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Vortex rectenna powered by environmental
fluctuations

J. Lustikova', Y. Shiomi"/, N. Yokoi® ', N. Kabeya® 23, N. Kimura?3, K. lenaga®, S. Kaneko?, S. Okuma?,
S. Takahashi' & E. Saitoh!>®8

A rectenna, standing for a rectifying antenna, is an apparatus which generates d.c. electricity
from electric fluctuations. It is expected to realize wireless power transmission as well as
energy harvesting from environmental radio waves. To realize such rectification, devices that
are made up of internal atomic asymmetry such as an asymmetric junction have been
necessary so far. Here we report a material that spontaneously generates electricity by
rectifying environmental fluctuations without using atomic asymmetry. The sample is a
common superconductor without lowered crystalline symmetry, but, just by putting it in an
asymmetric magnetic environment, it turns into a rectifier and starts generating electricity.
Superconducting vortex strings only annihilate and nucleate at surfaces, and this allows the
bulk electrons to feel surface fluctuations in an asymmetric environment: a vortex rectenna.
The rectification and generation can be switched on and off with only a slight change in
temperature or external magnetic fields.
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typical rectification device is a diode, which conducts

electricity primarily in one direction!. It is typically

composed of different types of semiconductors connected

to form an atomic junction called a p-n junction, exhibiting low

resistance in one direction while high in the other. This asym-

metry can convert a.c. current fluctuations passing through the
junction into a d.c. current.

Not only an atomic junction, theoretically, but a conductor
itself may exhibit such a diode property even without junctions.
The required condition is as follows: first, an atomic crystal
structure should be asymmetric, that is, its unit cell should be
composed of a highly asymmetric arrangement of atoms or ions?.
Second, the sample should exhibit magnetization. In fact, non-
linear transport was observed in some magnetized materials in
which crystalline inversion symmetry is broken3-8.

In this way, some atomic-scale asymmetry looks indispensable
for rectification so that electrons can feel the asymmetry: but is it
always true? Cannot rectification be realized just by putting a
symmetric sample in an asymmetric environment? Intuitively, it
seems impossible in conventional conductors, since the bulk of
electrons cannot feel the outside of the sample due to their very
short coherence length. However, it is notable that a super-
conductor maintains macroscopic quantum order, which may
allow electrons to feel fluctuations far away.

In three-dimensional superconducting order, local excitations
are carried by topological objects called vortex strings: a string-
shaped normal core around which a supercurrent whirls®. Vortex
strings are topologically protected; it is not possible to annihilate a
vortex string by a continuous transformation of the super-
conducting order parameter. Vortex strings are then never cre-
ated or annihilated inside a sample!®. Surfaces of a
superconductor are the only locations where a vortex can nucleate
and be annihilated due to local electromagnetic fluctuations. Even
so, as far as the fluctuation is uniform, such nucleation and
annihilation should compensate among the surfaces, and no net
flow of vortex strings appears. On the other hand, if asymmetry of
the electromagnetic environment around the surface of super-
conductor exists, it may break the compensation and give rise to a
finite net flow of vortex strings (Fig. 1). Finally, the vortex string
flow causes the appearance of an electric field in the direction
perpendicular to the flow direction!!. Therefore, owing to the
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Fig. 1 Nonreciprocity in a system with topological objects in an asymmetric
external environment. A superconductor with vortex strings close to a
magnetic insulator with susceptibility y is placed in an external magnetic
field Ho. Vortex strings are depicted as normal cores in the
superconducting condensate, with a characteristic diameter proportional to
the superconducting coherence length . Stray magnetic fields Hs emanate
from vortex strings nucleating at the superconductor surfaces. The
difference in the nucleation energy F for vortex strings at the interface with
the magnetic insulator (y =0) and the vacuum (y =t) leads to a
nonreciprocity in the vortex flow Jy when driving the vortex strings with an
electric current =l

conservation of vortex flow in bulk, surface electromagnetic
fluctuations are expected to be transcribed into a vortex-string
current, and consequently into a voltage when the fluctuation
property is different among the surfaces, realizing electric power
generation from nonequilibrium environment fluctuations!'2-14,

In this work, we do not use vortex ratchet patterns!>~18, but a
simple boundary condition for vortex nucleation is used as pro-
posed theoretically by Vodolazov and Peeters!®. Although such
rectification was studied by edge roughness in superconducting
strips?021, we are not aware of any previous works that report
power generation from environmental fluctuations.

Results

Sample and measurement setup. Figure 2a is a schematic illus-
tration of the sample system used in the present study. The
sample is a thick (350 nm) film of amorphous MoGe (Fig. 2b); a
typical type-II superconductor that exhibits a sharp transition to a
clean vortex liquid phase, where vortex strings can flow freely??-
24, A MoGe film was sputtered on an insulator magnet Y;FesO;,
(YIG). The bottom surface of the MoGe film is exposed close to
YIG, while the top surface to a vacuum. YIG exhibits much
greater magnetic susceptibility y than a vacuum, giving rise to a
difference in magnetic components of the fluctuation amplitude
between the bottom and the top surfaces of the MoGe. In the
vortex liquid phase, the difference in the fluctuations is tran-
scribed into a net vortex-string flow perpendicular to the film
plane. This vortex flow can be detected by measuring the voltage
difference between ends of the MoGe film in the transverse
direction®.

Rectification of current can be evaluated by measuring
nonlinearity of resistivity. In a material rectifying current, the
resistivity p should exhibit nonreciprocity, that is, p(I) # p(—I).
When the current I is small enough, the resistivity can be
expanded as p(I) =po+ Ayd+---, where A, represents the
asymmetry of p with respect to I, and p(I) #p(—I) is thus
transcribed into A,# 0. Hence, Ay can be used as a measure of
current rectification. A, can be precisely measured by a 2f-lock-in
method for a voltage generated in the sample, V=p(I)I¢/S=

(pOI + A2f12 +-- -)é /S, by applying a small a.c. current, I, with

the frequency f, and detecting a generated voltage with the
doubled frequency 2f between electrodes separated by the
distance £ in a specimen with the cross-section area S.

Phase diagram of MoGe. Figure 2c is a phase diagram of
superconductivity in the present MoGe|YIG sample, with vortex
melting field B, and upper critical field B., defined as in ref. 2.
Here, the magnetic field is almost parallel to the sample surface.
Below T.=6.9K, a superconducting phase appears exhibiting
zero resistivity. By applying a magnetic field, B, a vortex liquid
phase (yellow region in Fig. 2c) appears when B, < B < B,. In the
liquid phase, vortex strings can move almost freely in a super-
conductor, and finite resistance appears in spite of the super-
conductivity. In Fig. 2d, we exemplify resistance of the MoGe
layer as a function of B at T=4K. At B =0, resistivity p, is zero.
By applying a magnetic field, finite resistivity appears around B ~
7T, signaling a transition into a vortex liquid phase, and, by
further increasing B, the MoGe layer turns into a normal metal
phase around B, ~8 T.

Observation of nonreciprocity in vortex liquid phase. In the
vortex liquid phase, we found clear current-rectification. Fig-
ure 2e shows A, observed for the MoGe layer in the MoGe|YIG.
Importantly, a clear signal of A, appears at 6.5T<B<8T,
forming a sharp peak. On the other hand, A,is almost zero in the
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Fig. 2 Observation of nonreciprocal transport in MoGe|YIG. a A schematic illustration of the sample structure and measurement setup. The MoGe|

Y3FesOq; (YIG) sample on a GdsGas0q; (GGG) substrate is placed in a magnetic field almost parallel to the sample surface. An a.c. input current | with a
frequency f is applied to the sample, and V5, the a.c. voltage signal with frequency 2f, is measured. b Electron diffraction pattern from the MoGe layer. ¢
The B-T phase diagram of the MoGe and appearance of non-zero nonreciprocal resistivity denoted as A,;# O peak. The vortex-solid melting field B, and
the upper critical field B., were determined by the conditions p(B) =103py and p(B,) = 0.95py, respectively, where py is the resistivity in the normal
state. Dotted lines are guides for eyes. d Magnetic field dependence of resistivity po at T=4 K. e Magnetic field dependence of nonreciprocal resistivity
coefficient Ay (lo =40 pA, f=13.7 Hz). Inset: Frequency dependence of the peak value of Ay divided by the peak value at f=1kHz, Ag?ak/AgiakU kHz).

Magnetic field dependence of f po, and g Ay at selected temperatures

superconducting state (B < 6.5 T) and the normal state (B> 8 T).
The peak value of Ay does not change with a change in the
frequency of I (inset to Fig. 2e). Figure 2c shows the position of
the A,¢peaks on the T-B phase diagram of the MoGe. A,fappears
just in the vortex liquid phase where the mobility of vortex strings
is maximal. The appearance of A, in the vortex liquid phase
indicates the nonreciprocity, p(I) # p(—1I), in spite of the isotropic
atomic structure in MoGe. Such nonreciprocity can, in principle,
give rise to rectification of nonequilibrium environmental elec-
tromagnetic fluctuation (e.g., colored current noise)'>~14, which
has been difficult to observe in electron systems. However, thanks
to the extremely sharp transition into the nonreciprocal vortex
liquid phase in the present system, we successfully demonstrate
power generation by rectifying environmental fluctuations; a
small change in the magnetic field or temperature facilitates very
steep switching of A,x

Measurement of d.c. power generation. We measured sponta-
neous electric power generation in the MoGe|YIG by putting the
sample into one of the most commonly used measurement sys-
tems: a Physical Property Measurement System (PPMS, Quantum
Design Inc.). Figure 3 shows the d.c. voltage spontaneously
generated in the MoGe film of the MoGe|YIG sample without
applying any external currents. Surprisingly, clear voltage peaks
appear at fields corresponding to the peaks of A, in the vortex
liquid phase (the yellow area in Fig. 3a).

Magnetic field dependence of the d.c. voltages at selected
temperatures is shown in Fig. 3b. In the metallic phase at T=7.5
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K> T, no V4. was observed. Below T, the polarity of Vy. is
reversed by reversing the direction of the magnetic field. This is
consistent with the field dependence of flux flow resistivity,
implying that the voltage is caused by vortex motion. Interest-
ingly, we found that a constant value of V. persists over the
course of hours or even days when B and T are fixed in the vortex
liquid phase (see Supplementary Fig. 5 and Supplementary
Note 2). By switching the superconducting magnet to the
persistent mode where it is disconnected from the power source,
Vac decreases a little but remains finite (see Supplementary Fig. 6
and Supplementary Note 2). We confirmed that the generated
voltage can perform work by measuring the power on an external
resistive load connected to the sample (Fig. 3c).

Residual temperature gradients in the sample are irrelevant to
the observed voltage. We show that external temperature
gradients do not affect the d.c. voltage signal of interest
(Fig. 3d-f). The ambient temperature of the film was kept at T
=4.02K and the temperature difference AT between the top of
the MoGe and the bottom of the substrate was varied. For AT =
+0.21 K, the voltage spectrum consists of a broad shoulder of
positive polarity (8 T<B<14T) and a sharp voltage peak of
negative polarity at ~8T (for B>0, Fig. 3d). When the
temperature gradient is turned off (Fig. 3e), only the broad
shoulder part disappears, and the single sharp voltage peak at ~8
T still subsists. For a negative temperature gradient AT = —0.21
K, the voltage spectrum consists again of a broad shoulder at the
higher magnetic field and a sharp voltage peak at ~8 T (Fig. 3f).
The polarity of the broad shoulder voltage at the higher magnetic
fields is reversed by reversing the polarity of AT, showing that it is
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Fig. 3 D.c. voltage generation observed in MoGe|YIG. a D.c. voltage V. peak in the B-T phase diagram of MoGe. The inset shows the measurement setup.
The direction of the magnetic field is almost parallel to the sample surface. b Magnetic field dependence of the d.c. voltage generated in the MoGe layer at
selected temperatures. The length of the scale bar is 2 pV. € Temporal evolution of the generated power Pyoq in a constant magnetic field (T=6K, B=2.5
T, with the magnet in persistent mode). P,oq Was measured on a 10 Q resistor connected parallel to the sample. d-f Magnetic field dependence of d.c.
voltages in a MoGe|YIG sample for positive, zero, and negative temperature difference, respectively, between the top and the bottom of the sample at T=
4 K. D.c. voltage generated in g MoGe|YIG sample #2, h MoGe|SiO,(10 nm)|YIG, and i MoGe|SiO, at T=6K

a contribution of the vortex Nernst effect: voltage due to the
motion of vortex strings induced by the thermal gradient!!-26. By
contrast, reversing the polarity of AT does not affect the sharp
peak at ~8T proving that it is not related to temperature
gradients or vortex Nernst effects, but it is consistent with the
above rectification mechanism.

Influence of substrate choice on nonreciprocity in MoGe.
Importantly, A,rand the spontaneous voltage generation do not
change when an insulating SiO, layer is inserted between the YIG
and the MoGe layers to form MoGe|SiO,(10 nm)|YIG (Fig. 3g, h,
see also Supplementary Fig. 8 and Supplementary Note 2). The
amplitude of V. turned out to be comparable to that observed in
the MoGe|YIG bilayers. This means that the observed sponta-
neous voltage generation and nonreciprocal transport appear just
when MoGe is put close to a magnet YIG; direct contact is not
necessary. Therefore, the relevant mechanism should be magnetic
coupling between YIG and MoGe, which is not affected by a thin
insulating barrier. When the ferrimagnetic YIG is removed and a
MoGe film is deposited directly on an oxidized Si substrate which
exhibits diamagnetism (MoGe|SiO, in Fig. 3i), the voltage gen-
eration almost disappears, and a very weak signal of opposite sign
is observed. This implies that the diamagnetism of SiO, induces a
similar effect but with opposite polarity. The same result has been
obtained on diamagnetic Y3;Als0;, substrates, which have a
morphology similar to YIG (see Supplementary Fig. 9 and Sup-
plementary Note 2).

Theoretical model for nonreciprocity in vortex liquid phase.
We calculated vortex flow in the vortex liquid phase based on the

Ginzburg-Landau (GL) effective theory of superconductivity. For
simplicity, we assume that the amount of the vortex flow induced
by current bias in the vortex liquid phase is dominated by
nucleation process?21:24 of the vortex strings at the interfaces.
According to the GL effective description, the solitonic vortex
strings are nucleated dominantly as a semicircle form at the
interfaces?”>?8. The nucleation rate P of a vortex is given by the
energy barrier AF, P ~ Qe /%7, where Q is a frequency pre-
factor, kp is the Boltzmann constant, and T represents
temperature?-30, A nucleated vortex semicircle at the MoGe/YIG
interface produces the stray magnetic field Hg in the YIG sub-
strate to close the magnetic flux of the vortex (Fig. 1), and the
magnetic energy in YIG gives an extra contribution to the vortex
energy via the large transverse susceptibility y; in YIG. The extra
contribution Fp,,, reduces the vortex energy, and induces a dif-
ference in the nucleation energy at the interfaces, AFyig < AF,,..
The subscripts YIG and vac mean the values at the interfaces to
the YIG layer and to the vacuum, respectively. As a result, this
gives a difference in the nucleation rates between the MoGe/YIG
and MoGe/vacuum interfaces, and leads to a difference propor-
tional to Y, — Yyac in the vortex flow between the directions away
from and toward the YIG substrate under the external currents
—I and +I, respectively. Here, the current I exerts the Lorentz
force on the vortex, and we used the conservation of the vortex
topological number in the bulk. The vortex flow should be zero in
the absence of I, which can be realized by the accumulation3! of
the vortex strings. In the vortex liquid phase, the mobility of the
vortex strings is maximal, and the nonreciprocal response to
external currents is expected to be the largest. This result is
consistent with the observed nonreciprocity of the vortex flow
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resistivity in the vortex liquid phase, p(I) # p(—I), and with the
observed change in the d.c. voltage signal between the YIG and
the SiO, substrates (see Supplementary Note 1).

Discussion

Nonreciprocal resistivity in the vortex liquid phase of the amor-
phous superconductor MoGe attached to a magnetic insulator has
been observed. This nonreciprocity originates in the asymmetry
of vortex nucleation energy at the superconductor boundaries.
Due to the sharp superconducting transition, the rectification
coefficient A,¢shows a very abrupt change in the span of just 0.1
T (Fig. 2g).

In addition, this system also works as a rectenna®>3 by picking
up ambient radiation and generating d.c. voltages. The radiation
pickup likely occurs in the chamber wiring of the PPMS cryostat
(see Supplementary Figs. 12-15 and Supplementary Note 2). The
a.c. current noise flowing through the sample wiring, and con-
sequently through the sample, is then rectified into a d.c. voltage.
The dominant frequency of the ambient radiation in our system is
a few MHz (see Supplementary Fig. 4 and Supplementary
Note 2).

The physical mechanism of rectification demonstrated here can
be expected to appear also in other systems with topological
solitons such as skyrmions in chiral magnets®*3>. Exploiting this
effect in similar systems could potentially open new directions in
energy harvesting from the electromagnetic environment in novel
power generation schemes or sensitive lock-in detection of elec-
tromagnetic waves.

Methods

Sample growth. MoGe|YIG bilayer films were grown on 0.5-mm-thick Gd;GasO,
(111) substrates (GGG). First, Y;FesOq, (YIG) with a thickness of 1 um was fab-
ricated by liquid phase epitaxy on the GGG substrates. The YIG(111) film has an
out-of-plane magnetic anisotropy, and its saturation field in in-plane direction is
less than 0.01 T3”. Amorphous Mo, _,Ge, (x = 0.22, MoGe) films were deposited by
sputtering from a tuned MoGe 70:30 target. During the sputtering, the sample
holder was rotated at 300 rpm and kept at room temperature by water cooling38-42.
Samples with MoGe thickness in the range of 340-360 nm were prepared. For
control experiments, a Si wafer with a thermally oxidized SiO, surface was used
instead of the YIG|GGG substrate. The plateau resistivity before the super-
conducting transition in 350-nm-thick MoGe films on both substrates was py =
2.6 x 107° Q m. The onset of the superconducting transition at B=0 on both
substrates (p = 0.95py) appeared at T'="7.2 K. Resistivity dropped at T=6.9K on
the YIG substrates, and at T= 6.8 K on the Si substrates. The GL parameter is x =
100 and the magnetic penetration depth is comparable to the sample thickness*3.
Typical dimensions of the samples were 2 x 6 mm. The data shown in the paper
were measured on four MoGe|YIG samples, one MoGe|Si sample, and one MoGe|
Si0,|YIG sample. The experimental results shown were also confirmed in another
three MoGe|YIG samples, another three MoGe|Si samples, and a MoGe|Y;Al50,,
sample.

Measurement. Measurements were performed in a superconducting magnet
(Physical Property Measurement System, Quantum Design, Inc. —PPMS). The
samples were fixed with GE7031 varnish to an oxygen-free Cu-block which was
thermally sinked to a PPMS puck with H20E silver paste, or attached with screws
to a PPMS functional rod. Ohmic contacts were made using Au wires attached to
the MoGe surface with indium contacts. Resistivity and voltage measurements were
performed at each value of the magnetic field B. All plots of the magnetic field
dependence of voltages show B-odd components of voltages V defined as V,44(B)
={V(B) — V(—B)}/2. Note that the even component of the voltage signal, which
has weak reproducibility and is attributed to accidental temperature gradients in
the sample, has been excluded.

The resistivity of the samples was measured by a conventional 4-terminal
method using either a resistance bridge AVS47-B (Picowatt) or a lock-in amplifier
LI5640 (NF Corporation). All resistivity measurements were longitudinal, and were
performed in the direction transverse to the magnetic field. Phase diagrams of
superconductivity in the MoGe were constructed using the 95% rule for the upper
critical field, p(B.;) = 0.95pN38, and the vortex-solid melting field B,, was
determined as the field value where the resistivity of the sample falls below the
experimental resolution, p(By,) = 10*3pN‘ We are not aware of any previous works
that investigate the phase diagram of MoGe in parallel magnetic fields.

A general expression for a voltage generated in a device as a response to current
I(t) is

Vaer(t) = [pol(£) + Ay (1) + ... | £/S, (1)

where p, is the direction-independent resistivity, A, represents the nonreciprocity
in transport, £ is the distance between voltage terminals and S is the cross-section of
the conducting specimen.

When an a.c. current I(t) = I, sin(27ft) is applied, the nonreciprocal component
of the voltage to the second order of I is

%Azflg[l + sin(4nft — n/2)]¢/S. (2)

To detect A4 a higher harmonic lock-in method was used, where higher harmonic
responses of the voltage are measured as

V(1) = g / :iTsin(Zﬂnfs +0)V (5)ds. 3)

The coefficient of the nonreciprocal response A,ris determined from the second
harmonic signal with the phase shift § = —n/2, that is, V,; = (V2/4) Ay I3¢/S. The
response to an a.c. current in such a nonlinear device generates a d.c. component in
the voltage drop, V. = (1/2)A2flgé‘/5.

Measurements of second harmonic voltages were performed by inputting a
continuous sine wave current with the frequency f into the sample from a current
source Keithley K6221. The amplitude and the phase of the 2f component of the
voltage between the ends of the sample was measured by a lock-in amplifier
LI5640, which was synchronized with the current source.

DC voltages were measured by connecting the two voltage terminals of the
sample to a Keithley Nanovoltmeter K2181A and leaving other contacts unwired.

For control measurements with a temperature gradient, the sample was
sandwiched by two sapphire plates. Temperature difference, AT, between the two
sapphire plates was generated using a chip resistance heater with negligible
magnetoresistance. Temperatures of the top and bottom plates were monitored by
two Cernox CX-1050 thermometers. The whole sandwich was attached to a Cu
block with varnish.

Data availability
The data that support the findings of this study are available from the corre-
sponding author upon reasonable request.
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