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Supplementary Figure 1| Additional data from the five-layer NbSe: device shown
in the main text. a,b, R“-B and R?“-B curves of the five-layer NbSe; device from the
main text at 7 = 2 K where different states are marked. The vortex solid (glass) state
corresponds to zero R” and zero R?® regimes. The vortex liquid state corresponds to
nonzero R” and nonzero R’® regime. ¢,d, R“-B and R’*-B curves of the device at T =
5.75 K. The purple dashed lines define the boundary between the activated vortex state
at relatively high temperature and the vortex liquid state defined as the magnetic field
(B # 0) where the R?” sign is reversed. In other words, the activated vortex state is the
regime between the two purple dash lines in ¢ and d. e. Angular dependent R**-B curves
of the five-layer device as the magnetic field changes (as schematically shown in inset)
from the out-of-plane direction (perpendicular to the substrate direction) to the in-plane
direction (parallel to the current direction). The peak values of the R?*-B curves
gradually disappear when the magnetic field is parallel to the current direction.
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Supplementary Figure 2| 2D plot of the second harmonic resistance of the five-
layer NbSe: device in the main text. a,b, Large and small range 2D plots of the second
harmonic resistance of the five-layer NbSe> device in the main text. The second
harmonic signal has a different sign under positive and negative magnetic fields at 7<5
K(a), another pair of peaks emerge at 7> 5.25 K (b).
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Supplementary Figure 3| Nonreciprocal charge transport and the d.c. response of
the trilayer NbSe: device in the main text. a, b, ¢, R*-B, R?**-B and Vpc-B of the
trilayer device at T = 2 K. The R??-B and Vpc-B curves exhibit two pairs of peaks,
indicating no vortex solid states at T = 2 K. This is also consistent with the nonzero
magnetoresistance in the R®-B curve at B # 0 T in a. Accordingly, the activated vortex
state and vortex liquid state are separated by the two dashed purple lines corresponding
to the magnetic field where R” changes its sign. The absence of the vortex solid state
in the trilayer NbSe; device at 7= 2 K is because the melting temperature of thin NbSe»
is lower than that in thicker samples®. d, Schematic circuit diagram of the measurement
of the R® and R?*. Both the first- and second-harmonic signals of the a.c. resistance

were measured using lock-in amplifiers by applying an a.c. current I = v/2Iysinaot.

The measured first and second harmonic resistance is defined as R” = V¥/ly, R*® =
V2%[ly. Here Iy is the effective value of the applied a.c. current, V® and V2® are the
measured first harmonic and second harmonic voltage drop.
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Supplementary Figure 4| Details about the direction of the electrical contacts and
measurement configuration. a, Optical image of the cleavage edges of the exfoliated
NbSe> crystals. The cleavage edges have a high probability to form a 60° angle as
marked by the dashed green and light blue arrows. The purple arrow stands for the
zigzag edge of the NbSe» crystal. Scale bar, 10 um. Inset, an optical image of the
fabricated device. The electrical contacts are along the cleavage edge (zigzag edge).
Scale bar, 5 um. b, Schematic image of the measurement configuration. The magnetic
field is in the out-of-plane direction. The applied current is in the zigzag direction. The
longitudinal nonreciprocal response (¥2®, the purple arrow) is maximum under such a
measurement configuration.
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Supplementary Figure 5| Schematic Fermi surface of NbSe: with and without
perpendicular magnetic field. a, b, Schematic Fermi surface of NbSe> with (left, a)
and without (right, b) perpendicular magnetic field. 4so is the spin splitting, 4z is the
Zeeman splitting. The band asymmetry appears between the K and K’ points due to the
synergetic effect of the spin-orbit interaction and Zeeman effect. Their spin splittings

are 2(4so + Az) and 2(Aso — Az), respectively®>. At zero magnetic field, the lack of
inversion symmetry manifests itself as the spin splitting of bands due to the spin-orbit
interaction. Applying the magnetic field breaks the time-reversal symmetry, the band
asymmetry appears between the K and K’ points due to the synergetic effect of the spin-
orbit interaction and Zeeman effect. The spin splittings are 2(Aso + Az) and 2(A4so — 4z)
at K and K’ points, respectively. Therefore, the nonreciprocal current responses in 2D
NbSe; arise when both inversion and time-reversal symmetries are broken.
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Supplementary Figure 6| Nonreciprocal sensitivity of the thrlayer NbSe2 antenna
device in the main text. a, Vpc-B of the device under a.c. signal applied on the resistor
with Vp.p value changing from 0 to 400 mV at T = 2 K. Vp1-Vp4 are the peak values. b,c,
Extracted Vimax: and Vivaxz value as a function of Vep value. Both Vmax: and Vuaxz
values increase monotonically as the increase of Vp.p value (that is, the applied power
on the resistor). d, Vpc-B of the device under a.c. signal with the frequency changing
from 0 to 49 MHz. Vpc shows a distinguishable increase with fin> 1 MHz. e,f, Extracted
Vmaxt and Vmaxz values as a function of frequency fin, showing the largest response at
fin ~5.52 MHz. g, Retention behavior of the device under various magnetic fields with
a frequency of fiv=5.52 MHz, and Vp.p =200 mV at T = 2 K. Inset, Vpc-B of the devices
with fin=5.52 MHz and Vp.p =200 mV at T = 2 K, where P1-P4 positions are marked.
h, Time evolution of the generated power of a 100 Q resistor connected to the device
(B = 2.5T, fin = 5.52 MHz, Vpp = 200 mV, T = 2 K), showing a stable detection after
2200 seconds.
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Supplementary Figure 7| Additional data of the trilayer NbSe: device in the main
text. a, Temperature-dependent first harmonic resistance under applied magnetic field
varying from -5.5 to 5.5 T, where each pair of R?(B)-T and R“(-B)-T curves overlap
each other. b, The d.c. response of the trilayer device as a function of B with no a.c.
signal applied on the resistor in the main text Fig. 4b as the temperature changes from
2 to 6.5 K. The curve also shows a similar behavior as the main text Fig. 4f due to the
extreme sensitivity of the NbSe: device to the environmental fluctuation (The PPMS
chamber has a noise background of a few MHz?) in the superconducting regime. c,d,
Vmaxt and Vmaxz as a function of the input power applied on the resistor (The data are
obtained from the Supplementary Figure 6a). The device shows an increased d.c.
response at the input power increased from 0 to 400 uW. Also, the device shows a
response at Pin = 1.56 pW, indicting its high sensitivity to the applied a.c.
electromagnetic wave.
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Supplementary Figure 8| Power-dependent d.c. response of the five-layer NbSe:
antenna device in the main text. a, Color plot of Vpc as a function of frequency fin
and Py of the device at B =0.12 T and T = 2 K, the resistor was placed 2 mm away
from the NbSe: channel. b,c, Vumax: and Vmaxz as a function of the input power applied
on the resistor (The data are obtained from the main text Figure 5a). Both Vmax: and
Vmaxz increases as the input power increased from 0 to 2.5 mW.
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Supplementary Figure 9| Additional data of the five-layer NbSez antenna device in
the main text. a-c, The d.c. response of the device at 2 K < T < 6.5 K with applied a.c.
signals (a, fik = 200 MHz, Vpp = 1.5 V; b, fin =450 MHz, Vep = 1.5 V; ¢, fin = 650
MHz, Ve.p = 1.5 V;) on the resistor, all of them shows prominent d.c. response. Also,
Increasing the temperature would weaken the d.c. response. d, Vpc as a function of fiy
at Ve, =0V and 0.9 V, respectively. The device shows prominent d.c. response at fin
>5 MHz. The maximum response occurs at fin =200 MHz. e, Dynamic behavior of the
device with the a.c. signal (fin=1 MHz, Vp.p = 0.5 V) switching on and off at B = 0.23
T and -0.23 T, respectively. f, Dynamic behavior of the device with the a.c. signal (fin
=900 MHz, Vp.p = 1.5 V) switching on and off at B = 0.27 T and -0.27 T, respectively.
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Supplementary Figure 10| a, Schematic figures of the control experiment, the NbSe-
channel and resistors are fabricated on different SiO2/Si channels. There is a gap
(marked by the red dashed arrow) between these two wafers so as to block out the
possible heating effect. b, Vpoc-B of the device under various Vp.p value (that is, the
power of the a.c. signal applied on the resistor) at T = 2 K, fix = 600 MHz.
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Supplementary Figure 11| Additional data for another six-layer NbSe2 antenna
device. a, Color plot of Vpc as a function of the frequency fin and magnetic field of the
NbSe, antenna device at Vp.p =1 V and T = 2 K. The NbSe; thickness is six layers. b,
Color plot of Vpc as a function of frequency fin and Ve.p of the device at B =0.12 T and
T =2 K. ¢, Vpc-B of the device with Vp.p value (that is, the power of the a.c. signal
applied on the resistor) changing from0to 1V at T =2 K, fin =450 MHz. d, e, Extracted
Vmax1 and Vmaxz value as a function of Ve_p value, Both Vivaxi: and Vmaxz values increase
monotonically as the increase of Vp.p value. f, The dynamic behavior of the device with
the a.c. signal (fin =825 MHz, Vp.p = 1V) switching on and off at B = 0.08 T and -0.08
T, respectively. Considering the color plot in a and b, the device shows a d.c. response
from 1 to 825 MHz. g, Retention behavior of the device under various magnetic fields
with a frequency of fix = 450 MHz, and Vpp= 1V at T = 2 K. h, R?*-B curves of the
device with the temperature changing from 2 to 6.75 K at fiy = 650 MHz, Vp.p = 1.5V.
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Supplementary Figure 12| Additional data for a four-layer NbSez antenna device.
a, Magnetoresistance isotherms of the device at temperatures ranging from 2 to 6.5 K.
b, Corresponding R?“-B curve of the device as the temperature varies from 2 to 6.5 K,
showing an antisymmetric behavior (the applied current is lo=50 pA). Inset, an optical

image of the device. Scale bar, 50 um. c, the d.c. response of the device at 2
6.5 K without applying a.c. signals on the resistor, showing a similar antisy
behavior to the R?*-B curve. d, The d.c. response of the device at 2K <T < 6.5
applied a.c. signal on the resistor (Fin=6.02 MHz, Vp.p = 200 mV), consistent
trilayer device in the main text.
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Supplementary Figure 13| Controlling of the d.c response of the four-layer NbSe:
antenna device. a, V'pc-B of the device with Vp.p values of the a.c. signal applied on
the resistor changing from 0 to 200 mV at 7 = 2 K. b,c, Extracted Vyux; and Viax2
values as a function of Vp.p value, Vaax; and Vazax2 are the same as defined in the main
text. Vp;-Vp4 are the peak values of Vpc as shown in a. d, Vpc-B of the device under a.c.
signal frequency changing from 0 to 49 MHz, showing an increased Vpc as fiv > 1
MHz. e.f, Extracted Vyux; and Vauxe values as a function of a.c. signal frequency fiv
value, showing the largest response at fiv ~ 6.02 MHz.
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Supplementary Figure 14| Second harmonic and d.c. response measurement of
double-layer NbSe2. a, Magnetoresistance isotherms of the double-layer device at
various temperatures. b, Corresponding R’“-B curve of the double-layer device with
applied current /o= 15 pA, exhibiting two pairs of antisymmetric peaks. Inset, an optical
image of the device. Scale bar, 50um. ¢, Vpc-B curves of the device at 7= 2 K under
a.c. current applied to the resistor. The current amplitude Vp.p varies from 0 to 200 mV
(fiv = 5.02 MHz). Vpc increases as the increase of applied current amplitude Vp.p. d,
Vpc-B curve of the double-layer device under a.c. current (Vp.p= 100 mV) applied on
the resistor with the frequency varying from 0 to 9.02 MHz, showing a maximum
response at fiv=5.02 MHz.
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Supplementary Figure 15| Second harmonic and d.c. response measurement of
bulk NbSe:. a, Optical image of the bulk NbSe; four-terminal device, where the applied
current direction has been marked (red solid curve). Scale bar, 1mm. b,

Magnetoresistance isotherms of the bulk device with temperatures from 2 to 8

K. The

applied current is 0.5 mA. ¢, Corresponding R’“-B curve of the bulk device, showing
no signal at all temperatures from 2 to 8 K. d, R“-B curves of the bulk device at 7= 2
K under applied currents from 0.1 to 5 mA. e, Corresponding R°“-B curve of the bulk
device under various applied currents, also showing no signal. f, The d.c. response of

the bulk device without applying the a.c. signal, signaling no response
environment fluctuation.
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Supplementary Note 1. A detailed derivation of equations (1) and (2) in the main
text.

Considering the second-order Taylor expansion formula in two variables:

f(xo+hyo+k)

—f(xo»J’o)+(hai+k 0 )f(on’o)‘F 1( aa kaa_y>2f(xo'J’0)

+ R,
Here we set:
(x0,Y0) — (0,0) h—1 k - B f—-R
Because R(I, B)=R(-1, -B), then the first-order term is 0. Using a Taylor expansion
at (0,0) and ignoring higher-order terms, we get:
2

R(U,B) = R(0,0) + — (1%+B%) R(, B)

—R(00)+1 12 0 R(I,B) + B> — 0 R(I,B) + 2IB 0 9 R(I,B)|.
I oIz’ dB2 ol OB
Then we can set:
aRy = zazzRU B);
2 _
BRyB* = zaBZR(I B);

Here Ry is the resistance at zero magnetic field, / represents the electrical current
and B stands for the applied external magnetic field. Thus, we get the Taylor expansion
of the resistance®®:

R(I,B) = Ry(1 + al* + BB* +yIB) (1)

For systems exhibiting inversion symmetry’,

R(I,B) = R(—I,—B).

Thus, the last term in equation (1) only exists in systems with broken inversion
symmetry. Then the resistance of systems with inversion symmetry breaking can be
described as:

R(I,B) = Ry(1 +yBI) (2)

If we apply a sine wave current I = v/2I, sinwt on the device, then the total

resistance of the conductor is”8:

V = VZRolo sin wt-+yBRoI3 sin (2wt — ) + yBR,IZ 3)

Here the first term is the normal first harmonic signal, the second term is the
second harmonic signal which has a n/2 phase shift comparing to the first harmonic
signal, and the third term is the d.c. term that is usually neglected. Note that our research
focuses on both the second term and the third term in equation (3). The d.c. term in

17



equation (3) can also be interpreted from the point of view of vortex flow in asymmetric
pinning potentials, where the average d.c. voltage Vpc in response to an oscillatory a.c.
drive is®

Voc =7 [ V(). (4)

In the entire period 7, | V) | would have a larger value in the one-half period than the
other half due to the asymmetric pinning potentials. Then Vpc will be nonzero.
At the same time, using the first term in equation (3), we get the first harmonic
resistance,
R® = Ry;

and the second-harmonic resistance

BRol
R* =122,
Then we can get the y value as
V2R
Y = BROT,’
which is the parameter representing the strength of the magneto-chiral anisotropy effect.
Nevertheless, the R’ contains the B term, so if the magnetic field is reversed then the
R?® will change sign. Therefore, the R?*-B curve should be antisymmetric with respect
to the y-axis, consistent with our experimental results.

Supplementary Note 2. The relation of nonreciprocal change transport and d.c.
response with vortex motion.

For type-II superconductors like NbSez, the movement of the vortex causes
dispassion in the superconducting states, leading to a nonzero resistance'®!!. Compare
Supplementary Fig. 1a with 1b, we find that the second harmonic signal is non-zero
only at the intermediate states (the vortex flow regime in Supplementary Fig. 1a). The
same phenomenon happens at all temperatures below 7¢, suggesting a close
relationship between the R°“ and vortex motion. According to previous theories, in the
vortex flow regime, the vortices driven by the external charge current moving among
the asymmetric pinning potentials in non-centrosymmetric superconductors causes the
emergence of nonreciprocal charge transport?. In 2D NbSe», the asymmetric pinning
potentials naturally appear as a consequence of disorder? such as defects in 2D
crystals'?!? (Fig.1c in the main text) with inversion symmetry breaking. This is also the
reason we using equation (1) to describe the nonreciprocal transport in 2D NbSe:.
During our second harmonic resistance measurement, when the temperature is low (7
< 5 K), in the small magnetic field regime, the Lorentz force cannot overcome the
pinning potential, therefore the vortex will not move!®. In this case, there is no
dissipation thus no magnetoresistance of NbSe>. We call this state the vortex solid state
or the vortex glass state'. While in a large magnetic field regime, Lorentz force starts
to get larger than the pinning potential and the vortices can move freely in this regime.
We call this state the vortex liquid state. Further increase of the magnetic field will
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quench the superconductivity into the normal state, leading to a decrease of R’”. When
the temperature is further increased and finally reaches a critical point Ty (7= 5.25 K
for the five-layer device in the main text), the pinned vortices will be thermally
activated and jump between asymmetric pinning barriers. We call this state the activated
pinned vortex state™. Note that the movement of the vortices in the activated pinned
vortex state is called thermally-assisted flux flow'®, different from the vortex motion in
the vortex liquid state. Then, both the activated pinned vortex state and vortex liquid
state belong to the vortex flow regime. Accordingly, above the melting temperature, the
system will change from the activated pinned vortex state to the vortex liquid state as
the magnetic field increases. We believe that nonreciprocity of the vortex motion in the
activated pinned vortex state and vortex liquid state are opposite, so the R’ will change
its sign as we further increase the magnetic field regime at 7> Ti. As a result, the R**-
B curve exhibits two pairs of peaks at 7> 5.25 K (as shown in Supplementary Figs. 1d,
2 and 3). Also, the T can reduce quite a lot as the thickness of the NbSe: reduces. This
explains the phenomena where the R’“-B curve exhibits two pairs of peaks at 7> 2 K
for the device in the main text Figure 4 (also see Supplementary Figs. 3b and c).
Because the second harmonic signal and the d.c. term carry the same yB term
(equation (2) above), the Vpc-B curve also shows two pairs of peaks quite similar to the
R?®-B curve (Supplementary Fig. 3¢ below). We note that the sign reversal in a vortex
ratchet has been reported previously for Nb film grown on an array of Ni triangles'’
and superconducting Al film with an array of asymmetrical pinning sites'®. The first
case was interpreted as the effect of opposite ratchet motion of pinned vortex and
interstitial vortex. The later one was explained by multiple reversals of vortex drift
direction due to the increase of vortex density. Also, multi-reversal antisymmetric
second harmonic magnetoresistance has been observed in a chiral WS, nanotube’, in
which the multi-reversal was due to the different chirality of the multiwall nanotube.
The exquisite physics behind the two pairs of peaks observed in R*“-B and Vpc-B curves
is worth further theoretical investigation.

Equation (2) above has shown that both the second harmonic signal and the d.c.
term carry the same yB term, indicating they have the same relationship with the
applied external magnetic field B. This also explains the high consistency between R?*-
B and Vpc-B curves observed in our experiments (main text Fig. 4, Supplementary
Figures 3, 4, 5, 8). Essentially, from the viewpoint of the vortex motion, both the second
harmonic signal and the d.c. response come from the vortex motion in ratchet pinning
potentials in 2D NbSe: crystals at 7" < Tc. According to the recent theory, in non-
centrosymmetric superconductors, when vortices driven by the external charge current
move among the asymmetric pinning potentials in the vortex flow regime,
nonreciprocal charge transport will emerge?. The ratchet pinning potentials in few-layer
NbSe; naturally come from disorder? like defects in 2D crystal*?!® without inversion
symmetry. Utilizing the extreme sensitivity of NbSe. in the superconducting regime,
we can apply radio-frequency a.c. signals on the resistor fabricated on the same
substrate, then the electromagnetic wave will radiate onto the NbSe: device nearby. The
vortices in the 2D NbSe, will sense the a.c. oscillatory driving force and encounter a
counterforce with different magnitudes for each direction of it. Consequently, the
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vortex under such circumstances will acquire a net velocity and generate d.c.
voltage!”®. Since both the second harmonic signal and the d.c. response occur in the
vortex flow regime, we can also define phases based on the Vpc-B isotherms as shown
in Supplementary Fig. 3. The absence of the vortex glass state in trilayer NbSe; at T =
2 K is due to its low melting temperature compared with the thicker (five-layer) sample’.
Also, in the main text Figure 2, we calculated the maximum value of "= 3.43x10* T-
'A”l, which is larger than y value 6.53x10> T'A"l. Since y value reflects the
nonreciprocity of the system. This also explains the larger variation of Vmax> than
Jmaxi upon elevated a.c. power observed in our experiment.

Supplementary Note 3. Details about the direction of the electrical contacts,
measurement configuration and possible heating effect.

During the experiments, we find that most of the cleavage edges of exfoliated
NbSe; form a 60° angle (as shown in Supplementary Figure 4a). According to the
previous study'®, theses cleavage edges correspond to zigzag edges of the crystal (as
shown in Supplementary Figure 4b). Also, theory? has pointed out that for 2H-NbSe>
with the trigonal crystal structure, the longitudinal nonreciprocal response (¥2?, the
purple arrow in Supplementary Figure 4b) is maximum when the applied current is
parallel to the zigzag direction of the crystal (an out-of-plane magnetic field is needed,
as shown in Supplementary Figure 4b). So we intentionally fabricated electrical
contacts along the cleavage edge of the NbSe; crystal, i.e., the zigzag direction in the
up-right panel of Supplementary Figure 4a. It should be noted that for 2D NbSe», the
nonreciprocal charge transport occurs when vortices driven by the external charge
current move among the asymmetric pinning potentials in the vortex flow regime. Here
the vortices move in the in-plane direction and the magnetic field is in the out-of-plane
direction. NbSe> doesn’t have polarization in its crystal>>2, Note this is different from
polar systems like LaAlO3/StTiO; oxide interface’® and BiTeBr?!, where the
nonreciprocal response is maximum when the polarization of the system (out-of-plane
direction) and magnetic field (in-plane direction) and current are all orthogonal to each
other.

Supplementary Note 4. Calculation and discussion on the responsivity of the 2D
NbSe2 antenna.
We calculate the responsivity of nonreciprocal charge transportin 2D NbSe,, R =

2w
%. Taking the data from the main text Figure 4 at T =5.25 K (V%, =1.775x10°®V,

excitation current | = 2.5x107° A and resistance R = 0.9 Q), we obtain a responsivity
R =3.156x10° V/W. This value is indeed smaller than the state-of-the-art diodes which
have the responsivity R ~ 10* V/W. But the 2D NbSe; antenna device has its own
unique advantages. (1) 2D NbSe, antenna can work at a temperature lower than 6.5K
and control the motion of magnetic flux quanta, which has potential applications in
quantum computing circuits.'®° (2) The physical origin of the rectifying effect between

20



the 2D NbSe; antenna and the commercial diode is completely different. The typical
commercial diodes in the electronics community utilize the built-in electric field in
semiconductor junctions to set the direction of the d.c. current, which don’t have
reversible nonreciprocal d.c. response and nonreciprocal multi-states. The 2D NbSe;
antenna devices, however, utilize the principle of the intrinsic inversion symmetry
breaking in the quantum crystals. This results in a reversible nonreciprocal d.c. response
and nonreciprocal multi-states. These performances have unique potential applications
in radio-frequency information storage and identification. (3) The 2D NbSe; antenna is
an atomically-thin nano-scale device, which is far smaller than the commercial diodes
(typically in sub-millimeter-scale). The nano-scale device can be used in flexible and
transparent electrical circuit?%. (4) Because the 2D NbSe; antenna utilizes the intrinsic
inversion symmetry breaking of the crystal, the whole area of the sample is active. And
the large active area is greatly demanded in electromagnetic wave harvesting (e.g.
wireless charging or energy harvesting). For 2D NbSe», a large active area can be
achieved by either integration of devices or fabrication of large homogenous samples.
(5) The commercial diodes in the electronics community are very mature, and their
performance has limited space to be improved, particularly owing to the built-in electric
field of these Schottky diodes. Their rectification requires a threshold input voltage Vr
= kgT/e, known as thermal voltage (~26 meV at room temperature). This makes it
challenging for the commercial diodes to harvest low-power (< 1J4WV) electromagnetic
waves?*, which is becoming increasingly crucial due to the fast-developing microwatts
and nanowatts electronics. Also, their responsivity of the commercial diodes is limited
by the transition time in diodes (typically orders of nanoseconds) and drops at high
frequencies. Furthermore, there is a so-called terahertz gap (0.1 to 10 THz) of these
commercial diodes that cannot be avoided?. Thus, low-power energy harvesters and
terahertz detection are in great demand now. Scientists are searching for new materials
and new rectification mechanisms for years. While the 2D NbSe, antenna devices
utilize the intrinsic inversion symmetry breaking and work at a superconducting regime,
they could be more efficient for harvesting low-power (<1p\WV) electromagnetic waves.
Also, the theory has predicted that 2D-TMDs can have an efficient second-order
response even at ~THz scale?. We recognize that our 2D NbSe; antenna device doesn’t
reach that high frequency for now. However, we are the first to push 2D single-
crystalline superconductors into practical device applications. Note that the frequency
at 900 MHz is much larger than the resonant frequency of the vortex moving in the
artificial periodic potential (~ 100 MHz)'!. Note that for a nonreciprocal change
transport in an asymmetric pinning potential, the upper frequency of the vortex must be
smaller than the upper-frequency limit (resonate frequency) in order to allow the vortex
move longer than the unit-cell distance, typically at a scale of ~um for artificial
fabricated asymmetric pinning potentials in one a.c. cycle!’*8, In 2D NbSe;, however,
the point defects in the crystal which form the asymmetric pinning potentials are
regulated by the crystal lattice. Thus, the unit-cell distance of asymmetric pinning
potentials in 2D NbSe> should be corresponding to its own lattice constant, typically at
a scale of ~nm. For comparison, the resonant frequency limit of the vortex moving in
the artificial periodic potential is limited to only about 100 MHz!. We can thus estimate
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that the upper-frequency limit of our 2D NbSe; should be ~ 10 GHz or even larger®.
This explains the significantly higher sensing frequency of 900 MHz in our 2D NbSe>
antenna device, suggests that it great potential to realize sensitive detection at much
higher frequencies in the future. Here, we do not intend to propose an immediate
commercial application. But the new mechanism and new device functionalities
demonstrated in this work suggest that 2D single-crystalline superconductors are great
candidates for the building blocks of next-generation wireless networks that may
address some of the major limitations of the current technologies with proper device
optimizations?.

Supplementary Note 5. Discussion about the response frequency of the NbSe:
antenna device.

For the device in the main text Figure 5, the device shows a prominent d.c response
at fix > SMHz. Note at IMHz < fix < 5MHz, the d.c. response is not so prominent
(Supplementary Figure 9d). We further measure the d.c. response of this device via
monitoring the dynamic behavior of the device with the a.c. signal (Supplementary
Figure 9e), which shows that the device also exhibits the d.c response at fin = 1 MHz.
Considering all the atomically thin device we measured, most devices shows the
response at fin > 1 MHz.

Supplementary Note 6. The discussion of the possible heating effect.

As shown in Supplementary Figure 8a, as we increase the applied a.c. signal power,
the spectrum characteristic of the d.c. response doesn’t change. Also, the vortex flow
regime of the NbSe antenna device doesn’t vanish during the application of the a.c.
signal as shown in the main text Figure 4e and Figure 5c, indicative of the stable vortex
dynamic state without quenching to the normal state (by the heating effect). Noted that
in the main text Figure 5c, as we increase the applied power, the peak position shrinks
a little bit. This is because a larger a.c. signal power would drive more vortices to move
among the asymmetric pinning potentials in NbSe: crystals and enhance their moving
speed. As a result, a larger resistance would appear under the same magnetic field and
the vortex flow regime of the device would shrink'?®, As shown in the main text
Figure 5 c-e (also see Supplementary Figure 8 a-c), as we increase the applied a.c. signal
power, the d.c response the device of the device is also increased, this means that the
shrink of the peak position is not coming from the heading effect because the increase
of temperature would reduce the d.c. response (Supplementary Figure 9 a-c). We also
do the control experiment by separating the resistor and the NbSe> channel. As
schematically shown in Supplementary Figure 10a, the resistor and the NbSe> channel
are fabricated on two different SiO2/Si wafers, there is a gap between these two wafers
which could almost block out the heating effect of the applied a.c. signal. As we
increase the power applied on the resistor, the d.c. response increases and the peak
positions also shift. Note that this behavior is consistent with the main text Figure 5c,
which also proves our argument that the shift of the peak position is not coming from
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the heating effect. We do realize that the heating effect in our device is unavoidable.
However, based on the aforementioned reasons we believe that the heating effect on
the nonreciprocal d.c. sensitivity is not significant and the dynamical phase diagram of
NbSe: is not qualitatively altered.

Supplementary Note 7.Thickness-dependent antisymmetric second harmonic
and d.c. response in NbSe:.

Combining the results in Supplementary Figures 6-9, 11-15 and the main text, we
find that the antisymmetric second harmonic and the d.c. response can be detected in
few-layer NbSe; while not in bulk NbSe>. We attribute this to the weak interlayer
coupling in NbSe, which agrees with the Ising superconductivity and the observed
unusual continuous paramagnetic-limited phase transition?’ due to inversion symmetry
breaking. As the sample thickness increases, the interlayer coupling becomes more
important by introducing orbital effects?®. However, the orbital effect is significantly
suppressed when the sample thickness is smaller than the out-of-plane penetration
depth®® (~23 nm; ref. 2°). Considering the yvalue proposed by 2H-type TMD systems?®:

__ AmmA
" WehkgT,’

where W is the width of the device channel, and

_9gupAsol’

(mkpT)?

Here, 450 is the spin splitting due to the spin-orbit interaction, g is the g-factor, /" is the
parameter of the trigonal warping®® and us is the Bohr magneton. From the above
equation, we could find that 450 is a very import parameter affecting the yvalue®?, We
believe that the nonreciprocity still dominates the vortex motion as long as the interlayer
coupling constant is smaller than the spin splitting energy 4so which is satisfied in few-
layer NbSe>?8. While in the bulk limit, the orbital effect will dominate, resulting in a
zero second harmonic and d.c. response. We note that the analysis here is qualitative
rather than quantitative. Further experimental and theoretical studies are needed to fully
understand this.

Supplementary Note 8. Large enhancement of y value in the superconducting
regime In 2D NbSe:.

According to proposed theories®3, the nonreciprocal paraconductivity in the
superconducting fluctuation regime can be used to explain the enhanced y value below
the superconducting transition temperature. At superconducting fluctuation regime, the
¥s value (yvalue below the superconducting transition temperature) for 2H-transition-
metal dichalcogenide is?

vs ~ T )
Here, e is the electron charge, m is the electron mass, 4so is the spin-orbit splitting, A is
the trigonal warping parameter, and 7y the mean-field superconducting transition
temperature. While in the normal state, the y, value (yvalue in the normal state) can
be acquired using the Boltzmann equation, the typical value is calculated as®
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mAsoﬂ.

o~ T (6)
Here, Er the Fermi energy. According to the BCS theory, the superconducting gap A ~
To, then we can get?

vs _ (Er\® _ (Er\°

G -3 g

Equation (7) here shows that the ratio of ygs/yy is proportional to the energy scale
difference between the Fermi energy Er(~100 meV) and the superconducting gap A(~1
meV). Thus we can estimate that ¥ is around 10°times of . This explains the large
enhancement of y value in the superconducting regime in 2D NbSe,.
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