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We use muon spin rotation/relaxation/resonance (£SR) to investigate the magnetic properties of
niobium pentoxide (Nb2Os) and tantalum pentoxide (TazOs) thin films. In both oxides we have
observed magnetic response down to 2.8 K. This response is strongly structure dependent: thermally
oxidized, polycrystalline TasOs shows suppressed magnetism, whereas amorphous Ta2Os exhibits

local static magnetism.

In contrast, amorphous Nb2Os has as dominant magnetic fluctuations,

material is strongly magnetically disordered. Our results suggest that these fundamental differences
in the detected magnetism for native Ta and Nb oxides could explain performance limitations for
superconducting qubits and resonators caused by oxides.

I. INTRODUCTION

Superconducting qubits are highly sensitive to losses
that arise from defects and impurities at material inter-
faces and surfaces [I]. One of the main contributors to
these losses are the naturally growing surface oxides that
form on the materials used in superconducting quantum
devices. In the case of niobium-based devices, niobium
pentoxide (NbyOj) forms natively on the surface, intro-
ducing potential sources of microwave losses [2]3]. These
losses are often attributed to oxygen vacancies within the
oxide layer, which can lead to localized magnetic behav-
ior that degrades qubit coherence [4HI0]. Understanding
the mechanisms introducing these losses is critical for im-
proving the performance of superconducting qubits and
resonators.

Tantalum-based devices have demonstrated signifi-
cantly improved coherence time compared to niobium-
based devices [IIHI3]. Specifically, recent findings by
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the Superconducting Quantum Materials and Systems
(SQMS) group have shown that niobium qubits capped
with tantalum metal exhibit up to five times longer coher-
ence times compared to uncapped niobium devices [14].
This suggests that Ta;Os, the native surface oxide of tan-
talum, is less lossy than NbyOs5. However, further studies
are required to understand the underlying reasons driv-
ing this performance improvement. Recent theoretical
work Ref. [15] suggests that these performance differences
may arise from the fact that magnetic moments in amor-
phous NbyO5_, are far more likely to arise compared to
magnetic moments in TayO5_,. Testing this theory re-
quires studying the local magnetic behavior of TasO5 and
NbsOs5 using unique capabilities that are highly sensitive
to magnetism in amorphous oxide phases.

To this end, we use muon spin spectroscopy (uSR), a
sensitive method to probe magnetic phenomena, to inves-
tigate how the intrinsic properties of NboO5 and Tay05
thin films might contribute to decoherence in supercon-
ducting devices. Our primary goal is to determine which
of these oxides introduces fewer losses in the microwave
range, thereby identifying the material that is less detri-
mental to qubit performance.

The ultra-thin nature of the surface oxide of Nb and
Ta and the superconductivity of the underlying metal-
lic phase, make it difficult to directly investigate them
with low-energy uSR (LE-pSR). For this reason, we ex-
plore the magnetic properties of NbyO5 and TasOp in
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thin films prepared by reactive sputter deposition on sil-
icon substrates. We confirm their chemical similarity to
the surface oxides using x-ray photoelectron spectroscopy
(XPS). In addition, we prepared TasOs films by ther-
mally oxidizing tantalum films deposited by magnetron
sputtering on sapphire, to investigate how thermal treat-
ment affects magnetic properties. Throughout this study,
we made efforts to reduce the influence of extrinsic fac-
tors such as surface contamination and substrate effects,
thereby facilitating the evaluation of the intrinsic mag-
netic behavior of these oxides. Our results present a com-
parative analysis of the magnetic properties of the two
materials, establishing a basis for assessing their poten-
tial contributions to loss in superconducting devices.

II. SR SPECTROSCOPY

Muon spin rotation/relaxation/resonance (pSR) is a
technique similar to both electron spin resonance (ESR)
and nuclear magnetic resonance (NMR). It enables the
measurement, of dynamic magnetic phenomena across a
frequency range of 102 — 10'2 Hz [16]. In all experiments
described afterwards, we used positive muons, u*. The
lifetime of a muon is approximately 7, = 2.2 us. From
the muon decay products:

pt—=et +uve+1,

only the positron, e™, is measured. It is preferentially
emitted along the direction of the muon’s spin. Typically
several million p are implanted into the material to be
studied. The recorded time differential positron spectra,
originating from a time ensemble of u* decays, of vari-
ous positron detectors, allow to measure local static and
dynamic magnetic fields in solids. A positron spectrum
of detector 7 takes the form:

N;i(t) = Nip e~V 14 A(t)] + N bk, (1)

where N; o gives the scale of measured positrons, N; pke
is a time-independent uncorrelated background, and A(t)
is the asymmetry function which is proportional to the
muon spin-polarization. Since the detector arrangement
is fully symmetric, a common asymmetry A(t) has been
used.

For most pSR studies, the so called surface muons with
an energy of about 4 MeV are used. At this energy, the
muon stops at a depth of a couple of 100 ym, depending
on the density of the material and the technique there-
fore cannot be applied to characterizing thin films. At
the Paul Scherrer Institute (PSI), a unique spectrometer
operates with a beamline of moderated muons, allowing
for energy tuning within the keV range [I7) [I§], corre-
sponding to a tunable depth range of 5 — 300 nm. This
LE-uSR technique is particularly well-suited for study-
ing thin film samples, as is the case here, offering precise,
depth-resolved measurements.

In order to be able to associate a particular depth range
with the average energy of the positive muons, we used

the TRIM.SP [19] program to calculate the muon stop-
ping profile. The program uses the chemical composition
and the material density as input parameters and runs
on Monte Carlo simulations. For an energy of 15 keV,
the average penetration depth of the muons is about 100
nm for the investigated materials. Stopping profiles for
NbyO5 and TayOs are presented in Sec.[A] Fig. [OHIO}

The information obtained from the material by uSR is
via the asymmetry, A(t), or more general A(E, T, B,t),
where E is the implantation energy, T' the temperature,
and B the applied magnetic field. The muon is interact-
ing in the material predominantly via magnetic dipolar
interaction. In general there are three different experi-
mental configurations, which will be briefly summarized
in the next few sections:

1. In zero field SR no external magnetic field is ap-
plied, the presence of any magnetic moments in the
films can be detected at high sensitivity. In case of
an ordered magnetic state, often a coherent preces-
sion of the muon spin ensemble can be detected.

2. In weak transverse field uSR insights into the mag-
netic precession of muons in the presence of an ex-
ternal magnetic field and for example any possi-
ble dampening due to magnetic ordering, can be
gained. Especially, the level of homogeneity of an
ordered magnetic state can be determined (mag-
netic volume fraction).

3. Longitudinal field SR studies allow us to explore
the dynamics of the local magnetic environment by
aligning the magnetic field with the muon spins.

A. Zero Field SR, ZF-uSR

Assuming that we do not have electronic moments
present in the material, i.e. only nuclear moments are
present, each muon will precess around the total field of
the nuclear dipole field distribution at its stopping site.
The observed time ensemble of the muon spin polariza-
tion, which is proportional to the asymmetry can be well
approximated by the Gauss Kubo-Toyabe function [20]:

A(t) = Ag PERT(t) =

12
= Ay 3 tgop (—1/2A%2) (1 — A%H) |, (2)

where A is the 2nd moment of the nuclear dipole field
distribution at the muon site, and Ay is the instrumental
asymmetry. For LE-uSR, Ay will depend on the implan-
tation energy. Note: the nuclear moments are considered
static on the muon time scale to derive Eq.(2).

In case electronic moments are present, one has to dis-
tinguish between isolated paramagnetic centers and ex-
changed coupled moments. Typically, uSR is not sensi-
tive to isolated paramagnetic centers since they are fluc-
tuating at far too high frequencies to be picked up by the



muon. On the other hand, exchanged coupled electronic
moments that undergo a magnetic transition might lead
to a coherent zero-field precession of the muon spin en-
semble.

A(t) = Agae s+

3
+Ao(1 — a) cos(y,Bioct + ¢)e‘AFt, ®)

where @ = 1/3 in the powder average limit, Ag is a slow,
and Ap a fast depolarization rate. Often Ap is so large
(static disorder), that only a bi-exponential decay can be
observed. In a purely static case A\g = 0.

B. Weak Transverse Field uSR, TF-uSR

In a weak transverse field (TF) setup, a small magnetic
field, Beys is applied perpendicular to the muon spin. In a
diamagnetic or paramagnetic sample this leads to a pre-
cession signal with an angular frequency of w = 7, Bext,
assuming the magnetic shift is negligible. However, if
the material is in an ordered magnetic state (e.g., FM or
AFM), Byt will break the symmetry in B-space, This
will result in an asymmetry of the form

A(t) = A(T) cos(yuBexit + ¢) e, (4)
where A(T') will have the properties

Ag, T > T
A(T):{oo 50, (5)

where Ty is the magnetic transition temperature. Here
it is assumed that the whole sample is magnetic at low
temperature. More, generally one can define the mag-
netic volume fraction fy; as

A(T)
T)=1— —i—F—. 6
fm(T) is a measure of which fraction of the sample is
fully magnetic, i.e. Bloc > Bext-

C. Longitudinal Field uSR, LF-uSR

Whereas ZF and TF measurements reveal predomi-
nantly static properties of magnetic systems, longitudi-
nal field pSR is used to obtain information about the
dynamic magnetic properties assuming that they fit the
time window of uSR. In a longitudinal field uSR setup,
an external field is applied collinear to the muon spin.
This leads to a Zeeman splitting of the muon spin en-
ergy levels. Since the involved energies are very small,
the muon spin would be locked to its initial state. It can
only be flipped being coupled to magnetic fluctuations,
which can absorb the corresponding Zeeman energy (2nd
order process).

The most widely used model for describing mag-
netic fluctuations in SR is the dynamical Kubo-Toyabe
model [20]. This is a mean-field approximation that in-
corporates both static and dynamic components into the
depolarization function. In this model, the rate of fluc-
tuations represents the average frequency of “collisions”
or interactions that a muon experiences due to a stochas-
tically varying magnetic field. Each muon in the sample
undergoes depolarization as it encounters these random
fluctuations. The hopping rate, denoted by v, represents
the time interval between these collisions, A — width of
the distribution of static local magnetic field, describes
the standard deviation of the local magnetic field dis-
tribution. For cases of fast fluctuations (v/A > 1), an
analytical solution is available [16]. However, in the in-
termediate regime, the asymmetry function can only be
solved numerically.

For components of local field:

B (tO)Bloc (tO + t) = (3100)2 exp (7V‘t|)a (7)

v — correlation frequency of the random local field Bjg.
as well as fluctuations rate.

The polarization, and hence the asymmetry A(t) =
Ag P.(t), could be defined in case of dynamic input pres-
ence by integral equation:

P.(t) = P5*™%(t) exp(—vt)+
+v / t P,(t — )P (') exp(—vt')dt', ®)
0

In case when v = 0 polarization is defined by static Kubo-
Toyabe function in an applied field Bext:

2A2

sttat(t) =1— — [1 _ e—(A~t)2/2 COS(Wt) +
w
o ] (9)
+= e~ BT 2 gin(wr) dr,
w Jo

where w = 7, Bext, and A is the 2nd moment of the static
field distribution. For Bext = 0 (ZF case), this reduces

to Eq..

IIT. EXPERIMENTAL RESULTS

In the next section, we outline the sample preparation
and characterization in detail.

A. Sample characterization

Nb,Os films were prepared using reactive sputter de-
position. A Si wafer is loaded inside an AJA ATC 2200
sputtering system with a base pressure better than 10~8
Torr. DC magnetron sputtering was performed using a
3-inch diameter Nb target with a metals basis purity of
99.95% with an Ar flow rate of 30 sccm, an Oy flow rate



of 20 sccm, and partial pressure of 3.5 mTorr at room
temperature. A sputtering power of 600 W was used and
the substrate was rotated at 20 rpm. These conditions
resulted in a NbyOjs deposition rate of approximately 5
nm/min. Si wafers were diced in pieces of size 20 mm x
20 mm, a few samples were used for muon spectroscopy,
others for materials characterization.

The sputtered TasOs films were prepared using a 3-
inch diameter tantalum pentoxide target in an AJA ATC
Orion 8 UHV sputtering system. RF magnetron sputter-
ing with a power 400 W was used with an Ar flow rate of
27 scem and an Oy flow rate of 3 sccm at a partial pres-
sure of 5 mTorr at room temperature. The sputtered
TayO5 film was deposited at a rate of 7 nm/min on a Si
wafer, where the substrate was rotated at 20 rpm.

For the thermal TayOs5 films we used a DC mag-
netron sputter deposition tool with base pressure be-
low 1 x 10~8 mbar, to deposit epitaxial tantalum films
on 2”7 epi-polished c-plane sapphire from a high pu-
rity tantalum target (MSE Supplies, Batch 33222A9,
99.999 %). We heat the substrate to a temperature of
about 530°C during deposition, while rotating it. Sub-
strates are cleaned with Isopropanol (IPA) for 10 min in
ultrasonic bath, and then heated to about 300 °C in the
deposition chamber overnight before deposition. The de-
position parameters are summarized in Table I. After de-
position, films are cooled down at a rate of 2°Cmin™".
With these deposition parameters the Ta film has pre-
dominantly epitaxial alignment (0001) Al,O3 || (111) Ta
with the sapphire substrate. We then diced the wafer
into smaller pieces, in particular four 15 mm x 15 mm
to be used in the muon spectroscopy. Before dicing we
coated the wafer with protective resist, which we stripped
afterwards using several solvent cleaning steps. In or-
der to oxidize the metallic film we annealed the wafer
pieces at 500 °C in air for 24 hours, turning the samples
fully transparent with a slight greenish hew. The film
thickness increased by about 25 % in the oxidation step,
resulting in the film thicknesses noted in Table I. The
temperature was chosen to yield a sufficiently high ox-
idation rate and avoid crystallization of the oxide [21].
However, X-ray diffraction and atomic-force microscopy
of the films revealed that the thick thermal TasO5 film
(Sample 1, KIT) is at least partially crystalline, probably
to the high degree of order in the precursor Ta film (see
Appendix B).

In the next two sections we present the uSR results
characterizing the magnetic properties of the thin films.
The puSR data we analyzed using the musrfit software
[22]. The temperature was set in the range from room
temperature down to base temperature 2.8 K using a cold
finger “He cryostat. The magnetic field did not exceed
130 mT in the LF experiment and was in the range of
5-7.5 mT in the TF experiments.

Parameter sputtered sputtered thermal
Nb205 Ta205 Ta205
Sputter Target 3” Nb 3” Ta20s5 3" Ta
Sample Temp. (°C) 20 20 530
Ar flow (sccm) 30 27 44
O3 flow (sccm) 20 3 0
Pressure (mbar) 0.005 0.007 0.003
Power (W) 600 400 200
Rate (nm/s) 0.08 0.12 0.06
Substrate Si Si Sapphire
Film thickness (nm) 110 100 170 (S1),
105 (S2)
Deposition site SQMS SQMS KIT

TABLE I. Magnetron sputtering and sample parameters.

B. Nb;Os — uSR Results

1. Weak transverse field results

asymmetry

time (us)

fu

0.04

0 50 100 150 200
T (K)

FIG. 1. puSR data in a transverse magnetic field of 7.5 mT
(TF) in Nb2Os, E = 9 keV (55 nm). Temperature depen-
dence of magnetic volume fraction (far). Insert: Example
of TF data for two different temperatures 2.8 K (green) and
60 K (purple). Solid lines are fitting.

In the TF measurements, we applied an external field
of Bexty = 7.5 mT. The inset of Fig. [1| shows asymmetry
spectra at two different temperatures. As can be seen,
there is a slight reduction in the asymmetry between
these two data sets. The resulting magnetic volume frac-
tion, fas, shown in Fig. [I] as a function of temperature,
shows a gradual increase, below T' ~ 120 K, toward lower



temperature, reaching a value of about 0.11 at the lowest
measured temperature. This means that only a marginal
part of NbyO5 shows signs of static magnetism.

2. Zero field results

In Fig.[2]time spectra at different implantation energies
are presented. In the absence of any electronic moments,
the time spectrum should follow Eq., due to the nu-
clear damping (?*Nb, natural abundance 100%, I = 9/2,
pu/pun = 6.1705). This is depicted by the dashed line
in Fig. |2l The time spectra, are obviously not following
this shape. The reason is not only the small percent-
age of static magnetic moments, as revealed by the TF
measurements, but also the presence of magnetic fluctua-
tions. The lines in Fig. are fits to Eq. for w = 0. The
data shows that these magnetic fluctuations are present
throughout the film. Note: the upturn in the asymmetry
at very early times (¢ < 70 ns) is due to time-of-flight
decay of muons [23]. Due to the binning this seemingly
extends to larger times.
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FIG. 2. Zero field uSR time spectra in NbyOs, for different
implantation energies (penetration depths z) F = 3,9,18 keV
(bottom to top, corresponding to z ~ 20, 55,115 nm) at base
temperature 7' = 2.8 K. Dashed line corresponds to Eq.

3. Longitudinal field results

The ZF data already show that magnetic fluctua-
tions are present at the lowest measured temperature
T = 2.8 K. However, to quantify the fitting parameters,
and hence the magnetic fluctuation rate, it is necessary
to perform LF measurements. The reason is that A and
v (see Eq.(B)) are strongly correlated, and only combined
measurements at various B-fields allow a global fit to re-
liably obtain the fluctuation rate v.
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FIG. 3.  uSR data in longitudinal magnetic field (LF) in

Nb2Os, E = 9 keV (z ~ 55 nm), T' = 15 K. Upper panel:
Asymmetry function in different magnetic fields at fixed tem-
perature. Lower panel: results of global fitting for asymme-
try function at different temperatures, taking dynamic Kubo-
Toyabe function with A and v parameters (described in the
text).

To analyze and fit our data, we used a two-subsystem
model. At high temperatures, we connected the behavior
of the asymmetry predominantly with the nuclear sub-
system. In contrast, at lower temperatures, we assumed
that the asymmetry arises from a combination of con-
tributions from both the nuclear and electronic subsys-
tems. The nulcear part is described by Eq. assuming
a quasi-static state, i.e. v = 0, and fixed A,, whereas the
electronic part is described by Eq., with free (v, A) as
shown in Fig. 8] The asymmetries have been chosen to
fit the magnetic volume fraction: A, = A(T)(1— fm (7))
and A, = A(T)fm(T). The numerical fitting results of
the global fit for niobium pentoxide are shown as solid
lines in upper panel of Fig. 8] Bottom panel of Fig. [3]is
result of electronic component to the fitting.

In our experiment, the muons are sensitive to fluctua-
tion rates on the order of 100 MHz in NbyOs5, although



this can potentially be extended by an order of magnitude
towards higher and lower frequencies. The precise width
of the frequency distribution is unknown from the exper-
iment. A reader could imagine it as one data point on
the noise spectra curve. Taking a different probe instead
of muon would potentially give more data. The source
of these fluctuations originates from correlated electronic
moments.

C. Taz05 — uSR Results
1. Weak transverse field results

The TF results of the sputtered and thermally grown
oxide films show a very different behavior, as can be see
in Fig. [l The sputtered films show a rather sharp mag-
netic transition at Ty = 225 K (defined at the half-way
increase point of fy), with a large magnetic volume frac-
tion of fa(F = 14keV) = 0.88(2), fm(E = 9keV) =
0.85(2) (not shown), and fa(E = 4keV) = 0.64(2). On
the other hand, the thermally grown films show essen-
tially no magnetic volume fraction fys < 0.04(2).

2. Zero field results

As the TF results have already shown, the sputtered
and thermal grown samples show very different behavior.
This is even more pronounced for the ZF results.

a. Sputtered Sample The sputtered samples show
clear zero-field oscillations at the lowest measured tem-
perature. Since there are two distinct frequencies: high
and low, they are shown in Fig. Such ZF oscilla-
tions are often a signature of an ordered magnetic ground
state, in our case likely antiferromagnetically coupled
moments present as the transition is not detectable in
SQUID magnetometry (see Appendix B), we don’t have
a conventional long-range order in the system, however
clearly strongly correlated magnetic moments are lead-
ing to muons’ precession. The high frequency corre-
sponds to an internal field of Bjge,1 ~ 150 mT at the
muon site, whereas the low frequency is Bjoc,2 ~ 1.5 mT.
This means that there are two distinct muon sites present
in the structure most likely due to two types of defects
(caused by oxygen vacancies). Since the coupling of the
ordered electronic moment to the muon spin is of mag-
netic dipolar character, we expect a dependence of the
internal field on distance r between the muon and the
ordered magnetic moment of 1/73. We can therefore de-
duce from the ratio of the estimated internal fields, that
the low frequency signal is from muons which are about
4.6 times further away from the ordered electronic mo-
ment. It is also apparent that there is substantially more
disorder towards the sample surface since the oscillation
amplitude is much more strongly damped. These ZF os-
cillations have already been washed out at T' = 4 K. Note:
It looks as if there are two transitions present: one at

around Tiyrn = 225 K as deduced from the TF measure-
ments (left panel of Fig. ), and a second one at around
Tw, = 3 K that can be deduced from the ZF oscillations
vanishing at T = 4 K (data not shown). A comparison
of ZF time spectra of T = 2.8 K and T = 279 K for
E = 14 keV are shown in Fig. [6]

b. Thermally Grown Sample The ZF temperature
dependence of the thermally grown films is very different
from that of the sputtered ones. Figl7] insert shows the
short-time behavior for E = 2 keV (z = 15 nm), for
various temperatures. Only at the lowest temperature,
there is a hint of a ZF precession, though the damping is
so strong that it cannot be reliably analyzed. The long
time ZF time spectra in Fig. [7]show that between RT and
T =5 K the initial asymmetry remains and there is only
a gradual increase in the depolarization rate. Between
T =5K and T = 2.8 K there is a substantial drop in the
initial asymmetry. These features suggest that for the
thermal films there is also a low-T magnetic transition,
although nothing is observed at high temperature, which
fits the TF results presented in Fig. [4]

3. Longitudinal field results

LF measurements were performed only for the sput-
tered films. Fig. [§ shows the LF B-scan at T = 2.8 K.
The LF time spectrum is essentially flat at fields as low
as B = 5 mT, which suggests that in the predominant
volume of the sample there are no magnetic fluctuations
present.

IV. DISCUSSION

The main observation from these experiments is that
both amorphous niobium and tantalum pentoxides ex-
hibit magnetism at low temperatures. However, the na-
ture of this magnetism is fundamentally different between
the two materials.

The microscopic origin of the observed magnetism in
amorphous NbyO5 and amorphous TasOj5 is most likely
due to oxygen vacancies presence. Oxygen vacancies (Vo)
are well established as triggers for magnetic behavior in
various otherwise nonmagnetic materials, including HfOo
and SrTiO5 [24H27].

In amorphous NbyO3, we observe a high level of mag-
netic disorder, where strong magnetic fluctuations pre-
vent any form of ordering. In contrast, amorphous TayOs5
shows signs of local static magnetism, suggesting some
degree of order. This does not rule out the presence of
fluctuations as they may simply lie outside the range of
our measurements.

In the case of NbyOs, the fluctuation rate is unex-
pectedly high (= 100 MHz), with a broad spectral range
that likely overlaps the GHz regime. This overlap raises
a critical concern: such fluctuations may interfere di-
rectly with the operational frequencies of superconduct-
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FIG. 4. Temperature dependence of the magnetic volume fraction (fas) in TazOs, measured at Bexy = 5 mT. Left panel: data
for sputtered oxide film, where black circles show E = 4 keV (25 nm), and red squares: are E = 14 keV (75 nm). Middle panel:
data for thermal oxide films, where black circles show E = 2 keV (15 nm), and red squares F = 14 keV (75 nm). Right panel:

data for thermal oxide films, where black circles show E = 2 keV (15 nm), and red squares E = 6 keV (35 nm).
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(penetration depths): E = 2,4,14,19 keV (15, 25, 75, 100 nm) and base temperature T' = 2.8 K. The plots are shifted with
respect to each other by 0.06. Grey area represents short time scale.

ing qubits, contributing to decoherence. In other words,
these fluctuations could be an unavoidable source of mi-
crowave loss in devices coupled to Nb,Os5, and therefore,
a limiting factor in superconducting device performance.

We can estimate the density of magnetic centers in
NbsOj5 using relaxation rates from both longitudinal field
(LF) and transverse field (TF) pSR measurements. From

the fast fluctuation limit formula [20]:
Ae = Ay, (10)

with A\, the depolarization rate caused by the presence of

correlated electrons. At base temperature (T = 2.8 K),

our data gives:
A? =0.2us7 1 - 100us™ = 20us™2. (11)

This value matches well with the A extracted from LF
fits. The fluctuation amplitude is related to A via:

A? =~2(6B%). (12)

Assuming a uniform distribution of magnetic defects and
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FIG. 6. Zero field time spectra for sputtered TazxOs5 for T =
2.8 K and T'= 279 K, measured for an implantation energy
of E =14 keV (z = 75 nm).

0.16

»0.13
S
[
€
€
>0.10
@
fa
‘uE“: 0.18
0.071 €
>
@
0.14
0.04 A
0.10 v | & 275K
0.0 0.5 1.0 b sk
0.01 - time (us) & 2.9k
0 2 4 6 8

time (ps)

FIG. 7. Long time zero field time spectra of thermal TaxOs
(S1), for E = 2 keV (z = 15 nm) at T'= 2.8 K (green), 5 K
(black), and 275 K (purple). Insert: Short time zero field time
spectra of thermal TazOs5 (S1).

dipolar interaction:

4 1
A? = Bif’yf’ny(S + I)T—G. (13)

With assumption S = 1/2 for simplicity (magnetism
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FIG. 8. uSR data in longitudinal magnetic field (LF) in

sputtered Taz05, E = 2 keV (15 nm) at base temperature
T = 2.8 K. Rate parameters for this global fit: v = 0.29 us™!,
A= 0.54 pust.

could be defined by higher spin):

2_ 4.0 5 9 1

A* = Bh Yu e S(S + 1)5 sois
1 1 (14)

=
Taking ag = 2-1071% m as a characteristic distance be-
tween defects (roughly Nb—O bond length), we estimate
an effective magnetic range of 54 nm. Factoring in a vol-
ume fraction of 0.1, the defect density becomes 5-10~9 per
unit cell, corresponding to 3-10'° defects per cm? in the
bulk. Differences in frequency and temperature regimes
likely explain why this value does not match Ref.[28] ex-

actly.

Although static magnetism, especially from antiferro-
magnetically correlated defects, may appear less detri-
mental due to its zero net magnetization, it can still
disturb superconductivity. Local magnetic fields remain
nonzero and can affect nearby Cooper pairs through
proximity, potentially leading to the formation of in-gap
states, as previously observed in STM measurements on
granular aluminum [29] and tantalum [30] . In our case,
the local mean field at the muon site reaches up to 150
mT, which is a substantial perturbation.

In amorphous TasOs5, we did not observe high-
frequency magnetic fluctuations, making it compara-
tively more favorable for superconducting environments.
Furthermore, if the observed static magnetism is indeed
due to antiferromagnetic correlations, this could offer an
additional advantage in the case of finite-size clusters:
antiferromagnetic systems often exhibit a finite excita-
tion gap, suppressing low-energy spin dynamics. In such
cases, magnetic excitations are expected to lie well above
10 GHz, beyond the operating frequencies of typical su-
perconducting qubits. This absence of low-energy excita-
tions could account for the relatively low magnetic noise



observed in TapOs and highlights the importance of ex-
citation spectrum characteristics in material selection for
superconducting quantum devices.

The uSR measurements of the thermal TayOs films
show essentially no magnetic volume fraction in the weak
transverse field data for both samples, and a slight signa-
ture of a low temperature magnetic transition. In XRD
measurements (see Appendix B) we clearly detected a
certain amount of crystallinity in the thicker film S1.
These diffraction peaks are absent for the thinner sample.
However, since both S1 and S2 only differ in thickness,
likely there is also some crystallinity in sample S2; the
crystallites are just too small to detect. Consequently,
this relatively ordered structure and a likely associated
lower defect density is a possible explanation for the dif-
ference in magnetic behavior observed compared to the
sputtered TasOs film. Our data suggest that increasing
crystallinity in TasOs5 films is a valid option for suppress-
ing magnetism and is thus beneficial in superconducting
circuit applications. While this will be difficult to achieve
for the surface oxide due to oxygen diffusion in Ta[21],
it maybe possible in heterostructures for Josephson junc-
tions.

V. CONCLUSIONS

Our measurements reveal significant differences in the
magnetic behavior of NbyOs and TasOs;. While tan-
talum pentoxide (especially in its crystalline form) ex-
hibits reduced magnetism and no observable GHz-range
fluctuations, amorphous niobium pentoxide is magneti-
cally disordered, with persistent, broadband fluctuations
that likely extend into qubit operating frequencies. These
GHz-scale fluctuations in NbyOs could be linked to var-
ious loss mechanisms, or could indicate local magnetic
field suppression of the superconducting gap, acting as
quasiparticle traps [31]. This highlights a key takeaway:
magnetic disorder is strongly linked to increased mi-
crowave loss. We also observe that crystallinity plays a

crucial role. Thermally grown (crystalline) TasOs5 shows
suppressed magnetism — though not completely zero —
suggesting that improved control over crystallinity may
be a practical path forward for optimizing material per-
formance. Ideally, all oxides should be removed from
the surfaces of superconducting devices to minimize loss.
However, since this is not always practically feasible, our
findings support recent studies [I4] and suggest that Ta-
based systems may significantly outperform Nb-based
ones in applications such as SQUIDs and flux-tunable
qubits.
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Appendix A: uSR stopping profile details
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FIG. 9. Simulated muon stopping profile for Nb2Os: muons’
penetration depth for a density 5.2 g/cm?®.

Calculated muon stopping profiles for NbyOs are
shown in Fig. [9 and for TayO5 in Fig. [I0] for the rele-
vant muon beam energies.

Appendix B: Materials characterization
1. XPS studies

X-ray photoelectron spectra were collected using a
SPECS FlexMod-FlexPS, spot size for FlexPS is 2 mm.
XPS analysis was performed using the Casa XPS. The
background signal arising from inelastically scattered
electrons was removed using a Shirley baseline model and
the peaks were fit using a Gaussian-Lorentzian product.

X-ray photoelectron spectroscopy (XPS) was used to
examine the chemical composition of these films as seen
in Fig. [II] and in Fig. [2] From the Nb 3d spectra, we
observe that a majority of the Nb atoms in the oxide
layer have a charge state of 5+, which corresponds to
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FIG. 10. Simulated muon stopping profile for TazOs assum-
ing a mass density of 8.2g/cm?®.

NbyOs. Nonetheless, through comparison with similar
measurements performed at the surface of a Nb film, we
observe that the grown NbeOj film is chemically very
similar to the native NbyOg that forms at the surface of
Nb. The Nb® charge state peak results from photoelec-
trons that are generated in the Nb film that lies beneath
the surface oxide in the sample. Since the XPS data gives
only information about the topmost 7 nm of the film, we
checked a depth profile using time of flight secondary ion
mass spectrometry (ToF-SIMS). The results suggest that
the stoichiometry of the NbsOs5 thin film sample remains
fairly constant.

We performed the same XPS measurements for sam-
ples with sputtered and thermal TasOj5 films as well as
the native oxide on a Ta film for comparison. The resutls
are shown in Fig. The metallic tantalum 4f5/2 and
4f7/2 peaks are more pronounced for Ta film due to the
thinner surface oxide layer when comparing to Nb. The
Ta film data also show a loss feature around 33 eV related
to metallic Ta. The fit data suggest a minor presence of
tantalum suboxides, which is very similar in the grown
oxide films and the native surface oxide.

The pSR results discussed in the manuscript cover
solely oxygen-deficient pentoxides measured under ultra-
high vacuum conditions of 10~8 mbar, excluding poten-
tial oxygen or hydrogen precipitation that could occur
when cooling the samples.
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FIG. 11. XPS Nb, Nb2Os films. Inserts are fitted data for
native surface Nb oxide and grown sputtered pentoxide film.

2.  Structure of Taz Os films

The structure of the TasOs films are further char-
acterized in Fig. [[3] by X-ray diffraction. We use a
Bruker high-resolution X-ray diffraction system in reflec-
tion, equipped with a (022) Ge monochromator for the
characteristic Kqphq line of a Cu X-ray source.

The sputtered Tay;Os sample does not exhibit any
diffraction peaks originating from the film, which sug-
gests that it is amorphous — see Fig. (a). The most
prominent peak is the (400) silicon substrate peak. The
sharp peaks at 20 = 33.0°, 116.5° are associated with
basis-forbidden (200) and (600) reflections from the sili-
con substrate that are visible due to multiple diffraction
(Umweganregung)[34]. The peak at 20 = 61.7° is due to
(400) reflection of some remaining Cu K radiation, that
was not fully suppressed by the monochromator. Some
diffuse intensity can be seen in the range 20 = 15° — 30°
likely associated with the amorphous TasOs5 film.

The diffractogram of the thermally oxidized TasOs
sample S1 - see Fig. b) -shows that it is at least par-
tially polychrystalline. We could match the observed
diffraction peaks with a pattern derived from a beta-
Ta205 structure (ICSD-9112, ICSD-release 2025.1) [35]
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FIG. 12. XPS Ta, TaxOs films. Upper panels are fitted data
for native surface oxide and grown sputtered film.

[36].

The diffractogram of the thermally oxidized TasOs
sample S2 is shown in Fig. [13] (¢). It does not show
any diffraction peaks associated with the film, likely due
to the lower film thickness. The minor sharp peaks at
20 = 37.5% and 20 = 80.0° are due to some remaining
Cu Kjpetq radiation, that was not fully suppressed by the
monochromator. The satellite peaks of the Sapphire sub-
strate peaks are very likely also related to the substrate.

For reference we also provide the X-ray data of sample



S1 before oxidation (see Fig. [13[(d)). Comparing the Ta
film peaks to the diffractograms of the thermally oxidized
films, shows these completely absent after oxidation.

Since thermal TayO5 sample S2 was shown to be at
least partially poly-crystalline we also investigated the
change in the film due to the oxidation process with
atomic-force microscopy as shown in Fig. The surface
corrugation increases due to oxidation. After oxidation
the morphology clearly follows the hexagonal symmetry
of the c-plane sapphire surface.

3. Sputtered Taz Os Squid Magnetometry

Since the sputtered TasO5 films exhibited a large mag-
netic volume fraction in transverse field muSR we char-
acterized the sample in a SQUID magnetometer (Quan-
tum Design). In particular the aim was to investigate if
the magnetic transition at around 225 K can be detected

13

in the macroscopic magnetic moment of the film. The
results of a field dependent measurement and temper-
ature dependent zero-field-cooled/field-cooled measure-
ments are presented in Fig. The field dependence
of the sample’s magnetic moment is weakly diamagnetic
and temperature independent, as expected from the sil-
icon substrate. The sample mass was 15.335 mg. On
subtracting this diamagnetic component, a small soft fer-
romagnetic response with Curie temperature well above
300 K remains. This is likely due to residual contami-
nants not related to the film, as the contribution could
be reduced significantly from previous measurements by
solvent cleaning the sample. The temperature dependent
measurements are overall dominated by the residual con-
taminant. There is an increasing paramagnetic moment
below 10 K most likely due to paramagnetic impurities
in the substrate. The small feature around 50 K is due
to some remaining oxygen impurity in the exchange gas
of the squid magnetometer. We note a small irreversible
component below 225 K for Beyy = 300 mT, which could
be potentially related to the transition observed in pSR.
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FIG. 13. High-resolution X-Ray diffraction analysis for Ta2Os5 films. (a) X-Ray diffractogram of sputtered TazOs on silicon
providing evidence for the absence of crystallinity. For reference the powder crystal diffraction pattern for 3—Ta205 (L—Ta20s5)
is shown in the plot below the diffractogram (ICSD collection code 9112). (b) X-Ray diffractogram of thermal TazOs film S1
on c-plane sapphire. Several diffraction peaks are visible, demonstrating that the thermally oxidized film is at least partially
in a polycrystalline state. We could associate all peaks (marked in green) that are not related to the sapphire substrate with
the S—TazOs shown in the plot below it. (¢) X-Ray diffractogram of thermal TazOs film S2 on c-plane sapphire. The absence
of any other peaks confirms that the thermal TasOs film on sample S2 was amorphous or contained crystallites too small to
be detected by XRD. This we attribute to the smaller film thickness compared to sample S1. (d) X-Ray diffractogram of film
S1 on c-plane sapphire before thermal oxidation. It can be seen that the Ta film on sample S1 was strongly textured and
predominantly (111) oriented, with a minor contribution from (110) oriented crystallites.



FIG. 14. Atomic-force microscopy (AFM) of thermally oxidized sample before (a) and after oxidation (b).
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SQUID Magnetometry of sputtered TazOs thin film on silicon substrate. (a) The negative slope of the magnetic

moment m as a function of applied field H indicates that the sample’s magnetization is predominantly diamagnetic. In the
inset we have subtracted a constant slope of —17.5 x 107° emu / T. The same correction has been applied to the zero-field

cooled/field-cooled temperature dependent measurements for fields (b) Bext = 20 mT, (c¢) 140 mT and (d) 300 mT.
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