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What are Van Der Waals (vdW) magnets and
where it can be appllied?



Van Der Waals (vdW) Magnet
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Most of the magnetic vdW
materials are layered,
cleavable transition-metal
chalcogenides and halides,
and typically have a layer of
metal ions sandwiched
between layers of chalcogens
or halides.



Physics investigated in vdW
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Fig. 1 | Physical phenomena that can be studied with magnetic

vdW materials. 2D magnetic vdW materials are an ideal platform for
investigating how the Hamiltonians of the fundamental magnetism models
(the Ising, XY and Heisenberg models; magnetic moments indicated by
the red, purple and cyan arrows, respectively) behave in the 2D limit. In
addition, the magnetic ground states of these materials could be controlled
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by external perturbations, such as gating and strain, or via proximity

effects and moiré patterns. Because of the intrinsic properties of their

honeycomb lattice, there is also a possibility of light-matter interactions

through valley coupling of K_ and K points in the momentum space and
the edge states (grey arrows).



Application of vdW
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Application of vdW In spintronics
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Two important vdW magnets

Fe:GeTe, Cr-Xs(X=l, Br, Cl)

Fig- 1. Schematic illusiration of the single-layer Crly
unit cell: bond length of Crd (a), bond angles and
vertical distance between the plane containing 1
atoms apd the plane containing Cr atoms (b, top
view of Crly erystalline structure, showing the bone
evoamb arrangement of the Cr atoms (), sude view
of a single Cr site with an arrow representing its out-
of-plane magnetic moment and the splitting of d-
lewels imto a higher energy e, doubler and a bower
energy iy, triplet in an octagonal environment {d),
and the edge-sharing ociahedral Cr'* ton with six
1~ ions (el

Fe;
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In both Fe;GeTe,; and Cr-X; following properties
are observed:

1) Strong e-e correlation
2) Non-collinear spin structures on the surface



Candidate materials Crl; have strong
correlation
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Chromium triiodide is an intrinsically magnetic van der Waals material down to the single-layer limit. Here, we
provide a first-principles description of finite-temperature magnetic and spectral properties of monolayer (ML)
Crl; based on fully charge self-consistent density functional theory (DFT) combined with dynamical mean-field
theory, revealing a formation of local moments on Cr from strong local Coulomb interactions. We show that the m
presence of local dynamical correlations leads to a modification of the electronic structure of ferromagnetically
ordered Crl;. In contrast to conventional DFT+U calculations, we find that the top of the valence band in ML
Crl; demonstrates essentially different orbital character for minority and majority spin states, which is closer to
the standard DFT results. This leads to a strong spin polarization of the optical conductivity upon hole doping,
which could be verified experimentally.

{Received 16 June 2021; revised 28 August 2021; accepted 22 September 2021; published 5 October 2021)

We explore the electronic band structure of freestanding monolayers of chromium trihalides CrXs, X = Cl,
Br, I, within an advanced ab initio theoretical approach based on the use of Green's function functionals. We
compare the local density approximation with the quasiparticle self-consistent GW (QSGW) approximation and
its self-consistent extension (QSGW) by solving the particle-hole ladder Bethe-Salpeter equations to improve
DOL: 10.1103/PhysRevB.105.205124 the effective interaction W. We show that, at all levels of theory, the valence bunq consistently .changes shape in
the sequence Cl — Br — [, and the valence band maximum shifts from the M point to the I* point. By analyzing
the dynamic and momentum-dependent self-energy, we show that QSGW adds to the localization of the systems
in comparison with QSGW, thereby leading to a narrower band and reduced amount of halogens in the valence
band manifold. Further analysis shows that X = Cl is most strongly correlated, and X = [ is least correlated
(most bandlike) as the hybridization between Cr d and X p enhances in the direction Cl — Br — 1. For CrBry
and Crls, we observe remarkable differences between the QSGW and OSG@’ valence band structures, while
their eigenfunctions are very similar. We show that weak perturbations, like moderate strain, weak changes to
the d-p hybridization, and adding small £/, can flip the valence band structures between these two solutions in
these materials.

DOL: 10.1103/PhysRevB.104. 155109



Candidate materials Fe;GeTe; have strong
correlation
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- 13 ¢ 123 1
Taek Jung Kim™, Siheon Ryee and Myung Joon Han Motivated by the search for design principles of rare-earth-free strong magnets, we present a study of electronic
structure and magnetic properties of the ferromagnetic metal Fe;GeTe, within the local-density approximation
(LDA) of the density-functional theory, and its combination with dynamical mean-field theory (DMFT). To
Magnetism in two-dimensional (2D) van der Waals (vdW) materials has lately attracted considerable attention from the point of compare these calculations, we measure magnetic and thermodynamic properties as well as x-ray magretic
X f both fund L5 d devi lcat Obvious! blishi detalled and solid und dina of thei circular dichroism and the photoemission spectrum of single-crystal Fe;GeTe,. We find that the experimentally
View or botn fundamental science and device applications. Ubviously, establishing a detalled and solld Understanding of their determined Sommerfeld coefficient is enhanced by an order of magnitude with respect to the LDA value. This
magnetism is the key first step toward various applications. Although Fe;GeTe, is a representative ferromagnetic (FM) metal in this enhancement can be partially explained by LDA+DMFT. In addition, the inclusion of dynamical electronic
family, many aspects of its magnetic and electronic behaviors still remain elusive. Here, we report our new finding that Fe;GeTe, is correlation effects provides the experimentally observed magnetic moments, and the spectral density is in better

agreement with photoemission data. These results establish the importance of electronic correlations in this

a special type of correlated metal known as ‘Hund metal". Furthermore, we demonstrate that Hund metallicity in this material is ferromagnet

quite unique by exhibiting remarkable site dependence of Hund correlation strength, hereby dubbed ‘site-differentiated Hund
metal”. Within this new picture, many of the previous experiments can be clearly understood, including the ones that were
seemingly contradictory to one another.

npj Computational Materials (2022)8:245; https://doi.org/10.1038/541524-022-00937-x

DOI: 10.1103/PhysRevB.93.144404



Spin structures in Fe;GeTe;



Magnetic skyrmions In FesGeTe;
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Skyrmionic spin structures in layered FesGeTe, up
to room temperature
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The role of the crystal lattice, temperature and magnetic field for the spin structure formation
inthe 20 van der Waals magnet FecGeTe; with magnetic ordering up to room temperature is
3 key open question. Using Lorentz transmission electron microscopy, we expetimentally
observe topological spin structures up to room temperature in the metastable pre-cooling
and stable post-cooling phase of FesGeTe;. Over wide temperature and field ranges, sky-
rmionic magnetic bubbles farm without preferred chirality, which is indicative of cen-
trosymmetry. These skyrmions can be observed even in the absence of external fields. To
understand the complex magnetic order in FecGeTe, we compare macroscopic magneto-
metry characterization results with microscopic density functional theary and spin-model
caleulations. Qur results show that even up to room temperature, topological spin structures
can be stabilized in centrosymmetric van der Waals magnets.
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Fig. 2 Magnetic imaging of FecGeTe; in the pre-cooling phase, revealing skyrmionic spin structures. a Fhase shift image obtained using off-axis electron
holography at T=200K and B=0mT in Fe:GeTe; with the c-axiz perpendicular to the image plane after previously applying out-of-plane fields up to
B =5&6mT. b Corresponding color-coded magnetic induction map where the direction of the magnetic field is given by the color whaal. Type-ll as well as
type-| bubblas with opposite winding numbers are present. € Schematic illustration of type-1 and typa-Il bubbles. d Series of Fresnel images taken at various
temperatures and external out-of-plane fields (parallel to the c-axis} with a detocus of —1mm, in a = 100 nm thick plan-view lamella (c-axis is
perpendicular to the image plane). The magnetization within tha magnetic bubbles opposes the esternal fiald, whereas the areas the magnetization
between the bubbles are parallel to tha field. Bubbles begin to form at higher external fields for lower temperatures.



Chiral Spin Spirals at the Surface of the van der Waals Ferromagnet Fe;GeTe,
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Figuare 1. Spin spirals at the surface of a d = 185 nm thick FGT Hake at T = 130 K. (a} Cry=al stracture of two FGT lyers. (b, <) SEMPA images
mieazured at the surface of FGT for @ = +9° Panel (b) shows m, contrast and panel (] m, for the exact same area, with the color scale (in arbitrary
units) indicated by the arrows in the top r.irh!-hand COMmeT. Aﬂﬂiﬁmﬂ]h‘. in bath SEMPA images an uut-nF-Planz magnetization m, can be present,
which is adjustable in panel {c] anly. (d, e} Averaged magnetization profiles cbtained from SEMPA measurements for the same area. In black and
green we depict the average magnetization profile in the red rectangle of panels (b) and (c), respectively. The sample tilt, illustrated on the dght,
was of = +8° in panel {d) and & = —4° in panel {}. The phase shift reverses from +a/2 in panel {d) to —a/2 in panel (2}, which is expected for a
m, magnetization contrast in the SEMPA image in panel (c). Overall, we ohserve a counterclockwise rotating Meel spin spiral as is indicated
schematically by the arrows above panel (d).
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Creation of skyrmions in van der Waals ferromagnet
Fe;GeTe; on (Co/Pd), superlattice
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Abstract

Magnetic skyrmions are topological spin textures, which usually exist in noncen-
trosymmetric materials where the crystal inversion symmetry breaking generates
the so-called Dzyaloshinskii-Moriya interaction. This requirement unfortunately
excludes many important magnetic material classes, including the recently found
two-dimensional van der Waals (vdW) magnetic materials, which offer unprece-
dented opportunities for spintronic technology. Using photoemission electron mi-
croscopy and Lorentz transmission electron microscopy, we investigated and stabi-
lized Néel-type magnetic skyrmion in vdW ferromagnetic Fe;GeTe, on top of
(Co/Pd)y in which the FesGeTe; has a centrosymmetric crystal structure. We
demonstrate that the magnetic coupling between the Fe;GeTe; and the (Co/Pd),

could create skyrmions in FesGeTe, without the need of an external magnetic field. Fig. 3. Néel-type skyrmions observed by LTEM in the system of FGT/[Co/Pd],, multilayers. |A] Schematic drawing of sample structure and TEM image of FGT flake
Our results open exciting opportunities in spintronic research and the engineering on & porous ;M membrana. The thickness of FGT flake here |s 70 nm. [B] LTEM Images of FGT/[Co/Pd]is at a sample tilting angle of 30°. (€} LTEM images taken from
of topologically protected nanoscale features by expanding the group of skyrmion salected area in (B} (green dashed beo) at sample tilting angles of 30°, 0°, and - 30°. The zero contrast at 0° tifting angle and the reversed contrasts at oppasite tilting angles
host materials to include these previously unknown vdW magnets. indicate the Méel-type structure of the skyrmion. All LTEM measurements were performed at liquid nitrogen terperature. (D) Line profiles of the contrast from the same
skyrmion at opposite tilting angles, showing the contrast reversal of the Néel-type skyrrion at opposite tilting angles. (E) The magnetization distributlon obtalned by exit
wave phase reconstruction of the selected LTEM data [black dashed box in (). The white arrows and the color wheel indicate the in-plane direction of the magnetization,
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Observation of Magnetic Skyrmion Bubbles in a van der Waals
Ferromagnet Fe,GeTe,
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Figure 4. {a—d) Underfocused Lorentz-TEM image of shkyrmion bubbles at 93 K after FC manipulation with a field (600 Oe) applied with rotation
angles. [ir; as shown schematically in the inset of (a) & = =207, (b) @ = 07, (¢} @ = 4207, and {d} §# = =10", respectively). (e, ) Underfocused and
overfocused Lorentz-TEM images of the skyrmion bubbles taken at 93 K and in zero-field. I:g:I An enlarged in-plane magnetization distribution map
obtained by TIE analysis for a selected skyrmion bubble indicated by the white dotted box in parts e and £ The white arrows represent the
magnetization direction at each point, and the color wheel is in the right corner. (h} Theoretical simulation of skyrmion lattices at an applied
magnetic field with 600 Oe for i = 0°. The in-plane magnetization distribution is represented by blue {—M_) and red (+M_) regions. The scale bar
ig 200 mm.



Spin structures in Cr-Xs
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Topological spin texture in Janus monolayers of the chromium trihalides Cr(I, X);
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Topological magnetic states are promising for ultradense memory and logic devices. Recent progress in
two-dimensional magnets encourages the idea to realize topological states, such as skyrmions and merons, in
freestanding monolayers. However, monolayers such as Crl; lack Dzyaloshinskii-Moriya interactions (DMIs)
and thus do not naturally exhibit skyrmions/merons but rather a ferromagnetic state. Here we propose the FIG. 3. Mag netic structures and leﬂngiCﬂl charges of

fabrication of Cr(l, X'); Janus monolayers, in which the Cr atoms are covalently bonded to the underlying I Cr(I.Cl);. (a) shows the i“‘Pl ane 7i gzag-c anted FM state;
ions and top-layer Br or Cl atoms. By performing first-principles calculations and Monte Carlo simulations, we

identify strong enough DMIs, which leads to not only helical cycloid phases, but also to topologically nontrivial
states, such as the intrinsic domain wall skyrmions in Cr(l, Br); and the magnetic-field-induced bimerons in
Cr(1, Cl);. Microscopic origins of such spin textures are revealed as well.

DOL: 10.1103/PhysRevB.101.060404

(b) illustrates the in-plane cycloidal structure; (c) and (d) display
one and three bimerons, respectively. with an out-of-plane magnetic
field B of 0.8 T. See Fig. 2 for explanations of the color map and the
vectors.
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Fig.1| Calculations of the magnetic ground states of tDB Crl,. a, The moiré
superlattice formed at the interface between two 2L Crl,, namely between the
second and third layers. Regions of AA- (green), R- (blue) and M-type (red)
stacking geometries are marked in one moiré supercell (black parallelogram).
Inset: Schematic of twisting two 2L Crl, by an angle o b, The periodically
maodulating interlayer exchange coupling f at the inverface between two 2L Crly.
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Evidence of non-collinear spin texturein
magnetic moiré superlattices
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c-e, The calculated distributions of the out-of-plane magnedization M, in a mairé
supercell for all four layers of tDE Crl, at three representative twist angles of

@ = 0.1° (¢}, 1° {d} and 10° g}, with zero, non-zero and zero total magnetization,
respectively. f-h, Skerches of the calculated layered magnetism centring at AA
{green), across M (red) and centring at R (blue) sives for the magnetic ground
states ine (f), d {g)and e (h).

Hongchao Xie ®'5, Xiangpeng Luo ®'%, Zhipeng Ye®®, Zeliang Sun', Gaihua Ye?,
Suk Hyun Sung@?, Haiwen Ge®*, Shaohua Yan®, Yang Fu®, Shangjie Tian ®°,
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Moiré magnetismis emerging as a platform to designand control

exotic magnetic phases in twisted magnetic two-dimensional crystals.
Non-collinear spin texture emerging from twisted two-dimensional magnets
with collinear spins is one of the most profound consequences of moiré
magnetism and forms the basis for realizing non-trivial magnetic orders and
excitations. However, no direct experimental observations of non-collinear
spins inmoiré magnets have been made, despite recent theoretical and
experimental efforts. Here, we report evidence of non-collinear spin

texture in two-dimensional twisted double bilayer Crl,. We distinguish the
non-collinear spins with a gradual spin flop process from the collinear spins
withsudden spin flip transitions and identify a net magnetization emerging
fromthe collinear spins. We also demonstrate that both non-collinear spins
and net magnetization are present at twist angles from 0.5° to 5®but are
maost prominent for 1.1°. We resolve a critical temperature of 25 K for the
onsetof the net magnetization and the softening of the non-collinear spins
inthe 1.1° samples. This is substantially lower than the Néel temperature

of 45 K for natural few layers. Our results provide a platform to explore
non-trivial magnetism with non-collinear spins.
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Curved Magnetism in Crl;
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Curved magnets attract considerable interest for their unusually rich phase diagram, often encompassing
exotic (e.g., topological or chiral) spin states. Micromagnetic simulations are playing a central role in the
theoretical understanding of such phenomena; their predictive power, however, rests on the availability of
reliable model parameters to describe a given material or nanostructure. Here we demonstrate how
noncollinear-spin polarized density-functional theory can be used to determine the flexomagnetic coupling
coeflicients in real systems. By focusing on monolayer Crl;, we find a crossover as a function of curvature
between a magnetization normal to the surface to a cycloidal state, which we rationalize in terms of
effective anisotropy and Dzyaloshinskii-Moriya contributions to the magnetic energy. Our results reveal an
unexpectedly large impact of spin-orbit interactions on the curvature-induced anisotropy, which we discuss
in the context of existing phenomenological models.

DOL: 10.1103/PhysRevLett.128.177202
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FIG. 1. (a) Monolayer Crl; (Cr,blue; I, purple) with black lines
showing the primitive 8 atom unit cell (2 Cr and 6 I) while the red
lines show the doubled unit cell, N of which are used to construct
(N,N) NTs. (b) Calculated energy (per Cr) as a function of
curvature. (¢) N = 6 NT from above and (d) side. (e) Supercell
strip for a spin spiral with wavelength equal to the circumference
of the N =6 NT, seen from above and (f) side, with arrows
showing the magnetic moments m; = [0, —sin(gy;), cos(gy;)].
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Magnetic skyrmions in atomic thin Crl; monolayer @
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FIG. 3. Crly spin lattice for the atamistic spin dynamics calculation. (a) The mag-
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In this letter, we report on the visualization of topologically protected spin textures, in the form of magnetic skyrmions, in recently 1 i e ; R

discovered monoatomic-thin two-dimensional Crla. By combining density functional theory and atomistic spin dynamic simulation, we N.:Flﬁl'. lorming a mixlure Lﬂ “hrf! deemains and skyrmiores ko pure skyrmicaic states.
demonstrate that an application of an out-of-plane electric field to the Crl; lattice favors the formation of sub-10nm skyrmions at 0 K tem- Figure ”:I shows 3 magnifead view.

perature. The spin texture arises due to a strong correlation between magnetocrystalline anisotropy, Deyaloshinskii-Moriya interaction, and
the vertical electric field, whose shape and size could be tuned with the magnetic field. Such a finding will open avenues for atomic-scale
quantum engineering and precision sensing.
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Abstract

We present a comprehensive theory of the magnetic phases in twisted bilayer chromium trihalides through a combination of first-
principles calculations and atomistic simulations. We show that the stacking-dependent interlayer exchange leads to an effective moiré
field that is mostly ferromagnetic with antiferromagnetic patches. A wide range of noncollinear magnetic phases can be stabilized as a
function of the twist angle and Dzyaloshinskii-Moriya interaction as a result of the competing interlayer antiferromagnetic coupling
and the energy cost for forming domain walls. In particular, we demonstrate that for small twist angles various skyrmion crystal phases
can be stabilized in both Crl; and CrBrs. Our results provide an interpretation for the recent observation of noncollinear magnetic
phases in twisted bilayer Crl; and demonstrate the possibility of engineering further nontrivial magnetic ground states in twisted bilayer

chromium trihalides.
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M (Received § August 2020; revised 17 March 2021; accepted 31 March 2021; published 13 April 2021) FIG. 2. A =0 phase diagram at different moiré periods and exchange field. (a) Moiré period L vs maximum interlayer exchange field

B, phase diagram with spiral (Sp) and skyrmion crystal (SkX) phases. Here, Lp = (J/D)a. where a is the lattice constant and the purple
Magnetic skyrmions in two-dimensional (2D chiral magnets are often stabilized by a combination of a diamonds correspond to error bars. The dashed lines at L = 5L, and L = 8L, represent the cross sections of Figs. 3(a) and 5, respectively.

Dzyaloshinskii-Moriya interaction and an external magnetic field. Here, we show that skyrmions can also be (b)~(d) Magnetization texture and (¢)~(g) topological charge density in 1 x 2 moiré supercells for L/Lp = (5.8, 11) and ByyJ/D* = 1.73 as
I co ) ;. - o o marked by the ¥, 4. B symbols in (a). The colors represent an out-of-plane component (m. ) of magnetization and topological charge density
stabilized in twisted moiré superlattices with a Dzyaloshinskii-Moriya interaction in the absence of an external (/) in (b)(d) and (e)~(g). respectively. The arrows show the in-plane component of magnetization in (b)~(d) and the dotted lines represent

magnetic field. Our setup consists of a 2D ferromagnetic layer twisted on top of an antiferromagnetic substrate. 1 x 2 moiré supercells in (h)—{g).
The coupling between the ferromagnetic layer and the substrate generates an effective alternating exchange
field. We find a large region of the skyrmion crystal phase when the length scales of the moiré periodicity and
skyrmions are compatible. Unlike chiral magnets under a magnetic field, skyrmions in moiré superlattices show Gk Saniians
an enhanced stability for the easy-axis (Ising) anisotropy which can be essential to realize skyrmions since most 18 *
van der Waals magnets possess easy-axis anisotropy.
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FIG. 3. L = 8Ly phase diagram. (a) Anisotropy A vs maximum interlayer exchange field B, phase diagram with ferromagnetic (FM).
spiral (Sp). skyrmion crystal (SkX), and mixed state (Sp + FM). Here, Ly = (J/D)a, where a is the lattice constant. (b)—(d) Magnetization
texture in 1 x 2 moiré supercells and (e)—(g) spin structure factor for (%, &, W) symbols marked in (a). The parameters corresponding to these
symbols are as follows: % = {d = —0.60° /. By = LISD? T}, & = {A = 030% /), Byux = 03807/ J), and B = {A = 1147 /], By =
0.580° /1)
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Strong evidence of two general
properties of vdW materials

Strong Correlation

Non collinear spin structures



The Hamiltonian

ljo

3J B A S
H = — Z (f;’j + EBU)CLC;G +JZSE ' (C;ga'gcr’cicr")-

Here, c; creates an electron with the spin o on site i. J > 0
stands for the exchange coupling constant. & is the vector of

)

the Pauli spin matrices. The external magnetic moments §;

are the generators of the su(2) algebra in the lowest (s = 1/2)
representation. The hopping term 1s modified by adding an
extra J-dependent term to guarantee a finite J — 400 limit
[5]. Within a mean-field treatment the spatial spin structure
is encoded in (S;) = S - 7i;. Here, S is a localized spin magni-
tude, whereas a classical static vector 7i; determines a varying
direction of the localized spin.



At large U limit Hamiltonian is simple

This approach proves effective in studying strongly corre-
lated electrons. This can be seen as follows. At infinitely large
Kondo coupling J, Eq. (1) goes over into the U = oo Hubbard
model Hamiltonian [5],

Hyj—oo = — Z fij;JEjg. (2)

The constrained electron operator ¢;, = ¢j; (1 — njz ), where
Nig = CLCI-U is the number operator, can be dynamically
(in the effective action) factorized into the spinless charged
fermionic f; fields and the spinful bosonic z; fields [12]. Inas-
much as ff = 0, the local no double occupancy constraint
that incorporates the strong electron correlations is rigorously
implemented 1n this representation.

_ E =T ~
Hy—no = — lijCi,Cio -



The partition function

______________________

285 dzf(t)dz;(f)

ETRTRRES d fi(t)dfi(0).
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The Action
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Hopping from
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H(E) is a 2 x 2 matrix. In terms of Pauli matrices it 1s repre-
sented as

H(k) = HoZ + H (K)o, + H, (K)o, + H.(k)o..

H; jea + H,; jep

where H,(k) = >

H, (k) = Re[Hicy.jes],

. Hi e —H; B,
%m='mziﬁ H, (k) = Im[Hiex.jes].

Here, 7 is the 2 x 2 unit matrix; oy, oy, and o, are the Pauli
matrices.



Lattice vectors

2n
3 £ 373 3

(c) (d)

FIG. 1. (a) Schematic of the honeycomb bipartite lattice with
two types of atoms A and B. (b) The NN vectors a,, a@,, and
ds, and the NNN vectors 51, 53, and 53. (c) The reciprocal space
of the honeycomb bipartite lattice. The reciprocal unit vectors are
bt = 2m(—=2 3): by = 27 (—Jz, —4). (d) The first Brillouin zone
of the honeycomb bipartite lattice. The special points (triangle),
when terms ~o, and ~a, are zero, for § = (2¢/+/3,0) lie at K =

(7 //3,0).



The chern number at this value is:

cp =sgn(sinSq), —— < g —.

The chern number depends on the atomic spin S and on the spin wave vector q

$4 8 T od oo d $ 4§

2nh

7 > change in c; results change in direction of spin currents.
Cl

Hall conductivity is : Pxy = ~



Another spin structure

—

Si = S (singF; Cos gor;, sin g r; Sin gar;, COS §17;) . ==

(c)

FIG. 1. (a) The spiral spin texture defined by Eq. m The direction
of the arrows is defined by the Sy and Sy. The color is defined by
the S; components. This spin texture is analogous to the spin texture
recently observed in Fe3GeTe, [10]. (b) A 3D representation of the
spin configuration on a lattice. The motion of the spin on the surface
of the cone is represented by the S, and S, components of the Eq. ﬂ;
while the Inclination of the cone is represented by the S, component.
(c) Map of the spin texture onto the Bloch sphere.



Another spin structure

—

S; = S (singr; cos g>F;, Sin g F; Sin go¥;, COS G 17;) .

The chern number for this spin structure:

. V3r V3r
C1 = 5gn [SlI’l (S‘-?Zx)] s _T Sy = T

(a) (b)

(c)

FIG. 1. (a) The spiral spin texture defined by Eq. m The direction
of the arrows is defined by the Sy and Sy. The color is defined by
the S; components. This spin texture is analogous to the spin texture
recently observed in Fe3GeTes [10]. (b) A 3D representation of the
spin configuration on a lattice. The motion of the spin on the surface
of the cone is represented by the S, and S, components of the Eq.
while the Inclination of the cone is represented by the S, component.
(c) Map of the spin texture onto the Bloch sphere.



Main physical conclusion
* For strongly correlated materials the spin
structures have localized character.

* No matter how complex is the spin structure the
topological properties (Chern number) depends
on the change In spin in neighbouring sites.

* General expression for Chern number Is:

n s | Sjy Siz)
) — P [- i [ — .
€1 Sgn 4 sin dldan SLI dldn Si*_r




Conclusions

* In vdW magnets Chern number depends on the
atomic spin and spin wave vectors.

e Strong correlation gives rise to the localization of
the spin properties, i.e. nho matter how complex
Is the spin texture, the topological properties
depends only on a single factor: the change in
azimuthal angle between neighboring spins.
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