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Abstract 28 

Magnetic anisotropy (MA) is the basis of the architecture of magnetic-based devices and is referred 29 

to as the material preference in aligning its magnetization along a specific direction. Here, we report 30 

the discovery of a strong MA in cobalt-molybdenum disulfide (Co/MoS2) heterojunction. Element-31 

specific magnetic images recorded from the X-ray photoemission electron microscope (PEEM) 32 

reveal that ultrathin Co films, with a thickness of 5 monolayers (ML) and above, deposited on 33 

single-layer MoS2 flakes show micrometer-sized domains at room temperature. Subsequent image 34 

analysis reveals that the domains magnetizations are not randomly oriented but are rather aligned 35 

to directions that are in apparent correlation to the MoS2 crystal structure. Micro-area X-ray 36 

photoelectron spectroscopy (μ-XPS) analysis on the Co/MoS2 heterojunction suggests that there is 37 

charge donation from cobalt to sulfur. Comparing to the distinct magnetic behavior previously 38 

reported for non-reactive Fe/MoS2 heterojunctions, we suggest that orbital hybridization at the 39 

interface is a needed ingredient to facilitate the appearance of MA in Co/MoS2 heterojunctions. Our 40 

report provides micro-magnetic evidences and micro-spectroscopic insights that consolidate the 41 

knowledge needed to build functional heterostructures based on two-dimensional materials. 42 

 43 
keywords: TMDC, spintronics, XMCD, PEEM 44 

 45 
 46 

 47 
 INTRODUCTION 48 

 After the discovery of graphene, monolayer MoS2 – a layered van der Waals (vdW) 49 

semiconducting transition metal dichalcogenide (TMD)1, 2, 3, 4 – has emerged as another 2D material 50 

prototype, which can either be obtained by exfoliation from bulk crystal or grown via chemical vapor 51 

deposition (CVD)5, 6. The indirect bandgap of bulk MoS2 changes to a direct bandgap as its thickness 52 

decreases to single layer5, 7, 8. Its promising semiconductor properties led few-layer MoS2 to different 53 

types of applications, such as field-effect transistors, light-emitting diodes, and solar cells9, 10, 11, 12. 54 

Additionally, due to the strong spin-orbit coupling and the absence of inversion symmetry in the 55 

monolayer regime, spin splitting arises at the boundaries of the surface Brillouin zone, specifically, 56 
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at the K and -K points, to conserve the time-reversal symmetry13, 14, 15. Such a unique band structure 57 

provides the possibility to encode information through the material valley pseudospin. These valley-58 

based electronics is coined as valleytronics, name inspired after another famous field called 59 

spintronics16, 17, 18, 19. 60 

Monolayer MoS2 can also be used as a spacer in spin-valve devices, by exploiting its 61 

semiconducting nature and its stable spin-polarization in the out-of-plane transition direction20, 21. A 62 

spin-valve effect was experimentally demonstrated on the NiFe/MoS2/NiFe structure, showing a 63 

magnetoresistance (MR) of 0.73% at 20 K and 0.23% at 240 K22. MR is defined as the electrical 64 

resistance difference between the parallel and the anti-parallel orientations of the two ferromagnetic 65 

(FM) electrodes attached on the MoS2 material. The confirmation of spin-valve effect in MoS2-based 66 

heterostructure proves that TMDs are potential candidates for spintronic applications, but the large 67 

discrepancy between the MRs that are measured experimentally (less than 1%)22 and predicted 68 

theoretically (as large as 300%)23 suggests that key players have yet to be identified.  69 

Direct investigation on the fundamental magnetic properties of FM-TMD heterojunctions is 70 

known to be informative but remains scattered to this day. One of these studies examined the 71 

morphology of Fe thin films grown on the MoS2 surface and the corresponding hysteresis loop via 72 

scanning tunneling microscopy (STM) and Kerr microscopy, respectively24, 25.  The study found not 73 

only a formation of nanoparticles but also a magnetic decoupling between the Fe/MoS2 and the 74 

Fe/SiO2 interfaces. The reported X-ray photoemission spectroscopy (XPS) studies showed that there 75 

is no charge transfer between Fe and MoS2
24, 25. For the Co/MoS2 heterojunction here studied, on the 76 

other hand, a first-principles calculation done by Garandel et al. revealed the possible existence of a 77 

spin-transfer effect at the Co/MoS2 interface deriving from the covalent bonding between the S and 78 

Co atoms. Based on their calculation,  Garandel et al. predicted that the MoS2 layer could become 79 

metallic and spin-polarized26. 80 

In this report, by depositing Co ultrathin films onto the CVD-grown monolayer MoS2 flakes6, we 81 

experimentally examine the magnetic domain configuration of Co/MoS2 heterojunction. The 82 

identification of Co magnetic domains has been performed by detecting the X-ray magnetic 83 

dichroism (XMCD) effect using a photoemission electron microscope27. μ-XPS spectra 84 

measurements28 reveal that a charge transfer, induced by the formation of the covalent bond between 85 

S and Co atoms, occurs at the Co/MoS2 interface. The magnetic domains are spontaneously formed 86 

on the Co layer, and the directions of the domain walls are following the underlying MoS2 lattice 87 
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structure. Findings above imply that a magnetic anisotropy does exist in Co/MoS2 heterojunction and 88 

the interplay between Co and MoS2 is likely responsible for the domain configuration observed.  89 

 90 

RESULTS 91 

Figure 1 shows the optical images of the MoS2 islands on SiO2 substrate after the CVD growth 92 

process. The surface is composed of flakes of different shapes, i.e. star-like or triangular. The 93 

consistent transparency among MoS2 flakes suggests that their thicknesses are almost identical. The 94 

collective photoluminescence (PL) and Raman spectra, shown in Figure 1(b) and (c), respectively, 95 

indicate that most of the MoS2 flakes are monolayer. This is revealed by a peak-distance of 21 cm−1 96 

between the two dominant peaks: E1
2g at 383.8 cm-1 and A1g at 404.1 cm-1 in the Raman spectra, as 97 

well as by a sharp peak intensity located at 1.8 eV in the PL spectra5, 29. 98 

 99 

    The schematic band structure of a typical FM 3d transition material is drawn in Figure 2(a), in 100 

which a net magnetic moment is originated from the asymmetrical nature of the 3d band. According 101 

to the selection rules, an incident light with right or left circular polarization (RCP or LCP) excites 102 

electrons that fulfill the transition conditions: ∆s = 0 and ∆m = ±1. However, the probabilities of each 103 

pair of corresponding transitions, from the 2p core-level up to the 3d band, are not equal for majority 104 

and minority spin channels since the empty states that are available for transition are asymmetric. A 105 

schematic diagram of the experimental setup is illustrated in Figure 2(b), which shows an incident 106 

circularly polarized beam hitting the sample – a Co ultrathin film on MoS2 – at a grazing incident 107 

angle of 20°. The spatial distribution of photo-emitted electrons induced by both the RCP and LCP 108 

incident beam can be resolved through PEEM, allowing the observation of magnetic domains in the 109 

Co layer due to the XMCD effect30, 31. In this study, domain images were enhanced by taking 110 

advantage of the absorption asymmetry and, thus, the actual asymmetry image was further processed 111 

as IA = (IL3 − IL2)/(IL3 + IL2), where IL2 and IL3 represent the image which is derived at photon energies 112 

(PE) equal to the transition edges L2 and L3, respectively. Since this image-processing can eliminate 113 

geometrical inhomogeneity, the contrast in the IA image is used to recognize magnetic domains of 114 

different magnetization directions32, 33. Figure 2(c) shows the resulting XMCD image of a 9 ML Co 115 

film deposited on monolayer MoS2. In the image, two regions of different contrasts are labeled as 116 

region A and B. The micro-area X-ray absorption spectroscopy (μ-XAS) spectra acquired on A and 117 

B domains (displayed in Figure 2(d)) were extracted from the stack of images recorded at a step of 118 
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0.2 eV from hν = 750 eV to 810 eV, across Co L2,3 edges. The asymmetry between these two spectra, 119 

as displayed in the XMCD curve in the bottom portion of Figure 2(d), confirms that the color contrast 120 

in Figure 2(c) has a magnetic origin. Note that the exact magnetization direction of the domains 121 

cannot be determined since it was not possible to rotate the sample in situ and/or to apply an external 122 

magnetic field in the PEEM experimental chamber. Therefore, the system is only sensitive to whether 123 

the magnetic domains are parallel (brighter) or antiparallel (darker) with respect to the incident light. 124 

 125 

    Figure 3(a)-(c) show the XMCD images of Co films of different thicknesses (5 ML, 7 ML, and 9 126 

ML). After the acquisition of the XMCD image of the 5 ML Co film, succeeding sets of images were 127 

also acquired for each additional bilayers grown on top of the sample. After comparing these images, 128 

we conclude that the domain shape tends to be independent of the film thickness; however, the image 129 

contrast is enhanced with thicker Co layers. The XMCD image can be conceived as the inner product 130 

of the sample magnetization (𝑀ሬሬ⃗ ) and the beam polarization (𝜎⃗), i.e. 𝐼 ∝  𝑀ሬሬ⃗ ∙ 𝜎⃗ 33. In our case, the 131 

incident angle and the polarization of the photon beam are fixed; thus, the image contrast reflects the 132 

local orientation of the sample magnetic domains. Since Co coverage is assumed to be uniform on 133 

MoS2
34, the magnitude of magnetization is fixed across the whole surface. Therefore, the dominant 134 

factor that produces contrast in XMCD images is the angle between the direction of the beam and 135 

domain magnetization. The histograms in Figure 3 depict the grayscale distribution of XMCD image 136 

contrast, which can be correlated to the angular distribution of magnetic domains. Therefore, the 137 

intensity distribution in the histogram represents the frequency of a particularly oriented magnetic 138 

domain in the sample. In the hypothetical case of out-of-plane magnetic domains, only two contrast 139 

levels would be observed, corresponding to the up or down magnetization directions. Since our 140 

histogram is composed of a distribution of contrast levels, we can conclude that the magnetization of 141 

the Co domains has limited orientations that are either canted or lying in-plane. 142 

 143 

The XMCD-PEEM imaging reveals that the Co domain boundaries tend to have preferential 144 

directions. In fact, Figure 4(a) shows that the magnetic domains of a 9 ML Co film on a single 145 

crystalline monolayer MoS2 flake are large and well ordered. In order to unravel the role of the MoS2 146 

crystallinity in the magnetic ordering of the domains, we grew a 9 ML Co film on a polycrystalline 147 

monolayer MoS2
34, noticing, from the XMCD-PEEM result in Figure 4(b), that the domain becomes 148 

tiny and less-ordered. CVD-grown triangular MoS2 flakes are usually treated as a single crystalline 149 
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grain, and the edge is always either in an armchair or in a zig-zag configuration36. Interestingly, we 150 

reveal (Figure 4(c)) that the domain walls of the 9 ML Co film deposited on triangular MoS2 flakes 151 

are parallel to either the zigzag (red) or the armchair (blue) direction of the MoS2 lattice. The two 152 

flakes, A and B, and their corresponding simplified 2H-MoS2 ball models illustrated in Figure 4(d) 153 

clearly show this trend. We want to emphasize that the characterization has been performed also on 154 

other MoS2 flakes, reaveling the same tendency observed in Figure 4(c). Such an observation 155 

suggests that the MoS2 lattice structure plays an important role in manifesting the orientations of 156 

ferromagnetic Co domain34. 157 

 158 

XPS is a sensitive tool for analyzing the chemical environment of a specific element. Figure 5 159 

shows the μ-XPS spectra acquired on the 4 ML Co/SiO2 and the 4 ML Co/MoS2 regions, respectively. 160 

Since the Co layer has been prepared in-situ, under UHV conditions, the Co 2p core levels acquired 161 

on the two different areas mainly contain contributions from Co(0) (2p3/2 = 778.3 eV)37, which 162 

corresponds to the unoxidized (metallic) state of Co. Moreover, apart from the signal corresponding 163 

to the Auger emission from the S atoms of the substrate, which suggests that the photoemission 164 

process is sensitive to the Co/MoS2 interface, the two spectra have a non-negligible difference. The 165 

fit of the Co 2p core level acquired on Co/MoS2 suggest the presence of additional peaks, namely 166 

Co(II) (2p3/2 = 781.5 eV) and Co(III) (2p3/2 = 779.7 eV) in comparison to Co/SiO2
37, 38. The origin of 167 

the weak Co(III) signal observed in the Co/SiO2 region is suggested to be the Co oxidization induced 168 

by the interaction with the oxide substrate39. This phenomenon means that the charge transfer process 169 

is greater in the Co/MoS2 heterojunction with respect to the Co/SiO2 case. The charge transfer process 170 

involves electron donation from Co atoms to the MoS2 substrate. It has to be noted that no intermixing 171 

occurs at the Co/MoS2 interface since this would lead to the breaking of the bonds between the Mo 172 

and S atoms, and therefore a shift would have been observed in XPS40. Indeed, Mo 3d and S 2p μ-173 

XPS spectra (Supplementary Figure S6) show that the bonding between the Mo and S atoms in the 174 

Co/MoS2 heterojunction does not differ from that of the pristine MoS2
29. 175 

 176 

DISCUSSION 177 

Based on the above observations, we confirm that the deposition of Co ultrathin film on MoS2 178 

flakes leads to the formation of spontaneous micro-meter sized ferromagnetic domains. The domain 179 
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boundaries have preferential directions, which are either parallel to the zig-zag or to the armchair 180 

directions of the MoS2 structure. These findings imply that both the magnetic long-range ordering 181 

and magnetic anisotropy are present in this system. No external field is applied during the Co growth 182 

process and XMCD-PEEM measurements, which invalidates the possibility of domains forming 183 

induced by this external factor.  184 

 185 

The crystalline anisotropy of the Co layer was initially considered to be a possible reason for 186 

the spontaneous creation of magnetic domains in Co/MoS2. The magneto-behavior of ultrathin 187 

metallic films is tunable by adjusting the strains in the material lattice or even by changing its 188 

crystalline structure, i.e., by epitaxially depositing it on a suitable substrate. An example is BCC-Co, 189 

obtained by depositing it on a GaAs(110) substrate, which has a different Curie temperature and 190 

anisotropy compared to bulk HCP-Co41. However, as the low energy electron diffraction (LEED) 191 

results on Co/MoS2 (bulk crystal) failed to produce a sharp pattern, we suspect that the growth of 192 

Co/MoS2 (monolayer) might not be epitaxial; in fact, the Co layer grown on the MoS2 surface seems 193 

amorphous34. We therefore suggest that the crystalline structure of Co can not be the only reason for 194 

the MA observed in Co/MoS2 (monolayer). The observed magnetic behavior is not ascribed to shape 195 

anisotropy effects since the thickness of the Co layer is not comparable to the area of the MoS2 flake 196 

(several nm vs. tens of µm2).  197 

 198 

    Moreover, results of XPS suggest that a charge transfer from Co to MoS2 exists. This finding 199 

is consistent with the theoretical work of Garandel et al. reporting that Co atoms at the interface tend 200 

to covalently bond to the topmost S atoms of the substrate, which is followed by the transferring of 201 

spin moments from Co to MoS2. In addition, the calculated spin majority and minority in MoS2 are 202 

suggested to have a space-dependent distribution in the MoS2 lattice, induced by Co26. According to 203 

Garandel’s work, a possible mechanism at the basis of the observed domains formation is described 204 

as follows. Firstly, due to the donated spin moment from the Co layer, the MoS2 layer gets 205 

magnetized. The induced spatial spin asymmetry in MoS2 can therefore form magnetic domains on 206 

the MoS2 layer. These magnetic domains can couple back to the upper cobalt layer, effectively 207 

forming the Co domains, as observed in the experiment. The mechanism described above could 208 

explain why the domain boundaries are correlated to the lattice structure of MoS2.  209 

 210 
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In conclusion, we prove that a CVD-grown monolayer MoS2 flake facilitate the spontaneous 211 

formation of magnetic domains in the ultrathin Co film deposited on it. Furthermore, with the 212 

evidence of charge donation from Co to S in MoS2, we argue that such interaction at the interface is 213 

what set apart the magnetic properties of Co/MoS2 found here and Fe/MoS2 reported earlier24, 25. We 214 

demonstrate that the ultrathin Co films form spontaneous magnetic domains upon deposition on a 215 

CVD-grown monolayer MoS2. The shape of these domains indicates that monolayer MoS2 induces 216 

magnetic anisotropy on cobalt, deriving from charge/spin transfer effect at the interface. It can also 217 

be noted that the charge transfer mechanism is the key factor in the implementation of the concept 218 

since, for other transition metals such as Fe, magnetic domains similar to Co were not observed. In 219 

fact, XPS studies from Hsu et al. show that there is no charge transfer between Fe and MoS2
24, 25. In 220 

view of spintronics, our work proves that the Co/MoS2 interface can be a useful junction for future 221 

device applications.   222 

METHODS 223 

High-quality single-crystal monolayer MoS2 flakes were grown inside a tubular furnace equipped 224 

with a 30 mm diameter quartz tube. The SiO2/Si substrates were cleaned using a standard procedure 225 

and then soaked into a H2SO4/H2O2(3:1) solution for 2 h. 0.01 g of MoO3 powder was then positioned 226 

on a silver quartz boat located at the heating zone of the furnace. The 2 cm × 2 cm-sized SiO2/Si 227 

substrate was placed face down above the MoO3 powder. The surfur powder was placed in a separate 228 

ceramic boat located at the upper stream of the furnace with a temperature of about 170 ℃. To carry 229 

both the S and the MoO3-x vapors onto the target substrate, ultrahigh-purity Ar gas flow was used. 230 

Once all the above preparations were set, the temperature has to be kept at 120 ℃ (500 sccm) for 30 231 

min, then ramped up to 850 ℃ at a rate of 20 ℃-min-1 (200 sccm), allowing the CVD growth of 232 

MoS2. The sample is kept for 30 minutes more at the conditions above mentioned before allowing 233 

the sample to passively cool down to room temperature.  234 

 235 

The MoS2 samples grown on Si/SiO2 substrates were loaded into the TLS05B2 endstation and 236 

heated at 150 ℃ for 6 h under ultra-high vacuum (UHV) in order to outgas them. The Co layers were 237 

grown using a commercial EFM3T, and their thickness is defined in units of monolayer (ML). The 238 
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Co deposition rate was determined by performing medium-energy electron diffraction (MEED) 239 

measurements while depositing them on a Cu(001). After Co deposition, the sample was transferred 240 

into the PEEM chamber27 under UHV conditions for XMCD imaging. The XMCD images were 241 

leveled by subtracting the polynomial background, which is supposedly a consequence of the beam 242 

spot shifting brought about by a change in the photon energy.  243 

 244 

The μ-XPS measurements were performed at the 1.2L NanoESCA beamline at Elettra 245 

Synchrotron in Trieste (Italy)28. Prior to cobalt deposition, the MoS2/SiO2 samples were outgassed at 246 

250 ◦C in a UHV preparation chamber for 2 h. The acquisition of Co 2p spectra was performed using 247 

a 950 eV s-polarized photon energy. Thanks to the reduced beam spot size on the sample (<20 μm) 248 

it was possible to selectively collect μ-XPS spectra from Co/MoS2 flakes and Co/SiO2 regions.  249 

 250 

 DATA AVAILABILITY 251 

All relevant data are available from the authors. Requests for data and materials should be 252 

addressed to D.-H. Wei.  253 
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 280 

Figure 1: Monolayer of MoS2 (a) OM image of the CVD-grown MoS2 islands on SiO2. The 281 

dashed square indicates a triangular MoS2 sample, which is also featured in Figure 3. (b) The 282 

Raman spectrum of the sample shows two dominant Raman modes at 383 cm−1 and 404 cm−1 283 

with a peak-distance of 21 cm−1. (c) The PL spectrum of the sample indicates that the 284 

photoluminescence peak energy is equal to 1.83 eV. These two spectra indicate that the MoS2 285 

islands are monolayer. 286 

 287 

 288 

 289 
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 290 

Figure 2: XMCD (a) A schematic diagram describing the principle of XMCD. The excitations of the spin-up and spin-291 

down electrons from the 2p band are distinct when a circularly-polarized beam is applied along a particular magnetic 292 

domain. This asymmetry is reversed with the beam focused on the opposite magnetization domain. (b) A schematic 293 

diagram illustrating the experimental setup. The incident circularly polarized soft x-ray beam has a 20◦ angle with 294 
respect to the sample surface. Due to the effect of XMCD, opposite magnetic domains respond differently when the 295 

photon energy of the incident beam is resonant to the Co L3 and L2 edges. The emitted photoelectrons are collected by 296 
PEEM, which allows for spatial mapping of different magnetic domains. (c) XMCD image of 9 ML cobalt on 297 

monolayer MoS2. The inset shows the incident light direction. (d) Corresponding μ-XAS spectra of regions A and B, 298 
whose positions are marked in (c), are shown. The bottom spectrum represents the asymmetrical nature of spectra A 299 

and B, which proves that the grayscale contrast in (c) is the consequence of the XMCD effect. 300 

 301 

 302 
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 303 

Figure 3: Co-thickness dependence. XMCD images of Co with thicknesses of (a) 5 ML, (b) 7 ML, and (c) 9 ML. The 304 

histograms below each image measure the grayscale distribution in the region enclosed by the dashed squares in each 305 
of the histogram corresponding XMCD images. The domains in (a), (b), and (c) tend to be identical but the color 306 

contrast becomes larger. Note that the grayscale is limited to the range of 0 to 255 and the three chosen squares have 307 
the same area. The presence of several peaks in the histogram implies that the magnetization should be in-plane.  308 

 309 

 310 
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 311 

Figure 4: Magnetic Anisotropy. XMCD images of (a) a 9 ML Co film on a single grain of monolayer MoS2 flake and 312 

(b) a 9 ML Co film on polycrystalline monolayer MoS2. The inset in (a) shows its zoomed-out image with a scale-bar 313 

set at 30 µm. The domains are larger on the single grain MoS2 compared to that of polycrystalline MoS2 (c) The domain 314 
boundaries present preferential directions, parallel either to zig-zag (red) or armchair direction (blue) as clearly seen in 315 

the corresponding MoS2 ball models, A and B, drawn in (d). 316 

 317 

 318 
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 319 

Figure 5: μ-XPS. Charge Transfer in Co. The Co 2p μ-XPS spectra acquired on: Co/SiO2 (upper) 320 

and Co/MoS2 (lower).  321 

 322 

 323 

 324 
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