al nuclei are indicated in black in megahertz, and the
largest component experienced by the protons is in red.

that the structure of R, resembles 4, the [Al(OH);-O-Al(OH),(H,0)]
radical center. The calculated isotropic g value of this structure is
2.0060, which matched the R, value of 2.0065. However, the anisot-
ropy in g is predicted to range from 2.0086 to 2.0024, greater than
observed for R based on its HFEPR spectra (Fig. 2B).

Surface reactions with reactive oxygen species: Long-term
stability of R,

The sequence of structures in Fig. 6 depicts oxidation of the nanopar-
ticle by a weakly interacting oxygen molecule, commonly known
as an “outer-sphere” electron transfer reaction (19). The formation
of R, by oxidation of the a-ALOj; surface is consistent with the known
chemistry of a variety of metal oxides that undergo surface oxida-
tion by molecular oxygen and stabilized radical centers on their surfaces
(22-28). If this were the case, the surface density of R may repre-
sent a steady-state population that is not necessarily static and is
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Fig. 7. Argon/O, plasma treatment leads to long-term reduction in R. cESR
spectra (5.0 GHz) of the a-Al,03 surface of the superconducting cESR microwave
resonator: before treatment (dashed purple), after treatment with O, plasma fol-
lowed by exposure to water (blue), and the same sample 4.5 years after treatment
(red). The black trace shows what is lost after 4.5 years. The green region corre-
sponds to contribution from triplet O, and the orange region denotes where con-
tributions from superoxides (05 and HO3') are expected. The peak at 0.185 T arises
from R. The two narrow flanking resonances are from atomic H, which have been
removed in the samples used in this study.

affected by shifts in concentrations of the O, and superoxides. We
have found indications of this in recent measurements of the Ar/O,
plasma-treated cESR microwave resonator used in a previous study
(Fig. 7) (18). Plasma treatment of the a- AL Oj; surface of these resonators
followed by exposure to water had no net initial effect on R, (Fig. 7,
blue trace) (18). Given its ~150-eV energy, the plasma likely destroyed
R,, which re-formed afterward. In addition to R, and atomic H, the
cESR spectrum of the plasma-treated o-Al,O3 showed a marked in-
crease in the very broad O,-like component and the appearance of a
large resonance consistent with superoxides (Fig. 7) (18, 34). The O,
plasma in the presence of water produces O,, ozone, hydroxide radicals
(HO"), peroxide, and superoxides (36, 37). Of these, the HO" radi-
cals are extremely reactive, and their lifetime on the surface is ex-
pected to be short. The surface densities of the paramagnetic species
created by the plasma were stable and, based on the amplitudes of
their EPR resonances, significantly greater than that of R;. Evidently,
their presence affected neither the densities nor the EPR spectrum
of R or atomic hydrogen, suggesting that they were physically separated
from the plasma-induced species. Recurrent measurements on the
same samples show that R, and hydrogen had significantly dimin-
ished over 4 years (Fig. 7). By comparison, the spectra of R, in un-
treated samples remained constant over similar lengths of time. This
demonstrated that the population of Ry is not static and is affected
by the presence of the plasma-induced species, most likely one or more
of the abundant oxygen species. The slowness of these changes reinforces
the hypothesis that these species were physically partitioned from Rq.

DISCUSSION
It has been proposed that a possible source of flux and charge noise in
quantum devices is physisorbed molecular oxygen (O,) (13, 14, 21, 34).
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Our results do not support this interpretation. O, molecules weakly
interacting with the a-Al,O3 surface would retain their triplet state
character (similar to Fig. 6A). DFT calculations on the interaction
of O, with the [AlgO3pHj35]" nanoparticle model demonstrate this.
In this case, the EPR of the a-Al, O3 surface would be dominated by
a very broad resonance extending from ges ~ 4 to low values, owing
to the large magnetic anisotropy of O, arising from their zero-field
interaction of 100 GHz (38). This matches the very broad underlying
resonance seen in the cESR spectra (Fig. 7, green region). In contrast
to this wide O, background, the cESR (and HFEPR) spectra of the
species identified as the noise sources are very narrow. The spec-
trum of R is much narrower than those of superoxides (O; and
HO);) (23). A typical EPR spectrum of superoxide on the surface of
v-AL O3 spans 2.07 to 2.04 to 2.00 in gef;, corresponding to the or-
ange region in Fig. 7. Their ” Al hyperfine interactions are less than
500 kHz (27), significantly smaller than those of R. In general, we
do not expect physisorbed paramagnetic species to have substantial
%7 Al hyperfine interactions, particularly ones with large average or
isotropic values, like those of R;, because these are indicative of co-
valent bonding.

The HFEPR measurements show that Rq is a very stable and
structurally well-defined radical center immanent to the 0-AlO3
surface. The DFT calculations suggest that Ry are specific to particular
hydroxylated aluminum oxide sites on the crystal surface resembling
structure 4 in Fig. 6. Similar radical centers are apparently not unique
to 0-Al,O3. The aluminum resonator used for HFEPR measure-
ments also had stable paramagnetic centers with similar HFEPR
(Fig. 2) and '"H ELDOR-NMR spectra (Fig. 3). These centers are
most likely located on the aluminum oxide layer that forms on the
metal surface due to oxidation. If this is the case, it is reasonable to
assume that all devices using aluminum structures have such simi-
lar stable radicals on their surfaces. As is evident from our findings,
unlike atoms and molecules physisorbed onto a-AlOs, Ry cannot
be physically removed because they are integral to the a-Al, O3 sur-
face; they must be chemically “silenced” instead.

Formation of R should also lead to detectable amounts of super-
oxide radicals, which are stable. Superoxides on metal oxide surfaces
are readily detectable by EPR (22), but none were detected by HFEPR
on our samples of a-Al;O3, and, so far, only suggested as a plausible
alternative to molecular oxygen to explain cESR (18) measurements,
which lacked sufficient sensitivity to resolve specific details. We at-
tribute this lack of superoxide signal to the fact that they are capable
of undergoing disproportionation reactions, leading to peroxide
and molecular oxygen (39). The former is not paramagnetic, and
the latter, as discussed above, has an EPR spectrum that is signifi-
cantly broader than that of superoxides. Hence, disproportionation
would leave R; as the only readily EPR detectable species. The over-
all mechanism for the formation of Ry in this case is given by

O, + ((X - Al 03)OH2,surface - Oz:[((l - Al OS)OHZ,surface]
03:[(0 = Al;O3) OHj surface| = HO;[(Q - A1,03) OHgurface]”
ZHO; + [((1 - A1203)OHsurface]. = 02 + HzOz + [((1 - AlZOS)OHsurface].

o)

Implicit to this scheme is that superoxides can diffuse freely on
the surface. The aqueous layer physisorbed over the a-Al,Os surface
may play an important role in facilitating this movement. It may
also provide a protective barrier for R;, thus enhancing its stability.
R; and atomic hydrogen can be removed with 300°C heating under
vacuum. Hydrogen can be readily taken off while R appears to be

Un et al., Sci. Adv. 8, eabm6169 (2022) 6 April 2022

significantly more robust and persistent. The density of aluminum
hydroxide groups on the surface of metallic aluminum is known to
decrease with heating under vacuum (40, 41). If the same occurs on the
0-ALOjs surface, one would expect the density of R to decrease. However,
this can only occur once sufficient surface water has been removed.
This would explain the resistance of R to heating under vacuum. Even
so, under ambient conditions, a dehydrated o-Al,O5 surface will likely
become rehydrated and rehydroxylated (42) and eventually under-
go oxidation by O,, leading to the reappearance of R, centers.

Chemically more aggressive Ar/O, plasma treatment of the
a-Al,O5 surface has no initial net effect on R,. Nonetheless, the sur-
face is exposed to high concentrations of various oxygen species:
O,, superoxides (as evidenced by the cESR spectra, Fig. 7), and per-
oxides that persist on the surface (36). The eventual decrease of the
population of Ry is consistent with shifts in the equilibria in scheme 1 in
response to increase superoxide and peroxide concentrations. The
importance of this is that the long time scales of these changes indi-
cated that the “silencing” of R, can be made essentially irreversible.

From these observations, we conclude that control over R; is possi-
ble. A step toward more efficient faster passivation of these centers
will be to identify which of the plasma-induced species react with
R and the underlying mechanism that is involved. It is clear that
HFEPR and high magnetic field hyperfine spectroscopy methods
used to identify and characterize these centers of noise and deco-
herence will also provide relatively simple analytical techniques for
quantitative step-by-step assessment of strategies for passivating
these radical centers, thereby improving the noise characteristics of
characteristics of superconducting and quantum devices.

In conclusion, using high-field EPR, ENDOR, and ELDOR-NMR
on a-Al,O3 substrates, we have revealed that the radical centers pre-
viously associated with noise in superconducting devices rather
than being adsorbed species are immanent to the surface. Structural
optimization of a DFT model based on an AlgO30H3¢ cluster leads to
the formation of specific radicals with calculated hyperfine couplings
in good agreement with experiments. Crucially, the surface radicals
that we find are very complex entities where the electron spin ex-
tends over two nonequivalent Al sites and three different protons,
yielding highly complex interactions. DFT calculations allow us to
attribute the origin of these exceptionally stable radicals to reactive
oxygen chemistry with hydrated surface sites. Such chemistry has
been demonstrated to occur on the surface of many oxides of main
group and transition metals (22, 24, 25), likely explaining the ubiq-
uity of paramagnetic noise in quantum devices made from a range
of different materials. We have shown that HFEPR allows for iden-
tification and studies of these surface noise centers in a facile and
versatile manner not achievable with other techniques. Hence, it is
an invaluable tool for assessing the strategies for passivating these
stable radical centers in pursuit to mitigate the noise and decoher-
ence in quantum devices. Our computation results suggest that one
important step toward this goal will be to understand oxidation
chemistry of the metal oxide surfaces used in engineered quantum
devices and quantum-limited sensors.

MATERIALS AND METHODS

Samples

Samples were cut from a 50-mm-diameter and 320-pm-thick circular
(0001)—cut a-Al,O3; wafer obtained from Shinkosha Co. (Yokohama,
Japan). The crystal ¢ axis was perpendicular to the surface, and one
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cut was made along the crystal a axis and the other in the perpen-
dicular direction. For EPR measurements at 190 and 285 GHz, the
samples were 5 mm by 5 mm by 0.5 mm plates, and for the 94-GHz
pulse EPR measurements, a 5 mm by 0.5 mm by 0.5 mm sample
with the a axis along the long direction (fig. S1) was cut from the
same single crystal as the larger 5 mm by 5 mm by 0.5 mm samples
and used. The crystallographic orientation was verified by x-ray dif-
fraction measurements. The same substrate had also been used
for the fabrication of the high-quality NbN superconducting reso-
nators reported in (43), where details of all fabrication steps can be
found. Of importance for this study, as a final step, the substrates
were annealed at 300°C for 15 min in vacuum (107 torr) to remove
atomic hydrogen adsorbents.

EPR measurements

The 190- and 285-GHz EPR spectra were obtained on a constructed
HFEPR spectrometer, which has been previously described (44).
The spectra were taken at 4 K using conventional continuous-wave
excitation and magnetic field modulation with an amplitude of 0.5 mT
and a frequency of 3 kHz. This led to fast-passage saturated line shapes
that were absorptive rather than derivative (45). Under these condi-
tions, the contributions of the three a-Al,O; radicals to the spectra
were expected to be spin relaxation dependent. This apparently en-
hanced the contribution of R;.

The 94-GHz EPR, ELDOR-NMR, and ENDOR spectra were
obtained at 50 K with a Bruker Elexsys II 680 EPR spectrometer
equipped with an Oxford Instruments CF935 flow cryostat and ar-
bitrary waveform generators (“SpinJet AWG,” Bruker). Some spec-
tra were obtained with a locally constructed 2-W 94-GHz microwave
bridge based on the design by Nalepa et al. (46). The 94-GHz field-swept
spin-echo spectra were obtained between 50 and 70 K by monitor-
ing the integrated intensity of the two-pulse Hahn spin echo (fig.
S2) as a function of the static applied magnetic field By (30). Spectra
were obtained using pulse separation times (t) of 400 to 500 ns and
with @ pulse times of 16 to 50 ns. Sufficiently long shot-repetition
times of at least 4 ms were used to ensure fully relaxed spectra. Un-
der these conditions, in contrast to the 190- and 285-GHz spectra,
the line shapes of the 94-GHz spectra reflected the actual contribu-
tions of the Ry, R.pp, and R. The decay rate of the echo as a function
1 is characterized by the phase memory time Ty,. The Ty,-filtered
spectra shown in Fig. 2C were obtained by subtracting spectra taken
with T = 10 us from those with © = 500 ns. At the longer 7, the R,
contribution was substantially reduced owing to its much faster T,.
The 94-GHz 'H Mims ENDOR (47) spectra shown in the Supple-
mentary Materials were obtained in a standard manner with & pulse
times of 16 to 50 ns and radio-frequency pulse length of 20 us. The
27 Al Davies ENDOR (31) spectra were obtained in a similar manner
using the same pulse times.

The 94-GHz "H ELDOR-NMR (20) spectra were obtained by
tuning the microwave cavity to 72 MHz above the detection fre-
quency and overcoupling the cavity. The spectra were acquired by
first applying a 30-us variable frequency pump pulse, followed by a
delay of 1 us and detection using a Hahn echo sequence with t=400 ns
and © pulse times of 200 ns. The microwave excitation field
was approximately the same for the pump and detection. For the two-
spin and three-spin Al ELDOR-NMR spectra, the cavity was tuned
to 37 MHz [corresponding to the 27 A1 NMR(Zeeman) frequency]
above the detection frequency and overcoupled. The three-spin
spectra were collected in the same manner as the '"H ELDOR-NMR
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spectrum. For the two-spin spectrum, the AWG was used to gen-
erate a 10-us Gaussian pump pulse and the Hahn echo detection
used a T =400 ns and & pulse times of 300 ns. The baselines of these
two-spin and three-spin spectra were corrected by fitting them to a
quadratic polynomial. The three-spin ELDOR-NMR spectra in-
volving protons were obtained by tuning the overcoupled cavity
100 MHz above the detection frequency. The spectra were taken at
60 K using a 70- to 80-us pump pulse, T =500 ns, and ©t pulse times of
200 to 300 ns. The baselines of these spectra were corrected using a
linear function. The wide frequency bandwidth required to detect
the three-spin transitions involving protons and the low probabili-
ties of these transitions made them challenging to detect, and not all
orientations yielded usable spectra. The corresponding two-spin spectra
shown in Fig. 5 for comparison were measured using the same con-
ditions as the three-spin data. EPR simulations are described in the
Supplementary Materials.

DFT calculations

DFT calculations were carried out using Gaussian (version 16, revi-
sion A.03) (48) and ORCA (49). The former was used to optimize
geometries and compute the g tensors using the B3LYP (50-52)/6-
31 + G(D, P) (53) hybrid density functional and basis set and default
options. The latter was used to obtain the hyperfine coupling values
using the PBEO (54)/6-31 + G(D, P) (54) hybrid functionals B3LYP
for g tensors and PBEO for hyperfine tensors in conjunction with
Gaussian basis sets. The calculations were tested on aluminum rad-
ical centers for which the spin interactions have been measured (see
the Supplementary Materials). These included stable neutral alumni
radicals (55), aluminum dicarbonyl (56), AIH"(57), and aluminum
ethylene (58). As can be seen from table S1, the calculated g and
hyperfine values for these simple aluminum molecules were in
reasonable agreement with those measured.

The AlgO30Hs6 nanoparticle models were based on AlgO3 unit
cell. On the basis of experimental studies of the water-a-Al,O; in-
terface (35), oxygens were added to the exposed aluminum atoms of
the AlgO3 core so that each had a complete ligand sphere of six
oxygens. Hydrogen atoms were added to all oxygen atoms bridging
two aluminum atoms. Another set of hydrogens was added in a
quasi-random manner to the rest of the oxygens to form struc-
tures with overall neutral charges, resulting in nanoparticles of the
form AlgO30Hzs. These structures were subsequently geometry opti-
mized. To these optimized structures, an O, molecule was added
and positioned within hydrogen bonding distance of the AlsO3yHzg
model, typically about 1.8 A. These supermolecular complexes
were re-geometry optimized with a total spin multiplicity of 1. Cal-
culations were also carried out on various reduced and oxidized forms
of the nanoparticle.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abm6169
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