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Magnetic proximity-induced superconducting diode effect and infinite
magnetoresistance in a van der Waals heterostructure
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We report unidirectional charge transport in a NbSe, noncentrosymmetric superconductor that is exchange-
coupled with a CrPS, van der Waals layered antiferromagnetic insulator. The NbSe,/CrPS, bilayer device
exhibits bias-dependent superconducting critical-current variations of up to 16%, with magnetochiral anisotropy
reaching ~ 10° T-' A~!. Furthermore, the CrPS,/NbSe,/CrPS, spin-valve structure exhibits the superconducting
diode effect with critical-current variations of up to 40%. We also utilize the magnetic proximity effect to induce
switching in the superconducting state of the spin-valve structure. Finally, it exhibits an infinite magnetoresis-
tance ratio depending on the field sweep direction and magnetization configuration. Our result demonstrates a
novel route for enhancing the nonreciprocal response in the weak external field regime (< 50 mT) by exploiting

the magnetic proximity effect.
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I. INTRODUCTION

Nonreciprocal charge transport, where the electrical re-
sistivity varies depending on the current and magnetic-field
direction, has attracted considerable attention over the past
decade. Extensive experimental and theoretical research
[1-12] has been conducted on systems with broken inversion
or time-reversal symmetries. With notable recent progress, in-
cluding the nonlinear Hall effect in Weyl semimetals [13,14],
and chiral optical and electrical responses in semiconductors
[2,15-17], new efforts have been directed toward exploiting
nonreciprocal transport in search of novel physical properties
and functionalities.

In a system with both broken inversion and time-reversal
symmetries, the nonlinear resistance R, in general, quantifies
the nonreciprocal transport, which is phenomenologically ex-
pressed as [1-3]

R =Ro(1 +yIB), ey

where B represents the external magnetic field and I denotes
the electric current. The second term represents nonreciprocal
transport, which depends on the directions of both / and B.
The coupling coefficient y, which is known as magnetochiral
anisotropy (MCA), defines the strength of the aforemen-
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tioned dependence. Typical metals exhibit small MCA values
ranging from 1072 to 10° T~' A~! because the spin-orbit
interaction and magnetic energies are nominally far lower
than the kinetic energy of the electrons, typically within a
few electronvolts of the Fermi energy Er [1,2,7,10]. However,
measuring the MCA in noncentrosymmetric superconduct-
ing materials such as transition-metal dichalcogenides is a
promising route for enhancing the MCA by orders of magni-
tude (~ 10* T-' A~! [4-6]) compared with the normal state,
by replacing the role of Er by a superconducting gap [4,7].
Therefore, nonreciprocal charge transport is potentially suit-
able for developing phase-coherent and direction-selective
electronic devices, and a proof-of-principle demonstration has
been performed for a broadband antenna [5].

The nonreciprocity quantified by the MCA generally arises
from finite inequivalent resistances under different transport
directions. In contrast, exotic nonreciprocity can be achieved
if the critical current becomes nonreciprocal. In such a case,
the resistance is quenched for one direction while remaining
finite for the other. If successful, this exotic nonreciprocity can
be used to develop dissipationless electric circuits [18]. The
recent discovery of such a superconducting diode effect (SDE)
in a Nb/V/Ta epitaxial film has prompted research on the
nonreciprocal transport in superconductors [8]. In subsequent
experiments, the SDE was observed in noncentrosymmetric
superconductors [19], artificially nanofabricated systems such
as a Josephson junction [20], and a noncentrosymmetric su-
perconducting film with conformal-mapped nanoholes [21].

In general, nonreciprocal transport is observed using an
external magnetic field for breaking time-reversal symmetry.
Several studies have been performed on enhancing the MCA
near the superconducting-normal state transition [22]. How-
ever, the commonly adopted approach typically requires a
large magnetic field, on the order of a few teslas [4—6], which
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poses a challenge for practical application. This technical bot-
tleneck provides a solid impetus to developing an alternative
method for facilitating time-reversal symmetry breaking.

The proximity effect in superconductor and ferromagnet
(S/F) heterostructures offers a possible solution to a large
magnetic field requirement. In the case of a superconductor
in close contact with a ferromagnet, the magnetic exchange
field of the ferromagnet is expected to penetrate into the
superconducting layer [23,24]. For example, the exchange
field in the S/ferromagnet insulator (FI) heterostructure has
been adequately understood based on this inverse proximity
effect [25,26]. Exchange fields of a few teslas have often
been observed in the spin splitting of the quasiparticle density
of states in EuS/Al bilayers [27-29] and EuO/Al bilayers
[30]. This large exchange field paves the way for develop-
ing novel superconducting spintronic devices. For instance,
superconducting spin-valve structures exhibiting infinite mag-
netoresistance (MR) have been recently fabricated [31,32].

Here, we show that when a magnetic proximity-coupled
van der Waals (vdW) heterostructure is used, the exchange
field effectively reduces the otherwise large external mag-
netic field requirement while preserving or even enhancing
the MCA in a noncentrosymmetric superconductor. Using
a recently developed polymer-based strong adhesive trans-
fer technique [33], we manufactured a NbSe,/CrPS, bilayer
heterostructure and a CrPS4/NbSe,/CrPS4 trilayer spin-valve
structure to leverage the magnetic proximity effect of the
adjacent CrPS, layer—an A-type layered antiferromagnetic
insulator (AFI) below B =~ 0.7 T [34,35]. The key observa-
tion was a nonreciprocal SDE with a critical-current variation
of up to 16% under a small external magnetic field of
< 50 mT in the bilayer device and up to 40% in the trilayer
device. Moreover, an infinite MR was observed in the trilayer
device under specific probe currents, which had never been
demonstrated in a vdW heterostructure or S/AFI heterostruc-
ture.

II. METHODS

A. Device fabrication

The NbSe,/CrPS, bilayer and CrPS4/NbSe,/CrPS, trilayer
devices are fabricated using the polycaprolactone (PCL) dry-
transfer method [33]. Specifically, the exfoliated layers of
NbSe, were picked up by the PCL stamp and dropped onto
the layers of CrPS4 to minimize the polymer residue at the
interface. Then, Ti (5 nm)/Au (70 nm) electrodes were evapo-
rated after the conventional e-beam lithography.

B. Transport measurements

The transport measurement was performed using a com-
mercial variable-temperature cryostat (Teslatron PT, Oxford
Instruments) with a base temperature of 7' = 1.5 K. We
performed two different types of four-probe transport mea-
surements in this study. The first was total resistance [R in
Eq. (1)] measurement using the dc voltage V with a Keithley
2182A Nanovoltmeter. The second measurement method in-
volved using the first and second harmonic ac resistances [Ry
in Eq. (1) and nonlinear correction to Ry due to nonreciprocity,
respectively] with a standard lock-in amplification technique
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FIG. 1. (a) Structure of noncentrosymmetric NbSe,. (Inset) Side
view of the structure of NbSe,, where the chirality is illustrated.
(b) Schematic of the valley-dependent splitting (top) and the spin-
valley locking of NbSe, (bottom). The broken inversion symmetry
of NbSe, introduces spin-orbit coupling, which causes valley-
dependent spin-orbit splitting (Agp). The Zeeman splitting (Az)
due to the downward magnetic field causes spin-valley locking.
The Fermi surfaces of the spin branches are plotted with different
colors. (c) Optical microscope image of the device. The boundaries
of NbSe, and CrPS, flakes are marked with violet and green lines,
respectively. Beneath NbSe, were layers of antiferromagnetic CrPSy,
which were placed on top of the 285-nm-thick SiO, substrate. The
gold electrodes were placed on top of the NbSe,, and a four-probe
measurement was conducted. The applied magnetic field was per-
pendicular to the substrate. The inset shows a schematic of the
cross-section marked with the red dotted line.

(Signal Recovery, 7265). Finally, the device was field-cooled
at B= 8 T to increase the domain size of the CrPS, layers
[27,29,36-38].

III. RESULTS

A. Nonreciprocal response in the bilayer device

As shown in Fig. 1(a), the lattice structure of monolayer
2H-NbSe, possesses intrinsically broken in-plane inversion
symmetry originating from inequivalent niobium and sele-
nium sites. Consequently, the itinerant electron of NbSe,
is subjected to an effective out-of-plane magnetic field
through Ising-type spin-orbit coupling. This effective mag-
netic field causes the spin-dependent valley splitting of NbSe;
in Fig. 1(b), as theoretically predicted [39] and experimentally
confirmed using photoemission spectroscopy [40,41]. With
locally broken inversion symmetry and spin-valley locking,
the nonreciprocal behavior is expected to occur when the
time-reversal symmetry is broken by a magnetic field perpen-
dicular to the plane.

We first investigate the nonreciprocal response in the bi-
layer device shown in Fig. 1(c), which is fabricated using
the PCL stamp technique (see Methods). Figure 2(a) shows
the I-V characteristics of NbSe, as a function of B. The
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FIG. 2. (a) Voltage drop across the NbSe, layer with respect to
the current and magnetic field at 7 = 1.55 K. The nonreciprocity
and magnetochirality appear as point symmetry, as indicated by the
purple dashed line. (b) I-V line cuts of Fig. 3(a) at 10, 20, 30, and
40 mT. The solid and dotted lines indicate the positive and negative
transports direction, respectively. The line cuts are plotted near 1.
to highlight the nonreciprocal /.. The location of each curve in the
colormap of Fig. 3(a) is marked with arrows of the same color. The
inset shows the current-voltage characteristic with a different current
sweep direction at B = 0 T, where the arrows with the corresponding
color indicate the current sweep direction. There is no noticeable
change in /., which suggests that the observed SDE is not induced by
a retrapping current. (c) Dependence of Al. on the applied magnetic
field. The measurement was performed by sweeping the magnetic
field from positive to negative. The inset shows the dependence of
%I, on the applied magnetic field. A maximum value of 16% was
observed. (d) Magnetic-field dependence of the second-harmonic
resistance. The magnetic field was swept from positive to negative.
The temperature of each trace is indicated in the upper left leg-
end. Magnetochirality was observed, and the peak location shifted
to lower B values as the temperature increased. (e) MCA y was
calculated from Fig. 2(d) using Eq. (2) with the corresponding error
bar. The inset shows the temperature dependence of the resistance of
the device.

distribution of the superconducting critical current /. across
the four quadrants of the colormap reveals broken symmetry
in both the I and B directions. Figure 2(b) shows the line cuts
of the magnitudes of the /-V curve in the vicinity of I, under

different B values, introducing a clear SDE observed in the
bilayer structure. Notably, the I. does not exhibit a signifi-
cant change even when the current sweep direction is varied
[Fig. 2(b), inset], suggesting the effect of the retrapping cur-
rent that an accidental Josephson junction could have caused
can be disregarded. The complete field dependence of the
marked critical-current difference Al is plotted in Fig. 2(c),
which is defined as the difference in I. between the positive
(Ic.+) and negative (I._) current-bias directions. The point
symmetry of nonzero AI. exhibits clear magnetochirality.
Furthermore, %I., which is defined as %I, = ﬁb X
100, reaches a value of up to 16% [Fig. 2(c), inset]. o

The second-harmonic resistance R,,, is shown as a function
of B at different T values in Fig. 2(d). The B field, where the
largest R,, occurs, generally coincides with that of Al.. The
MCA can then be quantified using Ry, as follows [4],

_ 2R2w

= —, 2
4 RoBI 2)

where the external field B is used to estimate y solely from ex-
perimentally given conditions. Interestingly, Fig. 2(e) shows a
y value (MCA) of 1.5 x 10° T"" A at T = 1.5 K, mainly
because of the reduced B field compared with that observed
in previous studies [4—-6]. A monotonic decrease in y as a
function of 7T is observed before y becomes negligible at
approximately 5 K, below the superconducting critical tem-
perature 7. = 5.51 K [Fig. 2(e), inset] [42,43].

The observed R, is different from that observed in
the few-layer NbSe, of the previous study [5]. Previously,
nonzero R,, in NbSe,, which was attributed to the resistive
vortex flow regime, started to appearat B > 1 Tfor T < 4 K
[5]. However, in our case, nonzero R, appears below B <
0.06 T for T < 4 K. We ascribe the unusual behavior of R;,,
to the magnetic ordering of CrPS4. As mentioned, A-type AFI
CrPS4 layers consist of antiferromagnetically coupled ferro-
magnetic monolayers for B < 0.7T at T = 1.5 K [34,35].
Furthermore, because the proximity effect in the S/FI insu-
lator is confined to the interface by the exponential decay of
the electronic wave function in the insulator, the exchange
coupling between the ferromagnetic CrPS; monolayer and
NbSe; is expected to decay rapidly within the atomic distance
[23,25,31]. Therefore, the antiferromagnetically coupled up-
per layers do not effectively offset the exchange field provided
by the nearest ferromagnetic CrPSs monolayer, resulting in
a significant exchange field dominated by the magnetization
of the nearest monolayer. This exchange field alone does not
affect the orbital dynamics because the exchange field couples
only with the quasiparticle spin and does not induce a Lorentz
force.

Additionally, the antiferromagnetic nature of CrPSy results
in a negligible stray field [44]. Thus, the stray field of CrPS,
and the applied magnetic field do not provide the net mag-
netic field required to achieve the vortex flow regime, which
is B > 2T for a few-layer NbSe, at a temperature below
2 K [5]. From this perspective, our observation of R,,, differs
significantly from previously reported vortex dynamics-based
R,,, on NbSe;.
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B. Nonreciprocal response in the trilayer device

We next explore the response of the similar proximity-
coupled structure with the increased exchange field by the
CrPS4/NbSe,/CrPS, trilayer spin-valve structure shown in
Fig. 3(a). The device is fabricated using the previously men-
tioned PCL stamp technique, where the picked-up material
stack was dropped directly onto prepatterned Pt(18 nm)/Ti(2
nm) electrodes to avoid contamination.

Figure 3(b) shows the I-V characteristics of the device as a
function of B, whose sweep direction is indicated in the upper
right corner. The phase boundary in the /-B plane manifests
both magnetochirality and nonreciprocity, as highlighted by
the white dashed lines. We quantify the observed SDE in the
trilayer structure by plotting Al. and %I, in Fig. 3(c). Notably,
%I, again shows a substantial value, with the increased value
reaching 40% [Fig. 3(c), inset].

Furthermore, a significant magnetic dependence of I, near
B =0T was observed, as shown in the enlarged plot of
Fig. 3(d). This dependence is also revealed in the averaged
four-probe voltage measured by sweeping the magnetic field
at / =25 pA in Fig. 3(e), with the noisy stochastic fluctu-
ating behavior depicted in the background of the averaged
signal. This stochastic fluctuation may be related to the phase
slip line and kinematic vortices [45—47], the existence of
the metastable state near the superconductor—normal-state
transition [48], or the domain structure of the proximity-
coupled CrPS, and their dynamics, which is discussed later.
Nonetheless, the overall signal consistently showed the field-
dependent switching behavior, as shown in the averaged
profile, demonstrating an infinite MR.

We note that the observed I. change near B=0T is re-
lated to the relative alignment of the adjacent CrPS, layer. As
mentioned previously, CrPS, provides an effective exchange
field with the dominant effect of the nearest ferromagnetic
layer. Thus, the system can be effectively identified with a
FI/S/FI trilayer structure, and the average exchange field on
the quasiparticles is defined as follows:

h =2|T[S(a/dy)cos (6/2), 3

where |I'|S represents the ferromagnetic spin multiplied by
the coupling constant, 6 represents the angle between the
magnetizations of the two ferromagnetic layers, and a and
d, represent the lattice constant and the thickness of the su-
perconductor, respectively [25]. In our device, the coercive
field of the nearest CrPS, layers is tuned according to their
thicknesses. This condition allows the switching of the de-
vice between parallel (P) and antiparallel (AP) configurations
through a gradual reduction in the magnetic field. Thus, in the
P configuration (6 = 0°), the net exchange field between two
CrPS, layers results in a significant exchange field on NbSe,.

In contrast, in the AP configuration (6 = 180°), the net
exchange field on NbSe; is canceled out [31,32]. This mag-
netization reversal of the nearest CrPS, layers considerably
changes the exchange field on NbSe; near B = 0 T. Consid-
ering that the exchange field tends to reduce I. because it
disrupts the Cooper pairs, the analogous switching behavior
of I, near B = 0 T reveals the exchange coupling between the
NbSe, and CrPSy layers, along with the hysteresis appearing
in the colormap of Fig. 3(d). This hysteresis becomes more

-40 -20 0 20
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B (mT)

FIG. 3. (a) Optical microscope image of the trilayer spin-valve
device. The boundaries of NbSe, and the top (bottom) CrPS, flakes
are marked with violet and green (purple) lines, respectively. Two
antiferromagnetic CrPS, layers sandwiched the NbSe, layer, and
the entire device was placed on top of the 285-nm-thick SiO, sub-
strate. The gold electrodes were at the bottom of the device, and a
four-probe measurement was conducted. The applied magnetic field
was perpendicular to the substrate. The inset shows a cross-sectional
schematic illustrating the stacking sequence. (b) Colormap of the
four-probe voltage with respect to the magnetic field and the current.
The magnetic field was swept from positive to negative. A drastic
change in . near B =0T was observed. (c) Dependence of Al
on the applied magnetic field. The inset shows the dependence of
%I, on the applied magnetic field. A maximum value of ~ 40% was
observed. (d) Magnified colormap of the four-probe voltage near B =
0 T, where the magnetic field was swept from negative to positive
(top) and from positive to negative (bottom). A significant change
in /. is clearly observed. This change produced a large MR under a
well-chosen probe current, such as / = 25 pA (black dashed line).
Hysteresis was also observed, which reflects the effect of CrPS,. (e)
Four-point voltage as a function of the magnetic field measured with
a current magnitude of / = 25 uA, where the magnetic field was
swept from positive to negative (red) and from negative to positive
(black). The averaged signals of five traces are plotted, with each
trace collectively plotted in the background with lighter colors. The
infinite MR and the hysteresis are clearly observed in the averaged
curve. Stochastic switching also appears in each trace plotted in the
background.
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apparent when the field is swept with the fixed current, as in
Fig. 3(e), which could be distinguished from the stochastic
fluctuation.

IV. DISCUSSION

The bilayer device shows no significant difference from
the pure NbSe, device except for the fivefold decrease of the
magnetic field for the maximal %I, and the unusual behavior
of Ry, [19]. However, the trilayer device shows several exotic
features, including infinite MR near B = 0 T that we regard
as a fingerprint of the magnetic proximity effect. Another
novel feature of the trilayer device is the fluctuation of /. in
the colormap of Fig. 3(b). If we interpret this fluctuation as a
Fraunhofer-like aperiodic pattern of a Josephson junction, the
weak link must have a width of ~ 10 nm for the ~ 4—um-
long device. Since there are no reasonable candidates for such
a weak link, the fluctuation of I, most plausibly originates
from the fluctuation of the magnetization of CrPS,. In addi-
tion, we observe that the /. fluctuation vanishes B ~ 0.7 T,
which is close to the phase transition of CrPS, between the
A-type antiferromagnetic phase and the canted antiferromag-
netic phase [35] (see Supplemental Material Fig. S1 [49]).
This disappearance of the fluctuation also reveals the connec-
tion between the I, and the magnetization of CrPS,.

However, the exact reason for the magnetization fluctua-
tion remains unclear. We suspect the fluctuation is possibly
related to the layer-by-layer switching behavior, as observed
in certain layered antiferromagnets [36,37] and ferromagnets
[50]. Further research on the magnetic structure of CrPSy is
required to elucidate the underlying principle for the fluctua-
tion of /., and we leave it for future work.

We next discuss the SDE observed in both devices. As
previously noted, the effect of CrPSy on the I. of the trilayer
structure is revealed by the /. fluctuation. Furthermore, we
also observed that the SDE in NbSe, disappears when the
nearest CrPS, layers are not present in another bilayer struc-
ture [49]. These observations suggest that the observed SDE
in the NbSe,/CrPS, heterostructure is most likely induced by
the magnetic proximity effect of the adjacent CrPS, layer.

Although theoretical analyses on the SDE observed in
Josephson junction-free superconductors are still in their
infancy, recent theories propose finite-momentum Cooper
pairing (FMCP) as the microscopic origin of intrinsic SDE.
Therefore, it is worth noting that the %I, of the trilayer device
exhibits an abrupt increase near I. and saturates far below T,

in line with the theoretically expected formula v 1—% based
on the FMCP scenario [49,51,52]. Additionally, the’ theory
predicts the %I, of a magnetic proximity-coupled Ising super-
conductor to be proportional to the magnitude of the exchange
field [49]. Considering that the effective exchange field of
the trilayer structure in the P configuration is expected to be
twice that of the bilayer structure, the observed increase of
%I, in the trilayer device in this work compared to the bilayer
device is seemingly consistent with the FMCP-based theory.
However, it should be noted that the %I. observed in another
device falls short of half of that of the trilayer structure, and
that the parameters, including layer numbers and transport
direction, are not controlled in the experiments. Moreover, a
recent study that observed SDE in pure NbSe; reports that %I,
shows uncorrelated random behavior regardless of the layer
number and supercurrent-to-lattice orientation [19]. Thus, fur-
ther experimental and theoretical investigations are required to
comprehend fully the underlying microscopic origin behind
the observed behavior.

In conclusion, we demonstrated that the magnetic proxim-
ity effect in the NbSe,/CrPS, heterostructure provides a large
exchange field to induce clear nonreciprocal transport. The
NbSe,/CrPS4 bilayer device exhibited SDE, where the mag-
netochiral Al. and R,, were observed for B < 50 mT, and
y reached ~ 10° T-! A~'. We also observed an infinite MR
and SDE in the CrPS4/NbSe,/CrPS, spin-valve structure, with
%I, reaching ~ 40%. Finally, we expect the time-reversal
symmetry breaking caused by the magnetic proximity effect
to provide a novel route for investigating the potential appli-
cation of nonreciprocal transport under small (or even zero)
external magnetic fields.
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