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How do we know a superconducting filmis good?

Superconducting devices are only as good as the films
they are made from.

What should we measure to know a filmis ready for a
device?
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Developing reliable Nb reference resonators

Evidence for a low-gap component in compressively stressed niobium thin films

J. T. Paustian,’"? Maciej Olszewski,®* Kiichi Okubo,® Lingda Kong,®* B. L. T. Plourde,’?®
Ethan G. Arnault,"*%% Caleb W. Fink,"? Valla Fatemi,* and Ivan V. Pechenezhskiy! 2> *

arXiv:2609.26714 [quant-ph]

Goal: Develop reproducible Nb resonators for
baseline reference

Approach: Five sputter recipes, identical
resonator geometry, and companion wafers for
materials characterization.

*note - this is about Nb, but the lessons are relevant to SC films in general
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Basic transport measurements

FOUR-PROBE DC TRANSPORT, METROLOGY WAFERS

9.0x0.2K 40=0.6

T. across all five films, close to bulk Nb RRR across all five films

By conventional metrics, all five films would pass the same quality checks

Syracuse University arXiv:2609.26714 [quant-ph] 4



https://arxiv.org/abs/2609.26714
https://arxiv.org/abs/2609.26714

Similar T, and RRR conceal dramatically different microwave
loss
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T. and RRR alone do not predict microwave device performance
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The frequency shift reveals the same anomalous electrodynamics
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Both dissipative and reactive responses differ, despite similar T, and RRR.
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Resonator frequency and loss probe complementary material

responses

Frequency shift — Reactive response
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Frequency shift Af/f

Competing contributions to resonator frequency shift

TLS

Combined

Quasiparticles

Temperature

(55 (2)
fO fO TLS fO QP

Dielectric two-level systems
(TLS)

Af/f1

* Temperature-dependent dielectric
susceptibility

* Typically raises the resonance
frequency over this range

¢ Common in superconducting
resonators

af

x InT
Jfo

TLS

Superconducting quasiparticles

Afff |

* Thermal excitations reduce the
superfluid density

* Higher kinetic inductance lowers
the resonance frequency

* For conventional Nb, exponentially
suppressed below 1 K
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e
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Conventional Nb quasiparticles cannot explain the large negative frequency shifts below 1 K
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Why is this surprising for conventional Nb?

Measured frequency shift Af/f vs temperature, ppm
sample average, relative to 100 mK; temperature in mK
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ENERGY SCALES

Ay = 1.4 meV

vs kyT=0.09 meVatlK

Thermal quasiparticles scale as e™¥/%T, about

1077at1K.

The conventional-Nb BCS contribution
should be negligible

*TLS terms are included in the analysis
and do not account for the large high-
temperature behavior
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Possible explanation: what would a smaller gap change?
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[ — Low-gap component

~10° x greater occupation
' probability per available state

f(Anp) = 1.2 x 1077
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At 1 K, occupation per available state at 0.36
meV is ~10° times higher than at 1.37 meV.

Even a small low-gap contribution could strongly
influence the thermal quasiparticle response.

*figure is only for illustrative purposes
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A two-component model describes the response
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A two-component model describes the response

Qqi(T)
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Paustian et al., 2026, Fig. 3

* Consistent with mixture of BCC and w-
phase Nb

9.0K 24%02K

T. from transport effective T, of the added component,
from loss fits

* Low-gap contribution produces the rapid increase
in loss above ~500 mK.

* The same effective T, describes the frequency-
shift measurements.
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The strongest microwave anomalies occur in the most
compressive films
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How did we change the films?

Sputtering conditions: Ar pressure (2-10 mTorr) and target-to-
substrate distance (~30 to 250 mm)

Sihwaifer

These set how much energy Nb atoms carry when they land,
and so the as-grown film stress

Al
Y =30mm N 1./
=] ]
N target Nbrtanget

Stress was not applied to finished devices. The same knobs can also
change grain structure and interfaces.

Figure from J.T. Paustian
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How was film stress measured?

Stylus profilometry maps the wafer before and after deposition;

the film bows it 1.5
A 1.0

before after (compressive film) 0.5

Stoney relation: o7 (t;2/t¢) Ak 0.0

t = thickness of substrate (s) and film (f); Ak = change in curvature

Deflection [um]

-737 to +100 MPa

measured, not assigned from the recipe; room temperature; negative =
compressive
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XRD shows a structural trend with stress

Nb(110) diffraction peak position 20, degrees

companion metrology wafers; ten recipes, repeat scans shown
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Implications for superconducting sensors

additional loss conventional

frequency —

Microwave response

Low-energy excitations modify
microwave loss and kinetic inductance.

Relevant to MKIDs, resonators and
superconducting readout.

Quasiparticle energy

Possible
QP trapping

Hypothetical low-gap region

Position in film (schematic)

Quasiparticle dynamics

Low-gap regions may alter quasiparticle
populations and trapping.

Consequences for nonequilibrium backgrounds
remain untested.

T. and RRR alone cannot predict microwave device performance.

Highly compressive

A B C D E
(] [ ] ] | B ®
-737 -542 -371 -56 +100

Room-temperature film stress (MPa)

Detector response vs. backgrounds

These effects must be disentangled when
studying the LEE.

Controlled stress studies must account for both
effects.
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Conclusions

Five Nb films: T.* 9K,RRR = 4
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J. T. Paustian et al., "Evidence for a low-gap component in compressively stressed niobium thin films" (2026)

T. and RRR are insufficient to predict
microwave performance.

An additional low-energy superconducting
contribution describes the anomalous
response (T =2.4 £ 0.2 K).

The strongest anomalies occur in highly
compressive films, motivating further
studies of microstructure and quasiparticle
dynamics.
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Backup



A two-component model describes the response
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Paustian et al., 2026, Fig. 3

20K

T. from transport

24*0.2K

effective T, of the added component,
from loss fits

* Plot: representative loss fit; the low-gap term drives the
drop above ~500 mK

* The same effective Tc, fixed from the loss fits, also
describes the frequency-shift trends

* Itsfitted contribution is about 100x larger in films A and B

* Phenomenological effective low-gap component; weights
are fit amplitudes, not volume fractions
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Backup: two-component model and fit procedure

UeH(Ta Ustress) — [1 - p(astress)]abcc(T)

+p(0stress)02nd (T) )
Loss Frequency shift
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Counts

Backup: XRD and candidate origin
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peak 1
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Candidates

* w-phase Nb: predicted T. = 2.3 K, close to the fitted
2.4 K; atwo-peak XRD fit may point to a second
crystalline component

* If -Nbis a normal metal, the low gap could instead
be proximity-induced from neighboring bcc Nb

* Aninhomogeneous-gap landscape without a distinct
phase

Disfavored

¢ Trapped vortices: cooling in 300 uT raised low-
temperature loss but left the low-gap amplitudes
unchanged
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TLS saturation
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