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Significance

 Intrinsic noncollinear magnetism 
deepens the understanding of 
magnetic interactions under 
reduced dimensions and 
advances miniaturized spintronic 
applications. Yet, it remains 
elusive experimentally because 
its existence demands intricate 
competing magnetic interactions 
and also the lack of suitable 
experimental probes. Here, we 
achieve atomic-scale spin 
imaging of spin-spiral order in 
mono- and bilayer NiI2  van der 
Waals crystals, using spin-
polarized scanning tunneling 
microscopy. Our experiments 
identify the period and canted 
spin-spiral plane of the spin 
spiral in mono- and bilayer NiI2 , 
which are both different from its 
bulk value, but agree well with 
our first-principles calculations. 
This opens up a platform for 
studying unusual noncollinear 
spin excitations in two-
dimensional (2D) limit.
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Noncollinear magnetic orders in monolayer van der Waals magnets are crucial for 
probing delicate magnetic interactions under minimal spatial constraints and advanc-
ing miniaturized spintronic devices. Despite their significance, achieving atomic-scale 
identification remains challenging. In this study, we utilized spin-polarized scanning 
tunneling microscopy and density functional theory calculations to identify spin-spiral 
orders in mono- and bilayer NiI2, grown on graphene-covered SiC(0001) substrates. 
We found two distinct spin-spiral states with Q vectors aligning and deviating by 7° 
from the lattice direction, exhibiting periodicities of 4.54 and 5.01 times the lattice 
constant, respectively. These findings contrast with bulk properties and align closely 
with our theoretical calculations. Surprisingly, the nonmultiples of spin spirals within 
finite-sized magnetic domains induce net magnetic moments, facilitating collective spin 
switching behavior under magnetic fields. Our research reveals intrinsic noncollinear 
magnetism at the monolayer limit with atomic-scale resolution, paving the way for 
exploring spin phenomena.

STM | van der Waals | magnetism

 Investigating intrinsic magnetic order in two-dimensional (2D) systems provides insights 
into the fundamental understanding of magnetic interactions under reduced spatial con-
straints and also drives advances in building miniaturized spintronic devices. Noncollinear 
magnetic order exhibits rich spin textures ( 1     – 4 ). Its interaction with spin-polarized current 
is highly efficient, which is a desirable merit for spintronic applications. While collinear 
ferromagnetic and antiferromagnetic orders have been discovered in numerous 2D van 
der Waals (vdW) magnets, the noncollinear counterpart is rarely explored experimentally 
( 2 ,  5   – 7 ). This is presumably because its existence demands intricate magnetic interactions, 
which arise either from the competing nearest and higher neighbor Heisenberg exchange 
that leads to spin frustration or from the involvement of antisymmetric Dzyaloshinskii–
Moriya interaction (DMI) due to inversion symmetric breaking and spin–orbital coupling 
( 8 ,  9 ). Previous studies of noncollinear magnetism, including bulk magnets ( 1 ,  3 ) and 
monolayer magnets strongly coupling to substrates ( 8 ), are essentially of the three- 
dimensional form. While recent progress observed noncollinear spin texture in few layer 
vdW magnets via moiré stacking ( 6 ), a direct observation of the intrinsic noncollinear 
magnetism has been lacking in the monolayer limit yet.

 The probe of noncollinear magnetism is also challenging because most of the magnetic 
sensitive techniques such as neutron scattering ( 10 ) is not applicable to films. Optical 
probes of magnetic circular dichroism and second harmonic generation (SHG) have been 
used in characterizing noncollinear magnetism ( 5   – 7 ). But they rely on the comparison 
with theoretical modeling and cannot determine specific  Q   vectors that characterize the 
propagating direction and period of the noncollinear spins. Real-space magnetic probes 
of quantum magnetometry and magnetic force microscopy ( 11 ,  12 ) cannot reach sufficient 
resolution to resolve the atomic-scale spin textures. Spin-polarized scanning tunneling 
microscopy (SPSTM) can reach atomic-scale spin resolution based on its record for 
spin-dependent electron tunneling currents ( 13 ), rendering it an ideal probe to characterize 
various magnetic orders ( 14   – 16 ).

 Helimagnetism is a typical noncollinear magnetic order ( 4 ), in which localized spins 
gradually rotate within the spin-spiral plane along the array of magnetic ions, causing the 
trajectory of the spin vectors to form a spiral. Our system of choice is monolayer NiI2 , 
because its bulk form supports helimagnetic order that may survive down to monolayer 
( 10 ,  17 ,  18 ). However, the magnetic order of monolayer NiI2  remains an open issue. 
Various magnetic configurations, ranging from ferromagnetism (FM) ( 19   – 21 ), antifer-
romagnetism (AFM) ( 22 ), antibiskyrmion ( 23 ) to different types of helimagnetism ( 24       –
 28 ), have been predicted from first-principles calculations. Moreover, monolayer NiI2  is D
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expected to be a type-II multiferroic candidate. While recent SHG 
studies suggest the existence of multiferroic states in monolayer 
NiI2  ( 29 ), interpretations of the experimental results are under 
debate ( 7 ,  30 ,  31 ). Those studies render the precise determination 
of its spin state crucial to resolve the controversy.

 Here, using SPSTM, we achieved spin-resolved imaging of 
helimagnetism at atomic scale in both mono- and bilayer NiI2 . 
Spin-spiral states are identified to propagate along (7° off) the 
lattice direction with a periodicity of 4.54 (5.01) times the lattice 
constant for the monolayer (bilayer) NiI2 . Such propagation vec-
tors are different from the bulk value or its in-plane projection, 
but agree well with our first-principles calculations. The monolayer 
spin spiral surprisingly indicates collective spin switching behavior 
under magnetic field, as originated from net magnetic moments 
due to the nonmultiples of spin spirals inside a finite-sized domain. 
Our study opens up an avenue for studying the unusual spin 
excitations with noncollinear spins.

 The experiments were performed with a custom-made Unisoku 
STM (1500) system at 2 K ( 15 ). High-quality mono- and bilayer 
NiI2  films were grown with molecular beam epitaxy on 
graphene-covered SiC(0001) substrate. Detailed descriptions of 
the experiments and the density functional theory (DFT) calcu-
lations are depicted in Materials and Methods . 

Results

 Bulk NiI2  is a vdW crystal that belongs to trigonal  R3m  space 
group (CdCl2  prototype) at room temperature. Its each vdW layer 
consists of a triangular lattice of Ni layer sandwiched between two 
I layers, with each Ni cation (3d8 , S = 1) octahedrally coordinated 
by six I anions, forming a 1-T structure ( Fig. 1A  ). The vectors  a   
and  b   in  Fig. 1A   serve as the lattice vectors for the unit cell of the 
NiI2 . With decreasing the temperature, bulk NiI2  undergoes two 
successive magnetic phase transitions to an interlayer AFM state 
at 75 K and a proper-screw helimagnetic state with a  Q  bulk  vector 
of (0.1384, 0, 1.457) at 59.5 K ( 10 ,  17 ,  18 ). While the helimag-
netic state in bulk NiI2  has been well established, its monolayer 
form remains an open issue.        

 The as-grown NiI2  films were first characterized using a conven-
tional spin-averaged W tip. Its topographic image displays atomi-
cally flat surfaces ( Fig. 1B  ). The apparent height of the monolayer 
(bilayer) film is measured as 8.50 Å (7.30 Å) at a sample bias of 
+1.0 V (SI Appendix, Fig. S1 ), conforming to its expected mon-
olayer height. An atomic-resolution STM image of the monolayer 
NiI2  film shows its in-plane lattice constant of the top-layer I (a﻿0 ) 
is 3.88 Å ( Fig. 1C  ), which is consistent with the previously reported 
theoretical values ranging from 3.88 to 3.98 Å ( 20   – 22 ,  32 ).

 High-bias STM images of the NiI2  monolayer usually contain 
a considerable density of dark spots ( Fig. 1D  ), which vanish upon 
imaging at low sample biases (SI Appendix, Fig. S2 ), revealing 
intact atomic lattice of top layer I. Those spots can be controllably 
created, erased, and moved with the STM tip (SI Appendix, 
﻿Supplementary Note 1﻿ ), suggesting they are polarons ( 33 ) rather 
than atomic defects, as reported by us in CoCl2  and FeCl2  films 
( 34 ). Typical tunneling spectra ( Fig. 1E  ) acquired at the 
polaron-free region of the monolayer (bilayer) surface feature a 
large insulating gap of 2.03 eV (1.76 eV), where the conduction 
band minimum and valence band maximum are located at +0.25 
(+0.04) and −1.78 eV (−1.72 eV), respectively. The insulating gaps 
are off-centered due to the different work functions of graphene 
(4.62 eV) and NiI2  (5.62 eV) ( 35 ,  36 ).

 We investigate its magnetic state using SPSTM with an 
Fe-coated tip, which possesses in-plane spin sensitivity and can 
be aligned along magnetic fields ( 13 ,  37 ). As shown in  Fig. 1D  , 

the polarons exhibit a prominent contrast in the image, which 
obscures the spin-contrast. To avoid it, we “cleaned out” all appar-
ent polarons from a selected region of interest via STM manipu-
lation.  Fig. 2A   shows an SPSTM image of such a cleaned surface 
region at the same bias setting of 0.65 V as the non-spin-polarized 
measurements ( Fig. 1D  ). Distinct to  Fig. 1D  , the SPSTM image 
displays clear stripe patterns without external magnetic field. Upon 
application of an out-of-plane −1 T field, the stripe pattern shifts 
drastically relative to a defect marker ( Fig. 2 A  and B  , red circles). 
The marker is from a real crystal defect and cannot be manipu-
lated. Such stripe patterns are not observable with conventional 
nonmagnetic W tips. This convincingly indicates the stripe pattern 
is a spin contrast. Measuring the stripe pattern of adjacent domains 
with an identical Fe tip further substantiates the pattern is due to 
a spin-polarization of the sample, instead of an electronic effect 
(SI Appendix, Supplementary Note 2﻿ ).        

 Such stripe pattern could be from either an AFM state or a spin 
spiral. To distinguish them ( 16 ), we have systematically investigated 
the response of the stripe pattern to different magnetic fields 
(SI Appendix, Figs. S5 and S6 ). The stripe pattern progressively 
shifts relative to the defect marker with increasing field and satu-
rates at +0.5 T ( Fig. 2C   and SI Appendix, Fig. S7 ), a typical field 
for fully aligning the Fe tip magnetization to out-of-plane ( 13 ,  37 ). 
The shifting directions and saturation fields are opposite for 

Fig. 1.   Morphology and electronic structure of mono- and bilayer NiI2 
measured with a conventional spin-averaged W tip. (A) Top view (Up) and side 
view (Down) of the crystal structure of monolayer NiI2. (B) Large-scale STM 
topographic image of NiI2 film (Vs = +1.0 V, It = 5 pA). (C) Atomic resolution of 
the STM image (Vs = +0.1 V, It = 20 pA) of monolayer NiI2. (D) Spin-averaged 
STM image (Vs = +0.65 V, It = 10 pA) of monolayer NiI2. (E) Tunneling spectra (Vs 
= +1.6 V, It = 100 pA, Vmod = 30 mV) measured on mono- and bilayer NiI2 film. 
The conduction band has a negative differential conductance in the monolayer 
spectrum, reflecting its flat dispersion.
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different field polarities. This demonstrates the stripe pattern is 
from a spin spiral, instead of an AFM state, since the AFM spin 
contrast does not shift continuously with respect to gradually 
canted tip-magnetization. Moreover, line profile across the stripe 
pattern displays a sine-wave shape ( Fig. 2D  ), conforming to the 
expectations of a spin-spiral state ( 16 ). We have evaluated the pos-
sible influence of Landau levels from the bilayer graphene substrate 
on the spin stripes. No clear Landau levels were observed at 4 K 
up to 8 T (SI Appendix, Fig. S8 ), probably because the bilayer 
graphene/SiC interface causes potential fluctuations, smearing out 
the Landau levels.

 The spatial period of the stripes is measured as 17.6 Å, corre-
sponding to 4.54a﻿0 . As shown in  Fig. 2 E  and F  , the spin-spiral 
propagation, defined as being perpendicular to the stripes, lies 
along the lattice direction in real space (SI Appendix, Fig. S9 ). 
Given both the periodicity and the orientation of the spin spiral, 
its propagation vector  Q  1L  in reciprocal space is thus inferred as 
(0.110, 0.110, 0) (See Materials and Methods  and SI Appendix, 
Fig. S10  for the definition of  Q  ).

 Since the finite stray field of the Fe-coated tip may potentially 
perturb the monolayer spin spiral, we performed measurements 
using an AFM Cr-coated tip with a negligible stray field, whose 
magnetization is invariant against magnetic field.  Fig. 3 A –D   show 
a series of SPSTM images taken with the Cr tip on monolayer NiI2  
of ~2,000 nm2  under different magnetic fields, showing clearly 
resolved stripe patterns relative to a defect marker. The spin contrast 
is also reflected in spin-polarized spectra ( Fig. 3E  ) acquired at bright 
and dark stripes, revealing spin asymmetry as a function of energy. 
The stripe pattern is robust against low magnetic fields, but abruptly 
reverses its contrast upon the field exceeding ~±2 T ( Fig. 3 A –D   
and SI Appendix, Fig. S11 ), resulting in a hysteresis loop of the 
contrast ( Fig. 3F  ). As the tip magnetization is unchanged, such 
switching originates from the spin-spiral state, as further confirmed 
with Fe-coated W tips (SI Appendix, Supplementary Note 3﻿ ). It is 
worth to mention that the spin-spiral domains can be switched to 
other equivalent directions during scanning (SI Appendix, 
﻿Supplementary Note 4﻿ ), indicating the energy barrier is small.        

 Previous studies on spin-spiral states suggest the local magnet-
izations are titled toward the field direction, resulting in change 
of the  Q   vector rather than spin switching ( 39   – 41 ). The switching 
behavior demonstrates our spin spiral has residual magnetic 
moment and its neighboring spin moments are strongly coupled. 
We conjecture that residual moment is rooted from the nonmul-
tiples of spin spirals inside a finite size domain, causing imbalanced 
spin-up and spin-down components (SI Appendix, Supplementary 
Note 5﻿ ). To examine such scenario, we measured the threshold 
switching field B﻿c  at spin-spiral domains with different area S  
( Fig. 3G  ). Indeed, the spin-spiral remains unchanged up to our 
maximum field of 8 T upon S  exceeding 10,000 nm2 , confirming 
to the calculated large energy difference (5.77 meV/Ni) between 
the spin-spiral ground state and ferromagnetic order ( 26 ). Below 
10,000 nm2 , B﻿c  increases approximately linearly with S , except 
when it is small (~1,000 nm2 ) ( Fig. 3H  ). This observation can be 
understood from the fact that B﻿c  is inversely proportional to the 
net magnetic moment per unit area M/S , and the assumption that 
the net moment M  is constant for all domains of different sizes. 
Such an assumption is based on the irregular domain boundaries 
with domain sizes way larger than the spin-spiral period and would 
be an interesting subject for mathematic study. When the domain 
sizes are small, the assumption breaks down, due to profound 
fluctuations in shapes of domain boundaries.

 Having studied the monolayer films, we further identify the spin 
texture of the bilayer NiI2 . Its SPSTM images also resolve a stripe 
pattern corresponding to the spin-spiral state ( Fig. 4A   and SI Appendix, 
Fig. S16 ). However, its spiral period (5.01a﻿0 ) is larger than that of the 
monolayer (4.54a﻿0 ). Furthermore, the spin-spiral propagation direc-
tion is no longer along the lattice direction in real space, but propa-
gates along a +7° direction off the lattice direction ( Fig. 4 A  and B  ). 
The intersecting angle of the spin-spiral propagation direction can 
also be −7° relative to the lattice direction, as is also observed in a 
different spin-spiral domain in  Fig. 4 C  and D  .        

 To substantiate the experimental findings, we carried out 
first-principles calculations. A supercell characterized by vectors 
﻿m  1L  = (6 a  , 3 b  ) and  n  1L  = (−3 a  , 3 b  ) was utilized to model the 
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Fig. 2.   Spin mapping of the spin-spiral texture in monolayer NiI2 with the ferromagnetic Fe tip. (A and B) SPSTM images (Vs = +0.65 V, It = 10 pA) of monolayer 
NiI2 under different magnetic fields. An I vacancy defect is marked with red circles. The Fe-tip magnetization is depicted with blue arrows. The black arrows mark 
the unit vectors of the I lattice. (C) 2D plot of line profiles taken across the defect marker (black lines in A and B) under different magnetic fields. Red dots mark 
locations of a selective dark stripe, whose distance, d, relative to the marker is marked with a red arrow segment. (D) The red dotted line is extracted across the 
stripe pattern. The solid black lines are the fittings to the data with the sine function. (E) High-resolution of the SPSTM image (Vs = +0.2 V, It = 10 pA) of monolayer 
NiI2, showing coexistence of the atomic lattice and stripe pattern. (F) FFT image of (E). The diffraction spots for the lattice qlattice and the spin stripe qstripe are marked.
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experimentally observed spin-spiral order (see the dashed diamond 
in  Fig. 5A   for more details). Given all the considered magnetic 
configurations, the one illustrated in this supercell shows the low-
est energy. The order exhibits spin-spiral stripes (corresponding 
to stripes in SPSTM images) perpendicular to the lattice direction 
and presents a periodicity of 4.50a﻿0  (gray shadowed rectangles in 
 Fig. 5A  ) for the real-space propagating along the lattice direction, 
i.e., the x  direction (equivalent to a spin-spiral propagation vector 
﻿Q  1L  = (1/9, 1/9, 0), i.e., (0.111, 0.111, 0) in reciprocal space).
These features align with the experimentally inferred  Q  1L  = (0.110, 
0.110, 0), corresponding to the propagating periodicity of 4.54a﻿0  
along x  direction. It was noteworthy that the calculated spiral 
order is closely comparable to the most favorable magnetic order 
featuring a propagating vector of  Q   = (0.125, 0.125, 0) for the 
reciprocal space and a real-space periodicity of 4.00a﻿0  in our pre-
vious DFT calculations ( 26 ). The magnetic easy axis is tilted to 
the NiI2  layer plane, aligning with the Ni-I bond direction. The 
magneto-crystalline anisotropy A﻿z  is predicted to be 1.43 meV 
( 26 ), defined as the energy cost to rotate the magnetic moment 
from the z  to the x  direction. Despite a reduction in the absolute 
value of the Kitaev interaction in the monolayer relative to 
few-layer or bulk NiI2 , its strength remains considerably 

substantial compared to the single-ion magnetic anisotropy and 
the noncollinear spin–spin interaction ( 26 ). Therefore, this dom-
inant Kitaev interaction sustains the rotational propagation of 
magnetic moments parallel to the Ni-I plane in monolayer NiI2 . 
The normal vector of spin-spiral plane and its in-plane projection 
form a polar angle θ  relative to the z  axis of 52° and an azimuth 
angle φ  to the x  direction of 30° (SI Appendix, Fig. S17 ) and nearly 
directs to the Ni-I bond (green arrow in  Fig. 5B  ). This result is 
consistent with our previous publication ( 26 ) and ref.  27 , but 
much different from those reported in ref.  28  with θ  = 64°, φ  = 
0°. This conforms to our SPSTM measurements shown in 
﻿SI Appendix, Fig. S18 , which also suggest that the spiral plane may 
be canted (SI Appendix, Supplementary Note 6﻿ ). Nevertheless, the 
precise polar angle θ  and azimuth angle φ  cannot be precisely 
determined experimentally, since the tilting angle of the tip mag-
netization is unknown.        

  Fig. 5C   illustrates the spin density distribution associated with 
the x  component of magnetic moments of Ni atoms in the 
spin-spiral order depicted in  Fig. 5A  , which displays alternating 
spin density stripes along the x  direction. The stripe pattern exhib-
its a width of 17.7 Å, close to the experimentally measured value 
of 17.6 Å. The helimagnetism existed in a triangular lattice can 
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be described using a frustrating J﻿1﻿- J﻿3  model ( 42 ), which is exten-
sively discussed in the literature ( 23       – 27 ), rather than by the Kitaev 
interaction. In monolayer NiI2 , the interplay between FM J﻿1  and 

AFM J﻿3  yields a |J﻿1 /J﻿3 | value of 1.26 ( 26 ), which adequately con-
forms to the criterion, namely |J﻿1 /J﻿3 | < 4, for the emergence of 
noncollinear spin-spiral orders ( 42 ). Here, J﻿1 , J﻿2 , and J﻿3  denote 
the nearest, second nearest, and third nearest neighbor intralayer 
isotropic exchange parameters, which are indicated in  Fig. 5A   with 
arrows colored black, green, and purple, respectively.

 For the NiI2  bilayer, the spin-spiral feature persists with minor 
alterations in the orientation and period of the spin-spiral propa-
gation compared to the monolayer.  Fig. 5D   shows the real-space 
distribution of the magnetic moments, where a supercell defined 
by vectors  m  2L  = (9 a  , 11 b  ) and  n  2L  = (−2 a  , 1 b  ) characterizes the 
bilayer order. This supercell encompassed two iterations of the 
bilayer spin-spiral order, featuring a spin-spiral propagation in an 
increased real-space period of 5.07a﻿0  and oriented 9.8° from the x  
direction (gray shadowed rectangles in  Fig. 5D  ), reproducing the 
experimentally observed value of 5.01a﻿0  and approximately 7°. A 
larger supercell of (14 a  , 16 b  ) and (−2 a  , 1 b  ) (SI Appendix, Fig. S20 ) 
gives an angle to the x  direction of 7.05° and period of 5.03a﻿0 , 
closer to the experiment. Our calculations indicate that this super-
cell contains three iterations of spiral order and is indeed energet-
ically undistinguishable to that in  Fig. 5D  . The two spin-spiral 
orders are, at least, 0.20 meV/Ni more energetically stable than 
other orders considered in this work ( Fig. 5E  ). As spin-spiral orders 
were modeled using different integer-sized supercell periods, the 
simulated results are inevitably deviated from the experiment. Even 
so, we captured the magnetic ground states of monolayer and 
bilayer NiI2  within an acceptable accuracy range. This marginal 
increase in the propagation period of bilayer is, most likely, ascribed 
to a significantly large interlayer second nearest neighbor exchange 
( J⊥

2
  ) and a |J﻿2 /J﻿1 | ratio of 0.05 in the bilayer, which is reduced 
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Fig. 4.   Spin mapping of the spin-spiral texture in bilayer NiI2 with the Fe tip. (A) 
High-resolution of the SPSTM image (Vs = +0.2 V, It = 100 pA) of bilayer NiI2, showing 
coexistence of the atomic lattice and the spin-spiral stripe pattern. Red and blue 
dashed lines represent the direction of lattice and spin-spiral propagation, 
respectively. (B) FFT image of (A). The diffraction spots for the lattice vector qlattice 
and the spin stripe qstripe are marked by red and blue circles, respectively. (C) 
Another spin-spiral domain with a different intersecting angle between the spin-
spiral propagation direction and the lattice direction. (D) FFT image of (C).
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the “stripe pattern” of the magnetic order in the SPSTM experiment. (C) Spin density distribution associated with the x component of magnetic moments of Ni 
atoms with an isosurface value of 5 × 10–4 e/Bohr3. Note that the bottom-layer I atoms and their spin densities are omitted for clarity. (D) Top view of spin-spiral 
order for bilayer NiI2. The supercell in (D) is labeled by a dashed black parallelogram with the two vectors of m2L = (9a, 11b) and n2L = (−2a, 1b). The green and 
red arrows denote magnetic moments of Ni atoms in the upper and lower layers, respectively. The spiral periodicities are also labeled. (E) Comparison of total 
energies among various spiral orders in different supercells for bilayer NiI2. The lowest energy of Q2L is set to zero and indicated by a horizontal black dashed line.D
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compared to that in the monolayer (0.06) ( 26 ,  43 ). This is verified 
by the comparison of different interlayer distances, and the enlarged 
﻿J⊥
2

  and reduced |J﻿2 /J﻿1 | values in the bilayer NiI2  with smaller inter-
layer distance (SI Appendix, Fig. S21 and Table S1 ). The Nil2  layers 
are antiferromagnetically coupled due to the significantly large  J⊥

2
  . 

All magnetic moments in the bilayer order similarly rotate within 
the Ni-I plane, a manifestation of the significant Kitaev interaction 
( 26 ). Here, the experimental unveiling of the spin-spiral order in 
the bilayer conclusively closes the uncertainty issue raised by the 
previous theoretical prediction ( 26 ) on the magnetic ground state 
for the bilayer. This finding further highlights that the coincidence 
points between the models of the spin-spiral and the monolayer 
may appear after every two or more spin-spiral stripes; for instance, 
vector  m  2L  = (9 a  , 11 b  ), defined by these coincidence points, across 
two spin-spiral stripes for the NiI2  bilayer.

 We further considered the impact of interface on the spin spi-
rals. The vdW interactions dominate the NiI2  and graphene inter-
face and their interfacial interactions are much weaker than that 
between monolayer films of 3d transition metals and open 5d 
metal surfaces. Our DFT calculations on the freestanding mon-
olayer and bilayer NiI2  give spin spirals that match with our exper-
iment well, demonstrating this model is a good approximation to 
the experiments, and the graphene substrate has no significant 
impact on the spin spirals. Moreover, in experiments, we found 
monolayer NiI2  films can form different moiré patterns with the 
graphene substrate (SI Appendix, Fig. S22 A  and C ). Nevertheless, 
their measured spin spirals are identical (SI Appendix, Fig. S22 B  
and D ), further substantiating the negligible impact of the sub-
strate. Although epitaxial or other types of strain were able to 
change the magnetism of monolayer NiI2  ( 26 ), we believe that 
the graphene substrate is insufficient to change the magnetic order 
of monolayer NiI2 . Therefore, NiI2 , most likely, retains its intrinsic 
properties on the graphene substrate.  

Summary

 In summary, we have identified distinct spin-spiral states with 
canted plane in mono- and bilayer NiI2 . The  Q   vectors vary with 
the layer thickness, which are different from the bulk value or its 
in-plane projection, but agree nicely with our DFT calculations. 
Our work clarifies the controversies over the magnetic configura-
tion of monolayer NiI2 , which is crucial for understanding its 
anticipated type-II multiferroic state ( 7 ,  29   – 31 ,  44 ). Based on 
existing theories about spin-spiral induced ferroelectricity, we have 
further attempted to measure the possible ferroelectricity, which 
may induce local band bending adjacent to the film edges ( 45 , 
 46 ). However, no signature of electric polarization is observed in 
all the directions of the film edges (SI Appendix, Supplementary 
Note 7﻿ ). The monolayer spin spiral surprisingly indicates tunable 
bistability with magnetic field, originated from the net magnetic 
moments due to nonmultiples of spin spirals within a finite-sized 
domain. This offers a distinct route to manipulate the spin-spiral 
state from previous studies, and expects to be generalized to other 
spin-spiral materials. This system opens up a platform for studying 
the fundamental physics in helimagnetism such as magnon excita-
tions ( 47 ) and also for studying spin states of single polarons at 
2D limit ( 33 ).  

Materials and Methods

Molecular-Beam Epitaxy Growth. The graphene substrate was obtained by 
high-temperature pyrolysis of SiC(0001) substrate with cycles of vacuum flashing 
treatment, the details of which are provided in ref. 48. The 1T-NiI2 films were 

grown on the SiC supported bilayer graphene by evaporating NiI2 powders (purity, 
99.99%) with molecular beam epitaxy. The substrate was kept at 373 ~ 423 K 
to deposit NiI2.

STM Measurements. The measurements were performed in a custom-made 
Unisoku STM (1500) system (15) mainly at 2 K unless described exclusively. The 
spin-averaged STM data were measured with an electrochemically etched W tip. 
The SPSTM data were taken with Cr-coated or Fe-coated W tips. All the W tip were 
flashed to ~2,000 K to remove oxides. While the Cr tip was prepared by coating 
~10 layers of Cr (purity: 99.995%) on a flashed W tip, the Fe tip was prepared by 
coating ~30 layers of Fe on a flashed W tip, subsequently annealing at ~500 K 
for 3 min. The tunneling spectra were obtained through a lock-in detection of the 
tunneling current with a modulation voltage of 983 Hz. The conventional W tips 
and spin-polarized tips had been characterized on standard samples of Ag(111), 
antiferromagnetic monolayer CrTe2, and Fe4Se5 films (15, 37), respectively, prior 
to the measurements. The topographic images and STS were processed by WSxM 
and Igor.

DFT Calculations. The calculations were performed using the generalized 
gradient approximation for exchange-correlation potential, the projected aug-
mented wave method (49, 50), and a plane-wave basis set as implemented in 
the Vienna ab initio simulation package (51, 52). A kinetic energy cutoff of 700 
(650) eV for the plane waves was used for structural optimization (calculations 
on the relative energies). Each spin-spiral order was modeled using a 10 × 
10 q mesh within the first Brillouin zone of the unit cell using the generalized 
Bloch theorem (gBT) (53). Among them, we selected 29 noncollinear magnetic 
configurations exhibiting lower energies in the gBT calculations. They, together 
with six collinear magnetic configurations, were further considered using the 
supercell method (26), in which spin–orbit coupling (SOC) was included. The 
inclusion of SOC is crucial for comparing total energies and thus for finding the 
magnetic ground state. The spin-exchange coupling parameters were extracted 

on a Hamiltonian of H=−
1

2

[

∑

i,j

JijSi ⋅Sj+
∑

i,j

J⊥
ij
Si ⋅Sj+

∑

i,j

(K 𝛾

ij
S
𝛾

i
S
𝛾

j
)  

+

∑

i,j

B(Si ⋅Sj )
2
+2

∑

i

AzS
2
z

]

  , where Az represents the single-ion anisotropy, Jij  

and J⊥
ij

  are the intra- and interlayer isotropic Heisenberg exchange parameters, 
B and K �

ij
  are the biquadratic and collinear Kitaev interaction parameters (26). The 

noncollinear magnetism is not primary related to the DMI, but the J1-J3 model, as 
discussed in refs. 26 and 27. The SOC effect is significant in monolayer NiI2 due to 
the presence of the heavy iodine atoms. Accounting for SOC is crucial as it substan-
tially influences the relative total energies of different magnetic configurations, 
thereby affecting their relative stabilities (26). Therefore, the SOC effect must be 
included to accurately determine the magnetic ground state of monolayer NiI2. 
Moreover, SOC induces considerable Kitaev interactions, which is the primary 
reason causing magnetic moments rotating within the Ni-I plane. We constructed 
a parallelogram supercell with two vectors of (6a, 3b) and (−3a, 3b) [(9a, 11b) and 
(−2a, 1b)] to model the spiral orders for monolayer (bilayer) NiI2. We considered 
different rotational propagation periods, directions, and plane orientations. The 
shown ones in Fig. 5 A and D are the most energetically favored. There are two 
antiparallel propagation directions which are energetically degenerate. A vacuum 
layer over 20 Å along the z direction was adopted to eliminate interactions among 
image layers. The on-site Coulomb interaction was considered with a U value of 
4.2 eV and a J value of 0.8 eV for Ni 3d orbitals, according to the literature (19, 54) 
and our test calculations (26). Grimme’s semiempirical D3 scheme (55) for disper-
sion correction was employed in combination with the Perdew–Burke–Ernzerhof 
functional (PBE-D3). All atoms, lattice volumes, and shapes in each supercell were 
allowed to relax until the residual force on each atom was less than 0.01 eV/Å. The 
propagation vector Q can be defined as Q =

1

N1
⋅ a �

+
1

N2
⋅ b �  . Here, N1  and N2  

are numbers of Ni atoms in one spiral periodicity along the a  and b  directions in 
the real space, respectively, whereas a ′  and b ′  are the reciprocal lattice vectors 
of the NiI2 unit cell (Fig. 5A and SI Appendix, Fig. S10). The magnetic moments 
complete a full 2π rotation along both the a and b directions over 9a0, implying 
N1 = N2 = 9. This gives our theoretical propagating vector of Q1L = (1/9, 1/9, 0), 
i.e., (0.111, 0.111, 0). Similarly, our experimental propagating vector Q1L is = 
(1/9.08, 1/9.08, 0), i.e., (0.110, 0.110, 0).
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Note Added in Proof. After the completion of our manuscript, we were aware 
of a related study uploaded at similar time to arXiv by M. Amini et al. (arXiv: 
2309.11217, which has got published in ref. 44). They also found the existence 
of a spin spiral, but the determined propagation vector is different from ours.

Data, Materials, and Software Availability. All raw data and simulation code 
will be deposited to the repository figshare (56). Additional data and plots are 
included in SI Appendix.
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