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Supplementary Note 1.

Theoretical model for vortex flow rectification

1.1 Ginzburg-Landau free energy for a single vortex

First, we summarize the vortex energy of a single vortex string based on the Ginzburg-

Landau (GL) theory for a type II superconductor. (See Supplementary Reference 1.)
The GL free energy is given by

n? e
For = [d? V—-i—A
ar / " [2m* ( "he )dj

where 1) is the order parameter corresponding to Cooper pairs with the effective mass
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m* and charge e¢*, and « and § are the (material-dependent) GL coefficients. Here, we
consider the London limit, where the order parameter is given by 1(r) = Ae®") with
a constant A = \/|a|/5. In this limit, the GL free energy becomes
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The minimization of the free energy leads to the GL equations in the London limit,
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Using the second equation, we can rewrite the GL free energy:
1
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where the London penetration depth is given by A} = m*c?/4me*? A% We have per-
formed the partial integration for the second equality, which leads to the surface integral
on the boundary >. Note that this form of the GL free energy is applicable to the small
¢ limit, where £ is the coherence length.

For a vortex structure, we consider a winding configuration of the phase 6(r),
V x V0 = 2rd, §(r), (5)

where d, is the unit vector along the vortex string, and the delta function has the

support on the vortex core. From the GL equations [Supplementary Eq. (3)], we can
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obtain the vortex equation in the London limit,

1 )
VxVxH+5H= <A—§) d, 5*(r), (6)
L L
which leads to a vortex string solution with the quantum flux &g = he/e*. Now,

we can evaluate the vortex energy of the vortex string solution using the GL free
energy. Inserting the vortex equation into Supplementary Eq. (4), the bulk contribution

becomes
1
FGL ~ —CDQ/ dS HV . dv, (7)
871— C

where Hy is the magnetic field at the vortex core, and the line integral is performed
along the vortex string which generally has a curved profile, C'. The general discussion
on the vortex energy shows that the surface contribution in the GL free energy [Sup-
plementary Eq. (4)] can be almost ignored, in comparison with the bulk contribution

(Supplementary Reference 2).

So far, we have ignored the effect of the external magnetic field Hy (Hy = |Hy|). In
order to include the contribution from the external magnetic field, we should consider
the Gibbs free energy Ggp, of the GL theory:

1
GearL = For, — — [d®r Hy - H, (8)
47

where Fgy, is given by Supplementary Eq. (4). With an external magnetic field, Hy,
along the z direction, the magnetic field in the superconductor has the vortex component

and the Meissner component near the interface:

H=Hy+Hy with Hy = Hexp (—%) , 9)
L

where the coordinate y (>0) parameterizes the direction perpendicular to the interface.

The Meissner component Hy; satisfies the equation,

1

Inserting H = Hy + Hy; into Supplementary Eq. (8) and using the Supplementary
Egs. (6) and (10), we obtained the general form of the free energy of the vortex string:

1 Hv
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With a large external magnetic field parallel to the interface (in the z-direction), the
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vortex string tends to be aligned along the magnetic field. However, the vortex energy
is proportional to its length, and the nucleation of such a rectilinear vortex string costs
large energy. Therefore, it is natural to consider that a vortex string is nucleated
with its endpoints at an interface and the perpendicular intersection, which satisfies
the boundary condition of the GL theory (Supplementary Ref. 3). Therefore, one can
assume that a vortex string is dominantly nucleated in a semicircle form (Supplementary
Ref. 2) at the 2D interface (Supplementary Fig. 1). With a semicircle vortex of the

radius py, the line integral can be performed with the constant Hvy, and the final form
of the vortex energy becomes

Oy Hy A1, o T  2H, 2H, /72r Py
~ (VALY (A (T 20 | 20 s . (12
GaL ( ym ) <)\L> (2 T ) + i/, df cos 6 exp . cos @ (12)

The value of Hy = |Hy| =~ ®,/A\? can be calculated from the London equation [Sup-

plementary Eq. (6)], and this value depends only on the bulk properties of the super-

conductor.
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Supplementary Figure 1: A vortex string in the form of a semicircle of the radius
pv near a flat interface of a superconductor. The superconductor occupies the space
0 < y < t and is characterized by the magnetic-field penetration depth A;, and the
coherence length £. The half-space y < 0 is occupied by a magnetic insulator with the
magnetic susceptibility y. An external magnetic field Hy is applied in the z-direction.
Stray magnetic fields Hg emanate from the end points of vortex strings. d, is a unit
vector along the vortex string at an angle § measured from the positive z axis in the
yz-plane.



1.2 Vortex energy with a ferromagnetic substrate

Here, we consider the stray magnetic field in the insulating region (y < 0 in Sup-
plementary Fig. 1), which is created by vortex strings terminating at the interface. In
this region, the stray magnetic field Hg satisfies the static Maxwell equation without a

current,
V'HSZO, VXHSIO. (13)

The nontrivial solution comes from the boundary condition on the surface y = 0, due

to the continuity of the magnetic field,
Hs = HV at Yy = 0. (14)

In the small p, limit, p, < r = /22 4+ y? + 22, the solution for Hg is approximately
given by the dipole magnetic field emanating from the endpoints of the semicircle vortex

(Supplementary Ref. 2):

Hs = -VU, Us;=P=, (15)
r
where the magnetic dipole moment P is given by
P =2p, . (16)

This stray magnetic field Hg penetrates into the ferromagnetic substrate, and induces

the magnetic energy due to the magnetization M in the ferromagnet (FM),

ﬂ%:—/d%HyM. (17)
Yy

<0

With a large external magnetic field, H = (0,0, Hy), the magnetization in FM is
aligned along the magnetic field, M = (0,0, M), with the saturation magnetization
My = x| Hp. Including the vortex stray field, the magnetic energy is given by

Fmag = FSII + Fgy = —Mo/ d’r HSII - / d’r Hg, - 0M,, (18)
y<

y<0 0

where the transverse magnetization is given by 0M = y; Hg, . With the vortex stray

field [Supplementary Eq. (15)], the first term can be evaluated as

D
Fg| ~ My ®q py (f) ; (19)

in the large L limit, where L and D are the length (in the z direction) and thickness
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(in the y direction) of the YIG substrate, respectively. In our experimental setup, this
contribution is negligibly small due to D/L < 1. In the large L limit, the leading

contribution in the second term of Supplementary Eq. (18) becomes

2 Do Hy\ D)\
Fg) ~—x1 ‘I)(Q) (%) = - (%) 4mr Xﬂf?’ (i—L) (20)

with a coefficient of the order of unity, where the coherence length & specifies the size of
the vortex core and provides a cutoff parameter in the integration and x = A, /§. Note
that this transverse contribution does not depend on the size of the magnetic substrate.
This term allows the vortex strings to feel the magnetic susceptibility at the surfaces

or the interfaces via the nucleation process.

1.3 Vortex nucleation asymmetry

For simplicity, we assume that the vortex flow density induced by a bias current
in the vortex liquid phase is governed by the nucleation process of vortex strings at
the interfaces. Due to the high mobility of vortex strings in the vortex liquid phase,
vortex strings propagate freely in the bulk under the driving force, and their flow is
determined by the nucleation rate at the interface from which they are driven away.
(See Supplementary Ref. 4 for a similar argument on magnetic skyrmions.)

From the discussion so far, the semicircle vortex energy with the YIG substrate
and the external magnetic field is given by Fy(py) = Gar + Fsi. The vortex energy
is a function of the radius p, of the semicircle, and plotted below with a set of typical
parameters.

As seen from Supplementary Fig. 2, the vortex energy has an energy barrier around
po, which is an analogue of the surface barrier for the rectilinear vortex (Supplementary
Ref. 5). The nucleation rate P of a semicircle vortex string at the interface is given by

the standard nucleation formula P ~ Q e=2F/ksT(

Supplementary Ref. 6), where AF' is
the height of the vortex energy barrier, () is the so-called frequency prefactor, and kg
is the Boltzmann constant. The difference in the height of the energy barrier between

the YIG and vacuum interfaces is given by the contribution of the magnetization,
AF”YIG - AF‘VaC = FSJ_(pO)a (21)

and this leads to the asymmetry of the nucleation rate of the semicircle vortex :

F.
AP = Pyig — P ~ —QM, (22)
kT

where the small py limit (i.e. the small Fs; limit) is considered. With the form of the

magnetic energy [Supplementary Eq. (20)], the asymmetry of the nucleation rate is
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Supplementary Figure 2: Blue line is a plot of the (normalized) vortex energy Ggy, as
the function of the semicircle radius p,/Ap, with Hy/Hy = 1000. Red line is a plot of the
vortex energy including the magnetic energy from the magnetization, Fy = Gqr, + Fs.,
with Hy/Hvy = 1000, 47y, = 0.01, and x = 100.
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given by

2
AP = Pyigs — Pope ~ B2 [ =20 2
YIG X1 g <kBT§3> (23)

Note that in equilibrium without a background current, the asymmetric nucleation rate
does not produce a macroscopic vortex flow, since the effect of AP is compensated
by the backflow (Supplementary Ref. 7) due to the resultant accumulation of vortex

strings.

In the presence of the background current I in the superconductor, vortex strings
feel the Lorentz force fi, « I x (Hy/c). Under the current —Iy = (—1y,0,0), the Lorentz
force generates the vortex flow Jy from the YIG interface towards the vacuum interface,
whose magnitude, Jy = |Jvy|, is proportional to Pyjg/y due to the topological protection
of the vortex number in the bulk. Analogously, under the current +I, the vortex flow
is generated in the opposite direction, Jyv o P,..ly. Therefore, from the asymmetry of
the nucleation rate [Supplementary Eq. (23)], we obtain the asymmetric vortex flow
AJy under —Iy and +Ij,

AJ\/ = J\/(—Io) — Jv(+Io) X (PYIG — Pvac) IO [0.¢ XJ_IO. (24)

Here, we consider the same mobility of vortex strings in both directions. Via the flux
flow resistivity (Supplementary Ref. 8), the resultant vortex flow in the direction away
from the YIG substrate towards the MoGe surface generates the negative polarity of

voltage, which is consistent with the observed voltage signal in the MoGe|YIG sample
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(setup shown in the inset of Fig. 3a of main text). The nonreciprocity is maximal in

the vortex liquid phase, where the vortex mobility is the largest.

1.4 Consideration of sample length scales

So far, we have ignored the effect of geometry of the superconducting sample, for
simplicity. Here, we consider the effect of the finite thickness of the MoGe film within
our model for the vortex rectification.

The crucial aspect in the rectification mechanism discussed here is the nucleation of
vortex semi-circles at the interfaces with a radius comparable to the coherence length
¢ ~ Ap/100, which at T = 6 K is roughly 20 nm, and that is much smaller than
the thickness of the film used in this work, ¢ ~ 350 nm. The nucleated vortices are
characterized by a core with the scale of coherence length £, and assumed to move freely
without confinement or pinning, close to the resistive transition.

However, as for the magnetic flux, since the penetration depth Ay, is larger than the
thickness, the magnetic field produced by the vortex is substantially extended beyond
the MoGe film. As discussed in Sec. 1.2 of Supplementary Note 1, the difference of
the vortex nucleation energy originates mainly in the transverse part of the magnetic
coupling Fg , between the stray magnetic field produced by the nucleated vortex and the
magnetization in the YIG substrate. Even though the actual magnetic field produced
by the vortices in the vortex liquid in a thin film seems to be quite complicated, we
assume that the stray magnetic field outside the film is approximately given by the
dipole magnetic field [Supplementary Eq. (15)].

In order to discuss the effect of the finite thickness ¢ of the MoGe film (Supplemen-
tary Fig. 1), we consider the dipole magnetic field which is emanating from the end

points of the semi-circle vortex at y = t:

z
(22 + (y — )2 + 22"

Ht - —VUt, Ut - P (25)
Using this dipole field, we can similarly evaluate the magnetic energy for a nucleated

vortex at the MoGe/vacuum interface:

FSL:—/ d?’rHtL-5Ml2—XLCI>(2)(§—§>. (26)
y<0

This guarantees that, for ¢ > &, the nucleated vortex at the MoGe/vacuum interface
has a negligibly small magnetic energy oc 1/t3, compared with the magnetic energy
(ox 1/€?) of the vortex at the YIG/MoGe interface. Note that this property originates
from the short-range potential for the dipole magnetic field, and not from the Meissner

effect. Therefore, the difference of the vortex nucleation energy discussed so far is indeed



generated even in the case of the thin film, unless the thickness becomes smaller than
the coherence length.

Similar argument can be applied to the case with the SiO, interlayer between the
YIG and MoGe layers. In this case, neglecting the small (diamagnetic) susceptibility of
Si0g, the stray magnetic field emanating from the nucleated vortex at the SiOy/MoGe
interface feels the magnetization in the YIG substrate, separated by the SiO, interlayer
with its thickness W. By a similar calculation, we can obtain the magnetic energy for
the vortex, Fs, oc —1/W?3. This result implies that, for W > &, the magnetic energy
rapidly decreases with the thickness W, and competes with the small diamagnetic
contribution from the SiO interlayer. The voltage due to vortex rectification is reduced

with increasing thickness W, and is gradually replaced by the diamagnetic contribution.
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Supplementary Note 2.

Additional experimental results

2.1 Angular dependence of d.c. voltages

For measurements with different directions of the magnetic field, a PPMS rotator
was used, where the samples were attached with varnish to the PPMS resistivity chip.
The temperature of the chip was monitored with a Cernox thermometer. In order to
accurately determine 6y, the angle between the direction of the magnetic field and the
normal to the sample plane, we have measured the angular dependence of the resistivity
of MoGe at T and B fixed in the vortex liquid phase; a minimum in resistivity occurs
just when the magnetic field is parallel to the sample plane (Supplementary Ref. 9). It
is noted that for data shown in Figs. 2, 3 of the main text 0y ~ 89°, except for Fig.
3g,h,i where 65 ~ 95°.

Changing the angle of the magnetic field drastically modifies the amplitude of the
d.c. voltage signal, as shown in Supplementary Fig. 3. The spontaneous voltage
appears only when the field is almost parallel to the film plane (| 65 — 90° |< 10°).
However, the voltage almost disappears when the field is just parallel to the film plane,
0 ~ 90°. Such anomalous behaviour was also confirmed in another MoGe|YIG sample
with similar thickness (MoGe|YIG #2 in Supplementary Fig. 3c). For a magnetic
field perpendicular to the film plane, the direction of the Lorentz force acting on the
vortex strings is in the film plane. The vortex energy in this direction is symmetric and,
therefore, the transport should be reciprocal. Only when the vortex strings are oblique
to the film plane, the Lorentz force has a component in the direction perpendicular to
the film plane. In this direction, the vortex energy is asymmetric between the interfaces
(YIG/MoGe and MoGe/vaccuum) and facilitates the nonreciprocity observed as the
d.c. voltage in Supplementary Fig. 3. On the other hand, as the field direction
is becoming parallel to the film plane, voltage is rapidly suppressed. Although the
mechanism is not clear yet, it is possible that this suppression may occur due to surface
superconductivity (Supplementary Refs. 1, 9-17). If superconductivity appears only at
the surfaces of MoGe, with the bulk remaining in normal state, vortex strings cannot
traverse the bulk from one interface to the other. In such condition, the vortex flow
would not be affected by the asymmetry in the nucleation energies at the two interfaces
and the nonreciprocity would disappear. It is noted that the theoretical discussion of
vortex flow in Supplementary Note 1 assumes that the whole volume of the sample
is superconducting. In such case, large rectification effects would be expected even in
magnetic fields parallel to the surface, and consideration of surface superconductivity
could explain the observed suppression. An explanation of the observed vortex flow

rectification solely due to surface superconductivity seems quite difficult, since surface
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superconductivity destroys superconductivity in the bulk, and there is no vortex flow
from interface to interface. The coherence length of electrons in the normal bulk of the

film is too short and cannot feel the asymmetry between the surfaces.
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Supplementary Figure 3: Field-angular dependence of the d.c. voltage Vg. at T =6
K. a, Magnetic field dependence of V. generated in MoGe|YIG at selected angles
0. Here, Oy is the angle between the sample surface normal and the direction of the
magnetic field. lezeak defines the peak value of V. at that angle. b and c, Field-angular
dependence of Vdieak in MoGe films on different substrates. Vertical dashed line shows
the angle where the magnetic field direction is parallel to the film plane. Dotted curves
are guides for the eye. Inset of b shows the definition of §; yellow represents the MoGe
layer and grey represent the substrate.
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2.2 Estimate of the d.c. voltage generated by rectification of

environmental noise

Supplementary Figure 4 shows an energy density spectrum of the environmental
electromagnetic fluctuations measured with a coil inserted into the sample space of the
PPMS system. The estimated dominant contribution is in the 2 - 4 MHz range. The
integrated noise energy density in the sample space, to which the sample is exposed, is 40
pJm=3. This corresponds to typical magnetic field fluctuations 6B = 10 pT. The noise
current induced in the sample through its inductance L = 3 pH is Iy = § BSgy¢/ L = 40
pA, where Squ¢ is the surface area of the sample. Then, using Ayy = —0.4 x 1073
QA~'m (see Fig. 2g at T = 6 K in main text), the expected d.c. voltage generated in
the MoGe|YIG is V4. = %Azf[gé = —107% V, where S is the cross-section area of the
MoGe film, and ¢ is the distance of the electrodes. This rough estimate gives a Vg, of

the same order as the value obtained in the d.c. voltage measurements.
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Supplementary Figure 4: Energy density spectrum €., of electromagnetic environmental
noise in the sample space.

We also discuss the conversion efficiency in our system, defined as Py /Py, where
P,y is the generated power, and P, is the irradiated power. The irradiated spectrum
has a maximum at 3 MHz with P, = —40 dBm (10~7 W, Supplementary Fig. 4), and
with a load of 10 €, we have P, = 1073 W at T'= 6 K, and B = 2.5 T (Fig. 3c
in main text). This corresponds to an upper bound for power conversion efficiency of
1076,

The known rectenna devices have conversion efficiencies dependent on operating
frequency, as shown in Supplementary Table 1. The efficiencies range from 15% to
92% in the microwave region, with the lowest reported frequency being 430 MHz. In
the infrared, visible and UV region, the only reported rectenna we are aware of has a
conversion efficiency of 107 (Supplementary Ref. 22). While our conversion efficiency
is small compared to those in the microwave region, it is comparable to that in the

infrared region.
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Vdc (IJV)

Supplementary Table 1: Experimentally reported conversion efficiencies of rectenna

devices.
Supplementary
Operating frequency Conversion Efficiency Reference
Radio Waves 3 MHz 106 this work
Microwave 430 MHz 86% [18]
2.3 GHz ~ 100 GHz 15 ~ 92% (19, 20, 21]
Infrared, Visible, UV 30 THz 1075 [22]

2.3 Temporal evolution of d.c.

superconducting magnet in persistent mode.

voltage in MoGe|YIG with
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Supplementary Figure 5: a, Temporal evolution of the d.c. voltage Vg in MoGe|YIG
(blue) and MoGe|SiOy (green) during 15 hours at 7' = 6 K and magnetic field B = 2.5
T with the superconducting magnet set in persistent mode. The d.c. voltages are
constant during the entire observation. This shows that the observed d.c. voltage is
not a transient phenomenon but is generated steadily as long as MoGe is kept in the
vortex liquid phase. b, Temporal evolution of Vg. in MoGe|YIG during 140 hours at
T = 6 K and magnetic field B = 2.5 T. The d.c. voltage is constant as long as the
magnet is kept in persistent mode. At the end of a 135-hour observation, the magnet
is switched to driven mode which is accompanied by a rise in the d.c. voltage. When
the magnetic field is set to 0 T (i.e. outside of the vortex liquid phase) at the 140 hours
mark, the d.c. voltage vanishes.
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2.4 Change in d.c. voltage generated in MoGe|YIG by switch-
ing of the superconducting magnet between driven and

persistent modes.

persistent driven

' I
MoGe|YIG V.o V.

Vdc (”V)

T=6K SR >
B=25T

-2.5 R ———
0 1000 2000 3000

time (s)

Supplementary Figure 6: Change in the d.c. voltage Vi, in MoGe|YIG caused by
switching of the superconducting magnet between persistent and driven mode at T' = 6
K and B = 2.5 T. The magnet is first kept in persistent mode for 1000 seconds. The
generated d.c. voltage is constant, Vjes = —0.7 V. Then, the magnet is switched to
driven mode and kept for 1200 seconds (yellow region). In driven mode, the power
supply is directly connected to the superconducting coil and the fluctuations in the
magnet power supply lead to an increase in environment fluctuations inside the sample
space. In response, the d.c. voltage increases to Vi, = —1.8 pV, and stays constant
while the magnet is kept in driven mode. At time = 2200 seconds, when the magnet
is switched to persistent mode again, the d.c. voltage drops back to the V. value
immediately, and stays constant thereafter.
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2.5 Magnetic field dependence of d.c. voltages generated in

MoGe|YIG for various in-plane temperature gradients.

LO
a b C s T T T T T 1
HI VT < 4 - heating power +2] 7
/ 3 Zape omw gt 4
= x &  1mW
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Supplementary Figure 7: a (d), A schematic illustration of the measurement setup with
the temperature gradient V7" in the film plane perpendicular (parallel) to the magnetic
field B direction. b (e), Magnetic field dependence of d.c. voltages Vj. observed in the
MoGe|YIG sample for selected heating powers, 0 mW, 1 mW and 2.2 mW, with in-plane
temperature gradients perpendicular (parallel) to the magnetic field. The temperature
of the MoGe film is constant (5.9 ~ 6 K). The peak value of the d.c. voltage VP*
does not change with AT, showing that the d.c. voltage generation is not affected by
in-plane temperature gradients. c (f), Temperature dependence of the peak value of
the d.c. voltage V;f;eak for selected values of heating power with in-plane temperature
gradient perpendicular (parallel) to the magnetic field direction. The heating power
applied is irrelevant to the observed temperature dependence, which shows that in-
plane temperature gradients are not related to the spontaneous d.c. voltage generation.
Error bars correspond to the background noise.
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2.6 Magnetic field dependence of the resistivity, Ay¢, and gen-
erated d.c. voltages in MoGe|SiOy(10 nm)|YIG at selected

temperatures.

MoGe|SiO,(10 nm)|YIG
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Supplementary Figure 8: Magnetic field dependence of a, the resistivity pg, b, the non-
reciprocal resistivity coefficient Ay, and ¢, generated d.c. voltages Vg, in MoGe|SiO4(10
nm)|YIG at selected temperatures. Peaks in A,y and peaks in Vg, appear at each
temperature at the resistive transition of MoGe, consistent with the observation in
MoGe|YIG. The size and sign of the observed A,y and V. are comparable to those
observed in MoGe|YIG (see Figs. 2g and 3b in the main text).
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2.7 Comparison of d.c.

voltages generated in MoGe|SiO-,

MoGe|Y3A1;015(YAG) and MoGe|YIG

Vdc (“V)

------

MoGe|SiO,
diamagnetic (x < 0)

----------------------------

MoGel|YIG

ferrimagnetic (x > 0)

2

2I.5 3
B(T)

Supplementary Figure 9: Magnetic field dependence of d.c. voltages V. generated in
MoGe|SiOs (red circles), MoGe|Y3Al;015 (YAG, brown triangles) and MoGe|YIG (blue
squares) at T'= 6 K. YAG has a garnet structure similar to YIG and is diamagnetic like
SiOs. The d.c. voltages are of positive polarity on the SiOy and YAG substrates, which
are diamagnetic (y < 0), and negative on the YIG substrate, which is ferrimagnetic
(x > 0). This shows that the polarity of the generated d.c. voltage is determined by
the magnetic properties of the substrate, not its morphology.
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2.8 Magnetic field dependence of d.c. voltages in MoGe|YIG

at temperatures above 6 K

MoGe|YIG _

I'=6.0K7

B (T)

Supplementary Figure 10: Magnetic field dependence of d.c. voltages Vg. generated in
MoGe|YIG at T'= 6.0 K, 6.4 K, and 7.2 K (> T.). At higher temperatures, where
the superconducting transition is approaching zero field, the amplitude of the signal
becomes smaller. This decrease might be caused by a decrease in the vortex density with
decreasing magnetic field, and /or due to increasing probability of antivortex nucleation,
which would cancel out the vortex contribution. We note that the positive spike in d.c.
voltage spectrum, which appears prominently at higher temperatures, is attributed to
Nernst effects due to an accidental temperature gradient; the voltage spectrum has the
same shape as that for AT > 0 in Fig. 3d of main text.
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2.9 Influence of SiO; thickness on d.c. voltages in MoGe|SiO;|YIG

MoGe|SiO, (W)|YIG
[ L I ! [

W=100 nm

Vye (MV.mm-T)
=
<
3
2

Supplementary Figure 11: D.c. voltages Vj. generated in MoGe|SiOy(W)|YIG for vary-
ing thickness of SiOy (W = 100, 150, and 1000 nm) at 7'=5 K. For W = 100 nm, the
d.c. voltage is still present. For W = 150 nm, the negative d.c. voltage is not observed
and instead a small positive voltage appears, similar to films on oxidized Si substrates.
This trend is reproduced in a sample with W = 1000 nm (plotted 10 times larger for
increased visibility). This suggests that the magnetic coupling between YIG and vor-
tices nucleating in MoGe has a length scale of the same order as the coherence length &.
We note that the SiO, films were sputtered at room temperature and are amorphous.
As such, their density is not controlled and they are likely of different quality than the
oxidized Si substrates. Therefore, a discussion about the amplitude of the d.c. voltages
is not reasonable, since this is also affected by the amplitude of the magnetic suscep-
tibility in the substrate. All d.c. voltages were normalized by the distance between
electrodes because the samples used in this measurement were of different size. The T,
in these films is 6 K.
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2.10 Effect of the shape and size of electric contacts on d.c.
voltages in MoGe|YIG

a) usual wiring 3 . I T | ' I '

Cu block - ) antenna MoGelYIG ]
sample «. ™.

In solder
Au wire

usual wiring

T=6.0K ]

PPMS wiring
PPMS puck

b) antenna

antenna
(Cu wire)

Supplementary Figure 12: Role of sample contacts in the ambient radiaton pickup
of our rectenna device. a), b) Schematic illustration of the sample setup. In a) Au
wires are attached to the sample with In solder, which is the usual wiring used in all
remaining measurements. In b) a bent copper wire (antenna) with a diameter of 0.20
mm and a length of 30 mm is added in order to verify the antenna property of the
sample contacts. ¢) The magnetic field dependence of d.c. voltages V. in MoGe|YIG
in both cases. When the contacts are altered to enhance their antenna property, the
increase in the d.c. voltage amplitude is less than 18%, which is negligible compared to
the variation observed among samples on different substrates (almost 90%, see Fig. 3g-i
in main text). We speculate that the most significant part contributing to the radiation
pickup is the chamber wiring of the PPMS cryostat, which is coupled by a capacitance
of roughly 100 pF to the cryostat ground (Supplementary Ref. 23). The a.c. currents
running through the chamber wiring, and consequently through the sample, are then
rectified to the observed d.c. voltage (see also Supplementary Figs. 13-15).
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2.11 Effect of shielding and grounding on d.c. voltages in

MoGe|YIG
a) insulated b) insulated + quiet shield c) grounded
nanovoltmeter nanovoltmeter nanovoltmeter

<l—+4 w i

quiet ground quiet ground

I G R

sample
quiet shield quiet shield
PPMS cryostat ground PPMS cryostat ground PPMS cryostat ground
d) l_I 1 1 I 1 | 1 1 I T 1 L] ] I ] 1 ) 1 I 1 1 1 1 I ] 1 I_l
B insulated .

—$2 Vv ]

grounded

[ T=5K
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Supplementary Figure 13: Influence of coupling of the sample wiring to cryostat ground
on the d.c. voltage Vj. generation in MoGe|YIG. a) A schematic illustration of the d.c.
voltage measurement configuration for the data in the main text (Fig. 3) and in the
remaining Supplementary Figures in Supplementary Note 2. The sample and wiring
are insulated from the cryostat ground (“insulated”). b), ¢) Schematic illustrations of
control experiments. To prove the speculation that a.c. currents in the sample appear
due to coupling of wiring to the PPMS ground, a custom setup was constructed using
a functional rod in which the sample is wired with an external coaxial twist-pair cable
and surrounded by a shield. In b), the shield and the sample wiring are insulated from

the PPMS ground and the shield is connected to a quiet ground of the nanovoltmeter
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(“insulated + quiet shield”). In c), the sample wiring is directly connected to the PPMS
cryostat ground shown as a red wire (“grounded”). d) Magnetic field dependence of the
d.c. voltages at T'=5 K. The d.c. voltage from Fig. 3 in the main text is shown with
red points (“insulated” configuration). When the sample and wiring are completely
shielded with a quiet ground (“insulated + quiet shield” configuration, green points),
the d.c. signal almost vanishes. On the other hand, when one electrode of the sample
is connected to the PPMS cryostat ground (“grounded” configuration, black points),
a large d.c. voltage (almost 10 V) is observed. Thus, the wiring picks up mainly
electric noise from the cryostat ground, which can be responsible also for d.c. voltage
generation in the insulated configuration a). It is noted that the slight shift in the peak
position in ¢) compared to a) might be due to a temperature shift caused by the use of

a custom sample probe.

2.12 Influence of the magnet power supply noise on the d.c.
voltage in MoGe|YIG

[ =N

magnet PSU off

magnet PSU on

Vdc (UV)
o
[

6 I B=2T
-7 | persistent mode MoGe|YIG

-8 | | | | |
58 59 6 61 62 63 64

T (K)

Supplementary Figure 14: Influence of the power mode of the magnet power supply
unit (PSU) on the d.c. voltages V. generated in MoGe|YIG. The magnetic field is set
to B = 2 T in persistent mode. Temperature control is turned off and the temperature
of the sample is naturally increasing. Red points show Vg, in the usual measurement
condition with the magnet PSU powered on. Brown points show Vj. for the magnet
PSU powered off. The d.c. voltage almost vanishes when PSU is powered off. The
on/off difference is likely caused by a standby current in PSU leaking into the cryo-
stat ground and increasing the noise level when powered on. This indicates that the
MoGe|YIG measurement system can pick up the low-level current noise in cryostat
ground generated by the magnet PSU (see also Supplementary Figs. 13 and 15).
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2.13 Diagram of the rectenna device

LOAD

nanovoltmeter

GND

NOISE SOURCE MWW

a.c. NOISE

magnet PSU MoGe|YIG

RECTIFIER

to magnet coil

Supplementary Figure 15: Schematic illustration of our rectenna device. The magnet
power supply unit (PSU) is a noise source (Supplementary Fig. 14), from which electric
field fluctuations leak into the cryostat ground (GND). The wiring of the cryostat
chamber acts as an antenna that picks up fluctuations of an electric field from the
cryostat through the insulation (Supplementary Fig. 13). The MoGe|YIG sample
works as a rectifier and generates d.c. voltages from the a.c. noise current, which are
detected at the nanovoltmeter.
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