nature communications

Article

https://doi.org/10.1038/s41467-026-78016-8

Giant orbital Zeeman effects in a magnetic
topological van der Waals interphase

Received: 20 December 2025

Accepted: 10 September 2026

Published online: 23 October 2026

M Check for updates

Tobias Wichmann ®"%3, Mirco Sastges ® #°, Keda Jin®'?27,

Jose Martinez-Castro*’, Tom G. Saunderson*°, Dongwook Go ® >3,

Honey Boban®, Samir Lounis ®'°, Lukasz Plucinski®®, Markus Ternes ® 27,
Yuriy Mokrousov®#?, F. Stefan Tautz® %2 & Felix Liipke ®>"

Van der Waals (vdW) heterostructures allow the engineering of magnetic and
electronic properties via interfacial orbital hybridization and charge transfer.
The resulting electric fields can give rise to Rashba spin-orbit coupling and
Dzyaloshinskii-Moriya interactions, which may stabilize novel two-
dimensional magnetic phases. While such emergent magnetic ‘interphases’
may offer a promising platform for spin-based electronics, direct spectro-
scopic evidence for them is still lacking. Here, we report electric-field tunable
Zeeman effects with Landé g-factors up to =230 at the interface of graphene
and the vdW ferromagnet Fe;GeTe,. They arise from an interplay of local-
moment canting and the itinerant orbital moments of Fe;GeTe,, producing a
giant asymmetric level splitting. Exploiting the inelastic phonon gap of gra-
phene, scanning tunneling spectroscopy allows us to access the buried inter-
face properties, and quantify Faraday-like screening. Our findings provide new
insights and opportunities for electrically controlled interface magnetism, e.g.
for spintronics and orbitronics devices.

The interplay of topological band structures and magnetism provides
a rich playground for the realization of exotic materials'”. This com-
bination of properties may either be achieved by doping magnetism
into topological matter, or by employing materials in which intrinsic
magnetic order coexists with non-trivial band topologies. An example
for the latter case is Fe;GeTe, (FGT), a metallic vdW ferromagnet with a
Curie temperature of T. = 220K in the bulk*®. While FGT’s magnetic
properties at temperatures T z T, originate from localized Fe
moments, for T <« T, itinerant Stoner-like magnetism, carried by
coherent delocalized Fe states, dominates®®. In addition to its ferro-
magnetic properties, the band structure of FGT exhibits a topological
nodal line gap that originates from a crossing of hybridized Fe-l and Fe-

Il spin-majority bands at its k = K/K’ points (ref. 9 and Fig. 1a-c). The
band hybridization near this topological gap results in large Berry
curvatures Q(k)° and in turn orbital magnetic moments m(k) ~ - Q(k)"°
which dominate the spin moments at the edges of these bands
(Fig. 1d). The interplay of strongly correlated itinerant magnetism and
Fe local moments results in a large magnetic anisotropy energy" ™" that
allows to control the magnetic state of FGT not only by external
magnetic fields but also by charge-addressing stimuli, such as electric
fields, currents, and doping?®. This opens up the possibility to
engineer magnetic properties at interfaces via the electric fields that
arise when different materials are brought into contact, or even by
external gates.
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Fig. 1| Orbital moments in Fe;GeTe, and scanning tunneling microscopy
experiment of the graphene/Fe;GeTe, heterostructure. a Top view of the
monolayer Fe;GeTe, unit cell, highlighting the two inequivalent Fe sites. b First
Brillouin zone of Fe;GeTe, with indicated symmetry points and lines. ¢ Spin-
resolved band structure of bulk Fe;GeTe,, calculated by density functional theory
including spin-orbit coupling, with color-coded majority (red) and minority (blue)
bands. Near I' only dispersive bands cross the Fermi energy E¢, while at K/K' several
band extrema are located close to £r. d Zoom into the shaded region in panel c,
calculated without (left) and with (right) spin-orbit coupling (SOC). The latter cal-
culation shows out-of-plane orbital magnetic moments mE° near the K/K' points.
e Optical micrograph of a graphene/Fe;GeTe, heterostructure. Outlines of the
respective flakes are indicated. f Schematic side view of the heterostructure and the

K/K’ " -

scanning tunneling microscopy setup. There are two parallel tunneling channels,
from the tip to graphene (black arrow) and to Fe;GeTe, (orange arrow). The tip-
sample distance h and graphene-Fe;GeTe;, distance d are indicated. V is the sample
bias and /, the tunneling current. At the graphene/Fe;GeTe, vdW interface, a charge
transfer dipole gives rise to an internal electric field E ¢y, which results in a canting
of the Fe spins at the interface (indicated by the red arrows at the Fe-Il sites), due to
the Rashba effect and Dzyaloshinskii-Moriya interaction (see main text for details).
g Schematic of non-collinear spin arrangement in the Fe-I sublattice, where a
canting of localized spins §,— results in a conical spin structure. The ensuing scalar
spin chirality gives rise to a chiral orbital moment m<° ~ §; - (5, x55)* . The
crystal structures in panels a and f were created using VESTA”.

Here, we report a giant asymmetric Zeeman effect at the interface
between monolayer graphene and FGT, which is moreover tunable by
varying the interface dipole via electrostatic gating. A detailed analysis
combining scanning tunneling microscopy/spectroscopy (STM/STS)
and theoretical calculations reveals that this unusual Zeeman effect is
the result of two coupled orbital Zeeman effects: On the one hand, the
band hybridization near the topological band gap results in localized
out-of-plane band orbital moments (BOM) mE® near the K/K’ points.
On the other hand, a canting of Fe local moments that has previously
been reported in transport studies of graphene/FGT interfaces™"” gives
rise to chiral orbital moments (COM) mS°, which result from the
winding of the itinerant charge carrier wave functions as they traverse
the non-collinear texture of localized moments at the vdW interface
and which can directly couple to external magnetic fields with large g-
factors'®®2°, This complex compound Zeeman effect signals the
emergence of subtle correlations between magnetic and topological
electronic properties, which may open up the opportunity to engineer
the response of the heterostructure to magnetic and electric fields,
e.g., for chiral orbitronics applications.

Results

The graphene/FGT heterostructure

An optical micrograph of a graphene/FGT heterostructure, where a
28 nm-thick FGT flake is encapsulated between monolayer graphene
on the top and an additional graphite flake underneath, is shown in
Fig. 1e. For details of the sample fabrication see the Methods section. At
this thickness and the experimental temperature of ~6 K, an isolated
FGT flake would be in a single-domain ferromagnetic state'**, however,
the symmetry breaking and electric field at the interface to the gra-
phene give rise to a Dzyaloshinskii-Moriya interaction, which cants the
magnetic moments at the interface away from surface normal®, as
indicated schematically in the sketch of the heterostructure and the

tunneling experiment in Fig. 1f. Constant-current STM topography
images of the graphene/FGT heterostructure (Fig. 2a) show a super-
position of the atomic lattice of graphene and a long-range modulation
that is a characteristic feature of FGT: It stems from random disorder
in the partially occupied Fe-ll sites>. In the corresponding Fourier
transform (Fig. 2b), we observe sharp spots due to the graphene
(agr = 246 pm) and the FGT lattices (argr = 399 pm), as well as their
Moiré pattern (a = 524pm), indicating an atomically clean vdW inter-
face. The relative orientation of both lattices is approximately 17

The inelastic tunneling gap of graphene

Tunneling spectra recorded on the heterostructure reveals the char-
acteristic V-shaped density of states of the graphene Dirac cone
(Fig. 2¢), as well as an inelastic tunneling gap at the Fermi energy E¢
(eVs = 0). This gap results from a suppression of the tunneling prob-
ability due to a momentum mismatch between the tunneling tip and
the finite parallel momenta of the graphene Dirac states at the K/K’
points (see refs. 22-24 and the Methods section for a more detailed
discussion). However, above a threshold energy, ie. for
leVs| = hiw = (65 + 2) meV, phonon-assisted tunneling channels become
available, which significantly enhance the tunneling probability. Our
observed onset energy of the inelastic tunneling channels corresponds
to the lowest-energy phonon mode at the graphene K point®, in good
agreement with the phonon thresholds reported for graphene on
different substrates?**?¢, This agreement indicates that the graphene
is neither significantly strained nor strongly doped. However, in con-
trast to graphene on insulating substrates, where the dl/dV signal
almost vanishes below the phonon threshold?>?**?%, we observe a
significant tunneling conductance for |eVy| < fiw. The reason is that,
while tunneling to the graphene is suppressed in this energy range,
charge carriers can still tunnel between the tip and the metallic FGT
underneath the graphene, which allows us to directly access the
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Fig. 2| Tunneling through the inelastic gap of graphene. (STM topography of the
graphene/Fe;GeTe, heterostructure surface (Vs = =50 mV, I, = 70 pA), simulta-
neously revealing atomic resolution of the graphene lattice and a longer-range
modulation stemming from the partial occupancy of the Fe-Il sites in Fe;GeTe,.
Inset: Zoom into the graphene lattice (scan size 2.5 nm). b Fourier transform of the
topography in (a). The hexagonal patterns of graphene (black circles), Fe;GeTe,
(orange circles), and their moiré pattern (red circles) are clearly visible. ¢ Spatially
averaged tunneling conductance spectrum of the heterostructure (blue solid line,
Vs =500 mV, I, = 200 pA). Inset: Second derivative spectrum. Below the inelastic
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threshold, i.e., for |eV;| < hw where w is the lowest available phonon frequency of
graphene, an inelastic tunneling gap is observed (vertical dotted lines), while out-
side this range the linear dispersion of the graphene Dirac cone is visible. Within the
inelastic gap, a significant conductance is measured, in contrast to the findings for
graphene/hBN heterostructures (gray dashed line, data from ref. 24). The graphene
is close to charge neutrality in both cases. For better comparison, both data sets are
normalized at eV = =500 meV. d Schematic diagram of the tunneling processes.
With its gapless spectrum, Fe;GeTe, dominates the tunneling current within the
inelastic gap of the graphene.

electronic properties at the graphene/FGT interface (Fig. 2d and
Methods section).

Giant asymmetric Zeeman effect

A careful analysis of the tunneling spectrum inside the inelastic pho-
non gap of graphene reveals two peaks, which strengthen on appli-
cation of a magnetic field (Fig. 3a). At the same time, the linear Dirac
spectrum of graphene outside the inelastic tunneling gap remains
mostly unaffected. Strikingly, the two peaks within the inelastic gap
show significant energy shifts as function of the magnetic field. Linear
fits to the data result in gug = (1.8 + 0.3)meV/T and
Sopp = (13.3 £ 0.4) meV/T, corresponding to Landé g-factors g = Ezeeman/
(ugB) of g1 = 30 and g, = 230, respectively (Fig. 3b and Supplementary
Fig. S1). Furthermore, a spatial analysis of the peaks shows that they are
consistent across the heterostructure surface and not localized at
defects (Supplementary Fig. S2), pointing to a band-structure origin of
these features. Considering the FGT band structure, the observed
peaks can be intuitively understood to stem from the flat band edges
near the topological gap at the K/K’ points, where the orbital magnetic
moments mE®, concentrated at the band extrema, lead to large g
factors (Fig. 1 and refs. 28,29). This interpretation also explains the
increasing peak intensity and sharpness with increasing magnetic field
in Fig. 3b, analyzed in detail in Supplementary Fig. S1: DFT calculations
show opposite orbital moments at the two band edges (Fig. 1d), such
that the topological gap increases as function of the applied magnetic

field. Concurrently, the band edges at K/K’ flatten out further, again
because the orbital magnetic moment is concentrated at the band
extrema (Fig. 1c, d and refs. 28,29). Extracting the splitting of the two
peaks at B = O results in 24, = (10.8 + 0.7) meV, which agrees reason-
ably well with our DFT calculated spin orbit gaps at K/K" of ~52 meV
and refs. 9,11, considering that the gap size decreases when inversion
symmetry is broken (Supplementary Fig. S3). Note that the smaller the
gap at B = 0, the larger the orbital moments m3° ~ A~ at K/K’ (see
Methods section).

While the model of opposite orbital moments mE°, concentrated
at the upper and lower band edges, respectively, qualitatively explains
both the observation of large g factors and of tunneling conductance
peaks with increasing intensity and sharpness as the magnetic field is
turned up, it disagrees with our experimental observations in that it
would predict a B-field-induced shift of these conductance peaks in
opposite directions, whereas we find that the peaks move in the same
direction (to higher energy), albeit with different slopes (Fig. 3c). We
therefore conclude that, in addition to the band orbital effect, there
must be a second Zeeman effect at play that shifts both conductance
peaks to higher energies, as schematically shown in the inset in Fig. 3c.
Considering the band structure of FGT, such an effect is indeed
expected, because the bands forming the topological gap exhibit the
same spin polarization (Fig. 1c and Supplementary Fig. S4). However,
including the corresponding spin Zeeman effect, the combined g-
factor of BOM and the band’s spins at K/K’ is only gB° =2+ (L) /(S)|<10
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Fig. 3 | Giant orbital Zeeman effects at the graphene/Fe;GeTe, interface.

a Tunneling spectra (differential conductance in arbitrary units) for different out-
of-plane B fields (normal to surface). For clarity, curves are offset by 0.2 arb. units
each. In the inelastic gap of graphene (shaded region), two peaks emerge with
increasing B field, as indicated by arrows and symbols. Tip stabilization parameters:
Vs =300 mV and /; = 1nA. b Zoom into the inelastic-gap region, revealing both a
continuous increase of the two peaks' intensities and shifts to higher energy as a
function of applied B field. Curves are offset by 0.2 arb. units each. Dashed arrows
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are guides to the eye. Tip stabilization parameters: V= 50 mV and /; = 0.5 nA.

¢ Symbols: Peak positions (horizontal axis) as function of applied B field (vertical
axis). The solid lines are linear fits, yielding effective Landé g-factors g; = 30 (circles)
and g, = 230 (squares). Inset: Schematic decomposition of the observed peak shifts
into a splitting and a shifting contribution. The former arises from the band orbital
moments (BOM) induced by the topological nodal line gap, while the latter has its
origin in the chiral orbital moments (COM) induced by spin canting. For more
details, see main text.

(ref. 30 and Supplementary Fig. S5), where (L) ~ 37 and (S) ~ 0.5%
are taken from our DFT calculations, corresponding to shifts of
~ 0.6 meV/T. Thus, the expected Zeeman effect purely based on FGT’s
spin and orbital band magnetism is much too small to explain the
experimental observations in Fig. 3.

At this point, we recall that the local Fe moments at the graphene/
FGT interface are canted (Fig. 1f), which is not included in the DFT
calculations. The reason for the canting is the electric field perpendi-
cular to the interface between the two vdW layers, which gives rise to a
Rashba spin-orbit coupling and thus Dzyaloshinskii-Moriya interaction
(DMI), which acts on the localized moments of primarily Fe-13d,._yz
orbitals®>". The Rashba coefficient at the graphene/FGT interface was
theoretically estimated as ag = 246 meVA, giving rise to a DMI strength
of |D| = 0.089 meV per unit cell®>, which we expect to be a lower bound
for our experiments, because of an enhancement of the interface
dipole by the tip compared to experiments discussed in the literature—
see the next section. While at intermediate temperatures
10K < T < 220K, this effect leads to skyrmion formation®, at our lower
experimental temperatures we most likely stabilize a conical phase®*?,
as schematically shown in Fig. 1f, g.

The un-canting of local moments by the application of an out-of-
plane magnetic field is expected to ultimately result in the moments
being aligned out-of-plane. However, to fully align the moments, fields
much larger than 0.089meV/ug 2 1.5 T (ref. 13) must be applied, i.e., on
the order of 10 T, which are not accessible in our experiment. Also, it
cannot explain the observed large g-factor of the Zeeman effect in
Fig. 3¢, because when the moments are canted away from the surface
normal and thus are no longer aligned with the B field, their Zeeman

effect is weakened instead of enhanced. Instead, we propose that the
winding of the charge carrier wave functions of the spin-polarized
bands that form the topological gap, as they traverse the non-collinear
magnetic texture at the vdW interface, gives rise to chiral orbital
moments, which are described in detail in the literature’*****’, In our
system, since the bands in question have identical spin polarization, we
expect any local-moment canting-induced COM to affect both bands in
the same way, i.e., result in a Zeeman effect that shifts both bands to
higher energy as we increase the magnetic field (inset Fig. 3c). Cru-
cially, the canting, and consequently the COM, are the result of the
Rashba effect and the resulting DMI at the graphene/FGT interface.
Thus, the resulting giant Zeeman effect should be tunable by variation
of the electric field across the interface, which we demonstrate in the
following.

Electric field tunability of the Zeeman effect
From simple electrostatic considerations, we estimate the electric field
at the graphene/FGT interface as

Eegr = Eggr - 2=(®y — Opey)/ed ~ 1.41GV/m, @

with the interlayer distance between graphene and FGT d = 3.34 A
(Fig. 1f), the elementary charge e, the work function of FGT
Qrgr = 4.08eV*®, and <1)gr=<])gr ~ 4.55eV* the work function of
charge-neutral graphene, respectively. However, when the hetero-
structure is initially assembled, the work function difference between
graphene and FGT gives rise to a charge transfer (electrons flow from
the low-work function FGT to the high-work function graphene),
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Fig. 4 | Tuning the orbital Zeeman effects at the graphene/Fe;GeTe, interface
by electric fields. a Differential conductance spectra (in arbitrary units) for different
tunneling setpoints. The inelastic gap is cut out, and the curves for different set-
points are offset vertically for clarity. The Dirac point energy £y, (black dots) is
extracted from the crossing points of line fits to the linear graphene spectrum above/
below the vertical dashed lines, revealing a shift to higher values as the setpoint is
increased. The dashed arrow is a guide to the eye. Remnant features due to Fe;GeTe,
near the edge of the inelastic gap do not shift with setpoint, as indicated by red
dotted lines. The tip stabilization voltage was V; =150 mV for all setpoints. b Dirac
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point energies Ep, (filled circles, extracted from (a)) plotted as function of the change
in tip-sample distance 6h (see upper inset). Error bars are propagated from the fits of
the Dirac spectrum in panel (a). The red curve is a fit to the data points, using the
capacitor model in the lower inset (Egs. (23) and (24) in the Methods section).

c Differential conductance spectra (in arbitrary units) of the Fe;GeTe,-derived peaks
in the inelastic gap of graphene for different tunneling setpoints (curves are verti-
cally offset for clarity. All spectra are recorded at a fixed external field of B=2T.

d Energy positions of the peaks in panel c as a function of setpoint current. Error bars
correspond to the peak fit uncertainties (see Supplementary Fig. S6 for details).

resulting in an intrinsically interface-driven n doping of the graphene
and a corresponding shift of the Dirac point energy EJ relative to the
Fermi level. Thus the graphene work function becomes ®,, = (ch,’r +E9,
where EJ is a priori unknown.

In addition to the interface-driven doping, the presence of the
STM tip with its own distinct work function (®yj, = 4.7 €V, see Methods
section) should affect £p due to tip gating (clearly, also the applied bias
voltage will contribute to a polarity-dependent gating; however, for
bias voltages within the inelastic gap of graphene this effect is so small
that it can be neglected). In Fig. 4a, tunneling spectra recorded at
different setpoints and therefore different tip heights A are plotted.
Fitting the linear graphene spectrum outside of the inelastic gap to
extract the setpoint-dependent Dirac point energy Ep from the
crossing points of the linear fits (Fig. 4a and Supplementary Table 1),
we observe a shift of Ep to more positive values as h decreases. This
corresponds to the graphene becoming less electron-doped as the tip
is brought closer to the sample surface. In contrast, additional FGT
features that are located outside the inelastic gap of graphene show no
sign of shifting as function of the setpoint current, demonstrating that
mainly the graphene doping level is changed by the tip gating (Fig. 4a).

In order to determine the intrinsic doping level of graphene at
the interface to FGT, we model the experimental tip-sample geo-
metry by a capacitor circuit (lower inset in Fig. 4b and Methods
section), which we fit to the experiment. Extrapolating this model to
6h > -0, i.e., to the absence of the tunneling tip, we find a graphene
doping level of Eg = — (579 £171) meV (Fig. 4b). The corresponding

intrinsic electric field at the graphene/FGT interface is
Ercr=(-0.3+0.5) GV/m, i.e., lower and of opposite sign compared to
charge-neutral graphene and FGT. We note that a non-zero field is a
prerequisite for the anomalous Hall effects and giant magnetor-
esistances at the graphene/FGT interface reported in the
literature™*°, In comparison, in the presence of the STM tip the
interfacial electric field is significantly larger, in the range
Erct = 1.29-1.32 GV/m for tunneling setpoints 0.1-1nA (see Supple-
mentary Table 1) and thus also the DMI is expected to be larger.

To demonstrate that the variation of the interfacial electric field
leads to a variation of the Rashba splitting and DMI, we study the peak
positions inside the inelastic gap as function of tunneling setpoint
while keeping B=2 T fixed (Fig. 4c). Doing so, we find an increase in the
intensity of both peaks as we bring the tip closer to the sample surface.
Such behavior is a known effect for tunneling into sharp energy levels
originating from states with finite in-plane momenta, such as flat bands
and localized states at K/K™*""*3, which again is consistent with our DFT
calculations. More interestingly though, extracting the precise peak
positions as function of the tunneling setpoint once more reveals
systematic energy shifts (Fig. 4d and Supplementary Fig. S6). Linear fits
to the data (solid lines in Fig. 4d) are described by eV; = (11.8 + 2.8)
meV (GV/m)Ergr — (28.1 + 2.8) meV and eV; = (26.4 + 8.1) meV (GV/
m)Eggr — (13.5 + 10.6) meV, respectively. Remarkably, the peak posi-
tions show a qualitatively similar asymmetric splitting as function of £
field at fixed B field, as they do for the increasing B field at fixed F field
(Supplementary Fig. S7).

Nature Communications | (2026)17:11076


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-026-78016-8

Coupling between band and chiral orbital moments

Our observed DMI-induced Zeeman effect indicates a strong
inversion symmetry breaking at the graphene/FGT interface, evi-
denced by measurements on bulk FGT crystals, where no significant
Zeeman effect is observed when the inversion symmetry is only
weakly broken (Supplementary Fig. S8a and ref. 11). In general
agreement with this interpretation, such symmetry breaking has
recently been proposed as the origin of the anomalous Hall effect in
graphene/FGT *, which can be understood as the manifestation of
the Zeeman effect in transport. Our observations imply that the
band-structure-induced and chirality-induced moments are directly
coupled beyond a mere superposition, which may explain the
enhancement of the BOM by more than one order of magnitude
compared to the theoretical moments alone. Currently, the exact
interaction mechanism between the chiral and BOMs is yet to be
understood, but considering that both effects are closely related to
the Berry curvature, it does not come as a surprise that they are
coupled. Estimating the g-factors of the two contributions accord-
ing to the inset in Fig. 3c results in g% ~ 100 and gZ° ~ 130,
respectively, signifying their similar strength (see Methods section).
In this context, we note that the spin Berry curvature vanishes for
the band structures shown in Fig. 1c, d. However, spin canting likely
leads to a finite spin Berry curvature, with similar localization at the
K/K’ points as the Berry curvature?’, which would couple the spin
canting directly to the topological gap. Similar effects were recently
reported in magnetic Kagome compounds, where the orbital
moments of gapped Dirac cones interact with local
moments'®*245748 In the absence of spin canting, these bulk
compounds can show spin-orbit-driven orbital Zeeman effects*,
which are initially approximately a linear function of the applied B
field but saturate as the Berry curvatures decrease with increasing
gap sizes. In the presence of spin canting, though, additional orbital
moments with g > 2 were reported, due an interplay of the spin-
orbit gap and spin chirality’®'®?°*, However, in contrast to the
Kagome compounds, where the Zeeman effects typically saturate at
fields of B < 2T, we do not observe any sign of a saturation at the
graphene/FGT interface up to our maximum accessible field of 3 T,
which is consistent with the spin un-canting at the graphene/FGT
occuring only at much larger fields B ~ 10 T.

In conclusion, despite the lack of strong bonding in graphene/FGT
vdW heterostructures, interface dipoles give rise to emergent mag-
netoelectronic properties, which are localized at the 2D interface and
result in a rich interplay of orbital magnetism and local moments. The
required interfacial fields are readily achievable in state-of-the-art
electronic devices**~!, highlighting the technological potential of our
findings. Thus, the present vdW interphase provides a flexible platform
to engineer magnetic properties, allowing to control them via gate-
tuning the Rashba effect and DMI, which may find applications in
spintronics or orbitronics.

Methods

Density functional theory

The orbital magnetization in three-dimensional k-space is given by
ref. 10

0 € s [k L
M= Zhlmzn ~/BZ (Zn)3fnk<akunk| X (Hk + &k 2’.()

|akunk>'

2

where |uy) is the Bloch-like eigenstate associated with the n™
eigenvalue &, of the Hamiltonian Hy of the system, f, is the zero-
temperature Fermi occupation factor and u the chemical potential.

Unlike transport, which probes all occupied states and is therefore
sensitive to the orbital magnetization, STM/S probes the either filled or
empty states at a given energy and is thus sensitive to the orbital
magnetic moment (OMM) of the bands, which is given by

e

mn(k)BO = 2h

Im (0t | (I:Ik - 5nk) |0kl - (©)

To calculate this quantity using ab initio methods, we performed
the following procedure: The electronic structure of bulk Fe;GeTe,
was computed with the density functional theory code FLEUR*
using the full-potential linearized augmented plane wave method®.
We chose the Perdew-Burke-Ernzerhof exchange correlation func-
tional within the generalized gradient approximation®. The FGT
lattice parameters are a = 3.99A and ¢ = 16.33A in a hexagonal
close-packed lattice™. We performed a full self-consistent calcula-
tion to find the charge density including the effect of spin-orbit
coupling within FLEUR, with a resulting magnetocrystalline aniso-
tropy of 1.06 meV per Fe atom. The plane-wave cutoffs for the basis
functions, for the charge density and for the exchange correlation
functional were set to S5ag!, 15a5!, and 12.5a5?, respectively, where
ao is the Bohr radius. For Fe and Ge, the maximum in the angular
momentum expansion was set to /., =8 and the muffin-tin radii ryt
for both species was set to 2.12ay; for Te, [,,,, =10 and ryr = 2.74 ao.
Despite previous work on FGT indicating the effects of strong
electronic correlations”?, in the present scenario we do not see
indications of such correlations, e.g., as the conduction band
minimum is moved through the Fermi energy, and thus did not
consider them theoretically. Using the Wannier90 package®**’, from
the DFT-calculated Bloch wave functions |u, ), we constructed
maximally localized Wannier functions (MLWFs) and determine the
Bloch-like basis |u}% )***. A mesh of 8 x 8 x 8 k-points was used with
192 Bloch states to obtain 96 MLWFs. Initial projections were
chosen to be d states for Fe and p states for Ge and Te atoms. The
maximum frozen window was set to 2.344eV above the Fermi
energy. The Hamiltonian, spin, and orbital angular momentum
(OAM) operators were evaluated in the Bloch basis and transformed
into the MLWF basis. The OAM was integrated inside the muffin-tins.
Further details of the calculations can be found in Ref. 60.

In the Wannier description, the orbital magnetization can be
quantified as proposed by Lopez et al.*”: First, the Bloch-like basis |u% )
is transformed into the so called Hamiltonian gauge, using the trans-
formation

J
i) = > lupi ) Una(K). )

This is necessary in order to compute the magnetization according
to the so-called “modern theory of orbital magnetization” expression
Eq. (2). This expression allowed us to decompose the orbital
magnetization into its local

BO_ € dk H T H
Mi2 =35im > | G Ot x (= m)dudi, )
and itinerant contributions
Bo_ € dk H _ H
Mic Zhlm Zn: /BZ (2”)3fnk<akunk| X (Enk — H) 1Brctipy)- (6)

We computed the band-resolved contributions to the magnetization

. . . e ~

Note athat the vector product is Faken between the two derivatives m,'?f{ c =ﬁlm <akufk| % (Hk _ ”) ‘ aku§k>' %)
Ok = 3; in the bra and ket, respectively.

Nature Communications | (2026)17:11076 6


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-026-78016-8

and

Bo _ €

myic = ﬁlm@kuffkl X (& — M) 10kl ), ()

similar to ref. 59, where it was shown that Eqgs. (5) and (6) can be
recast into a gauge-invariant formulation. A more detailed
theoretical description will be presented in a forthcoming
publication. Finally the orbital magnetic moments in Eq. (3) were
determined from the k-resolved local and itinerant contributions
as m,(K)°° =mBQ (k) — mE9 (K.

We note at this point that an earlier proposed model of the rele-
vant bands at K/K”, when inserted into Eq. (3), results in orbital
moments which directly contradict our DFT calculations, indicating
that such a model does not seem suitable to capture the full orbital
physics.

Sample fabrication
Graphite and FGT crystals were exfoliated onto SiO, and assembled
by a standard dry-transfer technique with a microdome polyvinyl-
chlorid/polydimethylsiloxane (PVC/PDMS) stamp®. In the resulting
heterostructure, the encapsulation of FGT by the larger graphene and
graphite flake prevents the former’s degradation. Ti/Au contacts were
fabricated using maskless optical lithography, and samples were
subsequently cleaned in an ambient-condition atomic force micro-
scope by repeated scanning in contact mode overnight. Supplemen-
tary Fig. S9 shows an AFM image, recorded before the STM
measurements, of the heterostructure displayed in Fig. le. After
introduction into the STM ultra-high vacuum chamber, the sample
was annealed at 240 °C for 15 min to desorb residues and water and
subsequently transferred to the STM. There, the sample was zero-field
cooled to the base temperature of ~6.1 K, and magnetized by ramping
the surface-normal field to B = 2 T, prior to STS measurements.
Graphite and Fe;GeTe, were obtained from commercial sources
(graphite from HQ graphene, FGT from 2D semiconductors). FGT bulk
crystals from the same batch were characterized by angle-resolved
photoemission spectroscopy (ARPES), showing general agreement
with the DFT calculations and literature, and a doping level for which
Er is close to the topological gap (Supplementary Fig. S8b). STM/S
spectra taken on the bulk crystals did not exhibit any peak features and
virtually no magnetic field dependence (Supplementary Fig. S8a),
confirming the graphene/FGT interface as the source of the observed
behavior.

Scanning tunneling experiments

All STM/STS measurements were performed in a commercial Sigma
Polar instrument at ~6.1K. Electro-chemically etched W tips were
annealed to orange glow in vacuum and prepared on an Ag(111)
surface. After introducing the heterostructure sample to the STM
scanner, we first approached the tip to the contact leads using visual
control and then navigated the tip to the heterostructure by scan-
ning. On the heterostructure, we performed large-area STM scans to
locate the graphene and FGT flakes and to check the cleanliness of
the heterostructure surface. To ensure a clean tunneling spectrum,
we then moved the tip back to the Ti/Au contact and safeguarded
that it showed a linear /(V) characteristics by repeated careful
indentation. We then retracted the tip out of tunneling contact and
jumped directly back to the clean surface of the heterostructure,
where we performed the measurements, thus preventing any tip
alterations that may otherwise occur during intermediate scans. All
spectroscopy measurements were performed after ramping the
magnetic field above the saturation field of the FGT flake, to achieve a
well-defined magnetization. STS was performed using standard lock-
in techniques at a frequency of 877 Hz and modulation amplitudes of
V'S“"“I =1to 3 meV. STM topographs were analyzed using Gwyddion®%.

The trapezoidal shape of the biased tunneling barrier in the WKB-
approximation results in a non-linear dependence of the tunneling
conductance as the voltage is increased:

dl/dv o pe €z, )

with the density of states p, the decay constant

2
K(E)= h—’f@eff — B+ i, (10)
the effective barrier height

an

(Deff _ q)tip + ;Dsample

for tunneling bias £ = eVs < @, and the momentum in the surface
plane k. As a result, states close to E¢ tend to have a smaller dl/dV
intensity than those at higher bias. In graphene, the intensity differ-
ence between states at lower and higher tunneling bias is further
enhanced by the inelastic tunneling channels that become available at
leV] > iw = Epp, which significantly increase the tunneling probability®.
Inside this inelastic gap, the elastic tunneling current to the graphene is
small, such that tunneling from the FGT dominates: Although the FGT
is further away from the tip than the graphene and thus has lower
tunneling probability (Eq. (9)), because of its significantly higher
density of states compared to the graphene, it dominates the tunneling
for |eV] < Epn: We estimate the respective elastic tunneling probabilities
by evaluating Eqs. (9-11) at the Fermi energy (E = 0). For graphene
(ky=17A" and z= h =10 A), it results e > = 3 x 107, For FGT on the
other hand (k, = LO5A™ and z = h + d = 13.34A), it results
e 2" ~ 5 x 1078, Thus, the theoretical elastic tunneling probability to
the K/K'-point states in the FGT is larger than in the graphene. In
addition, since FGT has a significantly higher density of states than
graphene, because the Fe 3d bands near K/K' are flatter than the gra-
phene r-bands, we conclude that the tunneling inside the inelastic gap
is dominated by the FGT.

We further note that, because the graphene is in direct contact to
the extended metallic FGT flake, dynamical Coulomb blockade effects
are strongly suppressed in our experiments® and thus cannot explain
our observed gap features. This argument is supported by the fact that
the observed inelastic gaps are almost identical compared to graphene
on insulating substrates?***,

The combined observation of a finite peak splitting at zero field
followed by an approximately linear shift as function of magnetic field
effectively rules out Landau level formation in the graphene as a
potential origin of the peak features, since they would follow a square-
root dependence F « +/B in the absence of lateral confinement®*. We
expect lateral confinement to be weak in our heterostructure, because
the graphene is coupled to the metallic FGT, which renders it n-doped
everywhere. Furthermore, our observations are not consistent with
conventional quantum-dot (QD) bound states or whispering gallery
modes (WGMs): Such states typically give rise to a series of peaks in the
density of states corresponding to bound states with increasing
(angular) momentum quantum numbers®>*®, In contrast, our hetero-
structure exhibits only two well-isolated peak features within the
inelastic gap. These features instead are phenomenologically much
more similar to tunable orbital moments of a gapped graphene Dirac
cone® 8, In those works, lateral carrier confinement in electrostatically
defined potential wells lifts the graphene’s inversion symmetry and
gives rise to orbital magnetic moments, which couple to external
electric and magnetic fields. In contrast to this work however, in our
heterostructure, both, inversion and time-reversal symmetry are
already broken, such that we do not require lateral confinement to
realize field tunable orbital moments. Instead, we observe the orbital
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moments of the gapped FGT nodal line, which dominates the tunnel-
ing. This interpretation is supported by the fact that the states intrinsic
to the graphene shift according to the graphene doping level®,
whereas the peaks in our experiments do not: In Fig. 4a, we demon-
strate that the graphene doping level can be tuned by AEp ~ 15 meV, by
changing the tip-sample distance. However, the peaks inside the
inelastic gap only shift asymmetrically by < 1meV, which points to
their origin not in the graphene, but in the FGT. This interpretation is
again consistent with our argument above, that tunneling inside the
inelastic gap is dominated by the FGT. Lastly, we rule out the formation
of a quantum dot in the FGT itself, because of its metallic nature.

We extracted Ep in Fig. 4a from the V-shaped Dirac spectrum
outside the inelastic gap by (i) subtracting the energy offset result-
ing from the inelastic tunneling process above the phonon threshold
thw, for positive and negative bias voltages separately, and (ii)
performing linear fits to the electron and hole sides of the linear
Dirac cone spectrum, respectively; the Dirac point energy £, at each
setpoint current was then extracted from their intersection. To
determine 6h in Fig. 4, we used the exponential dependence of the
tunneling current on the tip-sample distance ///, = exp("OA"’), where
Sh=ho-hand 2™ = (0.455 A) is the decay constant of the tunneling
current for monolayer graphene above the phonon threshold™.
Then

Sh=2A1n(l/ly), (12)

which is independent of the absolute values of 4 and hq.

Electrostatic model
From the experimental geometry, we estimate the tip and FGT capa-
citance density with respect to the graphene as

13

Cror =%° ~ 2.651 pFem 2, (14)
where &g is the vacuum permittivity and we estimate a graphene/FGT
layer spacing of d = 3.34 A and the initial tip height of h = 10A at
setpoint V5 =300 mV, /o = 0.1nA. We note that, realistically, the per-
mittivity of the graphene/FGT interface is expected to be higher than
£o, which would result in an increase of Crgr and thus a decrease of the
electric field at the graphene/FGT interface. The finite screening length
of the electric field in the FGT, on the other hand, leads to a decrease of
Crc; however, this change is expected to be small because of the
metallic character of FGT and the resulting short screening length®. In
any case, both of these effects have only minor influence on the tip-
height dependence of the interface field in our study, because the
response of the system is dominated by the change of the tip-sample
capacitance Cp,.

To model the charge distribution across the junction and the
heterostructure, we must take into account that the graphene screens
the tip electric field from the FGT, similar to a Faraday screen’’. We
therefore employed a capacitor model of the junction similar to the
one used in ref. 71. Because of the low density of states of graphene
close to the Dirac point, the model needs to include the graphene
quantum capacitance (per unit sample area)”

Cq=€p, (15)
where
2E,
= 16
n(fwg)? (16)

is the spin- and valley-degenerate graphene density of states at E¢
(per unit sample area), and vf the Dirac Fermi velocity. Integrating p
from the Dirac point to Eg, one obtains from Eq. (16) the number of
carriers per unit area in graphene as n,, = n*l(ED/wa)z. As usual, the
quantum capacitance is implemented as a capacitor in series to the
geometric capacitance between tip and graphene, C;, (see inset
Fig. 4b)”.. As a result of the quantum capacitance, the tip electric field
is not perfectly screened by the graphene and can penetrate to the
FGT underneath, establishing a capacitance Cggr between graphene
and FGT, in series with C;p. Because it is equivalent to a single
capacitor with distance h + d, the arrangement of G, and Cegr in
series is consistent with a tunneling path from the tip directly to the
FGT. We thus have two parallel tunneling paths (the other one from
the tip to graphene), which suggests putting the two capacitances C,
and Cggt in parallel, both connected to the same back contact of the
Ti/Au substrate (within the metallic FGT layer, there will be no
potential drop, despite its considerable thickness). In this model, we
neglect the inhomogeneity of the electric field due to the curved tip
shape, because we are interested only in the properties right
underneath the tip apex and the small graphene-FGT distance
compared to the tip radius (10-100 nm) results in effectively parallel
electric field lines there.
From the circuit diagram it is clear that

Negre _Ng€ _Ngp€
Crer C

17

and

Ngip + Mgy + Negr =0, 18)
the latter due to charge conservation, where ng,, ngp, and nggr are the
areal charge densities on graphene and the surfaces of the tip and FGT,
respectively. We solve the linear equation system by substituting
expressions derived from Eq. (17) into Eq. (18), obtaining

CasVie C

: w. . C
+ W8 TR, + 55T, =0,

= 19)
gr e C, & G ¥
Using the graphene quantum capacitance (Egs. (15) and (16))”
C ——262 /n
q- gr (20)
\/71(1V11)F)2
results in
\/ Aoy CinV
Mg+ (Cip + Crer) "5 2 : Vg m; £=0. @b
Substituting a = —\”;(:’ﬁ)z gives
+a(Cyp+C S 22)
Ng +a(Cp + Crgr)\/Ngr e O
which yields
a(Cep + Ceer)
\/’Tgr= _ tip 5 FGT
(23)

+ a(Ctip +Crar) 2 . Ctip Vis
2 e ’

where only the positive solution of the quadratic expression is physi-
cal, as ng, must vanish at Vs = 0. With Eq. (23), we determined the Dirac
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point energy as

Ep=+2¢%a,/ny,. 24)
The positive (negative) sign applies to holes (electrons).

The potential difference Vs between the tip and graphene is given
by the sum of the applied bias voltage and the contact potential dif-
ference between tip and sample surface

Vis=Vs+Vepp=Vs+(Dyp — D)/ € (25)
where the ® are the respective work functions. While the work
function of charge-neutral graphene is well known (see above), the
work function of the tip is more difficult to estimate, and critically
depends on the details of the tip apex. As a result, for W tips the tip
work function typically varies in the range 4.5-5.1eV". We indent our
W tips into Au before measurements and expect Au to stick to the tip
as a result of the preparation procedure. The work function of bulk
Au is D4, = 5.1eV, such that we estimate the resulting tip work
function to be in the range @y, = 4.6 -5.1€V, i.e., greater or equal to
that of graphene. The fit in Fig. 4b results in a tip work function of
Dy, = (4.66 = 0.03) eV, in excellent agreement with this range of
expected values. Our model further compares well with experiments
on graphene/NbSe, heterostructures (Qypee, = 5.6 €V), where a
significant hole doping corresponding to Ep = +400 meV was
reported”.

Angle-resolved photoemission spectroscopy

Photoemission measurements were performed on cleaved FGT bulk
single crystals and were conducted at NanoESCA beamline at Elettra,
using the modified Focus GmbH NanoESCA momentum microscope.
The sample was cooled using LHe and the temperature was stabilized
at =40K. The light was incident at an angle 65° with respect to the
surface normal, along the K-T-K’' direction. Supplementary Fig. S8b
shows spectra collected at fiv = 60 eV in sweep mode with an energy
step size of 0.02eV.

Disentangling band orbital and chiral orbital Zeeman effects
We approximate the observed peak shifting behavior as function of
magnetic field by the linear equation system

E =g upB+EY =(g° — g20)yupB +EY (26)

Ey=goupB+E3 = (g0 +gE)\ugB+E3, 27)

where E(B) are the peak energies, with £? = E,(B=0), and g$° and g5°
are the chiral and band orbital g-factors, respectively. Inserting the
fitted slopes from Fig. 3c, gyug = 1.8 meV/T and goup = 13.3 meV/T,
results in

BO :gZ ;gl ~ 100

z

(28)

and g$° ~ 130.

Data availability

The data used in this study are available at Jiilich Data™.
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