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Why superconducting Ta qubits have fewer tunneling two-level systems at the
vacuum-oxide interface than Nb qubits

Zhe Wang®, Clare C. Yu®, and Rugian Wu
Department of Physics and Astronomy, University of California, Irvine, CA 92697, USA

® (Received 8 April 2024; revised 10 January 2025; accepted 13 January 2025; published 6 February 2025)

Superconducting qubits are a key contender for quantum computing elements, but they often face chal-
lenges like noise and decoherence from two-level systems (TLSs). Tantalum (Ta) qubits are notable for
their long 7' coherence times, nearing milliseconds, presumably due to fewer TLSs, though the cause
of this is unclear. We explore this by analyzing the vacuum-oxide interface using density functional the-
ory, particularly comparing Nb oxide (Nb,Os) and Ta oxide (TayOs). We discover that Ta,Os forms a
smoother surface with fewer dangling O atoms and structural TLSs than Nb,Os. The greater atomic mass
of Ta also lowers the tunnel splittings of these structural TLSs below the qubit’s operating frequency.
Furthermore, using external electric fields or SO, passivation can significantly reduce defect-related TLSs
on Nb surfaces, potentially improving their coherence times.

DOI: 10.1103/PhysRevApplied.23.024017

I. INTRODUCTION

Superconducting qubits, which are widely regarded as a
leading technology for scalable quantum computing, have
seen substantial progress [1,2]. Over the past two decades,
their 7} coherence times have dramatically improved,
extending from less than 1 ns to hundreds of ps [3,4].
Further development of superconducting qubits with much
longer coherence times is crucial for the realization of
large-scale fault-tolerant quantum computers. A significant
obstacle to this enhancement is the presence of two-level
systems (TLSs) [5-8], which can arise from various mech-
anisms: atom [9—11] or electron [12] tunneling between
the minima of a double-well potential, nearly degenerate
spin states [13], trapping and release of quasiparticles [14],
or the electronic energy levels of an impurity atom [15].
If the tunneling entity between two potential minima is
charged, such as in the case of the structural TLS discussed
in this work, its electric dipole moment can couple to both
the qubit and microwaves in quantum circuits, leading to
dielectric loss [5], charge noise [16], and critical current
noise [17]. When the TLS energy splitting matches the
qubit energy, the qubit can resonantly transfer its excita-
tion energy to the TLS, leading to a significant reduction
in the qubit’s relaxation time 77 [5,6].

Structural TLSs are predominantly found in the
native oxide layers on the surface of superconducting
qubits; however, the microscopic nature of these TLSs
remains elusive, even in conventional qubit materials like
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aluminum (Al) and niobium (Nb) [4,18-22]. The T relax-
ation time of Al qubits is limited to about 70 ps [23], and
that of Nb qubits is about 60 ps [19,24], indicating a sig-
nificant density of defect-induced TLSs in these materials.
Recent studies have identified tantalum (Ta) as a partic-
ularly promising qubit material for quantum computing
[25,26]. In 2021, Place et al. [25] found that Ta transmon
qubits deposited on sapphire had remarkably long coher-
ence times, surpassing 0.3 ms [25] and later reaching an
impressive 0.5 ms [26]. The reasons for these enhanced
performance metrics in Ta-based devices have not yet been
elucidated. As Ta and Nb share similar properties, the dif-
ference in their performance in quantum applications is
striking. This difference may only be partially attributed to
variations in the composition at the metal-oxide interface
[19,25]. Specifically, while Nb is prone to forming mul-
tiple suboxides such as NbO and NbO, between the Nb
metal and the outermost Nb,Os layers [18-21,27], Ta con-
sistently forms a highly homogeneous Ta,Os layer [26],
as also verified by our phase-diagram calculations (see
Appendix A).

Recently, vacuum-oxide interfaces have been identified
as more significant sources of structural TLSs on Al qubits
[28,29]. These findings prompted us to explore the puz-
zling differences between the vacuum-oxide interfaces of
Nb and Ta, despite their outermost oxide layers, Nb,Os
and Ta,0Os, sharing similar chemical compositions and
properties. Studying the differences in the formation of
structural TLSs between Nb and Ta is essential for opti-
mizing material selection and surface treatments for super-
conducting devices such as qubits. Specifically, exploring
their structural and electronic subtleties is crucial, given

© 2025 American Physical Society


https://orcid.org/0009-0009-9084-8227
https://orcid.org/0000-0002-6565-2988
https://orcid.org/0000-0002-6156-7874
https://ror.org/04gyf1771
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevApplied.23.024017&domain=pdf&date_stamp=2025-02-06
http://dx.doi.org/10.1103/PhysRevApplied.23.024017

WANG, YU, and WU

PHYS. REV. APPLIED 23, 024017 (2025)

the high sensitivity of the energy levels of structural TLSs
to local conditions.

In this work, we explore the potential for structural TLSs
to reside on Nb,Os and Ta,Os surfaces through density
functional theory (DFT) calculations. Our findings reveal
that the energetically favored Nb,Os surfaces are rough
with dangling O atoms, which form detrimental TLSs with
tunnel splittings in the GHz range. In contrast, Ta,Os tends
to form smoother surfaces with fewer dangling O atoms.
Moreover, the greater atomic mass of Ta shifts the frequen-
cies of TLSs below the GHz range. These findings offer
a new explanation for the unexpectedly long coherence
times recently observed in Ta-based qubits [25,26], dis-
tinct from the previous suggestion that attributed the effect
to suboxide formation in Nb films. We also demonstrate
that the energy splittings of these structural TLSs can be
effectively pushed away from the operating frequencies of
qubits by applying a small dc electric field. In addition, the
density of structural TLSs can be reduced by passivating
the surface with sulfur dioxide (SO;) gas. These insights
could contribute to further extending the coherence times
of superconducting qubits.

II. COMPUTATIONAL METHODS

Our DFT calculations were performed using the projec-
tor augmented-wave (PAW) [30] method as implemented
in the Vienna ab initio simulation package (VASP) [31,32].
The exchange-correlation functional was described by the
generalized gradient approximation (GGA), in the form
proposed by Perdew, Burke, and Ernzerhof (PBE) [33,34].
An energy cutoff of 550 eV was used for the plane-wave
basis expansion. In the bulk calculations, a I'-centered
Monkhorst-Pack k-point mesh of 2 x 5 x 4 was adopted
for the Brillouin-zone integration, and both the lattice con-
stants and atomic positions were fully relaxed until the
force acting on each atom was less than 0.01 eV/A. In the
subsequent slab calculations, the in-plane lattice constants
were fixed at their bulk values. When exploring the TLSs
formed by dangling O atoms, the climbing image nudged
elastic band (CI-NEB) [35] method was used to determine
the barrier height of the double-well potential. It has been
reported that the PBE functional without van der Waals
(vdW) corrections predicts incorrect ground-state phases
for Nb,Os and Ta,Os. We therefore included the vdW
correction using the DFT-D3 [36] method with the Becke-
Johnson damping function [37] in all of the calculations.
Structure visualization was performed using the VESTA
[38] package.

Although our main conclusions were obtained using the
crystalline phase of Nb,Os, they are also applicable to
real amorphous surface oxides. This is because TLSs are
determined by local atomic environments rather than by
long-range order. To further demonstrate this, we gener-
ated amorphous surfaces using molecular dynamics (MD)

simulations with machine-learning force fields (MLFFs)
[39-41]. This approach allows us to simulate large system
sizes and time scales while maintaining near ab initio accu-
racy. We performed melt-and-quench MD runs, a common
method for generating amorphous structures [42—45]. The
NVT ensemble with a Langevin thermostat was used,
because an NPT ensemble would automatically drive the
surface to bulk structures during long MD runs; however,
the surface system can still eventually reach the densities
of amorphous structures, as the atoms are free to expand
along the z direction.

The on-the-fly MLFFs were trained using a small super-
cell of the B-M;05(010) (M =Nb or Ta) surface with
lattice constants greater than 10 A. During training, we first
melted the Nb,Os5 surface at 2400 K (Terr = 1785 K) and
the Ta, Os surface at 2700 K (Tierr = 2145 K) for 30 ps. We
then quenched the system to 300 K with a cooling rate of
30 K/ps, which is the same order of magnitude as that used
in previous works [43—45]. After that, the structure was
equilibrated at 300 K for 30 ps and subsequently cooled to
0 Kin 30 ps.

Based on the generated MLFFs, we repeated the melt-
and-quench processes using a much larger supercell, with
lattice constants greater than 100 A (8064 atoms). To
ensure our conclusions were independent of the cooling
rate, we carried out MD runs with varying cooling rates of
240, 120, 60, 30, 15, and 7.5 K/ps. We also tested training
and running from different surface orientations and found
that our conclusions remained mostly unchanged.

III. RESULTS AND DISCUSSIONS

The oxides that form on metal surfaces are generally
amorphous, meaning that they are challenging to model
in DFT calculations. Here, we use crystalline structures
with large supercells [9,10,13,46,47] to mimic the local
atomic environments that give rise to structural TLS and,
furthermore, demonstrate that our conclusions are appli-
cable to amorphous surfaces through MD simulations.
For the crystalline structures, we adopt the most promi-
nent B-phase of Nb,Os [48] and Ta,Os [49] (space group
C2/c; for detailed discussions about its energetic stability,
see Appendix B). As illustrated in Fig. 1(a), the B-M,Os
structure (M =Nb, Ta) features pairs of MOg octahe-
dra, with adjacent pairs linked through corner-sharing.
The optimized lattice parameters for the bulk B-Nb,Os
and B-Ta,0s, as listed in Table I of Appendix B, devi-
ate by less than 0.9% from the experimental values. We
begin by exploring the preferential orientation and termi-
nation of the vacuum-oxide interfaces of B-Nb,Os; and
B-Ta;0s. We consider their (100), (010), and (001) sur-
faces with all possible terminations, either stoichiometric
(see Appendix C) or nonstoichiometric. Their surface ener-
gies dictate that the most preferable configurations are all
stoichiometric, denoted as (100), (010)-III, and (001)-II
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FIG. 1. Comparison of surface structures between B-Nb,Os and B-Ta;0Os. The Nb, Ta, and O atoms are represented by green,
golden, and red balls, respectively. (a) Conventional cell of B-Nb,Os and its possible surface structures. Here, I, II, and III denote dif-
ferent O terminations. (b) Surface energies of the most preferable configurations for each surface orientation, where (010)-R denotes
the reconstructed (010) surface. The stars indicate the most stable surfaces, namely the (100) surface for B-Ta,0Os, and the (010)-R and
(001)-II surfaces for B-Nb,Os which have almost identical surface energies. (¢) M —O (M = Nb, Ta) bond lengths of the M O¢ octahe-
dron in bulk B-Nb,Os (green) and B-Ta, 05 (gold). The six axes represent the Nb—O (Ta—O) bonds of the NbOg (TaOg) octahedron,
with the numbers indicating the respective bond lengths depicted by the radial distance from the center. The red and blue “x” symbols
indicate the bonds that need to be broken when forming the (100) and (001)-II surfaces, respectively. The dotted lines serve as visual
guides. (d)—(f) Top views of surface morphologies for the most stable surfaces marked in (c). For clarity, only the outermost layer is

drawn. The black dashed circles denote the positions of dangling O atoms.

surfaces, where II and III indicate the position of the termi-
nal O atoms as shown in Fig. 1(a). After exploring possible
surface reconstructions (see Appendix C), we find that
the (010)-III surface tends to lower its energy by a 2 x 1
surface reconstruction, which is denoted as the (010)-R
surface.

The surface energies for all four stoichiometric surfaces
of B-Nb,Os and B-Ta;0s are given in Fig. 1(b). Notably,
B-Nb, 05 exhibits a preference for either the reconstructed
(010)-R surface or the (001)-1I surface, while B-Ta,Os pri-
marily favors the (100) surface. As shown in Fig. 1(d), the
B-Ta;05(100) surface is remarkably smooth and lacks dan-
gling O atoms. In contrast, the outermost Nb atoms on the
B-Nb,;05(010)-R surface form alternating five- and seven-
membered rings with bridging O atoms, resulting in two
dangling O atoms. Additionally, the B-Nb,O5(001)-II sur-
face features one dangling O atom on each six-membered
ring, as depicted in Fig. 1(f). The stoichiometric nature
of these surfaces ensures that these dangling O atoms are

nonmagnetic and stable, as they do not have unpaired
electrons.

As B-Nb,0O5 and B-Ta;05 share isomorphic bulk struc-
tures and their chemical properties are largely similar, it
is intriguing to explore what drives their different sur-
face preferences. To this end, we illustrate the M—O bond
lengths within the MOy octahedrons of bulk B-M;0s in
Fig. 1(c). Figure 1(c) indicates that the Ta—O octahedron
is more isotropic, with a smaller difference between the
shortest (bond “4”) and longest (bond “1”) bond lengths
(0.303 A) compared to the Nb—O octahedron (0.414 A).
As indicated by the “x” symbols in Fig. 1(c), forming the
(100) surface breaks four long “2” bonds, while forming
the (001)-II surface breaks two “1” and two “6” bonds.
Notably, the “1” and “6” bonds are significantly shorter
(and thus stronger) in TaOg4 than in NbOg, whereas the “2”
bonds are nearly identical in both. This subtle difference
between the local structures of B-Nb,Os and B-Ta;05 is
sufficient to explain their distinct surface preferences, as
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FIG. 2. A typical TLS formed on the (010)-
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of the two locally stable states A and B. In
the top view, only the outermost layer is drawn
for clarity. The black dashed circles denote the
positions of the rotated dangling O atoms. (b)
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breaking the longer, weaker M—O bonds is energetically
more favorable. As the (010)-R surface has dangling O
atoms while the (100) surface has none, it is crucial to
investigate whether dangling O atoms lead to the forma-
tion of structural TLSs and are hence responsible for the
drastic differences in T coherence times that are observed
between Nb and Ta superconducting qubits.

After carefully moving the dangling O atoms and their
neighbors in the supercell from the optimized geometries
(see Appendix D for details), we successfully identified
two structural TLSs on the B-Nb,05(010)-R surface within
the limit of the unit cell size. The first TLS (TLS-I) primar-
ily involves the rotational motion of the dangling O atom
around the perpendicular axis passing through the adjacent
Nb-1 atom. As illustrated in Fig. 2(a), we find a double-
well potential between two stable states, labeled as A and
B, with an energy asymmetry of A =81 meV at zero strain.
It is important to note that the rotation of O-1 alone is insuf-
ficient to establish the metastable state B. The transition
from state A to B is characterized by a joint motion of two
O atoms, a shift of 0.879 A for the dangling O-1 atom and
a shift of 0.485 A for the underneath O-2 atoms. The joint
process of bond breaking between O-2 and Nb-2 followed
by the formation of a new bond between O-2 and Nb-1 is
essential for stabilizing structure B.

The energy splittings of structural TLSs can be esti-
mated from the asymmetry energy A, along with the

/A% + A2 Obvi-
ously, the value of A=81 meV is too large to be in

resonance with superconducting qubits operating in the
GHz region [6—8]; however, the amorphous nature of real

tunneling matrix element Ay, as Eprs =

surface oxides introduces random local strains, which are
expected to significantly alter A [50], giving rise to a broad
distribution of Etrg values [7,8]. Indeed, we find that the
value of A is very sensitive to the biaxial strain e. As
shown in Fig. 2(b), the TLS-strain coupling coefficient,
y = (1/2)(0A/d¢e), is as large as 2.89 eV. This value is
larger than that measured in Al superconducting qubits
(0.1-1 eV) [51] but is close to that estimated for SiO; [52].
As a result, the double-well potential can become symmet-
ric, as shown in Fig. 2(c), with a local stretching strain of
1.4%. Using the CI-NEB method [35], we can calculate
the double-well potential for the transition path from A to
B and fit it with a quartic polynomial:

&V, 16V ,

U(x)=V— ﬁx +?x , (1)
where V is the height of the energy barrier and x is the
position of the dangling O-1 atom. From our fits, we
can determine the distance between the two minima d
(=0.865 A) as well as the barrier ¥ (=27 meV).

Now, we can estimate the minimum tunnel splitting of
TLS-I by solving the one-dimensional (1D) Schrédinger
equation for the symmetric double-well potential

2 2
Y U = v ) @)

m dx
As an approximation, we use the mass of the dangling O
atom, m = 16 u, to find the eigenvalues and wavefunctions
of the two tunneling states. As shown in Fig. 2(d), the
tunnel splitting is 7.3 GHz, which is in the experimental
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(a) (b)

TLS-I
1.4% strain: 7.3 GHz

§.f

TLS-II
0.36% strain: 0.3 GHz

FIG. 3.

~ 246 A
(010)-R
3.01A
(010)-
Passivated

18 2.1

PR R
Nb-O distance (A)

Structures of two TLSs on B-Nb,Os with a proposed way to reduce their density. (a) Two typical TLSs on the (010)-R surface

of B-Nb;Os. The local strains that lead to A =0 are explicitly labeled, along with the corresponding tunnel splitting frequencies of
the TLSs. The dotted arrows indicate the intermediate bonds marked in (b). (b) Distribution of the Nb—O bond lengths in the (010)-R
surface, bulk, (100) surfaces, and SO,-passivated (010) surface of B-Nb,Os. The light-purple area denotes the intermediate bonds,
defined as bonds with lengths in the range from 2.4 to 3.1 A. (c) Top view of the SO, passivated (010) surface, where the S and O
atoms of SO, are represented by the yellow and larger red balls, respectively.

range. The motion of the dangling O atom, with a negative
charge of —0.8e from a Bader charge analysis [53], leads
to a significant change in the electric dipole moment of
5.33 Debye between states A and B. This is consistent with
experimental observations, which are typically distributed
around 2.8 and 8.3 Debye [50,54].

Another structural TLS on the B-Nb,Os(010)-R sur-
face is denoted as TLS-II [see Fig. 3(a)], which involves
a Nb atom moving close to the dangling O atom, even
though this O atom seldom moves. A local strain of 0.36%
produces a symmetric double-well potential with barrier
width d = 0.485 A and energy-barrier height V=28 meV.
As the motion of Nb plays a pivotal role in the forma-
tion of TLS-II, we use the atomic mass of Nb atoms
(m=92.9 u) in solving the 1D Schrodinger equation with a
symmetric double-well potential. This gives a tunnel split-
ting of 0.3 GHz and an electric dipole moment change of
5.00 Debye for TLS-II.

Both types of structural TLS involve breaking Nb—O
bonds, which generally involves large energies. This is
puzzling considering the relatively low energy barriers (of
the order of tens of meV) of their double-well potential
profiles. To explain this, Fig. 3(b) illustrates the distri-
bution of Nb—O bond lengths across various surfaces:
(010)-R, (100), and within-bulk B-Nb,Os. As highlighted
by the lightly shaded purple area in Fig. 3(b), there is
a significant gap between the first- and second-neighbor
bond-length groups in bulk B-Nb,Os and on the smooth
(100) surface, indicating their strong structural stability;

however, for the (010)-R surface, which features dangling
O atoms, several intermediate bond lengths fall into the
aforementioned gap, as indicated by dashed lines in Fig. 3.
These lengths range from 2.4 to 3.1 A, suggesting that
these O (Nb) atoms are only loosely bound and may jump
between different Nb (O) atoms. The presence of interme-
diate bond lengths indicates weak Nb—O bonds on these
surfaces, which can be broken or reformed with relatively
low energies, thus accounting for the small energy barriers
of'the TLSs. The emergence of these intermediate bonds is
closely linked to the presence of dangling O atoms, which
are attached to only one Nb atom and can thereby extract
more electrons from it than is typically seen in the bulk
structure. Consequently, the Nb atoms beneath the surface
cannot supply enough electrons to the subsurface O atoms,
resulting in overall weaker Nb—O bonds in the surface
region.

The observation that the surface energy of B-Ta;0Os
(010)-R is also close to that of B-Ta,Os (100) in Fig. 1(b)
might suggest the presence of dangling O atoms and struc-
tural TLSs on Ta-based qubits as well; however, DFT
calculations reveal notable differences between the TLS
configurations on B-Ta;05(010)-R and B-Nb,05(010)-R,
particularly regarding the heights of their potential barri-
ers. The barrier height of TLS-II becomes 39 meV on B-
Ta;05(010)-R, much higher than that on B-Nb,05(010)-R,
at V=28 meV (see Appendix D). Furthermore, the greater
atomic mass of Ta (m = 180.9 u) compared to Nb signifi-
cantly reduces the tunneling probability and TLS energy
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splitting, according to the Wentzel-Kramers—Brillouin

(WKB) theory [55], which gives Erg ox e dv2mV/h,
Using parameters derived from DFT calculations, we find
that the tunnel splitting of TLS-II on the B-Ta,O5 (010)-R
surface is only 66 kHz. This value is significantly lower
than the GHz region relevant for the operating frequencies
of quantum computing devices.

We can now explain why Ta-based qubits may signifi-
cantly outperform those based on Nb. The primary reason
is that Ta,Os features a highly stable and smooth (100)
surface, which hosts far fewer defect-associated struc-
tural TLSs. This characteristic is crucial because TLSs
are known sources of quantum decoherence and noise in
qubits. The second key factor contributing to the superior
performance of Ta-based qubits involves several inter-
twined physical properties: greater atomic mass and higher
potential-energy barriers. These properties significantly
lower the tunneling probability and drive the tunneling
splitting of probable TLSs far below the frequency range of
qubit operations. Consequently, the operational efficiency
of Ta-based qubits is substantially enhanced, making them
more promising for quantum computing applications.

Finally, the influence of structural TLSs on the surfaces
of oxides can be mitigated by employing dc electric fields.
This approach leverages the electric dipole moments asso-
ciated with TLSs [50,54,56,57]. As expected, the asym-
metry energies of two distinct types of TLS vary linearly
with the applied electric field [see Appendix E]. Using
the field-dependent potential wells in Eq. (2), we find

(a)

(b)

120+
100+
80+
601
401
201

Count

201
40t

19 20 24 22
Nb-O bond lengths of D-NbO,

that E1 s can be effectively driven out of the GHz range
(see Appendix E). Additionally, we calculate the resonant
dielectric absorption coefficient [58], which is proportional
to the square of the dipole moment (see Appendix E). It is
important to note that although applying an electric field
can shift certain TLSs out of resonance, it may inadver-
tently bring other previously nonresonant TLSs into the
GHz range [50]. Therefore, the effectiveness of using a
dc field appears to be uncertain, depending on the specific
TLS spectra of the materials involved. Nonetheless, it is
encouraging that a very recent experiment [59] reported a
significant 23% improvement in 7 of a superconducting
qubit by applying dc electric fields.

Another potential method for reducing the density of
TLSs on oxide surfaces involves eliminating dangling
O atoms through chemisorption. After exploring various
gases for this purpose (see Appendix E for CO adsorption
and further details), we find that the adsorption of SO; is
particularly effective, especially on the (010)-R surface of
Nb. Chemisorption of SO, can effectively “cap” the dan-
gling O atoms, thereby stabilizing the surface and reducing
the number of sites where TLSs can form. As depicted
in Fig. 3(c), SO, molecules may bridge the dangling O
atoms and their Nb neighbors, restricting their motion to
form metastable configurations. The adsorption energy of
SO, on B-Nb,0s5(010)-R is high: 1.58 eV per molecule.
This stable chemical intervention results in the elimination
of intermediate bond lengths, as illustrated in the bottom
panel of Fig. 3(b). As a result, all atoms are effectively

© Nb,O,
100+ O Ta0,
% % 16 32 64 128 256 512

Cooling rate (K/ps)

FIG. 4. Simulations of amorphous surfaces (approximately 100 x 100 A2) for Nb,Os and Ta,Os. (a) Local surface morphology of
amorphous Nb,Os, generated with a cooling rate of 7.5 K/ps. The Nb and O atoms are represented by green and red balls, respectively.
The surface is dominated by D-NbO3 and D-NbOy, patterns, where D represents the dangling O atom. (b) Distribution of Nb—O bond
lengths in the D-NbO; and D-NbOy patterns on the amorphous surface. The red solid lines represent Gaussian distribution fits, while
the black dashed lines indicate corresponding bond lengths on the unstrained B-Nb,O5(010)-R surface. (¢) Numbers of dangling O
atoms on amorphous Nb,Os and Ta,Os surfaces, generated with different cooling rates.
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frozen in the ground-state geometry, and the TLS density
is thus significantly reduced.

So far, our conclusions are derived from the crystalline
phases of Nb,Os and Ta,Os surfaces; however, these con-
clusions should also be applicable to amorphous surfaces,
as the formation of structural TLSs is determined by local
atomic environments rather than long-range order. To test
this hypothesis, we used MD simulations with MLFFs [39—
41] to create amorphous surfaces of Nb,Os and Ta,Os in
large supercells (approximately 100 x 100 A2), employing
the standard melt-and-quench method [42]. This approach
allows us to model more realistic amorphous surfaces with
near ab initio accuracy.

The results, shown in Fig. 4, indicate that the surface
morphology of amorphous Nb,Os [Fig. 4(a)] still exhibits
a high density of dangling O atoms (1.87/nm?). Despite
the structural complexity, the local environments around
these O atoms closely resemble the locally stable TLS
states A and B identified in the crystalline model, labeled
as D-NbO;3 or D-NbOy in Fig. 4(a) (“D” represents the
dangling O atom). The Nb—O bond lengths for each case
follow an approximate Gaussian distribution, as shown in
Fig. 4(b), suggesting a wide range of local strains. Based
on these results, we estimate a TLS density of approx-
imately o ~3.9/(GHz pm?), as detailed in Appendix F.
This estimated density falls within the range of experi-
mental values observed in Al/AlO, /Al and Nb/AlO, /Nb
junctions, reported to be between 0.4 and 4.4/(GHz pm?)
[6], confirming that dangling O atoms on Nb,Os surfaces
significantly contribute to the formation structural TLSs.
Using the same simulation procedure, as also shown in
Fig. 4(c), we find that the number of dangling O atoms
on the amorphous Ta,Os surface is roughly half that
observed on amorphous Nb,Os surfaces, consistent with
the observations from the crystalline phase.

IV. CONCLUSIONS

In summary, our study provides a new perspective on
the disparities in 7 relaxation times between Nb and Ta
superconducting qubits, focusing on the role of structural
TLSs at their vacuum-oxide interfaces. Through crystalline
modeling and energetic analyses, we find that Nb,Os tends
to prefer rougher surfaces that host dangling O atoms, con-
tributing to the formation of structural TLSs and reducing
the coherence times of Nb qubits. In contrast, Ta,Os favors
smoother surfaces where dangling O atoms are rare, lead-
ing to fewer TLS-related losses and, consequently, longer
coherence times in Ta qubits. Additionally, the greater
atomic mass of Ta helps lower the tunnel splitting, shifting
TLSs away from the GHz frequency range of qubits.

The presence of a large number of dangling O atoms
on Nb,Os and the significant reduction of this num-
ber on Ta,Os are further confirmed by large-scale MD
simulations of their amorphous phases, demonstrating

the applicability of our findings to real materials. These
insights highlight the critical impact of surface condi-
tions—specifically, the presence or absence of dangling O
atoms—on the performance of superconducting qubits.

Moreover, we explore promising strategies for mitigat-
ing the deleterious effects of structural TLSs on oxide
surfaces of superconducting qubits. Applying a dc electric
field and passivating the surface with SO, gas have both
shown potential for modifying or eliminating structural
TLSs on Nb and Ta qubit surfaces. These approaches could
significantly advance the development of superconduct-
ing qubits by improving their coherence times and overall
operational stability, paving the way for more reliable and
effective quantum computing technologies.
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APPENDIX A: PHASE DIAGRAMS OF Nb AND Ta
OXIDES

Experiments have found that the native oxide layer of
Nb has a complex composition. As schematically depicted
in Fig. 5(a), it is composed of multiple suboxides (NbO
and NbO,) close to the Nb side, followed by Nb,Os as
the outermost layer [18-21,27]. In comparison, the native
oxide layer of Ta consists solely of Ta,Os [26] [Fig. 5(b)].

This is also confirmed by our DFT phase diagram cal-
culations. We calculate the Gibbs free energy of formation
(AG) for different Nb and Ta oxides using

1

AG =
xX+y

1
[EMxoy —xEy —y (51’502 + AMO)] .
(Al)

Here, M represents Nb or Ta; EMxoy, Ey, and Eo, are
the calculated total energies of bulk M oxides, the bulk
M metal, and the O, molecule, respectively; and Augp is
the chemical potential of O with respect to half the total
energy of an O, molecule. For each M oxide, we consider
various polymorphic forms and select the most stable one,
i.e., MO, MO,, and M,05 with space groups Pm3m, [4,/a,
and C2/c, respectively. As shown in Fig. 5(c), when Ao
changes from O-rich to Nb-rich conditions, the most stable
phase of Nb oxides varies from Nb,Os to NbO,, and then
to NbO. In contrast, the most stable phase of Ta oxides
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FIG. 5.

(b)

Ta,04

Ta

-3

Ta-rich «— Aug (V) —> O-rich

(a),(b) Schematic diagrams of the native oxide layers of Nb and Ta. The Nb oxides are composed of multiple components,

including NbO, NbO,, and Nb,Os, while the Ta oxides consist solely of Ta,Os. (c),(d) Phase diagrams of Nb and Ta oxides, obtained
by comparing the Gibbs free energy of formation (A G) under different O chemical potentials (Auo).

is always Ta,Os, regardless of the value of the chemical
potential of O.

APPENDIX B: SELECTION OF THE
REPRESENTATIVE STRUCTURES FOR Nb,0s
AND Ta,0s

As discussed in the main text, we adopt the crystalline
structures of Nb,Os and Ta,Os to investigate the oxides of
Nb and Ta at the vacuum-oxide interface, since it is diffi-
cult to model the real amorphous structures. The crystalline
structures of Nb,Os and Ta, 05, however, exhibit a number
of polymorphs. The polymorph we select should have high
energetic stability, as well as a simple structure to facilitate
our theoretical simulations. Based on these considerations,
we selected one specific polymorph as the representative
model for each metal oxide.

Nb,Os is known to crystallize in various polymorphic
forms [60], such as the B (or ¢), H, N, R, M, and Z phases;
their relative stabilities are compared in Fig. 6 using the
DFT-calculated formation energies. Although H-Nb,Os is
believed to be the most thermodynamically stable phase
at high temperatures [61,62], our calculations indicate that
B-Nb,0s5 is the most stable phase at low temperatures, in
accordance with previous DFT studies [62]. Additionally,
the primitive cell of H-Nb,Os contains 98 atoms, while
B-NDb,0O5 has only 14 (28) atoms in its primitive (conven-
tional) cell, which is more suitable for DFT calculations;
we therefore adopt B-Nb,Os to investigate the surface

oxides of Nb films. The calculated lattice parameters of
B-Nb,Os are listed in Table I, and these show deviations
of less than 0.7% from the experimental values.

For Ta,Os, our calculation indicates that B-Ta,Os is the
most stable phase (Fig. 6), consistent with recent DFT
studies [63]. Hence, we use B-Ta;Os to mimic surface
oxide on Ta films. It is important to note that we have
the same polymorphic form for Nb,Os and Ta,Os, which
allows us to reveal the difference between Nb and Ta more

AH, (eV/.u.)

il

B H N R M Z Lig a B A
Phase

FIG. 6. Formation energies per formula unit (f.u.) of various
Nb,Os and Ta,Os polymorphs with respect to their B-phases.
The zero-point energy and finite-temperature effects are not taken
into account.
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TABLE 1. Calculated lattice parameters of B-Nb,Os and B-
Ta,0s. The experimental values are also listed for comparison.

Oxide aA) bA) ¢cA) «a B y
B-Nb,Os  Calc. 12.82 4.89 557 90° 104.7° 90°
Expt. [48] 1274 4.88 5.56 90° 105.0° 90°
B-Ta,Os  Calc. 12.89 489 5.55 90° 103.8° 90°
Expt. [49] 12.79 4.85 5.3 90° 104.3° 90°

intrinsically without being concerned with structural dif-
ferences. The calculated lattice parameters for B-Ta,Os are
listed in Table I, which shows deviations of less than 0.9%
from the experimental values.

APPENDIX C: SURFACE STRUCTURES OF
B-Nb;Os AND B-Ta;0s

The surface structures of the metal oxides are simu-
lated using slab models. We start from fully relaxed bulk
structures and cleave them into slabs in such a way that
the surfaces at each side are equivalent. The slab thick-
nesses are chosen to be greater than 10 A, which is thick
enough to avoid interactions between the two sides. A vac-
uum space of 15 A is inserted along the z axis to eliminate
interactions between the periodically repeated images. The
surface energy is calculated using

1
Esurf = ﬂ(Eslab — MM — l’lol’lo), (Cl)

where Eq,p is the total energy of the slab; uy and uo are
the chemical potentials of M atoms (M =Nb, Ta) and O
atoms, respectively; ny, and ng are their corresponding
atom numbers; and A4 is the surface area. The values of
yr and uo are dependent on experimental conditions. At
the vacuum-oxide interface, the O, gas in the atmosphere
acts as a reservoir for the O in the metal oxides, and thus
the chemical potential of O with respect to 1/2Eq, can be

(© 1 I 1
1o H(‘:,H;. "~.H R/

(010)-1"

FIG. 7.

expressed as

1 1
A//LO(T,P):,LLO(T,P) - EEOz ZE[H(TaP)_ TS(T,P)],
(C2)

where E(O;) is the DFT-calculated total energy of an
0O, molecule, and H and S are the enthalpy and entropy
of the O, gas phase at temperature 7 and pressure P.
Given that the oxide layers are formed under ambi-
ent conditions, we can simply use the tabulated val-
ues [64] for O, at standard states (Ho=8.68 kJ mol~!,
So = 205.138 I mol~!-K~! at Tp)=298.15 K, Py=1 bar),
which yields Auo=—0.272 eV. The chemical potential
of the metal element 1, can then be determined via the
thermodynamic stability conditions

Exb,05 = 2unb + Sito,

(C3)
Eta,05 = 2141a + SHo-
Using Egs. (C1) and (C3), one can find that for stoichio-
metric surfaces, the surface energy is a constant regardless
of the chemical potentials, as it can be written as

1
Equr = ﬂ(Eslab — nEpui), (C4)

where Ey is the energy of the bulk phase per unit cell and
n is the number of unit cells that the slab contains.

We consider the (100), (010), and (001) surfaces for B-
Nb,Os and B-Ta;0s, and take into account all possible
terminations, either stoichiometric or nonstoichiometric. It
is worth emphasizing that B-Nb,Os has several important
“hidden” surface configurations, which were all neglected
in previous DFT studies [65]. Here, we take its stoichio-
metric surface as an example. As displayed in Fig. 7, the
(100) orientation has the simplest surface, with only one
stoichiometric configuration. In comparison, the (010) ori-
entation shows much more complex surface structures. As
displayed in Fig. 7(c), disconnecting the NbOg octahedra

o
A%i{ .

(001)-I

oo -~

(001)-III

(001)-IT

7 g4 A
(010)-II (010)-I11

Structures of the seven possible stoichiometric surfaces of B-Nb,Os. The Nb and O atoms are represented by green and red

balls, respectively. The black dashed circles indicate the positions of dangling O atoms.
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x of Nb,Os, x of Ta,Og,,

FIG. 8.

Surface energies of all possible surfaces for (a) B-Nb,Os and (b) B-Ta,Os. Different polygons represent different surface

orientations. The horizontal dashed lines indicate the most stable configuration of each surface orientation.

along the (010) direction leaves six O atoms on its sur-
face, which are located at the high (1), medium (II), and low
positions (III). To form a stoichiometric surface, only two
O atoms should be retained, leading to three surface config-
urations, namely (010)-I, -II, and -III. Likewise, the (001)
orientation has three stoichiometric surfaces, as shown in
Fig. 7(b), where the outermost O atom can be stabilized at
three different positions, denoted as (001)-1, -1I, and -III.
In addition to the seven stoichiometric surfaces noted
above, we construct another 26 possible nonstoichiometric
surfaces for B-Nb,Os and B-Ta,Os. The surface ener-
gies of all these 33 surfaces under ambient conditions are

(010)-111

I
I

;
R
| |

I 1 1

\ 1 § 1 § 1

1 1 1

1 I ] I I
1 1 1 1

1 1 1 1 1
1 I I I 1
(R SR [ERVENED S A, -J

2x1
(six-membered rings)

2x1
(five- and seven-membered rings) (four- and eight-membered rings)

1 1 . 1
K X X
K |
k k

calculated using Egs. (C1)+C4), and the results are shown
in Fig. 8. We find that the most preferable configurations
for each surface orientation are all stoichiometric for both
B-Nb,Os and B-Ta,0s. Specifically, they are the (100),
(010)-I11, and (001)-II surfaces, as displayed in Fig. 7. Note
that the (001)-II surface was overlooked in previous DFT
studies [65], presumably because its construction is not
straightforward, as mentioned earlier.

We then examine whether the three surfaces will fur-
ther lower their energies by surface reconstruction. For
the (100) and (001)-II surfaces, we manually construct
various reconstructed structures, but they spontaneously

1x1
(ten-membered rings)

2x1

FIG. 9. Possible surface reconstructions for the (010)-III surface.
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FIG. 10. Double-well potentials of TLS-II on the B-Nb,Os and B-Ta,Os surfaces. (a) Side view of the two locally stable states in
TLS-II. The metal (Nb or Ta) and O atoms are represented by green and red balls, respectively. The tunneling between the two states
mainly involves the hopping of metal atoms. (b),(c) Double-well potentials of TLS-II at 0.36% and 1.06% strain for B-Nb,Os and

B-Ta,0s, respectively.

relax back, indicating that reconstruction is unfavored.
Conversely, for the (010)-11I surface, we identify various
reconstructed structures, as shown in Fig. 9, where the out-
ermost Nb atoms form different rings through the bridging
of O atoms. The structure with the lowest energy is formed
by alternating five- and seven-membered rings, which
lower the surface energy of the (010)-I11 surface by 0.083
and 0.125 J/m? for B-Nb,Os and B-Ta,Os, respectively.

APPENDIX D: TLS ON B-Nb,Os AND B-Ta,0s
SURFACES

1. Procedures for searching for possible TLSs

To identify possible TLSs that are produced by the dan-
gling O atoms, we follow the procedure described below.
We first build a large enough supercell and rotate one
dangling O atom away from its original position by 1 A,
without changing the Nb—O bond length. The rotation
azimuthal angles are varied from 0° to 360° with a step of
30°. Next, we fix the rotated O atom, as well as the Nb atom
that is linked to it, and perform a precursive relaxation.
After that, we free all the atoms and run a final relaxation.
Note that the precursive relaxation of fixing the O and Nb
atoms is essential to obtain the final metastable structure.
This is because the rotation of a dangling O atom alone
cannot form a stable state and will spontaneously relax
back. The precursive relaxation can drive the other atoms
to the optimized positions, which may help stabilize the
new position of the rotated dangling O atom.

2. TLS-II on Nb,O5 and Ta,05 surfaces

The double-well potentials of TLS-II on B-Nb,Os
and B-Ta;Os surfaces are given in Fig. 10, and the
corresponding tunnel splittings are listed in Table II. It
can be seen that the tunnel splitting of TLS-II on B-Ta;Os
is almost zero (66 kHz)—far below the typical operating
frequency (1-10 GHz) of superconducting qubits—and it

therefore has negligible effect on the coherence times of
Ta qubits. This is mainly caused by the heavier atomic
mass of Ta atoms. As shown in Fig. 10(a), TLS-II primarily
involves the hopping of metal atoms (Nb or Ta). Accord-
ing to the Wentzel-Kramers—Brillouin (WKB) theory [55],
the tunnel splitting of a symmetric double-well poten-
tial is very sensitive to the atomic mass m with E1p g o

e~ V2R \uhere d and V are the distance between the

two minima and the barrier height, respectively. Since the
atomic mass of Ta (180.9 u) is almost double that of Nb
(92.9 u), the tunnel splitting of TLS-II can be significantly
different on B-Nb,Os and B-Ta,0Os surfaces. In fact, by
simply changing the atomic mass from Nb to Ta in TLS-II
of B-Nb,Os [Fig. 10(b)], the tunnel splitting is dramati-
cally reduced by a factor of 1000, from 0.3 to 0.003 GHz,
as show in Table II. Additionally, the barrier height of
TLS-II on B-Tay0s is higher, which further reduces the
tunnel splitting to 6.6 x 107> GHz. Hence, the greater
atomic mass of Ta also plays an important role in the longer
coherence time of Ta qubits.

APPENDIX E: METHODS FOR REDUCING THE
TLS DENSITY

1. Electric-field tuning of the TLSs

Due to the electric dipole moments associated with TLS-
I and TLS-II, their asymmetric energies can be effectively
tuned using external dc electric fields, as illustrated in Fig.
11(a). As a result, the tunnel splittings can be driven out
of the GHz range, as shown in Fig. 11(b). In this figure,
the circle sizes are proportional to the dielectric absorp-
tion coefficient & oc p’? [58] where p’ = (V4. |D|y_). Here,
|[Y4) and |¥_) are the numerically solved wavefunctions
of the TLS, and D is the electric dipole moment. This is
equivalent to o o A}/E?%, ¢ as demonstrated below.
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TABLE IL

Calculated parameters of the double-well potential of TLS-II on the B-Nb,Os and B-Ta; s surfaces, and the correspond-

ing tunnel splitting Etrs. The third row (Nb — Ta) shows the results of simply changing the atomic mass from Nb to Ta in TLS-II of

the B-Nb,Os surface.

System Barrier width (A) Barrier height (meV) Atomic mass (u) E1Ls (GHz)

B-Nb,0Os 0.485 28 92.9 0.3

Nb — Ta 0.485 28 180.9 0.003

B-Ta,0s 0.514 39 180.9 6.6 x 1073
In the left and right well basis, the Hamiltonian ofa TLS ~ where

in the perturbing electric field can be expressed as [50,56] AD / | AD -

Ao

H=Hy+D-F=_(""\ _A_D,F),(El)

1 (AN+D-F
2

where A is the asymmetry energy, Ay is the tunneling
matrix element, D is the electric dipole moment, and F is
the external electric field. We now transition to the TLS

basis of
. (? I 0 2
|Y4) = sin (5) |L) + cos (5) IR),

eV i s () 1k
[¥-) = cos (5) IL) + sin (5) R).

Here, the mixing angle 6 is defined as tan 6 = Ay/A. The
Hamiltonian (E1) is then transformed to

o] VA2 + A 0
2 0 — /A2 + A2

(E2)

+l 1 ( AD-F —AOD.F)
2 /—A2+A3 —A¢D-F —AD-F
1/ E 0 1/ p 2p
= — . -F, (E3
2(0 —E)+2<2p -p E3)
(a)
6 —0—TLSH
4 —Q—TLS-Il
% 2
I > *
< -2
-4
_6 ‘ ‘ I
-0.08 -0.04 0.00 0.04 0.08

Electric field (V/A)

FIG. 11.

P="F——=P =3 ——:
VA2 + Al VA2 + A}

It is known that the dielectric absorption coefficient « is
proportional to the square of p’ [58]. We then obtain

2 _ l A(2) 2 A(2) .
4 A2+ A} E3 o

o xXp (ES)

2. Gas molecules for passivating the dangling O atoms

We examined several simple gases to passivate the dan-
gling O atoms on the B-Nb,Os(010)-R surface, including
carbon monoxide (CO), carbon dioxide (CO,), sulfur diox-
ide (SO,), carbonyl sulfide (OCS), and dinitrogen monox-
ide (N,O). We excluded nitrogen monoxide (NO) and
nitrogen dioxide (NO;) due to their magnetic moments of
1 15, which could introduce additional magnetic flux noise.

Our investigations revealed that CO,, OCS, and N,O
do not effectively passivate the dangling O atoms, as they
exhibit weak adsorption on the Nb,Os surface with adsorp-
tion energies of —0.56, —0.63, and —0.63 eV/molecule,
respectively.

Conversely, both CO and SO, demonstrate strong
binding to the dangling O atoms. The CO molecule
bridges between a dangling O atom and a neighbor-
ing Nb atom, forming an O—C—O—Nb chain, as shown
in Fig. 12(a). Adjacent chains can connect via a C—C
bond, which helps to lower the overall energy. Despite

-0.002 -0.001 0.000 0.001 0.002

Electric field (V/A)

(a) Asymmetry energy A as a function of external dc electric field for the two typical TLSs. (b) Tunneling splitting of the

two TLSs tuned by electric fields. The circle sizes are proportional to the dielectric absorption coefficient.
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18 21 24 27 30 33 36

Nb-O distance (A)

(a) Top view of the CO-passivated (010) surface of B-Nb,Os, where the C and O atoms of CO are represented by black and

yellow balls, respectively. (b) Distribution of the Nb—O bond lengths in the CO-passivated (010) surface of B-Nb,Os. The light-purple
area indicates that the intermediate bond lengths are eliminated by CO passivation.

this, we ruled out CO for two reasons: its adsorption
energy of —0.75 eV/molecule is significantly weaker than
that of SO, (—1.58 eV/molecule), and forming such an
ordered pattern is challenging. Additionally, excess CO on
the “passivated” surface has a similar adsorption energy
(—0.66 eV/molecule) and could potentially generate new
TLSs.

Ultimately, SO, emerged as a superior passivator for
the dangling O atoms. Its high adsorption energy of
—1.58 eV/molecule indicates a strong and stable binding,
effective even at room temperature. Furthermore, addi-
tional SO, molecules adsorbed on the “passivated” surface
show a much weaker interaction (—0.37 eV/molecule),
suggesting that they can be readily desorbed by heating.
Based on these findings, we selected SO, for passivation
purposes. Other gases may also be suitable, and further
studies could explore their effectiveness.

APPENDIX F: ESTIMATION OF THE TLS
DENSITY ON AMORPHOUS Nb,Os SURFACES

Direct calculation of the TLSs on amorphous Nb,Os
surfaces is challenging due to the large system size
(approximately 100 x 100 A2 with 8064 atoms in our sim-
ulations). Therefore, we estimate the TLS associated with
the dangling O atoms based on their local structures. The
dangling O atoms have either a D-NbO3 or D-NbO, envi-
ronment, as shown in Fig. 4 of the main text, where “D”
represents the dangling O atom. These D-NbO; and D-
NbOy patterns closely resemble the two locally stable TLS
states, A and B [Fig. 2(a)], but with different Nb—O bond

TABLE III. Ej and TLS strain coupling coefficient y; for each
bond of the locally stable states (A, B) of TLS-I and TLS-II,
obtained through a least-squares fit.

Eo(meV) y1(eV) y2(eV) y3(eV) ya(eV)
TLS-1(A) 81 0.556 —-3418 —0.709 —
TLS-I (B) 81 0.204 —1.697 —2.645 0.889
TLS-II(A)  —21  —0509 3.732 1969  —
TLS-II (B) 21 4.019 —1.774 1.138 —

lengths. Hence, we treat them as effectively strained A or
B states, whose TLSs are already known. Given that the
local strains are anisotropic and bond-dependent, we define
a TLS strain coupling coefficient, y ;, for each Nb—O bond
in the A and B states separately, written as

_19A

= ——. F1
288,’ ( )

Vi

Here, i is the index of Nb—O bonds in the A or B states,
sorted by bond lengths in descending order, A is the asym-
metry energy of the corresponding TLS, and &; is the
effective local strain on the ith bond, defined as the ratio of
bond length changes. To determine y;, we impose a series
of strains on the A and B states of TLS-I and TLS-II, and
fit y; using the equation

A =Ey+ Z 2vigi,
=N

(F2)

where Ey is the asymmetry energy without strains, and
N =3 (4) for D-NbO3 (D-NbOy). The values of £y and y;
obtained through a least-squares fit are listed in Table III.
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FIG. 13. Estimated distribution of the asymmetry energy A for
TLS-I and TLS-II on surfaces of ten approximately 100 x 100 A2
amorphous Nb,Os slabs. The blue lines represent Gaussian fits.
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We then use Eq. (F2) to estimate the asymmetry energy
A of the TLSs for all the dangling O atoms on amorphous
Nb,Os surfaces. To minimize errors, we perform statistical
analyses on ten different amorphous surfaces. Each surface
has a size of approximately 100 x 100 A2 and is generated
with a cooling rate of 7.5 K/ps. The results are illustrated
in Fig. 13, where both TLS-I and TLS-II exhibit Gaussian
distributions with a considerable tail near the A =0 region.
Note that this does not imply that they follow a Gaussian
distribution in real systems, as for large |A| values (typi-
cally greater than 100 meV), one of the two locally stable
states can be unstable, so only the regions near A =0 are
meaningful. In a small energy region of —10 to 10 meV
(4836 GHz), we observe 11 and 27 TLSs for TLS-I and -
I1, respectively. Since we consider both the top and bottom
surfaces of ten approximately 100 x 100 A2 slabs, the total
surface area amounts to 0.002 um?. Ultimately, we arrive
ata TLS density o &~ 3.9/(GHz pm?).
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