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ABSTRACT: Exfoliated magnetic 2D materials enable versatile
tuning of magnetization, e.g., by gating or providing proximity-
induced exchange interaction. However, their electronic band
structure after exfoliation has not been probed, presumably due to
their photochemical sensitivity. Here, we provide micrometer-scale
angle-resolved photoelectron spectroscopy of the exfoliated intralayer
antiferromagnet MnPS3 above and below the Neél temperature down
to one monolayer. Favorable comparison with density functional
theory calculations enables identifying the orbital character of the
observed bands. Consistently, we find pronounced changes across the
Neél temperature for bands consisting of Mn 3d and 3p levels of
adjacent S atoms. The deduced orbital mixture indicates that the superexchange is relevant for the magnetic interaction. There are
only minor changes between monolayer and thicker films, demonstrating the predominant 2D character of MnPS3. The novel access
is transferable to other MPX3 materials (M: transition metal, P: phosphorus, X: chalcogenide), providing several antiferromagnetic
arrangements.
KEYWORDS: magnetic 2D materials, angular resolved photoelectron spectroscopy, layered magnetism, μ-ARPES, density functional theory

The first successful exfoliation of CrI3,
1 Cr2Ge2Te6,

2 and
other layered magnetic materials3−7 added ferro- and

antiferromagnets to the toolbox of exfoliation-based hetero-
structures.8 This enabled several magnetoelectric effects such
as deliberate gate tuning of the spin-flop transition9,10 from
antiferro- to ferrimagnetism11 or from ferro- to paramagnet-
ism.12 Moreover, the exchange coupling of the ferromagnet
was successfully transferred via proximity to neighboring 2D
materials13 such as graphene,14−16 WSe2,

17 the topological
insulator WTe2,

18 and the superconductor NbSe2.
19−21

Recently, also twisted layers of 2D antiferromagnets exhibited
distinct magnetic properties from their regularly stacked
counterparts.22−24

Nevertheless, the basic electronic band structure of
exfoliated 2D magnetic materials has never been probed.
Previous angularly resolved photoelectron spectroscopy
(ARPES) data have only been obtained on in situ cleaved
bulk materials22,27−36 or in situ after molecular beam epitaxy
(MBE).37 Consequently, the intralayer antiferromagnetic
insulators MPS3 (M = Mn, Fe, Co, Ni)

38−40 have not been
probed across the phase transition, since the relatively large
band gaps prohibit low-temperature ARPES of cleaved
crystals36,41,42 (Supplementary Section S1.K). Moreover, the
complex structure has not enabled MBE so far. Interestingly,

MPS3 materials feature rather strong magnetoelastic,
43,44

magnetoelectric,45−49 and magnetically induced electron−
phonon50 couplings as well as appealing optical proper-
ties,51−54 all directly related to the band structure.
Here, we investigate exfoliated MnPS3, an intralayer

antiferromagnet (AFM) with a honeycomb-type Neél order
of Mn2+ ions (Figure 1a).45,55−57 The AFM order persists
down to a monolayer.43,58−60 The interlayer exchange
interaction is weakly ferromagnetic,61 breaking inversion
symmetry and, hence, enabling magnetoelectric coupling45,47

This has been exploited to image the AFM domains (∼100
μm)62 and to determine the critical exponent β = 0.37 using
second harmonic generation.47,63 The Neél temperature of the
bulk material is TN = 78 K.

56,64 The optical band gap is 2.94 eV
at T = 5 K65,66 with additional localized inter-d-level transitions
at lower excitation energies.65 Weak interlayer van der Waals
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binding with energy density 0.25 J/m2 (graphene: 0.38 J/m2)
enables exfoliation.66

Here, we employ such exfoliation down to single layers onto
a Au/Ti-covered Si/SiO2 substrate. We probe the insulating
material with μ-ARPES above and below TN. We find excellent
agreement with density functional theory (DFT+U) calcu-
lations enabling one to deduce an adequate U = 1.8 eV and to
assign the orbital character of the observed bands. The most
pronounced changes across TN appear for an occupied band
dominated by Mn 3d orbitals, with additional contributions
from the adjacent S 3p orbitals. Weaker changes are found for
less strongly bound bands dominated by S 3p orbitals with
contributions from Mn 3d levels. These changes are
qualitatively reproduced by DFT+U comparing the AFM
Neél and the paramagnetic (PM) phase. The changes are
attributed to an influence of both direct Mn−Mn exchange and
a superexchange that, in turn, lead to a modification of the
orbital mixture and the dispersion of the bands. The band
structure remains similar down to the thickness of 1 layer
evidencing the strong 2D character of the material.
The exfoliation of MnPS3 typically leads to thick flakes with

thin layers down to a monolayer at their rim (Figure 1b,c).66

We found that direct exfoliation after plasma ashing of the Au
substrate provides a higher yield of thin areas, e.g., a two layer
thick area with size of 150 × 300 μm2 (Supplementary Section
S1.B).
The areas of different thicknesses at the same flake (Figure

1c) are advantageous for μ-ARPES providing a focus down to
5 μm in diameter.67 Hence, we could probe multiple
thicknesses down to the monolayer partially on the same

flake. Extremely thick flakes (>1000 layers) were impossible to
probe due to charging effects, evidencing the insulating
character of the material (Supplementary Section S1.K).
Figure 1f,i displays curvature plots of the recorded ARPES
data along MΓM for a relatively thick bulk-type area and a
monolayer area, both below TN and recorded with the same
ARPES parameters. The apparent bands are quite similar for
the different thicknesses. This reveals that the mutual
interaction of the van der Waals type between the layers has
a minor impact on the electronic properties. Hence, the bulk
material is also predominantly a 2D-type magnet.
For comparison, the bands from the DFT+U calculations

(Supplementary Section S2) are displayed in Figure 1g,h. The
only adaption to the ARPES data is a rigid energy shift such
that the valence band maximum EVBMMΓM in the MΓM direction is
aligned with the highest energy band visible in ARPES. This
alignment is done once and then kept for all figures comparing
experimental and theoretical data. It reveals EF − EVBMMΓM = 1.6
eV (1.7 eV) for bulk (monolayer) with respect to the measured
Fermi level EF on Au (Supplementary Section S1.E).
Accordingly, we use E − EF for all comparative experimental
and theoretical data. Moreover, we show only the bands with
orbital characters that lead to a strong ARPES matrix
element26 (Supplementary Section S1.J, full band structure:
Figure 2c). This unbiased selection gives very good agreement
with the experimental data. Minor changes in the measured
band structure are interestingly reproduced by the calculations
(arrows in Figure 1f−i). For example, the nearly parabolic part
of the band at E − EF ≃ −2.8 eV (−3.1 eV) is more curved
around Γ̅ for one layer in the experiment (calculation).

Figure 1. Exfoliation and comparison of monolayer and bulk. (a) Atomic and magnetic structure of MnPS3 with Mn magnetic moments depicted as
arrows. Left: top view, middle: side view of two layers, right: perspective view with Mn atoms only (Graphics are produced with the VESTA
program25). (b) Optical microscope image of a thick flake (violet) with several few-layer flakes at the upper left rim (darker gray areas) exfoliated
on Au/Ti/SiO2/Si. (c) Tapping-mode atomic force microscopy (AFMi) image of the highlighted area in (b) with layer thicknesses marked. (d, e)
Tapping mode AFMi images of areas probed by ARPES in (f) and (i), RMS roughness: 0.24 nm (d), 0.30 nm (e). (f) Curvature plot of ARPES
data for 14 layers of MnPS3, T = 7 K, and photon energy hν = 100 eV. (g) Band structure from DFT+U for bulk MnPS3 along the same k∥ direction
as in f, a rigid shift adapts the upper valence band to the highest energy band of the ARPES data in (f), kz = 0.46 Å, U = 1.8 eV. Only bands with s,
pz, and dz2 contribution are displayed as required by the ARPES selection rules

26 (Supplementary Section S1.J). The band structure with all bands is
shown in Figure 2c. The colors mark the dominating orbital (red: Mn 3dz2, green: S 3pz, violet: P 3pz). The symbol size indicates the strength of the
dominating orbital with respect to the other orbitals that contribute to the state (Supplementary Section S6). (h) Same as (g) but for a monolayer.
(i) Same as (f) but for an area with the thickness of 1 layer. The band marked Au is due to a Au 5d band of the substrate (Supplementary Section
S1.G). Arrows in parts (f) and (i) mark bands discussed in the text. The energy scale in (f) belongs to (f)−(i).
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Moreover, the bands propagating downward from Γ̅ at E − EF
≃ −3.6 eV are steeper for the thick film in both panels. This
indicates a convincing agreement between ARPES and DFT
+U data or, in turn, an adequate choice of the parameters U
and kz (the wave vector perpendicular to the surface) as
deduced by detailed comparison (Supplementary Section S4).
Eventually, it demonstrates the appropriateness of DFT+U to
describe MnPS3 adequately, as discussed in more detail below.
Due to the small differences between monolayer and bulk,

we concentrate on the thicker layers in the following. In order
to identify the orbital character of the probed bands below TN,
a comparison between the ARPES data at T = 43 K and the
bands from the DFT+U approach with the AFM-Neél phase is
discussed. Figure 2e,f shows the measured band structure of
thick MnPS3 (62 layers) along the MΓM and the KΓK
direction below TN = 78 K recorded at photon energy hν = 50
eV. This hν is chosen to hit the Mn 3p → 3d resonance for a
better visibility of Mn-related bands (Supplementary Section
S1.I). The AFM-Neél band structure calculated by DFT+U is
displayed in Figure 2c,d,g with marked orbital contributions. A
detailed analysis of characteristic features that monotonously
change with U enabled us to select the proper U = 1.8 eV
(Supplementary Section S4.A). Changes in the band structure
with kz are more subtle. The best agreement for hν = 50 eV is
found at kz ≃ 0.0/Å (Supplementary Section S4.B), also
leading to a reasonable match with the kz dispersion deduced
from photon energy dependent ARPES (Supplementary
Section S5). Since matrix elements in our experimental
geometry (Figure 2b) select s-type, pz-type, and dz2-type states
(Supplementary Section S1.J), we also plot the DFT+U results
including only bands with these contributions (Figure 2d,g).
Such band selection provides rather good agreement with the

experimental data. Moreover, the comparison identifies the
orbital contribution that dominates the four strongest groups
of bands in the ARPES data, as indicated in Figure 2f. All of
these bands have additional contributions from other orbitals
(Supplementary Section S6). The band labeled P 3pz has
significant contributions from S 3p orbitals, the bands labeled
Mn 3dz2 consist of all Mn 3d levels and weaker contributions
from all S 3p orbitals, and the two blocks of bands labeled S
3pz have contributions from the other S 3p orbitals and weaker
contributions from Mn 3d levels. This demonstrates that all
these orbitals are significantly involved in the hybridization, i.e.,
in the bonding within MnPS3. In particular, the strong mixing
of the Mn 3d and S 3p levels implies their combined
involvement as required for the superexchange interaction.
To corroborate the good agreement between ARPES and

DFT+U data, Figure 3 displays a comparison of (kx, ky) cuts.
For the low energy band labeled P 3pz, we plot the band
energy relative to the band minmium at E − EF = −8.0 eV. For
the ARPES data, this is deduced by a maximum finding routine
within an adequate energy interval, i.e., the maximum of the
curvature is plotted. Excellent agreement of the band
dispersions in the ARPES and DFT data is found (Figure
3c,f). The hexagonal symmetry of the surface Brillouin zone is
also apparent. Since more bands are involved at higher energy,
we plot the ARPES intensity at selected energy E − EF within a
small energy interval of ±50 meV (Figure 3a,b). These plots
are compared with the band energies of the DFT+U data at the
same central energy but within a slightly smaller interval of
±25 meV (Figure 3d,e). This should roughly capture all states
that contribute to the ARPES intensity according to the finite
energy resolution in experiment. The DFT+U data are
additionally color-coded by their energy relative to the central

Figure 2. Electronic structure of MnPS3 with the AFM-Neél phase. (a) The first Brillouin zone (BZ) of the monolayer (red) and of the bulk
(black), with the red plane within the bulk BZ marking the projection of the surface BZ. (b) Sample sequence (on top of a Si substrate) and photon
beam geometry with the polarization direction E⃗ in the plane of incidence. (c, d) Band structure obtained within the DFT+U approach (U = 1.8
eV, kz = 0.0/Å). The electronic states are color-coded by their atomic orbital contribution with size, giving the contribution strength (color code on
the left). (c) All bands. (d) Only bands with s, pz, and dz2 contribution as required by the ARPES selection rules

26 (Supplementary Section S1.J).
(e) Curvature plot of ARPES data along MΓM below TN, T = 43 K, hν = 50 eV, and 62 layers. (f) Same as (e) along KΓK. Dominating orbitals
according to d are marked. Colored lines between parts (e) and (f) refer to Figure 3. (g) Same as (d) along KΓK. The energy scale in (c) belongs
to (c)−(g).
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E − EF. Again, one finds a convincing quantitative agreement
between the experiment and theory. This corroborates that our
parameters are adequately chosen and that DFT+U is a
reasonable approach to describe MnPS3.
Next, we relate our data to our knowledge about the

magnetic interactions in MnPS3. The monolayer possesses a
D3d point group symmetry with the Mn atom in a trigonal
antiprismatic environment of S atoms (Figure 1a). Due to the
crystal field splitting, the Mn 3d states (3d5, S = 5/2) split into
two disentangled subsets that exhibit either odd (dxz, dyz) or
even (dxy, dx2−y2, dz2) mirror symmetry with respect to the
monolayer plane. The dz2 orbital further splits from the even
subset, becoming the lowest energy state.
Both the direct exchange and the superexchange mecha-

nisms are crucial to understand the origin of the magnetic
exchange couplings Ji. Inelastic neutron scattering via the fitted
magnon dispersion68 and DFT+U studies57 reveal that the
dominant exchange between the Mn atoms is the nearest
neighbor exchange J1 inducing AFM coupling. The second-
nearest neighbor coupling J2 is negligible, and the third-nearest
neighbor coupling J3 is about 1/3 of J1 also leading to AFM
coupling. The main contribution to J1 originates from the
direct exchange mechanism as revealed, e.g., by model
Hamiltonians with ab initio parametrization.57 It is mainly
caused by the direct overlap between the even orbitals 3dxy,
3dz2 and 3dx2−y2 of neighboring Mn atoms and, to a weaker
extent (factor of 5.7 smaller), by overlapping odd orbitals (dxz,
dyz).

57 Although the effective direct exchange dominates the
coupling strength,57,69 an additional contribution to J1
originates from the superexchange path Mn(d)−S(p)−
Mn(p) as similarly reported for chromium sulfides (exchange
path in Figure 5c of ref 70). The strong hybridization between
the S 3p and neighboring Mn 3d states is nicely visible in the
orbital-projected band structure within the energy range −4 to
−3 eV (Figure 2c, Figure S14). Interestingly, the super-

exchange process consists of a strong AFM contribution due to
hybridization of the S 3pz with t2g orbitals (neglecting the
trigonal distortion and assuming octahedral coordination57)
and a rather weak FM part via the eg orbitals. Overall, the
direct and indirect (superexchange) mechanism lead to strong
AFM J1.

57

To illustrate the effect of magnetism on the energy bands
across TN, we start with an oversimplified model assuming
atomic energy levels for magnetic and nonmagnetic cases. This
established model provides a qualitative understanding of the
band alignments and the hybridization. Afterward, we discuss
the band changes across TN observed in the ARPES
measurements, comparing them with the AFM Neél and PM
phase as modeled by DFT+U.
The atomic model is presented in Figure 4a,b. The bare

energy levels of Mn 3d and S 3p are shown in the outer parts.

With hybridization, we obtain the order of energetic levels, as
shown in the center. In the NM phase, the bare energy of the
Mn 3d orbitals is above the energy of the S 3p orbitals;
therefore, the pd-hybridization produces a bonding state that is
mainly S 3p and an antibonding state that is mainly Mn 3d
(Figure 4b). This picture is reflected in the calculated band
structure of the NM phase, where spin degrees of freedom and
Hubbard U parameters are neglected (Figure 4d). The NM
phase exhibits bands of pure 3dz2 character at E − EVBM ≃ −0.5
eV. At slightly higher energies, one finds bands purely from the
other even 3d orbitals as expected for the trigonal antiprismatic
crystal field (not shown). The Mn 3d bands are all at energies
higher than those of the occupied S 3p bands. In the AFM

Figure 3. Comparison of (kx, ky) plots. (a) Intensity plot of the
ARPES curvature integrated over the energy range E − EF = −3.4 ±
0.05 eV, T = 43 K, hν = 50 eV, 62 layers. (b) Same as (a) at E − EF =
−4.5 ± 0.05 eV. (c) Color plot of the measured band energies for the
lowest energy band in Figure 2e,f. The energy ΔE is plotted relative to
E − EF = −8.0 eV, T = 43 K, hν = 53.5 eV, and 62 layers. The 2D BZ
boundaries are overlaid as black lines in (a)−(c). The selected E − EF
of (a)−(c) are also marked as colored lines between Figure 2e,f. (d)
Calculated band energies in the energy interval E − EF = −3.4 ±
0.025 eV. The band energies relative to E − EF = −3.4 eV are plotted
as colors. (e) Same as for (d) for E − EF = −4.5 ± 0.025 eV with
energies plotted relative to E − EF = −4.5 eV. (f) Color plot of the
calculated energies for the lowest energy band in Figure 2d,g relative
to E − EF = −8.0 eV.

Figure 4. Comparison of magnetic and nonmagnetic (NM)
calculations. (a, b) Schematics of the bare and the hybridized atomic
orbitals for (a) AFM Neél and (b) NM phase. The atomic Mn 3d
levels (red) are either spin-split or not and subsequently hybridize
with the S 3p levels (green). Up and down arrows represent the
electronic states of the majority and the minority spin-channel in (a),
respectively. (c, d) Orbital-projected bulk band structure (EVBM:
valence band maximum): (c) AFM Neél phase within DFT+U (U =
1.8 eV, same as Figure 2c) and (d) NM phase within DFT calculation
ignoring spin degrees of freedom.
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Neél case, the spin splitting pushes the majority spins of the
Mn 3dz2 below the S 3p orbitals. Therefore, the hybridization
of the majority spins produces a bonding state that is mainly
Mn 3dz2-type and an antibonding state that is mainly S 3p
(Figure 4a). This, in turn, is visible in the calculated AFM Neél
band structure (Figure 4c), where the Mn 3dz2 bands appear
now 4 eV below and above EF, falling into the valence and
conduction bands, respectively. The level order of the majority
spin-channel with respect to the S 3p bands, thus, is opposite
to the order in the NM case.
One can also see that the orbital character of these bands is

significantly mixed in the AFM case as expected for
hybridization (see also Figure 2c. The participation of S 3p
and Mn 3d orbitals in the same band, moreover, indicates the
involvement of superexchange processes in the AFM ordering
(Supplementary Section S7). Finally, the presence of the Mn-d
bands at EF in the NM case strongly promotes interaction
effects, i.e., the strong Coulomb interaction within the narrow
d bands and the half-filled condition x (Mn d5 configuration)
favor the insulating Mott state even at high temperature.
The experimental changes of the electronic band structure

with temperature T are shown in Figure 5, i.e., ARPES data
above and below TN recorded at the identical spot of the
sample. They are displayed along the MΓM direction (Figure
5b,c) and as (kx, ky) cuts through the band dominated by the
Mn 3dz2 orbitals (Figure 5e−h). ARPES data at additional T
values are presented in Supplementary Section S3. Most
striking is the apparent splitting of the Mn 3dz2 band in the
central region around Γ̅, that disappears above TN.
Accordingly, the energy maximum of the upper band shifts
from Γ̅ toward |k∥|≃ 0.25/Å. These band changes reappear in
the (kx, ky) cuts displayed at an energy slightly below the
maxima. A circle of missing intensity in the BZ center is found
below TN = 78 K (Figure 5e,f) and a ring of reduced intensity
is found above TN (Figure 5g,h). The largely hexagonal
symmetry is preserved below TN as expected for the AFM Neél
phase with primitive magnetic cell commensurate with the
structural cell.55 There are additional, more subtle changes
between Figure 5b,c. First, the curvature of the P 3pz band at
the lowest energy changes. Second, the two branches declining
with |k∥| at E − EF ≃ −3.6 eV largely disappear above TN, and
the corresponding upper band at E − EF ≃ −3.1 eV appears
more flat. These changes are reproduced in several cool-downs
for distinct flakes with different thicknesses and are also
observed in the raw data (Supplementary Figures S6f−g, S9e).
Hence, also the S 3p bands change across TN plausibly,
indicating the involvement of superexchange. To model the
ARPES data above TN, we calculate the PM phase within the
DFT+U approach (Supplementary Section S2). It is a
disordered magnetic state, where each spin fluctuates randomly
and rapidly without any correlation to its neighbors. The PM
calculation shows dz2 levels over a wider energy range, whereas
the AFM Neél phase exhibits two distinct dz2 peaks (Figure
5a,d). Thus, the leading change of the Mn 3d bands across TN
is reproduced, while not the details. Note that also the
distribution of S 3p levels changes across TN corroborating
their involvement in the magnetic structure.
We have demonstrated the first successful ARPES study of

exfoliated magnetic 2D materials using rather inert MnPS3. We
find good agreement with DFT+U calculations, if the selection
rules imposed by the photon beam geometry are adequately
taken into account. This, in turn, enables the U parameter to
be determined. It is U = 1.8 eV. Moreover, it enables to

identify the orbital character of the observed bands. Cooling
below the Neél temperature, we find pronounced changes of
bands that are dominated by Mn 3d orbitals, but hybridized
with S 3p orbitals, and smaller changes for bands with
dominating S 3p character, but hybridized with Mn 3d levels.
Comparing DFT+U data of the antiferromagnetic and
paramagnetic phase reproduces the changes qualitatively. A
very similar band structure is observed down to the monolayer
with minor changes that appear both in experiments and
calculation. The large variety of MPX3 materials (M = Mn, Ni,
Fe, Co, Zn; X = S, Se) as well as corresponding alloys57,69 with
multiple magnetic and magnetoelectric configurations71 opens
a vast field for studying band structure changes across the
critical temperature. This will enable a more concise
understanding of the interrelation between magnetism and
the electronic structure for these novel types of 2D magnets.

Figure 5. Comparison between AFM-Neél and PM phases. (a)
Density of states (black, integrated over the whole BZ) and orbital
contributions from Mn 3dz2 (red) and S 3pz (green) orbitals for the
calculated AFM Neél phase sketched below. (b, c) Curvature plots of
ARPES data measured at the same sample spot for the temperatures
marked (TN = 78 K), hν = 50 eV, 62 layers. (d) Same as (a) for the
PM phase with spin configuration sketched below. The energy scale in
the center is valid for (a)−(d). (e−h) Intensity plots of ARPES
curvature in the (kx, ky) plane recorded at the same sample spot at
varying T values as marked, E − EF = −4.5 ± 0.05 eV as indicated in
(b and (c), hν = 50 eV, 13 layers. The 2D BZ of MnPS3 is overlaid
(black hexagon). These data are recorded on a different flake than the
data in Figure 3b (different beam geometry), which likely leads to the
slightly different intensity distribution.
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Details on sample preparation, flake characterization 
(AFM , Raman, XPS), additional ARPES experiments, 
and additional DFT calculations, in particular the 
adaption of U and kz for comparison of DFT  ARPES 
data, analysis of the orbital projections of bands for the 
PM, NM, and AFM cases, additional ARPES data 
regarding T and hν dependence as well as ARPES data 
obtained on a rough substrate and indicating the 
influence of s train (PDF)
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