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Kubo spins in nanoscale aluminum grains: A muon spin relaxation study
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We report muon spin relaxation rate measurements on films composed of aluminum grains having a size of
a few nm, with a large energy level splitting of the order of 100 K. The films range from weakly metallic to
insulating. In the insulating case, the low-temperature relaxation rate is consistent with the presence of single
electron spins in grains having an odd number of electrons, known as Kubo spins. The relaxation rate temperature
dependence follows an activation law having an energy scale in agreement with the average level splitting. In
weakly metallic films, inter-grain junction spins may contribute substantially to the smaller relaxation rate.
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I. INTRODUCTION

Several years ago, Kubo [1] predicted that small metallic
particles having an odd number of electrons must bear an
inherent magnetic moment because of the unpaired electron
at the highest occupied energy level. The Kubo spin can be
observed under two conditions. First of all, the thermal energy
kgT must be small compared to the energy level splitting E.
For a particle radius R of 1 nm this splitting is of the order
of 100 K. Second, charge fluctuations in the particles must be
restricted, as hopping of an electron in and out will erase the
Kubo spin effect. To maintain charge localization in an ensem-
ble of particles, the electrostatic charging energy e?/2R must
be much larger than the thermal energy. For the same particle
radius given above, the charging energy is much larger than
the level splitting, even if the electrostatic interaction between
neighboring particles is taken into account. Therefore, §E sets
the temperature scale where the Kubo spins can be observed.
However, Kubo did not take into account the possibility of
intergrain electron tunneling, so that his theory strictly applies
only to insulating samples. The effect of intergrain tunneling
on level broadening was studied by Kawabata [2]. In addition,
as studied in detail in previous works [3], a renormalization
of the Coulomb blockade energy as a function of intergrain
conductance is expected. The effective Coulomb blockade
energy decreases exponentially with intergrain conductance
and will eventually become smaller than the level splitting
when intergrain coupling increases.

A review of experimental attempts at observing the Kubo
spins, e.g., in indium nanoparticles, has been presented by
Perenbum et al. [4,5]. Despite the compelling prediction,
Kubo spins have not been confirmed experimentally yet. On
the other hand, the presence of magnetic moments in weakly
metallic granular Al thin films was inferred recently from
magnetoresistance measurements [6] and confirmed by muon
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spin relaxation (uSR) spectroscopy [7]. We note that these
granular Al films are superconducting at low temperatures,
showing substantial intergrain electron tunneling. The exact
origin of these moments coexisting with enhanced super-
conductivity could not be completely clarified. In addition,
intergrain junction spins may also influence the (SR response
of weakly metallic films. Recent progress in utilizing granular
Al for quantum bit (qubit) devices [8] and astrophysics photon
detectors [9] requires a better understanding of the underlying
physics of this system [10].

Here we present detailed and systematic ©SR measure-
ments performed on granular Al films. The sample preparation
of the series of films ranging from insulating to weakly metal-
lic is described in Sec. II. The zero-field (ZF) uSR measure-
ments and analysis were performed from room temperature
down to 5 K and described in Sec. II A. We show that the
temperature dependence of the muon spin relaxation rate fol-
lows an activated behavior (Sec. III B). The activation energy
becomes smaller and vanishes more quickly with temperature
as we move from the insulating regime to the weakly metallic
regime (Sec. III C). We argue that the value and temperature
dependence (Sec. IV A) of the muon spin relaxation can be
attributed to the electron’s spin degree of freedom in the in-
sulating sample, which is fully consistent with the predictions
of Kubo (Sec. IV B). The behavior of the relaxation rate in
the weakly metallic samples can be explained by the strongly
renormalized Coulomb blockade energy (Sec. IV A), as pre-
dicted theoretically, however it requires a more fundamental
understanding of the dynamic/static nature of these Kubo
spins (see Sec. IV C). Finally, we conclude our results in
Sec. V.

II. SAMPLE PREPARATION

Granular Al films were prepared by evaporation of clean
(99.999%) Al pellets in a partial pressure of oxygen. Most
of the films were evaporated on 20 mm by 10 mm glass sub-
strates that were held at liquid nitrogen temperature during the
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TABLEI. Main characteristics of samples measured in this work.
The room-temperature resistivity porr was measured for each sample.
T. was estimated from the known superconducting phase diagram of
granular Al thin films [6].

PRT d T.
Sample (u2cm) (nm) (K)
S140 140 2 2.8
S380 380 2 3.1
S1200 1222 2 3
S1800 1816 2 2.9
S10K 9440 2 1.8
S100K 100 000 3

evaporation. This growth method has been proved to produce
films having a narrow grain size distribution centered around
2 nm diam, with a nonsignificant dependence of the resistivity
on size distribution for pgrr > 100 2 cm [11,12]. Some films
were grown on substrates held at room temperature, resulting
in 3 nm grains. With the increase of the partial pressure of
oxygen, the insulating coating layer of the grain becomes
thicker and the resistivity increases due to the lower coupling
between neighboring grains [13]. Thus the surface-to-volume
ratio of the grains remains rather constant while the tunneling
coefficient between them can be gradually suppressed. A list
of the films measured in this work and their main properties
are given in Table I.

III. EXPERIMENTAL RESULTS

A. pSR measurements and analysis

Zero-field (ZF) uSR measurements in granular Al films
having resistivities from 140 to 100000 w2 cm were con-
ducted at the low-energy muons (LEM) spectrometer at the
Swiss Muon Source on the @E4 beamline [14] at the Paul
Scherrer Institute (PSI) in Switzerland. In these measure-
ments, fully polarized muons are implanted into the sample,
and the time evolution of their polarization is monitored via
the asymmetric beta decay [15]. The polarization of the muon
ensemble, P(t), is measured via detection of the emitted
decay positrons as a function of time after thermalization. The
time evolution of P(¢) is directly reflected in the asymmetry
spectrum obtained from two positron detectors placed to the
left and right of the sample. The implantation energy used in
these measurements, typically 8 keV, was chosen based on
Trim.SP Monte Carlo simulations [16] and tuned such that
the muon stopping distribution has a mean depth of 55 nm and
straggling (rms) of 13 nm. This ensures that all the muons stop
inside the film of 100 nm thickness. For further discussion
regarding the stopping depth distribution as a function of the
implantation energy, see Appendix A.

Figure 1 shows the asymmetry curves measured at selected
temperatures in an insulating granular Al sample with pgr
of 100000 u2cm (S100K). The shape of the asymmetry
curves is temperature-dependent. The change in shape with
temperature indicates the presence of two distinct relaxation
mechanisms. The first is due to the magnetic field produced
by the Al nuclear moments. The second is the electronic
relaxation rate, which is attributed to electronic free spins.
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FIG. 1. Time evolution of the polarization asymmetry (symbols)
at selected temperatures for insulating granular Al sample S100K
with room-temperature resistivity of 100000 p 2 cm with the cor-
responding fit (line) according to Eq. (1). Here A is a constant
determined by the muon decay properties and the geometry of the
1SR spectrometer.

To account for the two relaxation processes, we use here
the Kubo-Toyabe (KT) function multiplied with an exponen-
tial function [17,18]:

1
AP() = AL+ 2(1 =) 27 Je ™ + 4p, (1)

where A; and Aq are the contributions of the sample and
background to the measured signal, respectively. The relax-
ation rate o is the rms of the Gaussian distribution of the
local magnetic fields due to the nuclear moments of Al, and
the relaxation rate XA is attributed to fluctuating electronic
magnetic moments. In the following section, we will use
Eq. (1) in order to fit the experimental uSR data. As will be
elaborated, we expect A to be temperature-dependent whereas
we expect o to be temperature-independent. More details
regarding the fit procedure are given in Appendix A.

Taking into account the contribution of each of these relax-
ation mechanisms, we demonstrate in Fig. 2 the expected po-
larization time dependence with an initial value of P(0) = 1.
In Eq. (1) with only one relaxation rate term, i.e., A/o = 0, the
asymmetry curve starts from its maximum value at ¢ = 0 with
a zero slope and a negative curvature, displays a minimum
at ot ~ 1.73, and asymptotically approaches 1/3 of its initial
value at longer times. However, when A is included the time
dependence of the asymmetry signal is altered from the typical
KT form. Although the minimum in ¢ is maintained, one can
see that the signal at + = 0 already has a nearly linear drop
while the long-time value is reduced dramatically. Such sig-
natures in the asymmetry curves suggest that the contribution
of the electronic relaxation rate increases.

B. Insulating regime

Figure 1 shows the corresponding fit of the modified KT
function [Eq. (1)] including both relaxation rate terms, o and
A, to the experimental data of the insulating sample S100K.
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FIG. 2. Simulation of the normalized asymmetry plot using the
function given in Eq. (1) of the main text. The curves were generated
for the ratio of the electronic relaxation rate A and the nuclear
relaxation rate ¢ from O to 2 in steps of 0.2.

As noted in the previous section, the shape of P(¢) changes
continuously with the ratio of A /o . The crossover between the
typical KT form to that described by Eq. (1) can be observed
as a function of temperature in the insulating sample.

From these data it follows that at room temperature the
muon spin relaxation/depolarization is dominated by the Al
nuclear moments and that at low temperatures both electronic
and nuclear moments contribute almost equally to the muon
spin relaxation. Since the nuclear moments have relaxation
processes much slower than the SR timescale, they can be
considered static and temperature-independent. Therefore, the
temperature dependence of P(¢) in the insulating sample is
due to a second mechanism, which we attribute to electronic
magnetic moments present in the system. The relaxation rate
A is small at room temperature due to fast fluctuations, which
slow down as temperature is lowered.

In principle, muon diffusion can also produce a
temperature-dependent relaxation rate. Such a behavior has
been observed in very clean Al samples [19]. In our films,
the small grain size and the oxide coating of the Al grain
acting as a barrier prohibit the muon diffusion process. Such a
suppression has been observed also in previous measurements
of granular and of sputtered Al films [16]. Therefore, we rule
out muon diffusion as a possible source for the temperature
dependency that we observe in our samples. Further discus-
sion regarding muon diffusion is given in Appendix B.

The temperature dependence of A obtained from the fitted
asymmetry curves for the insulating sample S100K is shown
in Fig. 3. The observed temperature dependence follows at
high temperature an exponential function reminiscent of a
thermally activated process, whereas at low temperature it
flattens. Therefore, we fit the data using a phenomenological
equation, which captures the Arrhenius-type thermally acti-
vated behavior at high temperature and the saturation at low
temperature:

MT) = a1 — e 7], ©)
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FIG. 3. Temperature dependence of the muon spin relaxation rate
of electronic origin A for sample S100K. The red dashed line follows
Eq. (2) with E, ~ 125 K and A(0) ~ 0.19 us~!.

where E, is the activation energy and Xy is the
low-temperature limit of the muon spin relaxation rate.
This temperature dependence can be justified as follows:
At high temperatures, all electronic spins fluctuate rapidly
between up and down states due to the thermal energy and
therefore do not contribute to the spin relaxation of implanted
muons, i.e., A(T) — 0 when kgT > E,. As the temperature
is decreased, the muon spin relaxation increases due to
slowing down of thermally activated fluctuations resulting
in a gradual enhancement of A(T). At low temperatures,
kgT <« E,, the number of activated spins saturates, resulting
in the low temperature limit of the electronic depolarization
rate, A(T') — Ap.

C. Metallic regime

We have also reexamined the electronic relaxation rate in
weakly metallic samples having pgr in the range from 140
to about 10000 n2cm. Selected experimental asymmetry
curves along with their fit to Eq. (1) for all samples are shown
in Fig. 4.

From the fit, and following our previous discussion, we
have extracted the values of A as a function of temperature for
these samples (Fig. 5). At first glance they seem to overlap,
but a closer examination reveals that there are differences
among these metallic samples, particularly at high tempera-
tures. While for all samples A decreases as the temperature
is increased, in the highest resistivity one (S10K) it is still
substantial at room temperature while for a lower resistivity
one (S380) it is barely measurable. The value of the activation
energy obtained from fits to Eq. (2) goes down progressively
as the resistivity decreases. For sample S10K the activation
temperature is still close to the value of the insulating sample,
but it is definitely lower in the metallic regime and falls down
to 30-50 K for the most metallic samples (see Table II).

IV. DISCUSSION

A. Level splitting and Coulomb energy in nanometallic grains

In the previous section, we used the temperature depen-
dence of the electronic relaxation rate A to extract an activation
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FIG. 4. Summary of asymmetry curves at selected temperatures for samples measured in this work (see Table I): (a) 380 2 cm,
(b) 1222 puQ2cm, (c) 1816 ucm, (d) 9440 12 cm, and (e) 100000 w2 cm. Open symbols represent the experimental data and full lines
represent fits to Eq. (1). The insulating sample data are presented now at the same temperatures as those of the metallic/superconducting

samples.

energy E,. The fit to Eq. (2) on the insulating sample gives an
activation energy E, of about 10 meV or equivalently an acti-
vation temperature of about 120 K (see Table II). This value
is much smaller than the electrostatic charging energy, which
is 80 meV for isolated grains and estimated to be 30 meV
when taking into account the electrostatic interaction between
neighboring grains [20]. Since in this insulating sample the
electrons are localized, there is no renormalization of the
charging energy due to intergrain electron tunneling. On the
other hand, the average electronic level splitting due to quan-
tum effects is defined by the grain size, and coupling to other
grains (or thermal energy) will only smear the discreteness
of these electronic levels. We therefore ascribe the measured
activation energy to the average energy level splitting rather
than to the charging energy. Taking into account that the Fermi
energy of Alis 11.7 eV and a level spacing of §E = 10 meV,
we have thus about 1170 electronic levels per grain. Assuming
the free electron model without the spin weight [1] where
Ep/SE =3ZN/4 and that each Al atom contributes three
electrons, i.e., Z = 3, we have N = 520 Al atoms per grain,

which gives a spherical grain diameter of 2.5 nm. This is
in excellent agreement with the average grain size of 3 nm
measured in high resistivity Al granular films [11].

On the other hand, the low activation energy in the metallic
regime can probably be ascribed to the strongly renormalized
electrostatic charging energy, rather than the energy level
splitting. This renormalization is known to decrease exponen-
tially the charging energy of a quantum dot as a function of
the conductance of the contacts coupling it to two bulk leads.
For weak contacts it reads as [3]

E} = 2ma Ece ™™, 3)

where «; is the bare conductance of the contacts normal-
ized to the universal conductance G = ¢?/h. From the room-
temperature resistivity of the insulating sample and the grain
size of 3 nm, the bare intergrain conductance is of the order
of 1x107% Q~! and the renormalization effect is small. For
the metallic samples, the bare conductance of the intergrain
contact is of the same order as the universal conductance, and
the renormalization effect is large. At some point the effective
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FIG. 5. Temperature dependence of the muon spin relaxation rate
of electronic origin, A, for all samples in this work. The inset shows
a comparison of A between samples S380 and S10K.

charging energy becomes smaller than the level splitting and
becomes the dominant energy scale for the observation of the
Kubo spin. This seems to occur close to the metal-to-insulator
transition [21] when pgr is about 10 000 €2 cm.

It is interesting to compare the activation energy scale
obtained by ©SR in the metallic samples to that of the mul-
tilevel Kondo effect obtained from transport measurements.
When the renormalized charging energy is smaller than the
level splitting, the conductivity of a nanodot is predicted to
start out metallic-like at high temperatures, increasing as the
temperature goes down, and to become insulating-like when
the temperature reaches the renormalized charging energy [3].
This behavior was indeed observed in granular Al films having
resistivities of 200—300 ©2 cm, with the downturn of the
conductivity occurring at about 50 K [22]. It is remarkable
that this is indeed the value of the activation energy that we
obtain from uSR for similar resistivity values.

B. Spin concentration

As can be seen from Fig. 5, the relaxation rate A saturates
at low temperatures to a value of about 0.09 us~' for the
metallic samples, while it reaches a value of 0.197(9) st
in the insulating sample.

From the values of the electronic relaxation rate at low
temperatures, we can extract the estimated concentration of
free spins [7]. In zero field, the relaxation rate due to the
nuclear spins of Al (Iy = 5/2, 100% abundance) is given
by [23-25]

2 ILO 2 1
2 2,22 2:
0" = h vy (] +1 . 4
3( > VMN (N ) : r,-6 ()

The exponential relaxation rate A corresponds to a spin con-
centration of

1 A
c=—— ,
1.18 omax

where the numerical factor takes into account the ratio be-
tween the full width at half-maximum of a Gaussian distribu-
tion and that of a Lorentzian distribution of fields (as reflected
by the exponential relaxation). In the case of a 2’ Al nuclear
moment with an additional 1up electronic moment of spin
1/2, the rate would be a factor \/[yezs(s + 1)]/[y/§|IN(IN + 1)]
higher, where y, and ya, are the electronic and nuclear gyro-
magnetic ratio, receptively. Therefore, o = 186 us™.

For the metallic samples ranging from 140 to about
10000 u€2cm, we obtained a relaxation rate value of A =
0.09 ws~!, which implies a free spins concentration of about
400 ppm. Considering the estimation that each grain holds
about 520 Al atoms, we obtain a spin concentration of about
one spin per four to five grains [7].

The value of A &~ 0.197 us~! for the insulating sample
implies a spin concentration of about 860 ppm, or one spin
per two grains. We reach the conclusion that there is on the
order of one Kubo spin for two grains, as expected in the case
of isolated finite-size metallic grains [1].

We note here that Kubo spins are only present in grains
where electrons are localized as in the insulating sample. The
coexistence of localized and delocalized electrons in high
resistivity metallic samples is known and leads to percolation
effects in the superconducting state [26].

In addition to the Kubo spin, which is a volume ef-
fect, a surface effect may also be at the origin of magnetic
moments [7]. Since the oxide coating of the grain is not
perfect, dangling oxygen bonds or adsorbed molecules on
its surface [27,28] can result in a surface spin density. A
para- to antiferromagnetic transition of solid (y — B) oxygen

&)

TABLE II. Summary of the fit values of the experimental data to the modified Kubo-Toyabe function [Eq. (1)] with a nuclear spin relaxation
rate (depicted by ') and an electronic spin relaxation rate (depicted by A) along with a background bias signal (depicted by Ag). The uncertainty
in these values is given in parentheses. The « values have no uncertainty as they were estimated from separated calibration measurements and
kept fixed in the fit to the ZF data. The quality of the fit is given by the reduced x? value, which was normalized to the number of degrees
of freedom (NDF) of the model. The activation temperature E, was obtained from the muon spin relaxation rate A by fitting all experimental

temperature data to Eq. (2).

PRT (04 Ay o Ag E,
Sample (12 cm) (arb.) (arb.) (pus™hH (arb.) red. x? (K)
S140 140 0.9474 0.11811(0.0008) 0.2478(0.003) 0.02237(0.0006) 1.035 554)
S380 380 0.9703 0.1714(0.001) 0.2493(0.003) 0.0154(0.001) 1.031 38 (10)
S1200 1222 0.9977 0.17542(0.0008) 0.2481(0.002) 0.01727(0.0007) 1.021 108 (15)
S1800 1816 1.0149 0.16901(0.0007) 0.2525(0.002) 0.02346(0.0006) 1.015 88 (16)
S10K 9440 1.038 0.17395(0.0008) 0.2502(0.002) 0.02108(0.0007) 1.026 102 (8)
S100K 100 000 1.0193 0.1411(0.001) 0.2260(0.005) 0.02817(0.0009) 0.986 125 (11)
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at a temperature of 43 K is observed in the magnetic suscep-
tibility of adsorbed oxygen on, e.g., a graphite surface [29].
Surface spins might be one of the main causes for the phase
decoherence effect in qubit devices fabricated using an Al and
Nb superconducting quantum interference device (SQUID).
Such spins were measured indirectly by the quantum flux
noise 1/f in qubit devices [30,31] and directly by scanning
SQUID magnetometry [32]. The experimental surface spin
density was found to be about 4 x 10'” m~2. Recent theoretical
works suggested that the origin of the 1/f flux noise is
due to either strong coupling of free spins mediated by the
Ruderman-Kittel-Kasuya-Yosida interaction from conduction
electrons [33], or to weak anisotropic dipole-dipole coupling
of spin clusters [34]. The latter was shown to explain the
temperature dependence and geometry independence of the
1/ f noise by taking into account the experimental surface spin
density value of 4x10'7 m~2.

However, the temperature dependence of A that we observe
cannot be easily explained by surface spins. Surface spins
cannot hop between different grains and are not expected to
exhibit an activated temperature dependence, unlike the Kubo
spins, which only appear at low temperatures when electrons
become localized in each grain. We therefore propose that the
volume Kubo spin rather than surface spins is at the origin of
magnetic moments in the nanosized Al grains. Nevertheless,
we cannot rule out completely that in the strong grain coupling
regime (low pgrr), surface spins presumably located at the
oxide interface between the grains could play a role in the
temperature dependence of the muon relaxation rate around
the oxygen AF transition.

C. Dynamic versus static behavior of Kubo spins

Until now we have analyzed the data using a model that
takes into account two relaxation rates: The first is a static
and temperature-independent relaxation rate, o, which we
ascribed to the nuclear moments. The second is a temperature-
dependent relaxation rate A attributed to electronic spins, in
particular Kubo spins. We observed an activation behavior in
A that can be understood in the following way: as temperature
is lowered, the electronic relaxation rate is enhanced due to an
increasing concentration of thermally activated Kubo spins.

A different scenario suggests that the temperature depen-
dence of the muon spin relaxation rate that we show in
our data can be understood as a change in the static versus
dynamic relaxation rates due to electronic spins becoming
static at low temperatures while being dynamic at higher
temperatures. To address this question, we have fitted our data
to Eq. (1) allowing now both o and A to be temperature-
dependent in our analysis. Figure 6 shows the result of such
analysis for the insulating sample S100K and sample S10K,
which is close to the metal-to-insulator transition. Although
we allow o to change as a function of temperature, we still
detect a strong enhancement in the value of A. Here o changes
from a value of about 0.2 us~! at high temperatures to a
value of about 0.25 us~! at low temperatures. At the same
time, A doubles its value at low temperatures compared to its
value at room temperature. The same analysis in samples on
the metallic side results in less pronounced changes in A(7T')
except for sample S10K, which is shown in Fig. 6.
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FIG. 6. Temperature dependence of the muon spin relaxation
rates A and o for samples S10K and S100K.

In the case of the insulating sample, a strong temperature
dependence in the electronic relaxation rate is seen in both
kinds of analysis, i.e., the first with only A(7") and the second
which adds also o (7). This confirms that the Kubo spins
that are of electronic origin and are thermally activated when
kpT <« SFE are the main source for the local moments that we
detect in the insulating sample. However, in the metallic sam-
ples, this temperature dependence is susceptible to the chosen
model. Therefore, it is possible that the metallic regime,
where the coexistence of localized and delocalized electrons
is present, requires additional longitudinal field measurements
and a more complicated fitting function.

With our current data and analysis, we cannot confirm the
static nature of these Kubo spins and the crossover from a
static behavior at low temperatures to a dynamic behavior at
high temperatures as a function of the grain coupling factor.
Therefore, longitudinal field (LF) -dependent measurements
are required on films ranging from weakly metallic to insu-
lating. Here a full magnetic-field—temperature mapping could
reveal the true static nature of these localized moments and its
correlation with the activation energy that we have obtained.
We expect that in the insulating regime, the Kubo spins will be
fully static below the activation energy, while in the metallic
regime this crossover will be influenced by the interplay
between the renormalized Coulomb energy E and the energy
level splitting SE .

V. CONCLUSIONS

In conclusion, the SR results on granular Al films pre-
sented and analyzed here provide direct experimental evi-
dence of the Kubo spin effect. As expected, this evidence
is most compelling in the insulating regime. The activation
energy obtained from the temperature dependence of the
electronic relaxation rate, 125 K, is in excellent agreement
with the average energy level splitting in an ensemble of
metallic particles, and the number of spins per grain is of the
order of one for a couple of grains. The value of the activation
energy in metallic samples is reduced and is in agreement
with the effective charging energy obtained from a multilevel
Kondo analysis of the transport data for these films. However,
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FIG. 7. (a) Trim.SP Monte Carlo simulations [16] of the muon stopping distribution in a 100 nm thick granular Al sample where the
implantation energy is 8 keV. The distribution has a mean depth value of 55 nm with straggling of 13 nm. (b) The mean depth and straggling
values of the muon stopping distribution as a function of the implantation energy.

future LF measurements should be done in order to unravel the
dynamics of these Kubo spins as a function of temperature.
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APPENDIX A: MUON SPIN RELAXATION

The muons were implanted at a typical energy of 8 keV
except for sample S140, where 10 keV energy was used.
Figure 7 shows the stopping distribution using Trim.SP Monte
Carlo simulations. We note here that the simulations were
done taking into account bulk aluminum density while the
effective medium of our films is composed of metallic Al
grains and insulating amorphous Al,O3; matrix. This could
slightly modify the actual implantation profile. However, cal-
ibration measurements as a function of depth and in various
films show a negligible difference in the signal at 6 and 8§ keV.
Only at 10 keV is a smaller SR signal detected, probably due
to a fraction of muons stopping in the substrate and forming
muonium.

The muon spin relaxation data were collected while cool-
ing down the sample under zero magnetic field and with a
muon spin rotation angle of —10° with respect to the direction
to the left detector. The asymmetry data are obtained from the
left and right set of detectors.

Before each temperature scan and for each sample, we
performed a measurement in transverse field of B = 50 G and
at room temperature in order to obtain the factor «, which
takes into account possible differences in the solid angle
and efficiency between the detectors used to determine the
asymmetry as well as beam misalignment to be used for fitting
the zero-field measurements. We find o close to 1 as expected
in ideal conditions. The value of o was fixed in the following
zero-field fit.

The time evolution of the asymmetry curve can be de-
scribed by the modified KT equation [Eq. (1)]. As was
elaborated, it includes two terms to describe the muon spin
relaxation rate: The first is the nuclear relaxation rate o,
which is due to the Al nuclear moments and is assumed
to be temperature-independent. The second is the electronic
relaxation rate A, which is attributed to electronic free spins in
the sample and can show temperature dependency.

We fit all zero-field (ZF) data for one sample obtained
during one cool down with the modified KT function using
the musrfit package [35]. The asymmetry data were fitted
from t = 0.07 us in order to exclude the short-time decay
rate coming from muons stopping in the Ni backing. We
note that the asymmetries that we used for the fits were
generated using the post-pileup corrected (PPC) histograms
to accurately determine the uncorrelated background contri-
bution in the histograms. We used a longer time window of
up to t = 10 us in our fit, and we did not detect a change in
the extracted values of A compared to a fit in a shorter time
window of r = 8 us. This is due to the fact that the fit values
are dominated by the exponential decay at intermediate times
where the error bars are relatively small (and since sigma is
temperature-independent). As described in the main text, this
exponential decay is associated with the electronic relaxation
rate A, which is temperature-dependent in our samples.

The parameters used for the fit as given by Eq. (1) are
the relaxation rates o and A, the initial asymmetry value at
zero time for the sample, A;, and the calibration parameter
between the left and right detectors, «. The parameter Ay
takes into account the contribution of the 1/3 tail from muons
stopping in the Ni backing, which is nonrelaxing, and the glass
substrate, which is also nonrelaxing, due to the absence of
any nuclear or electronic moments. All mentioned parameters
except A were shared in our fit procedure resulting in common
values for the entire temperature scan of each sample. The
obtained fit values are summarized in Table II for all samples
in this work. The initial asymmetry was found tobe A; ~ 0.17
in most of the samples except two. In the most metallic sample
S140 a muon implantation energy of 10 keV was used instead
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of the typical 8 keV, which therefore resulted in a lower signal
from the film as muons stop deeper into the glass substrate
and lose part of their polarization due to muonium formation.
In the most insulating sample S100K a reduction of the signal
should be expected due to the higher insulator-to-metal ratio.
We note that although A; was found to be lower in these
two samples, the value of o that was obtained from the
fit represents the crossover from the metallic regime to the
insulating regime. A typical value of o ~ 0.25 £ 0.01 pus™!
was shown to be resistivity-independent in the metallic regime
(where we expect the Al:Al,O3 volume fraction to be of the
order of 0.8 [11-13,36]) while only at the insulating sample
(where the Al:Al,O3 volume fraction is already below 0.5)
did this value change to o ~ 0.22 us~'. Such values are in
between the expected values for pure Al (0.3 us™') and Al
oxide (0.2 us™") [7], reflecting a volume weighted average of
the two contributions. From the above fit procedure, we finally
deduced the temperature-dependent value of A(7") as shown in
Fig. 5.

APPENDIX B: MECHANISMS FOR THE
TEMPERATURE-DEPENDENT DEPOLARIZATION RATE

In principle, temperature-dependent muon diffusion can
also induce a temperature dependence of the depolariza-
tion rate due to the muon probing a different nuclear

moments environment. In the past, this diffusion was studied
down to the lowest temperatures (30 mK) and was found
to take place in very pure Al with less than 1 ppm overall
impurities and RRR > 10000. Upon adding impurity atoms
in the few to > 1000 ppm level (see, e.g., Ref. [19]), due to
trapping-detrapping processes a nonmonotonic relaxation rate
versus temperature behavior was found with maxima of the
relaxation rate around 10-50 K. The maxima correspond to
the muon being static. The trapping rate was found by Kehr
et al. [19] to be proportional to the impurity concentration.

By contrast, our samples consist of very small Al grains
(about 2 nm) with a solid oxide barrier between them, which
will impede the muon diffusion. For a rough estimate of the
equivalent impurity level in nanograin Al, we assumed an
oxide layer on a 2 nm Al sphere. This gives about 50 000 ppm
impurity concentration. The effective number of trapping
centers can be even higher than that because an impurity
can produce several (up to 100) trapping centers. Taking the
trapping rates from Kehr et al., we get a trapping time of 20 ns,
which is even an upper limit so that we can safely assume that
muon diffusion does not influence our results.

Therefore, muon diffusion can be neglected, and the
temperature-independent Kubo-Toyabe rate o ~ 0.25 us™!
that we observe corresponds to a static muon depolarization
due to the nuclear moments in Al and its oxide, whereas the
monotonous exponential rate is of an electronic origin.
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