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ABSTRACT: Superconducting  diodes,  characterized  by  the
unidirectional  supercurrent  flow,  are  essential  components  for
constructing  energy-efficient  superconducting  circuits.  Although
the  superconducting  diode  effect  has  been  reported  in  a  wide
variety  of  platforms,  its  implementation  usually  requires  an
external  magnetic  field,  cryogenic  temperatures  and  elaborate
device geometries, which significantly limit practical applications.
Here,  we  report  an  intrinsic,  field-free  superconducting  diode
effect  in  a  simple  van  der  Waals  FeSe  nanosheet.  Systematic
investigations  of  sample  geometries,  residual  magnetic  fields,
Joule heating effects, random vortex trappings, and electrodes or
interfacial  contacts  reveal  that  the  field-free  superconducting
diode effect originates from the time-reversal-symmetry breaking
in the superconducting state of the FeSe nanosheet. The intrinsic
field-free superconducting diode effect provides strong evidence
of  time-reversal-symmetry  breaking  in  FeSe  nanosheets.  Furthermore,  the  field-free  superconducting  diode  manifests  a
stable half-wave rectification performance after the 400-cycle operation and maintains the same polarity over a wide range
of  both positive and negative magnetic  fields,  which can tolerate  ubiquitous stray fields in  electrical  circuits.  The intrinsic
field-free superconducting diode effect in a single van der Waals FeSe nanosheet with a simplified device architecture holds
considerable promise for paving the way to practical, scalable superconducting diodes in ultra-low-power electronics.
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 1    Introduction
Diodes  [1−3]  serve  as  fundamental  building  blocks  for  numerous
(opto)electronic  technologies,  including  current  rectifiers,  voltage-
controlled oscillators,  AC−DC converters,  and photo-detectors.  As
analog  to  the  semiconductor  diode,  the  superconducting  diode
effect (SDE) manifests as the non-dissipative, unidirectional flow of
supercurrents  [4−6].  This  phenomenon  opens  an  avenue  for
analogous  applications  in  superconducting  electronics,
superconducting  spintronics,  and  quantum  information

technologies [7−9]. SDE has been experimentally realized in various
Josephson  junctions  [10−20]  and  junction-free  superconductors
[21−30].  However,  most  implementations  to  date  rely  on  an
externally applied magnetic field [10, 12, 19−23, 26, 27] and involve
complex  device  architectures  [10−25, 27, 30],  which  limits  their
practical application and large-scale integration [31, 32]. Therefore,
realizing  a  field-free  SDE  in  a  single  superconducting  material  is
crucial for advancing practical implementations.

Thus  far,  an  intrinsic  field-free  SDE  has  been  reported  only  in
the  kagome  superconductor  CsV3Sb5 flakes  [28]  and  the  high-
temperature  cuprate  Bi2Sr2CaCu2O8+δ (BSCCO)  flakes  [29].
However,  the  low  superconducting  transition  temperature  of
CsV3Sb5 (Tc: ~ 2.5 K) [33, 34] and the poor environmental stability
of  BSCCO  pose  significant  challenges  for  practical  applications
[35, 36].  Given  these  limitations,  the  exploration  of  alternative
superconductors  hosting  an  intrinsic  field-free  SDE  is  essential.
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FeSe,  a  prototypical  van  der  Waals  (vdW)  iron-based
superconductor with a superconducting transition temperature of 9
K,  has  shown evidence  of  time-reversal  symmetry  (TRS)  breaking
in  previous  studies  [37−40],  suggesting  significant  potential  for
achieving  the  field-free  SDE.  Nevertheless,  the  intrinsic  field-free
SDE in FeSe has not yet been experimentally demonstrated, and its
underlying mechanisms remain elusive.

In this work, we fabricated a series of FeSe nanodevices based on
high-quality  single  crystals  and  observed  a  reproducible  field-free
SDE  in  vdW  FeSe  nanosheets.  By  systematically  varying  device
geometries, probing the magnetic-field dependence, and examining
thermal  perturbations,  we  demonstrate  that  the  field-free  SDE
originates  from  the  intrinsic  property  of  FeSe  nanosheets  rather
than  from  the  extrinsic  factors,  including  sample  geometries,
residual  magnetic  fields,  Joule  heating  effects,  random  vortex
trappings and electrodes or interfacial contacts. The most plausible
microscopic origin is the spontaneous breaking of time-reversal and
inversion  symmetries  in  FeSe  nanosheets.  It  is  fundamentally
distinct from the previously reported field-free SDE in FeSe induced
by geometric asymmetry combined with a thermoelectric response
[41].  The  superconducting  diode  keeps  the  same  polarity  over  a
wide  range  of  both  positive  and  negative  magnetic  fields  and
achieves a stable half-wave rectification after 400 operational cycles.
The  intrinsic,  field-free  SDE  demonstrated  in  a  simple  vdW  FeSe
nanosheet  provides  the  strong  evidence  for  symmetry  breaking  in
FeSe  superconductors  and  highlights  the  significant  potential  for
the  future  energy-efficient  computing  in  two-dimensional
information technology.

 2    Results and discussion

 2.1    Characterizations  and  superconductivity  of  the  FeSe
crystal
FeSe adopts a vdW layered structure (Fig. 1(a)), which is composed

of  Se-Fe-Se  triple  layers  stacked  along  the c axis,  with  adjacent
monolayers  bound together  by  weak vdW forces.  Tetragonal  FeSe
single  crystals  with  an  average  size  of  1.8  mm  (inset  of Fig.  1(b))
were  synthesized  by  the  chemical  vapor  transport  (CVT)  method.
As shown in Fig. 1(b), the X-ray diffraction (XRD) pattern of FeSe
exhibits  (00l)-oriented  diffraction  peaks  and  the  rocking  curve
obtained from the (001) reflection reveals a minimal full-width-half-
maximum (FWHM) value  of  ~ 0.15°,  confirming the  high quality
of  FeSe  single  crystals.  Both  the  temperature-dependent  magnetic
susceptibility  and  electrical  resistance  measurements  of  the  bulk
FeSe crystal (Fig. 1(c)) reveal a sharp superconducting transition at
Tc  =  8.9 K.

The atomic structure and crystal quality are further characterized
using  aberration-corrected  scanning  transmission  electron
microscope  (STEM).  Large-area  atomic-resolution  STEM  images
acquired on the ab-plane (Fig. 1(d)) and ac-plane (Fig. 1(e)) show a
defect-free  lattice  that  matches  the  crystallographic  model  (inset).
The  nearest-neighbor  Fe–Fe  spacing  measured  from  the  image  is
0.277  nm  (Fig.  S2(a)  in  the  Electronic  Supplementary  Material
(ESM)), consistent with the lattice parameter of 0.278 nm. To probe
the possible Fe intercalation between adjacent layers, cross-sectional
STEM  images  are  performed  on  the ac-plane  at  different  regions.
All STEM images (Fig. 1(e) and Fig. S3 in the ESM) and the cross-
sectional  energy-dispersive  X-ray  spectroscopy  (EDS)  elemental
spatial  mappings  (Fig.  1(f))  display  the  expected  layered  stacking
without detectable intercalated Fe atoms.

 2.2    Field-free  SDE  of  the  FeSe  nanosheet  with  an
asymmetric geometric shape
Based  on  the  high-quality  FeSe  crystal,  a  piece  of  FeSe  nanosheet
with  a  uniform  thickness  of  10  nm,  determined  by  atomic  force
microscopy  (AFM)  (Fig.  S4(a)  in  the  ESM)  is  exfoliated  and
transferred  onto  a  pre-prepared  parallel  four-electrode.  The
nanosheet is then encapsulated with a top hexagonal boron nitride
(hBN)  layer  to  avoid  the  oxidation  and  degradation,  which  is

 

Figure 1    Characterizations and superconductivity of  bulk FeSe crystals.  (a)  Schematic atomic structure of  FeSe in the ac-plane.  (b) XRD data of  a  FeSe single crystal:
(Left)  (00l)  diffraction  peaks  of  FeSe  with  the  inset  showing  the  image  of  the  as-grown  FeSe  crystal.  (Right)  Rocking  curve  of  (001)  peak  with  FWHM  =  0.15°.  (c)
Temperature-dependent magnetic susceptibility and resistance of the FeSe crystal, revealing Tc = 8.9 K. (d) and (e) STEM-ADF images of FeSe crystal in the ab-plane and
ac-plane, respectively. The corresponding atomic models and FFT patterns are shown in the insets. (f) STEM-EDS elemental spatial mapping of Fe (red) and Se (green)
relative to ac-plane.
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defined as Device #1. As shown in Fig. 2(a), the FeSe nanosheet in
Device  #1  possesses  an  intentionally  asymmetric  geometry.  When
Device #1 is cooled to a low temperature under the zero magnetic
field,  the  temperature-dependent  resistance  exhibits  a  broad
superconducting  transition.  The  transition  begins  at  the  onset
temperature =  6.1  K  and  reaches  the  zero-resistance  state  at

=  4.7  K  (Fig.  2(b)).  The  measured  voltage–current  (V–I)
characteristics of Device #1 at 2 K under the zero magnetic field are
shown in Fig.  S5(a)  in the ESM. The V–I curve exhibits  a  distinct
hysteresis loop that can be divided into four branches: from zero to
positive  (0-p),  positive  to  zero  (p-0),  zero  to  negative  (0-n),  and
negative to zero (n-0).

Critical current (Ic) is defined at the superconducting-to-normal
transition,  while  the  returning  current  (Ir)  corresponds  to  the
normal-to-superconducting  transition.  Accordingly,  the  positive-
bias branch yields Ic+ and Ir+, the negative-bias branch yields Ic− and
Ir−.  To  clearly  visualize  the  asymmetry  of  the  critical  currents,  the
negative-bias branch of the V–I curve is inverted and superimposed
onto the positive-bias region (Fig. 2(c)). The absolute value of Ic− is
larger than that of Ic+, with a difference ΔIc of 24 μA (ΔIc = |Ic−| − Ic+),
clearly  demonstrating  a  pronounced  field-free  SDE  in  the  FeSe
nanosheet with an asymmetric geometric shape.

To elucidate the nonreciprocal behavior in Device #1, systematic
electrical transport measurements are performed. The V–I curves at
varying temperatures are measured (Fig. S5(b) in the ESM), and the
critical  currents Ic+ and Ic− are  extracted  from  the V–I curves.  As
shown in Fig. 2(d), temperature-dependent critical currents Ic+ and
Ic− in  Device  #1  show  a  monotonical  decrease  as  the  temperature
increases, while |Ic−| is always larger than Ic+ below the temperature
of  3.5  K,  indicating  an  obvious  SDE  in  the  low-temperature
superconducting regime. To further investigate the field-free nature
of SDE, the magnetic field dependence of critical currents in Device
#1  is  measured.  The V–I curves  are  recorded  when  sweeping  the
out-of-plane  magnetic  field  from −100  to  +100  mT  at  2  K  (Fig.

S5(c) in the ESM), and the magnetic field dependence of Ic+ and |Ic−|
is  extracted  and  plotted  in Fig.  2(e).  The  data  points  of  |Ic−|  are
always  above Ic+ between B =  ±50  mT,  showing  a  robust  SDE
regardless of reversing the magnetic field direction. This even, field-
symmetric  dependence  of  ΔIc is  distinct  from  the  antisymmetric
behavior  reported  for  the  field-induced  SDE,  indicating  that  the
observed  SDE  is  not  attributed  to  the  magnetochiral  anisotropy.
Furthermore,  we  have  performed  the  square-wave  rectification
measurement  on  Device  #1  by  leveraging  this  field-free  SDE.  As
shown  in Fig.  2(f),  a  0.1  Hz  square-wave  excitation  current  of
0.562  mA  exceeding Ic+ (0.554  mA)  but  below  |Ic−|  (0.578  mA)
triggers  the  distinct  superconducting-to-resistive  transition.  The
negative  half-cycles  maintain  the  superconducting  state,  whereas
the  positive  half-cycles  drive  the  device  into  the  normal  state,
producing finite voltages larger than 20 mV, which yields an on/off
voltage ratio exceeding 104.

 2.3    Field-free  SDE  of  the  FeSe  nanosheet  with  a
symmetric geometric shape

Tonset
c Tzero

c

In contrast to Device #1, Device #2 is constructed by transferring an
exfoliated FeSe nanosheet with a symmetric geometric shape onto a
pre-prepared  electrode  (Fig.  3(a)).  The  thickness  of  the  FeSe
nanosheet  determined  by  AFM  is  about  20  nm  (Fig.  S4(b)  in  the
ESM). As shown in Fig. 3(b), the temperature-dependent resistance
measurement on Device #2 also displays  a  broad superconducting
transition  with =  6.2  K  and =  4.9  K.  As  illustrated  in
Fig.  3(c),  the V–I characteristics  of  Device  #2  is  measured  at  2  K
under the zero magnetic  field,  and the critical  currents Ic+ and |Ic−|
exhibit  obvious  non-reciprocal  behaviors.  This  observation  reveals
that  the  field-free  SDE  persists  in  the  device  with  a  symmetric
geometric  shape,  which  is  different  from  the  previously  reported
field-free  SDE  in  FeSe  caused  by  the  geometric  asymmetry
combined with the thermoelectric effect [41].

The  temperature  and  magnetic  field  dependences  of  SDE  in
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Figure 2    Field-free SDE in a vdW FeSe nanosheet with an asymmetric geometric shape (Device #1).  (a)  Optical  microscopy image of  Device #1,  the dashed red and
white  lines  outline  the  FeSe  and  top  h-BN layers,  respectively.  (b)  Temperature-dependent  resistance R(T)  under  the  zero  magnetic  field,  showing  a  superconducting
transition with  and . (c) Absolute V−I characteristics at 2 K under the zero magnetic field. Yellow/green shading denotes negative/positive bias
regimes; solid and dashed curves represent superconducting-to-normal (S → N) and normal-to-superconducting (N → S) transitions, respectively. The positions of critical
currents Ic+, |Ic−|, Ir+ and |Ir−| are marked. (d) Temperature dependence of critical currents (Ic) under the zero magnetic field. (e) Magnetic field dependence of Ic+ and |Ic−| at
2  K.  The  applied  magnetic  field B is  perpendicular  to  the ab-plane  of  Device  #1,  as  shown in  the  inset.  (f)  Rectification response  of  Device  #1  at  2  K under  the  zero
magnetic  field.  The  top  panel  shows  the  applied  square-wave  excitation  with  an  amplitude  of  0.562  mA  and  frequency  of  0.1  Hz.  The  bottom  panel  displays  the
corresponding measured voltage, which is zero during the negative current bias and finite during the positive current bias. The red dashed lines represent the zero level.
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Device  #2  are  also  investigated.  As  presented  in Fig.  3(d),  the
temperature-dependent  critical  currents  extracted  from  the V–I
curves  show  monotonically  decrease  as  the  temperature  increases.
The  difference  between Ic+ and  |Ic−|  drops  rapidly  and  completely
vanishes above 3.5 K. The magnetic field dependence of Ic+ and |Ic−|
demonstrate  a  pronounced nonreciprocity  when the field is  below
50 mT, and the sign of  ΔIc remains unchanged even reversing the
direction of  the magnetic  field (Fig.  3(e)).  These temperature- and
field-dependent  responses  of  SDE  in  Device  #2  exhibit  identical
characteristics to those observed in Device #1. Furthermore, the half-
wave rectification of superconducting diodes in Device #2 is tested
by  applying  a  low-frequency  (0.2  Hz)  square-wave  current  of
0.270  mA.  As  shown  in Fig.  3(f) and  Fig.  S6(d)  in  the  ESM,  the
negative  half-cycles  remain  in  the  superconducting  state,  whereas
the  positive  half-cycles  drive  the  device  into  the  normal  state,
generating  large  voltages.  The  rectification  persists  stable  for
over 400 consecutive cycles,  proving the durability of the field-free
SDE in FeSe nanosheets.

 2.4    The intrinsic field-free SDE of the FeSe nanosheets
To verify  the  reproducibility  of  the  field-free  SDE,  additional  FeSe
nanodevices (Device #3-Device #8) are fabricated and systematically
measured.  As  shown  in  Figs.  S7–S10  in  the  ESM,  the V–I
characteristics  of  the  FeSe  nanodevices  display  clear  nonreciprocal
behaviors.  We  have  carried  out  a  statistical  analysis  on  the
relationship between the diode efficiency η and the thickness as well
as  the  geometric  shape of  the  devices  and the  result  reveals  that η
has  no  obvious  correlation  with  the  thickness  and  the  geometric
shape  (Fig.  S11  in  the  ESM).  Furthermore,  we  have  flipped  the
device under the zero magnetic  field to check out  the influence of
the  remanent  field.  As  shown  in Fig.  4(a),  rotating  the  sample  by
180°  (0° → 180°)  does  not  alter  the  polarity  of  SDE,  indicating the

field-free  SDE  is  not  attributed  to  the  remanent  fields  of  the
superconducting magnet in our measurement system.

The Joule heating effect is a possible origin of asymmetric critical
currents in V–I characteristics [11, 29]. In this situation, the polarity
of  SDE  would  switch  for  positive  sweep  (defined  as  n-p-n)  and
negative sweep (defined as p-n-p). However, as shown in Fig. 4(b),
the V–I curves for positive and negative sweep totally overlap with
each other. In addition, the stable rectification behavior over long-
time  cycles  in  Fig.  S6(d)  in  the  ESM  further  excludes  the  Joule-
heating origin.

Random  vortex  trappings  in  FeSe  nanosheets  under  the  zero
magnetic  field  could  potentially  cause  the  field-free  SDE  [28].
Therefore, we study the evolution of SDE with thermal cycles (2 K
→ 10 K → 2 K) under the zero magnetic field. As shown in Fig. 4(c),
the distributions of critical currents with and without thermal cycles
show  no  significant  difference,  indicating  the  field-free  SDE
observed  in  FeSe  nanosheets  is  not  attributed  to  random  vortex
trappings.

Asymmetric  electrodes  or  interfacial  contacts  can  also  generate
the non-reciprocal V−I transport [29]. As shown in Fig. S12 in the
ESM, the contact resistances of Device #1, measured using the two-
probe  method,  are  170.0,  139.5,  and  161.5  Ω,  respectively,
indicating that contact-induced asymmetry is negligible. Moreover,
the I–V curve of Device #1 at 10 K, shown in Fig. S13 in the ESM, is
highly linear and passes through the origin, confirming good ohmic
contacts  and  negligible  contact  capacitance.  Importantly,  the
extrinsic asymmetry caused by asymmetric electrodes or interfacial
contacts  would  manifest  at  all  temperatures  and  magnetic  fields.
However,  our  measurements  reveal  the  absence  of  non-reciprocal
characteristics  at  the  temperature  above  3.5  K  or  under  the
magnetic  fields  exceeding  50  mT,  which  can  exclude  the  effect  of
asymmetric  electrodes  or  interfacial  contacts.  In  summary,
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Figure 3    Field-free SDE in a vdW FeSe nanosheet with a symmetric geometric shape (Device #2). (a) Optical microscopy image of Device #2, with dashed red and white
lines  highlighting  the  FeSe  and  top  h-BN  layers,  respectively.  (b)  Temperature-dependent  resistance R(T)  under  the  zero  magnetic  field  showing  a  superconducting
transition with  and . (c) Absolute V−I characteristics at 2 K under zero magnetic field. Negative (yellow) and positive (green) bias regions are
shown, with solid and dashed lines indicating S → N and N → S transitions. The positions of critical currents Ic+, |Ic−|, Ir+ and |Ir−| are marked. (d) Temperature-dependent
critical currents (Ic) under the zero magnetic field. (e) Field-dependent positive/negative critical current at 2 K. The applied magnetic field B is perpendicular to the ab-
plane of the sample,  as shown in the inset.  (f)  Rectification response of Device #2 at  2 K under the zero magnetic field.  The top panel  shows the applied square-wave
excitation with an amplitude of 0.27 mA and frequency of 0.2 Hz. The bottom panel displays the corresponding measured voltage. The red dashed lines represent the zero
level.
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systematic  exclusion  of  plausible  extrinsic  mechanisms—including
asymmetric geometry, residual magnetic fields, Joule heating effects,
random  vortex  trappings  and  electrodes  or  interfacial
contacts—provides  definitive  evidence  that  the  field-free  SDE
originates from the intrinsic properties of FeSe nanosheets.

 2.5    Possible origin of the intrinsic field-free SDE
Before  discussing  the  origin  of  the  intrinsic  field-free  SDE in  FeSe
nanosheets,  we  address  a  related  study  which  attributes  the  field-
free  SDE  to  the  interplay  of  a  large  thermoelectric  response  and
geometrical  asymmetry  in  FeSe  [41].  Our  experimental  findings,
however,  point  to  a  fundamentally  different  origin.  Three  crucial
differences  can  be  identified:  (i)  sample  thickness  and
superconductivity:  The  previous  work  reports  that  the  SDE  is
observed in the FeSe flake with the thickness of 114 nm and claims
that  the  superconductivity  is  suppressed  when  the  thickness  falls
below  20–30  nm.  In  contrast,  the  FeSe  nanosheets  in  our  work
feature the thickness smaller than 20 nm (Fig. S4 in the ESM) and
retain  the  stable  superconductivity  in  this  thickness  regime.  (ii)
Geometric  dependence:  The  SDE  in  the  previous  work  appears
only  in  the  devices  with  asymmetric  geometry,  while  the
pronounced  field-free  SDE  in  our  work  can  be  observed  in  the
devices with symmetric and asymmetric configurations (Figs. 2 and
3, and Figs. S7–S11 in the ESM). (iii) Magnetic-field-response: The
previous study reports SDE persisting up to 500 mT, while SDE in
our devices is completely suppressed under the magnetic field over
50 mT (Figs. 2(e) and 3(e)). This order-of-magnitude difference in
the  critical  field  implies  the  distinct  underlying  mechanisms.
Collectively,  the  disparities  in  the  sample  thickness,  the  geometric
shape,  and the  critical  field  demonstrate  that  the  field-free  SDE in
our work originates from the different physical mechanism than the
proposed thermoelectric-geometric mechanism [41].

The  generation  of  SDE  requires  the  simultaneous  breaking  of
TRS  and  inversion  symmetry.  Inversion-symmetry  breaking  can
arise  from  intrinsic  lattice  effects  [21, 24, 42]  or  from  extrinsic
geometric  asymmetry  [43, 44],  whereas  TRS  breaking  can  be
induced by applying external magnetic fields [10, 12, 19−23, 26, 27],
utilizing the proximity effect of a ferromagnetic layer [13, 15, 24], or
relying  on  intrinsic  properties  of  superconductors  [17, 25, 28, 29].
Iron-based  superconductors  FeSe  possess  rich  phase  diagrams  in
which several symmetry-breaking orders are intertwined, and TRS
breaking possibly origins from the following mechanisms: (i) mixed
superconducting  order  parameters  [37]:  The  combination  of  the
near-degeneracy  of  s-wave  and  d-wave  pairings  and  the  sign-

changing nematic order parameter across the Fermi surface in FeSe
leads  to  TRS  breaking  below T* < Tc.  (ii)  Hidden  orders  beyond
nematicity  [38]:  FeSe  enters  a  nematic  phase  below  90  K  and
coexists with superconductivity below Tc ≈ 9 K, and high-resolution
laser-based  angle-resolved  photoemission  measurements  show  an
additional order beyond nematic order emerges in FeSe, which can
break  either  inversion  or  time-reversal  symmetries.  (iii)
Unconventional  order  parameter  near  twin-boundary  interfaces
[39]:  Scanning  tunneling  spectroscopy  measurements  reveal  that
the  twin-boundary  in  FeSe  can  induce  a  fully  gapped  state,  which
gives rise  to a  possible  twist  of  the order parameter,  thus breaking
TRS.  Despite  significant  progress,  the  microscopic  origin  of  TRS
breaking  in  FeSe  remains  an  open  question  due  to  its  complex
nature. The intrinsic field-free SDE observed in our work provides
additional  evidence  that  TRS  and  inversion  symmetry  are
simultaneously broken in FeSe nanosheets.

 3    Conclusions
In conclusion, we have demonstrated a pronounced field-free SDE
in a single vdW FeSe nanosheet with a simple device configuration.
Systematic  investigations  including  sample  geometries,  residual
magnetic fields, Joule heating effects, random vortex trappings and
electrodes  or  interfacial  contacts  indicate  that  the  field-free  SDE is
not induced by these extrinsic factors but by the intrinsic breaking
of  TRS  in  the  superconducting  state  of  FeSe  nanosheets.
Furthermore,  this  SDE  maintains  the  same  polarity  over  a  wide
range  of  both  positive  and  negative  magnetic  fields,  which  can
tolerate ubiquitous stray fields in electrical circuits. In addition, the
devices  remain  stable  after  400-cycle  half-wave  rectification  under
zero  magnetic  field.  These  features  establish  FeSe  nanosheets  as  a
promising  platform  to  realize  field-free  superconducting  diodes
with  a  simple  junction-free  architecture  for  ultra-low  power  two-
dimensional (2D) superconducting circuits.

 4    Experimental section

 4.1    Single crystal growth
High-quality  FeSe  single  crystals  were  synthesized  using  a  CVT
method. High-purity Fe (Alfa Aesar,  99.998%) and Se (Alfa Aesar,
99.999%)  were  homogenized  through  mechanical  milling  and
subsequently  combined  with  transport  agent  AlCl3/KCl  in  a  glove
box,  which  was  then  sealed  in  a  quartz  ampoule  under  high-
vacuum  conditions.  The  ampoule  was  placed  in  a  two-zone

 

Figure 4    Intrinsic field-free SDE in vdW FeSe nanosheets. (a) Absolute V−I characteristics of the device with different setups at 2 K under the zero magnetic field. (b)
V–I hysteresis measured by the positive sweeping (n-p-n, orange solid line) and negative sweeping (p-n-p, blue dashed line). (c) Critical current distributions at 2 K under
the zero magnetic field. Top: measurements without thermal cycles. Bottom: measurements after thermal cycles (2 K → 10 K → 2 K).
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horizontal  furnace,  with  the  hot  zone  stabilized  at  400  °C and the
cold zone maintained at 350 °C over a period of two weeks. Finally,
FeSe  single  crystals  were  obtained  through  sequential  ultrasonic
cleaning in deionized water to remove residual transport agents.

 4.2    Characterization techniques
The  crystalline  structure  analysis  of  FeSe  was  performed  by  the
XRD. The magnetic properties of the crystals were measured using
a  magnetic  properties  measurement  system  (MPMS-3).  The
thicknesses  of  the  FeSe  layers  were  determined  using  a  Cypher  S
atomic  force  microscope  (Oxford  Instruments,  Asylum  Research,
Santa  Barbara,  USA).  Samples  for  STEM  characterization  were
prepared via focused ion beam (FIB) milling and performed on an
aberration-corrected JEOL GRANDARM2 microscope operated at
200  kV.  The  beam  convergence  semi-angle  was  set  to  32  mrad,
while  the  collection semi-angles  were  68–280 mrad for  high-angle
annular  dark-field  (HAADF)  images  and  17  mrad  for  annular
bright-field (ABF) images.

 4.3    Device fabrication
Bottom  electrodes  were  fabricated  on  SiO2/Si  substrates  using  the
ultraviolet lithography, followed by a thermal evaporation of Cr/Au
(3/17 nm).  Mechanical  exfoliation and dry transfer  processes  were
conducted  in  a  glove  box  with  controlled  oxygen  and  moisture
levels (O2, H2O < 0.1 ppm). The FeSe layer was transferred onto the
electrodes using a modified PDMS-assisted dry transfer technique.
The  PDMS  stamps  were  immersed  in  isopropyl  alcohol  for  one
week  to  remove  surface  residues  and  then  naturally  dried  before
use.  The  transferred  FeSe  flakes  were  subsequently  encapsulated
with a hBN layer for device protection.

 4.4    Electrical transport measurements
Electrical  transport  measurements  were  performed  in  a  Quantum
Design  Physical  Property  Measurement  System  (PPMS)  with  a
Keithley 6221 current source and a Keithley 2182A nanovoltmeter.
Electrical  transport  properties  including  resistance  versus
temperature  (R–T)  curves,  voltage-current  characteristics  (V–I),
differential  conductance  (dV/dI),  and  half-wave  rectification  were
measured in a four-probe configuration.

 4.5    Data processing
The critical current was defined as the d.c. current bias at which the
first peak occurs in the differential conductance (dV/dI) curves. The
Ic+ and Ic− denote  the  critical  currents  in  the  positive  and  negative
current  directions,  respectively.  The  superconducting  transition
temperature  (Tc

zero)  is  defined  as  the  temperature  where  the
resistance  falls  to  zero,  while Tc

onset is  defined  as  the  intersection
point between the extrapolated normal-state resistance line and the
tangent line to the steepest slope of superconducting transition.

 Electronic Supplementary Material: Supplementary material (Figs.
S1–S13)  is  available  in  the  online  version  of  this  article  at
https://doi.org/10.26599/NR.2026.94908621.
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