
 

Chiral Spin Spirals at the Surface of the van der Waals
Ferromagnet Fe$_3$GeTe$_2$
Citation for published version (APA):
Meijer, M. J., Lucassen, J., Duine, R. A., Swagten, H. J. M., Koopmans, B., Lavrijsen, R., & Guimarães, M. H. D.
(2020). Chiral Spin Spirals at the Surface of the van der Waals Ferromagnet Fe$_3$GeTe$_2$. arXiv.

Document status and date:
Published: 28/07/2020

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 19. Sep. 2020

https://research.tue.nl/en/publications/chiral-spin-spirals-at-the-surface-of-the-van-der-waals-ferromagnet-fe3gete2(940662e8-4859-4ae3-adf3-dcb670ece03b).html


Chiral Spin Spirals at the Surface of

the van der Waals Ferromagnet Fe3GeTe2

Mariëlle J. Meijer,1, ∗ Juriaan Lucassen,1 Rembert A. Duine,1, 2 Henk J.M.

Swagten,1 Bert Koopmans,1 Reinoud Lavrijsen,1 and Marcos H. D. Guimarães1, 3, †
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Abstract

Topologically protected magnetic structures provide a robust platform for low power consump-

tion devices for computation and data storage. Examples of these structures are skyrmions, chiral

domain walls, and spin spirals. Here we use scanning electron microscopy with polarization anal-

ysis to unveil the presence of chiral counterclockwise Néel spin spirals at the surface of a bulk van

der Waals ferromagnet Fe3GeTe2 (FGT), at zero magnetic field. These Néel spin spirals survive

up to FGT’s Curie temperature TC = 220 K, with little change in the periodicity p = 300 nm of

the spin spiral throughout the studied temperature range. The formation of a spin spiral showing

counterclockwise rotation strongly suggests the presence of a positive Dzyaloshinskii-Moriya inter-

action in FGT, which provides the first steps towards the understanding of the magnetic structure

of FGT. Our results additionally pave the way for chiral magnetism in van der Waals materials

and their heterostructures.
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Magnetism in layered systems has proven to be a fertile ground for emergent magnetic

phenomena. The absence of inversion symmetry combined with large spin-orbit coupling

in some of these structures can give rise to an asymmetric exchange interaction known

as the Dzyaloshinskii-Moriya interaction (DMI) [1–4]. Systems with a large DMI offer a

huge playground for the exploration of topologically protected magnetic structures such as

skyrmions and chiral domain walls, which have dimensions in the order of tens of nm and are

promising elements for low-power consumption electronics [3, 5]. Long range non-collinear

magnetic structures can also arise in materials with large DMI, where the magnetization

continuously varies in the material in a sinusoidal fashion [1, 3, 6, 7]. These structures,

named spin spirals, carry important information on the magnetic properties of the system

through their periodicity and handedness. Moreover, spin spirals have been shown to evolve

into skyrmions in the presence of a sufficiently large magnetic field for various material

systems [3, 8, 9].

The recent discovery of magnetic ordering in van der Waals (vdW) materials down to

the monolayer limit [10, 11] has opened a new direction in the field of two-dimensional

materials, allowing researchers to explore magnetism in lower dimensions in simple crystal

systems [12–15]. Particularly, the metallic vdW ferromagnet Fe3GeTe2 (FGT) shows large

out-of-plane magnetic anisotropy and high Curie temperature (TC = 220 K) [16, 17], which

can be pushed above room temperature upon doping [18] or patterning [19]. The large

out-of-plane magnetic anisotropy of FGT indicates a high spin-orbit coupling and opens the

possibility to form interesting magnetic textures, such as skyrmions or spin spirals. These

magnetic textures in vdW magnets are still largely unexplored and are currently a topic

to which significant research efforts are devoted [20–23]. Unveiling these spin structures in

two-dimensions can give a significant push towards a deeper understanding of magnetism in

lower dimensions, along with the prospect of using vdW magnets for future applications.

In this letter, we image the magnetic texture at the surface of FGT to identify the under-

lying interactions. We reveal the presence of a spin spiral rotating out-of-plane in a coun-

terclockwise fashion by scanning electron microscopy with polarization analysis (SEMPA)

[24–26]. The stabilization of these magnetic textures indicates that a positive DMI is present

in FGT. Additionally, from temperature dependent measurements we find that the period-

icity of the magnetization textures remains constant in the studied temperature range from

60 K up to TC, which is unexpected for the large temperature-dependent anisotropy that is
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FIG. 1. Spin spirals at the surface of a d = 185 nm thick FGT flake at T = 150 K. a)

Crystal structure of two FGT layers. b), c) SEMPA images measured at the surface of FGT for

α = +9◦. Panel b) shows mx contrast and panel c) my for the exact same area, with the color scale

(in arbitrary units) indicated by the arrows in the top right-hand corner. Additionally, in both

SEMPA images an out-of-plane magnetization mz can be present, which is adjustable in panel c)

only. d), e) Averaged magnetization profiles obtained 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 right, was α = +9◦ in panel d) and

α = −4◦ in panel e). The phase shift reverses from +π/2 in panel d) to −π/2 in panel e), which is

expected for a mz magnetization contrast in the SEMPA image in panel c). Overall, we observe a

counterclockwise rotating Néel spin spiral as is indicated schematically by the arrows above panel

d).

reported for these systems [27]. These observations allow for a further understanding of the

FGT magnetic structure, paving the way for chiral magnetism using vdW materials.

Our samples are obtained by mechanical exfoliation of a bulk FGT crystal on a Si wafer.

The sample preparation was performed in high vacuum, with pressures lower than 10−7 mbar

to avoid oxidation of the exfoliated FGT crystals. A dusting layer of Co (0.3 nm) was

deposited using sputtering deposition and the samples were then loaded into the SEMPA
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microscope chamber while keeping the sample in ultra-high vacuum. The Co dusting layer

was found to enhance the SEMPA signal while maintaining the same magnetic pattern as

in pristine flakes [28, 29] and this is discussed in more detail in Supplementary Information

Section SII. Additional information on the sample fabrication and AFM scans of the flake

can be found in the Methods section and Supplementary Information Section SI.

A side-view of the crystal structure of FGT is schematically depicted in Fig. 1a. The

individual FGT layers are arranged in an AB-stacking, where each layer is rotated by 180◦

around the out-of-plane (z-) axis with respect to the adjacent layers. FGT has a space

symmetry group P63/mmc, with the inversion symmetry point located in the space between

the layers [16]. The magnetic properties of FGT become apparent when cooling down the

sample below TC = 220 K and a perpendicular magnetic anisotropy along the z-axis is found

[16, 17].

We use SEMPA to obtain vectorial information on the surface magnetization of FGT

[24–26]. In SEMPA, the detector for the secondary electrons in a regular scanning electron

microscope is modified to provide spin sensitivity. This is done by accelerating spin-polarized

secondary electrons, emitted by the sample, towards a W(100) target. Depending on the

spin polarization direction, the secondary electrons are scattered from the target to different

diffraction spots. The difference in intensities between these diffraction spots provides a

quantitative measurement of the in-plane spin polarization of the secondary electrons coming

from the sample. The lateral spatial resolution of our system is about 30 nm [30, 31] and

due to the high surface sensitivity of SEMPA we only probe the magnetic texture of the top

FGT layer (see Supplementary Information Section SI for details) [26]. Fig. 1b and c show

SEMPA images of the surface of a d = 185 nm thick FGT flake (flake A) at T = 150 K. Both

images are measured simultaneously and probe the exact same area of the flake. Fig. 1b

shows magnetization contrast in the x-direction (mx) and Fig. 1c my contrast, as indicated

by the arrows in the top right-hand corner. A strong magnetization contrast is present

in Fig. 1b and a vertical stripe-like pattern is observed, revealing an alternating in-plane

magnetization from left to right. Only a slight magnetization contrast is observed in Fig. 1c,

but a similar vertical stripe-like pattern is present.

Even though SEMPA is in principle only sensitive to the in-plane magnetization compo-

nent, we are able to detect the out-of-plane direction through a projection technique [29].

Here, we tilt the sample by an angle α with respect to the measurement axis, as is schemat-
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ically depicted on the right side of Fig. 1d and e. It results in an adjustable mixing of the

out-of-plane magnetization mz component in the my channel. As we will demonstrate later

on, the main component in the my SEMPA image is given by the out-of-plane mz contrast.

We note that a contribution from mz can also be added to the mx signal by an accidental

tilt from the sample mount in that direction. However, we expect this contribution to be

small as discussed in Supplementary Information Section SII.

The spatial variation of the magnetization on the surface of FGT can be better quantified

by averaging the signal along the vertical direction in the region highlighted by the red

rectangles in Fig. 1b and c. The averaged signal for Fig. 1b and c are shown in black and

green in Fig. 1d, respectively, where a positive tilting angle of α = +9◦ was used. Here, the

magnetization contrast, or asymmetry, is plotted as a function of position where a positive

asymmetry corresponds to the light purple coloring in the SEMPA images. A sinusoidal

variation in the magnetization contrast is clearly observed in both data sets with the same

periodicity but different amplitudes. Moreover, we find that the two data sets are phase

shifted by +π/2, indicating a continuous spatial change in the magnetization direction.

The higher amplitude for the mx signal is expected if the signal in the my detector only

measures a projection of the out-of-plane magnetization. We confirm this by disentangling

the in-plane (my) and out-of-plane (mz) magnetic component in the SEMPA image shown

in Fig. 1c by performing sample-tilt controlled experiments. When we vary α from positive

to negative values, the projection of the mz signal changes sign, whereas the mx and my

magnetization remains (approximately) constant. This is schematically illustrated in the

insets on the right side of Fig. 1d and e. We expect to find the same behavior for the

phase shift: upon a sign change of α the phase shift reverses (from +π/2 to −π/2) if the

magnetization contrast is out-of-plane (mz), and it remains constant if the magnetization

contrast is in-plane (my). In Fig. 1e we show the magnetization profile for the same region

as in Fig. 1d, but with a negative tilt angle of α = −4◦. We clearly observe that the black

and green data sets are now phase shifted by −π/2, which indicates that the signal in Fig. 1c

primarily consists of mz contrast.

When we combine the magnetization profiles of Fig. 1d (and e) we are able to reconstruct

the magnetic texture in the top layer of our FGT flake. This is depicted schematically by the

arrows on top of Fig. 1d and illustrates a magnetization that continuously rotates in the xz-

plane. The reconstruction therefore reveals the presence of a counterclockwise rotating Néel
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FIG. 2. a),b) Schematic representation of the magnetic texture in FGT, showing a side-view of

six FGT layers. The white and black area correspond to up and down magnetized domains and

the grey areas correspond to an in-plane magnetization, with the arrows denoting the direction.

The blue arrows indicate the dipolar fields. With SEMPA only the top layer of FGT is imaged,

as is indicated by the red highlighted area. In panel a) the DMI is zero and the magnetization

in the domain walls aligns with the dipolar fields resulting in clockwise Néel domain wall in the

top layer, Bloch walls in intermediate layers and a counterclockwise Néel wall in the bottom FGT

layer. In panel b) the DMI is positive in each layer and large compared to the dipolar fields. The

magnetic texture consists of an out-of-plane rotating spin spiral in a counterclockwise direction

throughout all FGT layers. c),d) Side-view of micromagnetic simulation results for 128 layers of

FGT and K = 40 kJ m−3. The in-plane magnetization direction is indicated by the color wheel

in the xy-plane. In c) D = 0 and in d) D = 0.5 mJ m−2 and for the top FGT layer a clockwise

and counterclockwise rotating spin texture is found, respectively. The scale bars on the lower right

hand side indicate 25 nm.

spin spiral with a period of p = 407 nm on the surface of FGT, which is rather surprising

as will be explained below.

In the following we take a closer look at the interactions at play in FGT to understand in

more detail why the formation of the counterclockwise spin spiral is peculiar and in addition

indicates the presence of a positive DMI. FGT is known to exhibit a strong ferromag-

netic exchange stiffness [16], and a strong (temperature-dependent) perpendicular magnetic
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anisotropy [27]. In Fig. 2a we schematically depict the expected magnetic texture when

including these interactions without a DMI (D = 0) and it consists of magnetic domains

separated by narrow domain walls. The out-of-plane magnetized domains are indicated in

white and black for up and down domains, respectively, and the domains are aligned for

each FGT layer due to the interlayer exchange interaction and dipolar stray fields (blue ar-

rows). In grey we indicate the domain walls, where the magnetization rotates in-plane. As

depicted in Fig. 2a, the magnetization in the domain walls aligns with the direction given by

the dipolar fields, which results in the formation of a clockwise rotating Néel wall in the top

FGT layer, a Bloch wall in intermediate FGT layers and a counterclockwise Néel wall in the

bottom FGT layer. This is analogous to the spin textures found in cobalt based magnetic

multilayers without a DMI [30, 32]. Therefore, in case dipolar fields are the dominant in-

teraction we would expect to measure a clockwise rotating spin texture with SEMPA, since

the surface sensitivity of the SEMPA only probes the top FGT layer (highlighted in red).

The discrepancy between the measured counterclockwise spin spiral discussed in Fig. 1

and the predicted clockwise rotation of the magnetization for dipolar dominated systems

(Fig. 2a) for the top FGT layer indicates that additional interactions need to be considered.

As mentioned earlier, a known interaction to influence the chirality of the magnetization

is the DMI, which we propose to be present in FGT alongside recently published studies

[20–22]. Although similar magnetic patterns have been seen in these previous works, the

specific rotation direction could not be determined, and therefore the sign of the DMI term

could not be resolved. Here we identify the DMI in FGT to be positive, as it imposes the

counterclockwise rotation of the magnetic spin texture. This is schematically depicted in

Fig. 2b. Additionally, the DMI lowers the domain wall energy and thereby promotes the

formation of spin spirals.

We verify the validity of the schematic images depicted in Fig. 2a and b with micro-

magnetic MuMax3 simulations [33]. A side view of the simulation results are depicted in

Fig. 2c and d for K = 40 kJ m−3 and other simulation details are specified in Supplementary

Information Section IV. In Fig. 2c D = 0 and the up and down domains are separated by

domain walls with a varying width across the FGT thickness. The in-plane magnetization

direction is indicated by the color wheel depicted in the lower right hand corner. At the

surface of FGT (highlighted by the red border) a clockwise rotating spin texture is found.

In Fig. 2d on the other hand, D = 0.5 mJ m−2 in each FGT layer and a counterclockwise
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Néel spin spiral in all magnetic layers is obtained.

A lower bound of the DMI Dthres can be calculated from the transformation of the domain

wall textures observed in Fig. 2. From Fig. 2c we find that the majority of the domain

walls consists of a Bloch wall texture (indicated in blue) and upon increasing the DMI a

counterclockwise Néel texture is stabilized for each layer in Fig. 2d. Following reference [34],

the threshold DMI value for this system is then given by:

Dthres = 2µ0M
2
S


 π2

d ln(2)
+ π

√
K +

µ0M2
S

2

A



−1

, (1)

with MS the saturation magnetization, d the thickness of the flake, A the exchange stiffness

and K the anisotropy, which is strongly temperature-dependent for FGT. Reported values

for the anisotropy range from K = 1.5 MJ m−3 for bulk FGT at 5 K [16] to K = 0.23 MJ m−3

for 10 nm FGT flakes at 120 K [27]. This results in a lower bound for the DMI term of

D > 0.09−0.2 mJ m−2, respectively, using MS = 0.38 MA m−1 and A = 1 pJ m−1 as reported

in [16].

So far, the presented data indicates the presence of a positive DMI in FGT, but the exact

origin of this DMI remains elusive. The inversion symmetry of FGT, as shown in Fig. 1a in

principle suggests an absence of a net DMI. However, the local inversion symmetry breaking

in a single FGT layer combined with a low interlayer coupling could give rise to a measurable

DMI term [35, 36], which could be interesting to investigate more specifically in further

research.

At this point we would like to note, that besides the counterclockwise rotating Néel spin

spiral an additional spin texture is simultaneously present in the experiments, where the

magnetization rotates mainly in the xy-plane. The SEMPA measurements are depicted

in the supplementary Information Section SIII and both a clockwise and counterclockwise

rotation of this spin texture is observed. We suspect that local fluctuations in strain or Fe

atom concentration deficiency caused variations in the magnetic parameters (e.g. magnetic

anisotropy and DMI), allowing both the out-of-plane and in-plane spin textures to stabilize

[37, 38]. A qualitative agreement between micromagnetic simulations including a positive

DMI and these SEMPA measurements is found and discussed in Supplementary Section

SIV.

Finally, we turn our attention to the temperature dependence of the magnetic texture.
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FIG. 3. Temperature dependence of the magnetic texture on the surface of FGT. a) SEMPA

images showing the mx contrast for T = 150, 180, 210 and 220 K on flake B. The in-plane

magnetization direction is indicated by the arrow in the top left-hand image. The scale bar in

the bottom right-hand image indicates 1 µm and holds for all images. b) The period of the

magnetization in mx is plotted as a function of temperature for flake B and C and TC is indicated

by the dashed line.

Fig. 3a shows mx SEMPA images for the same area on a different flake (flake B) at various

temperatures. A similar magnetization pattern to the one discussed previously is observed

for temperatures below the Curie-temperature of FGT (e.g. T = 150 K and 180 K). The

periodicity of the spin texture is almost independent of temperature in this range, and shows

a period (p) of approximately 300 nm for Flake B, which is plotted in Fig. 3b. Upon increas-

ing the temperature towards TC the period of the magnetization rapidly decreases, showing

a period of approximately 225 nm at T = 210 K, where fluctuations in the magnetization

pattern are also observed due to the local heating induced by the electron beam. Above

220 K the Curie-temperature is reached (indicated by the dashed line) and the magnetic

contrast completely vanishes. A different FGT flake (flake C) was also investigated using a

larger temperature range by cooling down the setup with liquid helium. We find that for

flake C the period of the magnetic texture (here p ≈ 400 nm) also remains constant when

varying the temperature from 60 K to 170 K.

The stability of the magnetic texture is unexpected in such a wide temperature range

because of the strong temperature dependence of the anisotropy discussed earlier. Although

this temperature dependence of the anisotropy is shown in thin FGT flakes of 10 nm [27],

we assume it to be present in the several 100 nm thick flakes studied here as well. A

similar temperature dependence of the anisotropy has been measured in other bulk van der
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Waals materials, like Cr2Ge2Te6 [39]. The constant period in the magnetic texture therefore

indicates that the change of the anisotropy upon increasing the temperature does not seem to

influence the magnetic texture. This implies either that other magnetic parameters, such as

the magnetic exchange or DMI, change in a similar way with temperature as the anisotropy,

resulting in no net change on the spin spiral period. On the other hand, the constant period

might indicate that the anisotropy contribution is small compared to the other magnetic

terms. In the latter case we estimate the DMI to be at least D > 0.2 mJ m−2 as explained

above.

In summary, we have investigated the magnetic texture in the top layer of FGT using

SEMPA. Our measurements revealed the presence of out-of-plane spin spirals rotating in a

counterclockwise fashion, which indicates the presence of a positive DMI in FGT, although

the origin of the DMI remains elusive, with a possible explanation being a local inversion

symmetry breaking in single FGT layers. We find the spin spiral pattern to be nearly

temperature independent, indicating that the magnetic structure is not dominated by the

anisotropy, or that other magnetic parameters have similar temperature dependencies. Our

work provides an important starting point for the use of (bulk) magnetic van der Waals

materials for chiral magnetism. We note that the value for the DMI estimated here for bulk

FGT could possibly be further increased by enhancing the spin-orbit interaction through

proximity effects from other vdW materials [40], similarly to what is done in sputtered thin

metallic layers such as Pt/Co systems. The demonstration of chiral magnetic structures

at the surface of bulk vdW materials is a crucial step towards more complicated vdW

heterostructures with engineered magnetic properties.
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METHODS

Sample preparation

Our samples were mechanically exfoliated of a bulk FGT crystals (HQ Graphene) onto

a Si wafer. This was done in high vacuum, at a pressure lower than 10−7 mbar to avoid

oxidation of the exfoliated FGT crystals. A dusting layer of 0.3 nm cobalt was deposited

by DC sputter deposition. The base pressure of the system was 4 × 10−9 mbar and the

Ar pressure during deposition was 1 × 10−2 mbar. After the deposition the sample was

transported to the SEMPA setup in-situ and kept in UHV conditions with a base pressure of

2×10−10 mbar. The sample stage of the SEMPA setup was cooled down with liquid nitrogen

or helium, resulting in a lowest reachable temperature of 140 K and 60 K, respectively.

We found no measurable effect of the Co dusting layer on the spin spiral periodicity. In

the Supplementary Information Section SII we provide a comparison of SEMPA images of

the same region of a FGT flake without and with Co dusting at low and room temperatures.

Measurements

The FGT flakes are always zero-field cooled, since we are not able to apply any magnetic

fields in our SEMPA setup. A heater close to the sample stage allows us to measure at inter-

mediate temperatures. In the SEMPA setup we are able to map the in-plane magnetization

vector and additionally gain information on the out-of-plane magnetization by tilting the

sample [29]. This results in the projection of the magnetization on the in-plane measure-

ment axis, which is adjustable and well-defined for the my image as depicted schematically

in Fig. 1 c and d. In the mx image the out-of-plane projection depends strongly on the
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sample mounting and flake attachment to the substrate.
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SI. SEM AND AFM MEASUREMENTS ON FGT

In this section we show additional SEM and AFM images of flake A. In Fig. S1a a

SEM image measured with the SEMPA system is depicted. In SEMPA four channeltrons

collect electrons scattered from a W(001) crystal at specific diffraction spots and a magnetic

contrast is obtained by subtracting the counts from channeltrons situated on opposite sides

[S1]. When all the counts of the different channeltrons are added up we discard the spin

information and are left with a SEM image as depicted here. The resolution obtained in

this SEM image is identical to the one of the SEMPA images in the main paper (Fig. 1)

and features of 30 nm can easily be distinguished. The area studied in the main paper (Fig.

1) is outlined in black and the SEMPA images corresponding to the full area are discussed

in Fig. S6.

In Fig. S1b an AFM scan of a large area of the flake is shown. The area measured with

SEMPA is outlined in black and the inset shows a detailed scan. The black, green and blue

line indicate at which positions the height profiles in Fig. S1c are measured. The green and

black height profile use the y-axis on the left hand side and measure a flake thickness of

185 ± 7 nm. The blue height profile is taken across the area measured with the SEMPA

and the y-axis on the right hand side is used. Here, the scale of 0.8 nm corresponds to the

thickness of a single FGT layer. Within this height profile and specifically across the narrow

crack visible in Fig. S1a and b, we find no height step in the flake.

SII. MAGNETIC CONTRAST IN SEMPA IMAGES

In this section we discuss the differences in magnetic contrast that can be found in the

SEMPA images. First, we depict in Fig. S2 that the magnetic contrast in the SEMPA images

is greatly enhanced by depositing a thin layer of 0.3 nm of Co on FGT. The SEMPA images

of pure FGT are depicted in Fig. S2a and only a very faint contrast in the right SEMPA

image, containing the my-contrast, is visible. In Fig. S2b the same area is imaged after 0.3

nm of Co is deposited on FGT (see main paper for details). Here, the defect in the lower

left corner of Fig. S2a corresponds to the defect in the middle of the image of Fig. S2b.

The magnetic contrast in Fig. S2b is greatly enhanced and a clear magnetic signal is found

showing horizontal lines. In the right SEMPA images of Fig. S2a and b the magnetic contrast
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FIG. S1. a SEM image measured with SEMPA. The area indicated by the black outline was

discussed in the main paper in Fig. 1 and the magnetic contrast in the full area is shown in

Fig. S6. b AFM images of the sample discussed in the main paper (Fig. 1). An overview scan is

depicted as well as a detailed scan (inset) of the area measured with SEMPA. c Height profiles of

the flake with the location of the line traces indicated in b.

is further analyzed in Fig. S2c and d, where the data in the red highlighted area is averaged

along the vertical direction. In both graphs a periodic behavior is found, but the amplitude

of the oscillations is much stronger in Fig. S2d due to the added Co. We fit both data sets

with a sinusoidal function (black lines) and find a similar periodicity of the magnetic signal,

which indicates that the thin layer of Co does not induce a magnetic pattern on its own but

rather follows the magnetic texture of FGT. This statement is confirmed by the fact that as

soon as the Curie-temperature of FGT is reached, the magnetic contrast vanishes entirely

(see Fig. 3a of the main paper).

In the second part we discuss the differences in magnetic contrast within SEMPA images.

A clear example is depicted in Fig. S3, where a pristine area of an FGT flake is depicted.

The left SEMPA image (mx contrast) shows a very strong magnetic contrast in the upper

right hand corner of the image and almost no magnetic contrast in the bottom left hand

corner. In the right SEMPA image (my contrast) the opposite is observed. From this figure

we find that in FGT a strong in-plane magnetization contrast in mx or my corresponds to

a magnetic pattern aligned either vertically or horizontally.

The mz component, which might be present in both SEMPA images, can only be adjusted

in the my SEMPA image when rotating the sample stage. In order to obtain as much

information of the SEMPA images as possible we study in particular the vertically aligned

magnetic patterns. Here, the main component of the in-plane magnetization will be present
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FIG. S2. a SEMPA images of FGT with the horizontal and vertical in-plane magnetization

depicted in the left and right image, respectively. b SEMPA images of the same area after 0.3

nm of Co is deposited on FGT. c,d Average magnetic contrast data along the vertical direction of

the red rectangle indicated in the SEMPA images. The data are fitted with a sinusoidal function

(black line) and a similar periodicity p is extracted. The defects in panel a and b are the same.

in the mx SEMPA image. A small mz component in this image can not be differentiated due

to the higher sensitivity of the SEMPA for in-plane components. The other SEMPA image

then consists of a (small) my and mz magnetization contribution, which can be separated

by rotating the sample (see main paper for details).

SIII. IN-PLANE SPIN SPIRAL ROTATING CW AND CCW

In this section we consider a different magnetic spin texture to the one presented in

the main paper. Here, an in-plane rotating spin texture on the surface of FGT is discussed

rotating in a clockwise as well as a counterclockwise fashion. We first focus on measurements

on flake B depicted in Fig. S4a. The in-plane magnetization in the mx direction is shown

in the top SEMPA image and for my in the bottom SEMPA image. The area that is

investigated in more detail is highlighted by the red outline and the averaged data in this

area is plotted in Fig. S4b. A constant sinusoidal magnetic texture is obtained for the black

data, corresponding to the mx SEMPA image. The red data (my SEMPA image), however,

shows an triangular shaped oscillatory behavior, which is shifted by a phase of −π/2 for
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FIG. S3. SEMPA images of FGT with the horizontal and vertical in-plane magnetization depicted

in the left and right image, respectively. The area in the upper right hand corner shows a vertically

aligned magnetic texture and a strong magnetic contrast is found in the left SEMPA image. In the

bottom left hand corner of the image the magnetic texture is aligned horizontally and only in the

right SEMPA image a strong magnetic contrast is measured.
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FIG. S4. a SEMPA images of flake B at α = −4◦ with the horizontal and vertical in-plane

magnetization depicted in the top and bottom image, respectively. The red area is averaged along

the vertical axis in b. A phase shift of −π/2 and +π/2 is observed between the mx and my SEMPA

data for negative and positive x. In c α = +9◦ and the phase shift remains the same as in b.

5



Scan 1 Scan 2
m

x
m

z
+

m
y 

m
z

+

x (

FIG. S5. a SEMPA images of two different SEMPA scans with the in-plane magnetization in the

vertical direction and horizontal direction in the upper and lower row, respectively. b Averaged

data for the mx and my scan in the upper and lower panel, respectively. The signal in mx is identical

in both scans, but for the my scan the the magnetization changed sign around x = 0.4 µm.

negative x values and +π/2 for positive x values with respect to the mx signal. We find that

the sign of these phase shifts remains the same when α is rotated from α = −4◦ (Fig. S4b)

to α = +9◦ (Fig. S4c). As discussed in the main paper, this indicates that the red data

points in Fig. S4b correspond mainly to the in-plane magnetization signal (my), rather than

the out-of-plane component. We therefore observe an in-plane rotating spin texture with no

apparent preferred sense of rotation at the surface of FGT. Moreover, the triangular shape

of the my signal indicates, that the full magnetic texture is probably of a three-dimensional

nature since the combination of the in-plane magnetic components do not result in a uniform

magnetization.

The rotation direction of the spin texture can vary quickly in space and time, as can

be seen in Fig. S5 in flake B. In Fig. S5a we show two SEMPA scans measured a few

minutes apart, where the horizontal and vertical in-plane magnetization are depicted in the

upper and lower images, respectively. The data in the red area is averaged and plotted in

Fig. S5b. The mx signal shows a constant sinusoidal behavior, whereas the my shows a clear

triangular shaped oscillatory behavior. At irregular intervals the phase shift between the mx
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FIG. S6. a SEMPA image of flake A with the horizontal and vertical in-plane magnetization

depicted in the left and right image, respectively. The area outlined in black is discussed in the

main paper (Fig. 1). A different magnetization pattern becomes apparent in the upper right hand

corner (mainly visible in my). The data outlined in red is plotted in b for the mx (black data)

and my (red data) magnetization. A schematic of the rotating magnetization in the xy-plane is

illustrated on top of the panel.

and my signal changes from +π/2 to −π/2. Moreover, in between two scans the phase shift

changes locally, as can be seen around x = 0.4 µm. The simultaneous presence of both the

clockwise and counterclockwise rotating in-plane spin texture and that the magnetic texture

can change from one into the other over time indicate, that they are energetically similar at

the surface of FGT.

Lastly we have a look at SEMPA measurements of flake A, depicted in Fig. S6a. In the

main paper in Fig. 1 the area indicated by the black outline is discussed. Here, we focus

on the area of the image in the upper right hand corner. In this region the same in-plane

rotating magnetic texture is found as discussed in this section and the data outlined in red is

plotted in detail in Fig. S6b. From this measurement we find that the in-plane rotating spin

textures can be present simultaneously with the counterclockwise Néel spin spirals (main

paper Fig. 1) at the surface of bulk FGT.
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SIV. QUALITATIVE MICROMAGNETIC SIMULATIONS

The micromagnetic simulations in Fig. 2 of the main paper and this section are obtained

with MuMax3 [S2]. For all simulations the following settings were used. The cell sizes were

(0.4, 8, 0.8) nm for (x, y, z) with periodic boundary conditions in the x- and y-direction for

32 repeats. The cell size in z corresponds to the height of a single FGT layer and in total 128

layers were simulated. A saturation magnetization of MS = 0.38 MAm−1 and an exchange

stiffness of A = 1 pJm−1 were used [S3]. Additionally an interlayer exchange interaction was

added with the strength of 10% of the exchange stiffness. We implemented this interaction

via the RKKY interaction method discussed elsewhere [S3]. The anisotropy was varied from

K = 0.01 − 1.5 MJm−3 and for every layer an interfacial DMI was added with a strength

between D = 0 − 0.8 mJm−2.

A magnetic domain texture was initialized in the following way: in total four alter-

nating ’up’ and ’down’ domains were formed with (mx,my,mz) = (0.408, 0.408,±0.816)

and in between these domains 5 nm domain walls are initialized with (mx,my,mz) =

(0.667, 0.667, 0.333). The simulations are minimized (using default settings) from the ini-

tialized state to obtain the equilibrium magnetization. For different simulation sets the

signs of the initialized in-plane components of domains and/or domain walls are changed

to check the consistency of the simulations. In Fig. 2c of the main paper the simulations

shows a Bloch wall pointing in the +y-direction (blue color). However, a Bloch wall in the

−y-direction (yellow color) would have the same energy. Both Bloch wall configurations are

found in different simulations sets. This is not the case for Fig. 2d, however, where a finite

D is present. For the indicated parameters all simulation sets show the same result, namely

a counterclockwise rotating spin spiral.

Lastly we discuss the simulation results depicted in Fig. S7 that are in qualitative agree-

ment with the in-plane magnetization texture discussed in Supplementary Section SIII.

Here, the DMI is lower compared to the previous simulations, namely D = 0.2 mJm−2

and K = 40 kJm−3 and the upper panel of the figure shows the simulated magnetization

profile of the top layer of FGT in the mx and my direction in black and red, respectively.

A sinusoidal pattern is found for mx and the my signal peaks at every zero transition of

mx. The same behavior but for negative my values is found for a different simulation set.

This magnetization profile (with either positive or negative my values) closely resembles the
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FIG. S7. Micromagnetic simulation of the surface magnetization of FGT for D = 0.2 mJm−2 and

K = 40 kJm−3. In the top panel the in-plane magnetic components are shown and the out-of-plane

component in the lower panel.

SEMPA images depicted in Fig. S5b. As was indicated, the overall structure is expected

to be three dimensional and the simulated mz component is plotted in the lower panel of

Fig. S7.

Overall we find from Fig. 2c and d of the main paper and Fig. S7 that we are able to qual-

itatively simulate the different magnetic textures observed at the surface of FGT. However,

the low anisotropy values and origin of a DMI remain elusive. A better understanding of

several of the magnetic parameters and their thickness and temperature dependence would

allow us to match the measured periodicity of the spin spiral to simulations and moreover

to predict the magnetic texture of FGT.
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