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SUPPLEMENTARY NOTE 1. MODEL FOR
INTERACTING TLS

Our experiments on noise and loss indicate that inter-
actions between TLS are important. They also demon-
strate that while the spin desorption procedure signifi-
cantly affects the magnitude of the noise it has only a
minor effect on the intrinsic loss tangent. In this section
we discuss the full microscopic model of interacting TLS
and their physical origin that follows from the data.

The fact that surface spin removal has a small effect on
the loss tangent implies that the spins do not contribute
significantly to the loss at high frequency and thus are
not a part of the resonant ¢TLS ensemble. However, the
reduced noise implies that the spins are a significant host
of the bath of slow fluctuating dipoles (TLF). The cESR
spectrum also indicates that the desorbed spins (both H
and free electron states) can be highly mobile and can
tunnel a long distance, i.e. they can easily serve as the
dominant fraction of slow fluctuating dipoles.

Coherent ¢TLS are associated with fluctuating dipoles
do and are described by the Hamiltonian Hrrg =
%az + %Uz characterized by an asymmetry A, tun-
neling matrix element Ay, and ¢% a = x,y,z are the
Pauli matrices. In the rotated basis, the Hamiltonian

is simply Hrrs = ES?, where E = /A% + A2 is the
1
TLS energy splitting and S* = 5(008 0c® + sin 6o”) with

tanf = Ag/A. The interaction strength is set by the
dipole-dipole interaction scale Uy = d3 /ey, where e, = 10
is the dielectric constant of the host medium. As a con-
sequence of this interaction, the TLS density at low en-
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ergies is Prrg(F,sinf) = —50—0 -~
is a small positive parameter. Among coherent TLS we
distinguish high, F > kgT, and low F < kgT (thermally
activated) energy TLS. In addition, some TLS can be
(near) resonant with the resonator, E ~ huvyg.

The slow fluctuators are represented by classical fluctu-
ating dipoles with moment dg, characterized by switching
rates v with a probability distribution Pr(E,v) = P{ /vy
and Ymin € v <€ Ymax- Such a distribution for the
switching rates appears naturally for thermally activated
tunnelling.

The loss in a high quality resonator is caused by fluc-
tuating dipoles with energies close to the resonator fre-
quency vy. In the regime of low temperature, kgT < hvy,
the resonant ¢TLS have a small dephasing width due to
their interaction with thermally activated TLS and TLF.
This width is given by [1]
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rameter, obtained directly from loss tangent measure-
ments, that controls the effect of the interaction on
the resonant c¢TLS. I'!"®* and I'!"" are the minimum

n
where x = PyUy ( ~ tan J; is a dimensionless pa-

and maximum relaxation rates of these c¢TLS respec-
tively. Direct measurements give I'"** ~ 10* s~ for the
thermally activated ¢TLS at T =~ 35 mK|[2]. The pre-
cise value of T for thermally activated ¢TLS is not
known. However, the electrical noise data shows that
1/f noise generated by these ¢TLS extends to very low
frequencies f <1 mHz beyond which the dependence
changes. This implies that T%" ~ 1073 s=!, such that
In (Ffflax/l"*l“i“) ~ 20.

The total number of resonant ¢TLS in a volume V;
(= 2.4 and 2.2 -10716 m3 for the two resonators respec-
tively) of host material can then be estimated from the
measured loss tangent as N = ULOVhFQ ~ 10%; their av-

erage distance is recrLg ~ (XFQ/UO)71/3 in bulk material

and reTLs ~ (d)<1“2/U0)71/2 in a thin film of thickness
d < reTLS-

The noise in the resonator is due to the slow TLF
that interact strongly with these resonant ¢TLS and cre-
ate highly non-Gaussian noise, that cannot be regarded
as a contribution to I's. These TLF are located at
distance r < Ry, where R} = Z—E%. Their switchings
bring the ¢TLS in and out of resonance with the res-
onator leading to 1/f frequency noise. The number of
thermally activated TLF strongly coupled to a resonant
cTLS is Np(T) = PF 4%RST and their average distance
is rp ~ (PYT)~'/3. If the total number of such fluc-
tuators, N (T') = NyesNF(T) > 1, the frequency noise
spectrum of the resonator can be expressed as a super-
position of Lorenztians generated by the switching of the
TLF strongly coupled to the resonant ¢TLS.

In the limit of weak electric field E we find that the
noise is given by/[1]
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Here P(vy) = P, /v is the normalized distribution func-
tion of slow fluctuators with P, = ln_l['ymax /Ymin] and
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which accounts for the fact that the TLS host material
volume V4, may only partially fill the resonator mode vol-
ume V. We note that the uncertainty in accurately de-
termining F' gives a large range for the possible dipole
moment ratio dr/dy. The ranges given for the quantities
in the discussion on dr in the main manuscript are the
values obtained for the estimated range of the filling fac-
tor. Notice that in this limit the noise spectrum scales
with temperature as oc 7~ (142 Eq. (2) gives the 1/f
noise spectrum
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The coefficient Ay can be expressed through the total



number of thermally activated fluctuators NE°(T') as
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SUPPLEMENTARY NOTE 2. DEVICE DETAILS

Here we briefly outline the main properties of the su-
perconducting resonators used in this study. The geome-
try of our resonator is that of a folded A/2 resonator, op-
timised for increased coupling to surface spins and high
resilience to magnetic field; these characteristics make
this type of resonator ideal for cESR studies. A detailed
description of the geometry can be found in Ref. [4]. Here
we show the electric field distribution in a segment of the
resonator in Supplementary Figure 1. It can be seen that
the microwave electric field is strongly localised to the 2
pm wide gap between the two electrodes in our 2-prong
design. The field distribution and filling factor of the
TLS host volume F' ~ 0.02 was obtained using COM-
SOL finite element calculations. To evaluate the filling
factor we integrate the field strength over the whole sur-
face not covered by metallic electrodes. We note that the
electric field strength varies by approximately one order
of magnitude in the gap between the electrodes where the
coupled spins are located, with an increased field only in
close vicinity of the metallic electrodes. The magnetic
field distribution (used for evaluation of spin density) is
discussed in detail in Ref. [5] and in the supplemental
material of Ref. [6].

SUPPLEMENTARY NOTE 3.
PHOTONS

NUMBER OF

Supplementary Figure 2a shows the number of photons
in the 4.6 GHz resonator vs internal loss (Q; ') for the
two measurements at two temperatures. Each measure-
ment was made in the same sample cell using the same
microwave setup, and the initial assumption is that in the
two separate measurements the attenuation in the cryo-
stat was the same. Each data point corresponds to a 2
dB increment in the applied power, both datasets start-
ing at the same low applied power. Therefore, the range
of microwave powers applied to the sample is expected to
be the same across both measurements. This is further
validated by the measurement of white noise levels that
are the same (within a factor 2). The white noise level
in these measurements is dominated by the microwave
power incident on the cryogenic amplifier.

The number of photons within the resonator scales
with the loaded quality factor, and therefore also with
the internal quality factor. As discussed in the main text,
the spin desorption leads to an increase in (;, meaning
that for the same applied microwave power, the number
of photons in the resonator is different between the ”be-
fore” and ”after” measurements. Importantly, the noise
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Supplementary Figure 1. Electric field distribution. a) Elec-
tric field distribution evaluated at the substrate-air interface
in a segment of our resonator. b) cross section showing the
electric field distribution along the dashed line in a). ¢) close-
up on the electric field from the edge of one of the numerous
metallic edges.

scales with both the number of photons within the res-
onator and with Q);. As is customary in the literature, we
calibrate the applied power such that we compare noise
for the same number of photons within the resonator.

SUPPLEMENTARY NOTE 4.
DEPENDENCE OF Q;

POWER

For consistency we here also provide the analysis of the
quality factor data within the framework of the STM.
Here we expect at strong fields (n) > n,

-1 _ Ftan 60 1
= T e T % ®)

where the constant Q); ¢ accounts for power-independent
loss and n. is a critical photon number for saturation,
a = 0.5 (for any non-interacting TLS) and F is the fill-
ing factor of the TLS hosting medium in the resonator.
By fitting the measured @;({n)) to this power law we find
a ~ 0.2 both before and after spin desorption. Typical
fits can be seen in Supplementary Figure 2. We note that
electric field non-uniformity may lead to different critical
photon numbers in the STM [7], however, at high fields
a = 0.5 is always recovered for non-interacting TLS. Here
we also emphasise that care should be taken when com-
paring the quantity F tandy with the loss tangent (see
below) extracted from temperature dependent frequency
shifts of the resonator, F tand;, in the low power limit.
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Supplementary Figure 2. Inverse internal quality factor as a
function of number of photons in the resonator for two ex-
treme temperatures covering those used in all other measure-
ments. Each data point is an increment in applied power by
2 dB, starting at the same low applied power. Fits are to
equation (5). Error bars are 95% confidence bounds from fits
to the measured S21 line shape. Some of the data is the same
as in Figure 4 in the main manuscript.

This as the former probes the ¢TLS density of states in
a narrow window around vy and the latter is a measure
of the average cTLS density of states.

SUPPLEMENTARY NOTE 5.
SPECTRUM AND SPIN
DENSITY

CESR-

The cESR-spectrum in Figure 2 in the main
manuscript is obtained by measuring the transmitted
microwave signal, So1, around resonance as a function
of applied magnetic field using a vector network anal-
yser. All noise measurements were performed first, mak-
ing sure the resonator was not poisoned by vortices. Once
noise measurements were completed, the superconduct-
ing magnet leads were connected and a magnetic field
applied in the plane of the superconducting film. The
measured microwave transmission was fitted to [8]

(1 - S21,min)ei@

Sor=1-
°! 1+ 2iQnt

(6)

to extract the internal quality factor Qi = @Q/S21 min-
The parameter ¢ accounts for the asymmetry in the
resonance line-shape accounting for possible impedance
mismatch. The spin-induced loss is then calculated as
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Supplementary Figure 3. Spin relaxation times. a) CW
power saturation measurements at three different tempera-
tures showing the normalised inverse dissipation into the spin
system as a function of circulating power in the 4.6 GHz res-
onator after annealing. b) the extracted (from fits) relaxation
time T3 as a function of temperature for the g = 2 peak. Solid
line is 1/T". Error bars are 95 % confidence bounds to the fits
in a).

Q.Y (B) = Q7 '(B) — Q7 '(B = 0). We fit the cESR-
spectrum to a model of two coupled oscillators to extract
the collective coupling, €2, and line width ~o (= 1/T5 for

a Lorentzian cESR peak) of the spin system.
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Eq. 7 here describes the central g = 2 peak only and
wo = 27y and ws = gupB/h is the angular resonance
frequency and induced Zeeman splitting of the spins re-
spectively, and k() = wo/Q(). From the collective cou-
pling 2 we can evaluate the surface spin density based on
the geometry of the resonator[6]. Comparing the same
resonator before and after annealing also gives a direct
measure of the relative reduction in spin density indepen-
dent of resonator geometry via the observed reduction in
collective coupling of the spins, Q o« /n. In the 'Af-
ter’ measurement we have removed ~ 2 - 10'7 Hydrogen
spins m~2 and the density of ¢ = 2 spins was reduced
5.3 times to ~ 0.17-10'7 spins m~2. Supplementary Fig-
ure le shows the good agreement of the cESR data to
theory. We note that the reduction of 5.3 times is larger
than previously observed[6], suggesting that the g = 2
spins have a larger desorption barrier than the hydrogen.



SUPPLEMENTARY NOTE 6. CW POWER
SATURATION MEASUREMENTS: T

When evaluating the spin density it is essential to en-
sure that the spin ensemble is not saturated by the mi-
crowave signal in the resonator. To verify this we measure
the cESR-spectrum at a wide set of applied powers and
extract the dissipation into the spin system at the g = 2
peak as a function of circulating power in the resonator.
The result for one such measurement (after annealing,
evaluated for the g = 2 peak) is shown in Supplementary
Figure 3a for three different temperatures. The method
to evaluate Qs is described in Ref. [6] together with
the methodology used to extract the spin relaxation time
T, plotted versus temperature in Supplementary Figure
3b. Interestingly we find a T~' dependence of the relax-
ation time, a signature of direct spin-lattice relaxation as
the dominant mechanism for spin energy relaxation [9].
Direct phonon relaxation and a T3 o< T~! dependence
is also the dominant mechanism for TLS relaxation in
amorphous glasses at low temperatures, well captured
by both the STM and the GTM [1], predicting a similar
dominating phonon relaxation time in the ms range.

We note that spin desorption does not change 77, while
the electron spin dephasing time 75 inferred from the
transition line-width increases marginally (table I), an
indication of reduced spin-spin induced decoherence, al-
ternatively the remaining spins could be of a different
nature.

SUPPLEMENTARY NOTE 7. NOISE
MEASUREMENT SETUP: DUAL POUND
LOCKING

The measurement setup we use is a further develop-
ment of the Pound locking technique [10] for microwave
resonators. This modification allows us to simultaneously
measure the frequency noise in two different resonators,
increasing the amount of data collected and allowing for
measurement of correlated noise.

Pound locking is a highly accurate technique to di-
rectly measure frequency noise of microwave oscillators.
This as opposed to measuring the phase noise S, using a
homo/heterodyne technique[l1]. The advantage is that
we gain in sensitivity and the measurement does not suf-
fer from additional complications such as the Leeson ef-
fect, and it is especially useful in cryogenic environments,
where homo- or heterodyne techniques suffer from a wide
range of fluctuations, such as in electrical length in each
of the two measurement paths (signal and reference), and
thermal fluctuations. The Pound locking technique in-
stead sends the signal and reference through the same
physical transmission line, where the reference takes the
form of a phase modulated spectrum on top of the sig-
nal, making the measurement insensitive to first order
in any variations in electrical length. The phase modula-
tion frequency is recovered by a non-linear detector (here
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Supplementary Figure 4. Dual Pound-locking measurement
setup. For details see text.

a diode) and any deviations in the signal frequency from
the resonator frequency causes a beating at the phase
modulation frequency. This beating is nulled using a
lock-in in series with a PID controller which adjusts the
signal frequency sent out by the microwave generator to
match the instant resonance frequency.

Instead of a single Pound loop we here run two loops in
parallel, as shown in Supplementary Figure 4. Each loop,
A and B, works in the same way as described in detail in
Ref. [10], locked to the 4.6 and 5.0 GHz resonator respec-
tively. The microwave signals from each loop are com-
bined and sent through the same transmission line in the
cryostat, and later selectively split to each arm using 7th
order tunable YIG filters with a bandwidth of 40 MHz
tuned to each respective resonance frequency. This type
of multiplexed setup in principle allows for an arbitrary
number of Pound loops in parallel without introducing
any cross-coupling and errors in frequency measurement,
as long as the YIG filters can selectively isolate the phase
modulation spectrum from each measured resonator.

The power applied in each Pound loop was carefully
verified using a spectrum analyser and adjusted to be
equal in the two measurements, both for power incident
on the resonators and power incident on the detector
diode.

SUPPLEMENTARY NOTE 8. LOSS TANGENT
MEASUREMENTS

To obtain the loss tangent we measure the frequency
shift of each resonator while slowly ramping up the tem-
perature of the cryostat over the course of ~ 120 min-
utes. The frequency is measured using the Pound-loop.
The loss tangent tan d; is then extracted from fits of the
vo(T) data to the STM (and GTM).

- 1 Uoh
ov(T) = Ftand; [Re <\I/(2 + QWikBT)
1 I/oh T

Here 6v(T) = (vo—v(T))/vo, U is the di-gamma function
and Ty is a reference temperature. The measured data
and fits to Eq. (8) are shown in Supplementary Figure 5.
Extracted parameters are shown in Table 1 in the main
manuscript.
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Supplementary Figure 5. Intrinsic loss tangent. Frequency
shift of the resonators as a function of temperature and fits
to Eq. (8) (black lines). For both resonators we observe a
reduction in loss tangent upon surface spin desorbtion by 25-
30%. Extracted values for tan é; are shown in Table 1. Curves
are offset for clarity. Measured using the Pound locking tech-
nique.

SUPPLEMENTARY NOTE 9. NOISE ANALYSIS

The sampled frequency vs time signal recorded from
the Pound loop is converted to frequency noise spectral
density Sy by calculating the overlapping Allan-variance

o3 (7) (AVAR) for M discrete samplings fi(n7) at multi-
ples n of the sampling rate 7.

M—-1

(frt1 — (9)

af,(m-)
k=1

For 1/f noise the power spectral density Sy (f) =h_1/f
relates to the Allan variance o7 = 21n (2)h_; via the co-
efficient h_; = Ap/2m [12]. The AVAR is evaluated at
several time-scales ¢t = n7 ranging from 20 to 80 seconds,
well within the 1/f noise limit, and the average value
for h_; is obtained with high statistical significance. Er-
ror bars are calculated from the standard deviation of
the multiple evaluations of the AVAR in the same time
interval. Each datapoint in Supplementary Figure 6 is
the result of a 2.8 hours long measurement, collecting
10° samples without interruption at a rate 7! = 10 Hz.
Such long measurement times are required to obtain sta-
tistically significant results for h_; since the 1/f noise
in these high-Q resonators is only exceeding the system
white noise level at frequencies below ~ 1 — 0.1 Hz, in
particular at high temperatures and low applied powers
and especially in the ’After’ measurement where the 1/f
noise level is significantly lower.

Full data for both resonators measured is shown in
Supplementary Figure 6.
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Supplementary Figure 6. Reduction of noise due to spin des-
orption. Frequency noise power spectral density Sy(f) =
Ssu(f)/vé at f = 0.1 Hz for the a) vo = 4.6 GHz resonator
(same data as in Figure lc in the main manuscript) and b)
the 5.0 GHz resonator. Red solid markers are before, and blue
hollow markers are after spin desorption respectively. Shaded
regions are a guide for the eye. Error bars indicate the stan-
dard deviation of the Allan deviation obtained for a series of
time-scales in the 1/f noise region (see Supplementary note
9 for details).

SUPPLEMENTARY NOTE 10. TEMPERATURE
DEPENDENCE OF S,

To extract p we measure the temperature dependence
of Sy, which in the low power and low temperature limit
is expected to scale as Sy (T) o« A,T~1+2%) The low
temperature limit is given by T < hv/kg =~ 220 mK
for our v = 4.6 GHz resonator. This measurement and
fits to extract p are shown in Supplementary Figure 7.
Confidence intervals given for y are propagated error bars
from the calculation of Sy. Indeed we find ;2 > 0 for both
measurements and whilst error bars are relatively large,
we conclude that interaction is still present and p has not
changed by a significant amount. We do not have data
at low enough photon numbers to accurately evaluate p
for the 5 GHz resonator.



10° AL L L L L
L]
= Before
. o After
L]
N s g " u
10* 4 E
z - .
e L .
~ 0
T 8 =
=
;;*103- u} E
B
10° L —71 1 T T
100 200 300 400 500

T (mK)

Supplementary Figure 7. Temperature dependence of the
noise power spectral density at (V) = 8 £ 2 before and
(N) = 4 + 2 after surface spin desorption. Solid lines
are fits to Sy(T) = A, T~ 2%, Before annealing we find
21 = 0.64 £ 0.50 while after annealing 2u = 0.43 £ 0.21.
Due to thermal saturation, data points below 70 mK are ex-
cluded from the fit. We also only consider the low temper-
ature regime kT < hwo =~ 220 mK. Error bars indicate the
standard deviation of the Allan deviation obtained for a se-
ries of time-scales in the 1/f noise region (see Supplementary
note 9 for details).
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Supplementary Figure 8. Uncorrelated noise. The coherence
(normalised correlation) at 0.1 Hz between simultaneously
measured 4.6 and 5.0 GHz resonators. Error bars are the
standard deviation of the coherence within time scales +10%
from 0.1 Hz. The measurement shows that the 1/f noise
in each resonator at the time-scale of 0.1 Hz is dominated
by local sources at all relevant temperatures. Low power is
equivalent to (N) ~ 1 — 10 and high power corresponds to
(N) ~10® — 10",

SUPPLEMENTARY NOTE 11.
NOISE

CORRELATED

To rule out external factors, such as system noise, mag-
netic field or thermal fluctuations, vibrations, and vor-
tices influencing the results we verify that the measured
1/f noise is local to each resonator by measuring their
correlated noise. We evaluate the correlated noise as the
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Supplementary Figure 9. Correlated noise due to external
perturbation. a) Power spectral density of frequency fluctua-
tions in the two resonators (before spin desorption, at 7' = 20
mK) when a small oscillating magnetic field at 0.2 Hz is ap-
plied to the sample. The coherence data for the same mea-
surement as in a) and another measurement when the field
modulation is turned off. The amplitude of field fluctuations
was 0.1 Oe resulting in approximately 20 kHz oscillations in
the resonance frequencies of the resonators.

coherence function from the spectral densities

_ |SaBP?
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(10)
Here Sxy is the cross-power spectral density

SXY = /Oo dte_th /Oo dTVx(T)Vy(t+7') (11)
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of frequency fluctuations va (t) and vg(t), where A and
B denote the two different resonators. Supplementary
Figure 8 shows the measured coherence C(0.1Hz) as a
function of temperature and for the two extreme powers
applied to each resonator, obtained from the same data as
in Supplementary Figure 6. We observe no correlations
at the time-scale of 0.1 Hz that is relevant for the 1/f
noise analysis performed in this work.

As another control experiment we measured the co-
herence while applying a weak (0.02 mT) external mag-
netic field perpendicular to the superconducting thin-film
plane of the sample at a frequency of 0.2 Hz. The mea-
sured coherence is very strong at this particular frequency
and its higher harmonics, as shown in Supplementary
Figure 9. These measurements clearly verify that we have
successfully eliminated any common sources of noise and
the dominating contribution to the 1/f noise originates



from noise sources local to each resonator within the en-
tire measurement space presented in this work.
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