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1. Transport measurements

Transport measurements were performed on an aluminum wire codeposited with the
rings studied in this report. The wire was deposited adjacent to the cantilevers on the same
silicon wafer (approximately 5 mm away) and had a length of 289 um, a linewidth w of 115 + 6
nm (measured by SEM) and a thickness d of 90 + 1 nm (measured by AFM). An SEM image of
a similar wire is shown in Fig. S1. All measurements were performed with the wire in a three
terminal ac resistance bridge using a lock-in amplifier(S7,52). Excitation currents were chosen
to be low enough that the measurement results were independent of the magnitude of excitation.
In order to prevent high frequency noise from reaching the sample, the measurement lines
incorporated coaxial low pass filters at the room temperature feedthrough into the cryostat (3 dB
frequency ~ 1.9 MHz) and at the cold stage of the fridge (3 dB frequency ~ 80 MHz). For the
magnetoresistance measurements described below, the chip was mounted with the magnetic field
normal to its surface.

1.1 Resistivity measurement
The wire’s resistivity p was obtained by measuring the total change in resistance of the
sample at 360 mK as the magnetic field was swept through the wire’s superconducting critical
field (Fig. S2). The diffusion constant D was then calculated using the Einstein relation
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p ' =e’gD (S1)

with e the electron charge and g the electron density of states per unit volume at the Fermi level.
The density of states can be written in terms of the free electron density » and the Fermi energy
er as g =3n/2¢, . With n = 1.81 x 10¥ m™ and g =11.5 eV for aluminum(S3), the wire’s
measured resistivity of p = 1.03 + 0.05 x 10® Qm corresponds to a diffusion constant of D =
0.026 + 0.01 m*/s. To avoid confusion in the following sections, we denote this value of D as D,

1.2 Superconducting critical field measurement
The wire’s superconducting critical field H . was measured as a function of temperature

T near the wire’s superconducting transition temperature 7,.. In the Ginzburg Landau
framework valid for a dirty superconductor near 7., the superconducting critical field for a thin
wire lying on a plane normal to the applied magnetic field can be written as

HC(T):— kg TC_T) (S2)

where / is Planck’s constant and &, is the Boltzmann constant(S4). The superconducting critical

field was measured by sweeping the magnetic field at different sample temperatures and
observing the change in resistance from the normal to the superconducting state. The
superconducting critical field was taken to be the field at which the wire resistance reached a















the cantilever at the position of the ring and the factor ¢, / L for flexural mode m. For a ring

located at the cantilever tip y, = {1.377,4.788} for the first two flexural modes.
The position of the cantilever can be rewritten in terms of the action-angle variables as

2 . . . . . .
q,. = iy s1n(27r77) where k is the cantilever’s mechanical spring constant, J the action
tip k

variable, and 7 the canonically conjugate angle variable. The shift in cantilever resonant
frequency is then given by(S177)
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where we have kept only the lowest-order term in the small parameter y,, % and assumed that

6 1s chosen so that L < 1. In Eq. S12, J, (x) 1s the first Bessel function of the first
2w ABtan 6,

kind and ¢, is the amplitude of motion of the cantilever tip in units of distance. It can be
readily verified that in the limit ¢_, — 0 Eq. S12 reduces to ov = 6§,Emag.

From this point we use two approaches to extract /(B) from our measurement of ov(B).
In the first (Method A), we extract each Fourier component of I(B) (i.c., the p™) separately by

: : . — [ .
converting the frequency shift data into the derivative 2— using
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The approximation in going from Eq. S12 to Eq. S13 relies on the fact that the argument of the
Bessel function varies only slightly over any given data set. Equation S13 is then integrated
numerically with respect to B to get ,e(B). Inpe(B) 1s then Fourier transformed, and only the

Fourier component at f = p is kept. This routine is repeated for each p, resulting in fE( R

division by VN gives I w(fo) » and inverse Fourier transform gives Zy,(B).

The advantage of Method A is that it provides an accurate estimate of the Fourier
components over a wide range of p and so is suitable for data in which the persistent current has
Fourier components near //e and //2e (we never observe a signal at higher fo). The disadvantage
of Method A is that there are values of p which lead to zeroes in the Bessel function in Eq. S.13,
and any technical noise in the measurement of ov will be converted to a diverging 7 for these p
(equivalently, the measurement is not sensitive to these Fourier components of /). The values of
p at which these divergences occur can be modified by varying gmax, and we used this fact to



verify for each sample that no signal (e.g., at #/2e) was being masked by this effect. Furthermore,
for the samples with fairly large signals (the 308 nm and 418 nm arrays), gmax Was set low
enough that the divergences in the rhs of Eq. S13 occurred at high values of p (i.e., > 4) and so

did not interfere with the inferred Fourier components at //e or h/2e. As a result, the I owp(fo) for

these samples (Figs. 2E — F) was analyzed using Method A. [iy,(B) for these samples (shown in
Figs. 1E, 2A — B) is the inverse Fourier transform of ftyp( fo), with the very lowest Fourier

components (corresponding to the smooth background visible in the raw data, e.g., in Fig. 1D)
discarded. The Fourier components where the rhs of Eq. S13 diverges were also discarded in
calculating /iy,(B).

For samples with weaker signals (the 418 nm ring and 793 nm array) gmax could not be
decreased far enough to push the divergences in Eq. S13 entirely out of the fo band of interest
(i.e., 0 < p < 2). However by varying gmax We confirmed that there was never a signal at //2e
above the noise floor. To present the data from these samples we use a second method (Method
B) which makes use of the fact that persistent current signal for these samples occurs entirely
near p~1 (i.e., has no observable components at p ~2) and that the argument of the Bessel

function in Eq. S12 varies only weakly over a given data set. In this method we set p = 1 in the
Bessel function and so rewrite Eq. S12 as
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This allows us to convert the measured frequency shift directly to S_B (again taking p=1):

(S14)
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This quantity is then integrated numerically and Fourier transformed to get 1; (f,)and then

divided by JN to get ityp( fs) - Method B was used for the 418 nm ring and 793 nm array (Figs.

2G — H). It should be emphasized that the choice of gma for taking this data leads to an
insensitivity to Fourier components of /(B) corresponding to //2e period (i.e., the zeroes of
Bessel function in Eq. S12); however by varying gmax (and hence varying the location of the
insensitive band) in other data runs we confirmed that there was no //2e periodic component of
I(B) above the noise floor.

The data showing Iy,(B) for these samples (Figs. 2C — D) are the inverse Fourier

transforms of ftyp( fo) with the lowest Fourier components (corresponding to the smooth

background visible in the raw data, e.g., in Fig. 1D) discarded. No high-frequency Fourier
components were discarded.



Applying Methods A and B to a single data set typically results in values of <I Z/pe>”2

D
which differ by ~ 4%. The effect of this uncertainty is discussed below in Section 2.3.

2.2 Tests of the conversion between frequency shifts and persistent currents

We tested the accuracy of Eqs. S12 — S15 in several ways. A direct comparison between
Eq. S13 and a measurement of Sv versus gmax at a single value of B is difficult to perform, due to
the fact that the cantilever frequency depends on gma.x €ven in the absence of a magnetic field
(presumably because of the weak intrinsic nonlinearity of the cantilever’s mechanical
properties). To remove this nonmagnetic background, we measured ov as a function of gnax at
two similar magnetic fields, as indicated in Figure S6A. After subtracting the two curves (shown
separately in the inset of Fig. S6B) the remaining frequency shift is dominated by the component
due to the persistent current. The result is shown in the main body of Fig. S6B, along with a fit to
equation S12 (with p = 1) with reasonable parameters for the ring’s size and the amplitude of the
h/e component of the current.

Figs. S7-S8 show two other tests, in which the inferred current was observed to be
unaffected over a wide range of cantilever amplitudes and for excitation of two different
cantilever flexural modes.

The quality of the fit in Fig. S6, along with the data in Figs. S7-S8, implies that our
method of extracting the persistent current from the frequency shift is accurate and, furthermore,
that the cantilever’s motion in the magnetic field does not produce any appreciable
nonequilibrium effects.

2.3 Uncertainty estimates
e 172 S . :
Uncertainties in the measurements of <I ,f/ b >D shown in Fig. 3 of the main paper arise

from a number of sources which we list here.

1) We estimate that our temperature measurements have an uncertainty of 7% (based on
the manufacturer’s specifications and comparison with fixed points).

2) The statistical error in our estimation of the background b(fe) ranges from 0.5 pA (for
the 793 nm array) to 10 pA (for the 418 nm ring).

. . vz .. . . . . .
3) Since the quantity <I hz/ e >D is itself a variance of a distribution that we are estimating

from a finite data set, the uncertainty in our estimate will be given by the Standard Error of the
Variance (SEV). The SEV is related to the number of independent realizations (in our case, this
number is the ratio between the span of B over which the measurement is made and B.). For our

data the SEV error in <I > >;/2 ranges from 6% (for the 418 nm array) to 20% (for the 408 nm

H/ pe
ring).

4) We estimate that the uncertainty introduced by the various approximations in Methods
A and B is 4%.

Each of these sources of uncertainty will result in errors with varying degrees of
correlation between the individual data points in Fig. 3. For example the error due to the SEV
should be constant for a given sample (cf. Fig. S18) and hence lead to an unknown (but constant)
scaling of the data from each sample, while the error in b(fp) should be random for each
measurement, leading to scatter in Fig. 3. The uncertainties in D quoted in Table 1 correspond to
the statistical error in the fits of Fig. 3, and hence reflect the sources of error leading to scatter in



Fig. 3. Based on standard error propagation, we estimate that uncertainty in the overall scaling of
the curves in Fig. 3 leads to an additional uncertainty ~ 6% in each value of D.

3. Measurement diagnostics

We performed a variety of diagnostic measurements to characterize the invasiveness of
our cantilever-based detector. In particular we wanted to ensure that the measurement does not
induce spurious non-equilibrium effects that may obscure or mimic the PC signal. The effects of
cantilever oscillation amplitude and frequency are discussed in the Section 2.2; here we show the
effects of readout laser power, magnetic field polarity, magnet persistent mode, and the presence
of room-temperature electronics connected to the cryostat.

Fig. S9 shows the persistent current as a function of B for five different laser powers Piyc,
where the laser is used for interferometric detection of the cantilever’s position. The signal is
independent of laser power between Pj,. = 0.8 nW and 80 nW and is only slightly affected at Piy
= 800 nW. The data in the main paper were taken with Pj,. ~ 5 nW. In particular, the data in Fig.
S9 indicates the absence of heating at the laser powers used in the experiment.

We measured the persistent current at both positive and negative magnetic fields and the
results are plotted in Fig. S10, with the x-axis negated for the negative B trace. The signal is
unaffected by the polarity of the field.

Lastly, we took data with the magnet in different operational modes: (1) the magnet
persisted and the current in the magnet leads ramped down to zero, (2) the magnet persisted with
current flowing in the magnet leads, and (3) the magnet not persisted. To minimize RF electronic
noise in mode (1), all electronics were disconnected from the dewar (e.g., thermometry, heaters,
liquid helium level meters, etc.) except the PZT drive which was fed through a room-temperature
1.9 MHz coaxial low pass filter. The results plotted in Fig. S11 show no dependence of the
persistent current signal on the operating mode of the magnet.

4. Magnetic Field Sweeps
As discussed in the main paper, measuring the persistent current over a range of B

spanning many B, allows us to determine the disorder averaged current <I ’f/e>1p/2' Figures S12-

S17 show data from these large B sweeps for each of the samples measured. In each of these
figures the quantity plotted is /'(B), where

®, al

I'(B)=>—2— =
27w Asin@ OB

(S16)

which is derived from measurements of the cantilever frequency shift using Eq. S15. The choice
of normalization in Eq. S16 means that the oscillations of /'(B) in Figs. S12 — S17 have the

same amplitude as the oscillations in /(B).
These large sweeps provide a direct measure of <I ,f/e>;/2 (the quantity relevant for making

comparisons with theory), and result in the points marked by arrows in Fig. 3 of the main paper.
For the remainder of the points in Fig. 3, we make use of the fact that /(B) is found empirically to
depend upon T only via an overall scaling, as shown in Fig. S18. To generate the points in Fig. 3
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Figure S14 The derivative of the persistent current I” (derived from Egs. S15 and S16) for an array of 990 rings with
r=418 nm at 7= 365 mK. and &= 45° to the plane of the rings.
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Figure S15 The derivative of the persistent current I” (derived from Egs. S15 and S16) versus magnetic field for an
array of 282 rings with radius 793 nm at 7= 323 mK. The field is applied at 6° to the plane of the rings.
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Figure S16 The derivative of the persistent current I (derived from Eqs. S15 and S16) versus magnetic field for an
array of 990 rings with radius 418 nm at 7= 323 mK. The field is applied at 6° to the plane of the ring.
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Figure S17 The derivative of the persistent current I” (derived from Eqs. S15 and S16) versus magnetic field for an
array of 1680 rings with radius 308 nm at 7= 323 mK. The field is applied at 6° to the plane of the ring.
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Figure S18 The derivative of the persistent current I” (derived from Egs. S15 and S16) versus magnetic field (upper
plot) for the array of » = 308 nm rings measured with the field applied at 45° to the plane of the rings. The lower plot
shows the Fourier transform of the same data. Traces are taken at different temperatures, as indicated in the figure
legend. The amplitude of current oscillations decreases with increasing temperature, but the shape of the oscillations
remains unchanged.
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