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Atomic Structure and Quasiparticle Interference of Epitaxial
Graphene on Ferromagnetic Mn5Ge3
Vivien Enenkel, Veronika Yastrebova, Elena Voloshina, Yuriy Dedkov, and Mikhail Fonin*

The implementation of graphene in spintronics requires the formation of high
quality graphene–ferromagnet interfaces for efficient spin injection. By using
low-temperature scanning tunneling microscopy (STM), the atomic structure
as well as the electronic properties of epitaxial graphene/ferromagnetic
-Mn5Ge3/semiconducting-Ge heterostructures are investigated. The
formation of the graphene/Mn5Ge3 interface is performed by Mn evaporation
on the graphene/Ge(110) surface combined with annealing during and after
deposition, yielding graphene on Mn5Ge3 crystallites of two distinct types,
each displaying a principal facet – graphene/Mn5Ge3(0001) and
graphene/Mn5Ge3(11̄20). STM imaging shows graphene/Mn5Ge3 interfaces
with a high degree of structural order down to the atomic level. The local
electronic structure of graphene/Mn5Ge3 probed by dI/dV spectroscopy and
by quasiparticle interference mapping is found to be very close to that of
free-standing graphene, with only a very small electron doping. These findings
provide important microscopic insights into a system with a potential for
spintronics device fabrication compatible with modern semiconductor
technology.

1. Introduction

Within the last two decades, graphene, a single layer of carbon
atoms arranged in a honeycomb lattice, is the most studied 2D
material owing to its fascinating properties as well as the device
application perspectives.[1–6] Low intrinsic spin orbit interaction
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as well as low hyperfine interaction
of the electron spins with the carbon
nuclei, which in combination with
high carrier mobility allow for ex-
cellent lateral spin transport, make
graphene also a particularly promis-
ing material for spintronics.[7–12] The
implementation of graphene in spin-
tronic devices requires the realization
of high-quality graphene/ferromagnet
(graphene/FM) interfaces, whose spin-
dependent properties strongly vary
depending on the interaction between
graphene and ferromagnet. Partially mo-
tivated by the theoretical works regard-
ing the high spin-filtering efficiencies
of graphene/FM interfaces,[13–15] early
experimental studies focused on the in-
vestigation of epitaxial graphene/3d-FM
systems, such as graphene/Ni(111)[16–19]

and graphene/Co(0001).[20,21] Upon
strong hybridization with the metal
3d states, graphene 𝜋-orbitals become

magnetically polarized, which is, however, accompanied by sig-
nificant changes in the electronic structure of graphene, i.e.,
loss of the Dirac-fermion-like character in the vicinity of the
Fermi (EF) level.

[18–21] The latter problem has been tackled in
two ways, either by intercalation of atomic species into exist-
ing graphene/ferromagnet interfaces in an attempt to reduce
the interfacial interactions[22,23] or by realization of new inter-
faces with bulk ferromagnets.[24–27] However, intercalation often
leads to suppression of graphene’s magnetism owing to the sub-
stantial reduction of coupling to the ferromagnet,[22,23] whereas
realization of novel interfaces often requires ex situ transfer
methods,[24,25,27] which cannot guarantee the required interface
purity. Recently, a particularly appealing system shifted into
the focus of the studies - the epitaxial graphene/ferromagnetic
Mn5Ge3 interface.

[28] Systematic density functional theory (DFT)
calculations for this system demonstrated that upon interaction
with highly spin-polarizedMn5Ge3

[29] substantial exchange split-
ting of the graphene 𝜋-states is induced. In particular the pres-
ence of only spin-up graphene electrons at the K point and at EF,
which conserve the Dirac-electron-like character, was found.[28]

Following the latter theoretical assessment, experimental real-
ization was reported, focussing on the investigation of the oc-
cupied states of the graphene/Mn5Ge3 interface by means of
angle-resolved photoemission spectroscopy (ARPES).[30] The ob-
served discrepancy between the experimentally measured elec-
tronic band structure and the reported DFT results,[28] was
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Figure 1. a) Large-scale STM image of the clean Ge(110) surface. b) Zoom
on the area marked by dashed square in (a), showing the zigzag structure
typical for the Ge(110)-c(8 ×10) surface reconstruction (both images: V =
+2 V; I = 100 pA; T = 4.8 K). c) and d) High-resolution STM images of
the c(8 ×10) structure at bias voltages +1.5 V and +1 V, respectively (I =
100 pA (c); I=500 pA (d); T= 6.5 K). Pentagon-pentagon pairs constituting
the surface zigzag chain structures are visible. Unit cell (cyan rhombus)
as well as two neighboring atomic pentagons (green points) are depicted
in (d).

attributed to deviations in the details of the atomic inter-
face structure, which can be experimentally addressed by local
probe techniques.
In the present study, atomic structure and local electronic

properties of graphene onMn5Ge3(112̄0) andMn5Ge3(0001) sur-
faces were investigated by means of low-temperature scanning
tunneling microscopy and spectroscopy (STM and STS). These
interfaces were realized by on-surface precipitation performed by
annealing during and after Mn deposition on graphene/Ge(110).
We analyzed the quasiparticle scattering on graphene to obtain a
detailed insight into graphene’s electronic structure in the vicin-
ity of the Fermi level. The experimentally obtained energy dis-
persion of the charge carriers in graphene provide information
about the graphene-Mn5Ge3 interaction.

2. Results and Discussion

Prior to graphene growth the quality and atomic structure of
the Ge(110) surface was investigated by scanning tunneling mi-
croscopy (STM).Figure 1 shows STM images of the cleanGe(110)
surface. Wide monoatomic terraces of ∼50–100 nm demon-
strating characteristic zigzag chains are observed (Figure 1 a,b).
The latter are usually attributed to the c(8 × 10)-reconstruction
formed by five-membered Ge clusters building up zigzag chains
along the [22̄5] direction on the flat Ge(110) surface.[31–33]

This reconstruction is associated with rapid cooling follow-
ing high-temperature annealing, which is part of our cleaning
procedure.[33] The unit element of a zigzag chain consists of a

tetramer (two pairs) of such distorted Ge clusters, which are vis-
ible as bright protrusions in STM (Figure 1c). Depending on the
bias voltage and tip state, Ge adatoms within the five-membered
clusters can be resolved as shown in Figure 1d. Based on the
thorough STM imaging of the sample surface (see also the cor-
responding low energy electron diffraction (LEED) images in
Figure S1, Supporting Information) we conclude that the overall
cleanliness and quality of the prepared Ge(110) samples corre-
spond to that reported in earlier studies.[34,35]

The growth of graphene on Ge(110) was performed by using
an atomic carbon source. The substrate temperature was kept
at 925°C during carbon deposition in order to assure single do-
main graphene growth on Ge(110).[35–41] The growth process was
stopped at a submonolayer coverage, thus, producing a sample
with both graphene-covered and graphene-free areas, optimal for
further Mn5Ge3 growth experiments.
Figure 2 a shows an overview STM topographic image of

the graphene/Ge(110) surface. Flat graphene flakes with lateral
sizes of up to 40 × 40 nm2 are spread over the Ge(110) sur-
face (see Figure 2b) achieving the cumulative coverage of about
0.3 monolayer (ML). As expected for graphene growth temper-
atures close to the melting point of Ge, single domain orienta-
tion is observed with the graphene armchair direction being par-
allel to the [1̄10] direction of Ge(110) as can be deduced from
the atomically resolved STM images. Depending on the tip state
and at a sufficiently large bias voltage (both polarities), Ge under-
neath graphene can be resolved. The previously discussed sur-
face reconstruction is no longer visible and the Ge atoms are
now roughly aligned in rows along the [1̄10] direction (as reported
in ref. [42], see inset Figure 2b).
In order to access the local electronic properties of graphene,

large-scale atomically resolved dI/dVmaps were recorded on top
of graphene islands (see the example given in Figure 2d). In both,
STM images and dI/dVmaps, the characteristic modulations of
the local density of states (LDOS) due to quasiparticle interfer-
ence (QPI) are observed. A 2D Fast Fourier transform (FFT) im-
age (Figure 2e) obtained from the dI/dVmap (Figure 2d) shows
small round features centered at the (

√
3 ×

√
3)R30◦ positions

with respect to the graphene atomic lattice spots, corresponding
to intervalley scattering. The analysis of the scattering features’
sizes from the dI/dVmaps recorded at different bias voltages
yields the information on the scattering vectors, which is used
to plot the dispersion relation E(k) of graphene in the vicinity of
the Fermi level (Figure 2f). The obtained data points are confined
to a line, which can be fitted by E(k) = ℏvFk + ED yielding a Dirac
point position of ED = (+5 ± 35) meV with respect to EF and a
Fermi velocity of vF = (1.58 ± 0.35) × 106 m/s. Thus, our data
suggests that graphene onGe(110) is only slightly n-doped, which
is in line with earlier reports, where the electronic properties of
graphene/Ge(110) were studied either by angle-resolved photo-
electron spectroscopy[30,42] or by STM.[35]

In the next step, nominally 40–50 MLs Mn were deposited
on the graphene/Ge(110) sample kept at 450°C to induce the
formation of the Mn5Ge3 alloy on Ge(110). Figure 3 a repre-
sents a large scale overview STM image of the surface after
Mn deposition. The surface morphology is mostly dominated
by large 3D islands of two different types. The islands of the
first type are triangular-prism- or wedge-shaped (bottom part of
Figure 3a), whereas the islands of the second (predominant) type
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Figure 2. a) Large-scale STM topographic image of the graphene/Ge(110) sample, showing graphene flakes on top of the Ge(110) surface (V =+2 V; I=
60 pA; T = 4.6 K). b) High resolution STM topography of two neighboring graphene flakes (V = +2 V; I = 60 pA; T = 4.6 K). Inset shows the arrangement
of Ge atoms underneath graphene (V = -2 V; I = 400 pA; T = 4.6 K). c) Atomically resolved STM topography obtained on top of a graphene flake on the
Ge(110) surface (V = +0.3 V; I = 400 pA; Vmod = 110 mV; T = 4.6 K). d) Simultaneously recorded dI/dVmap of the area shown in (c) showing LDOS
modulations due to charge carrier scattering. e) 2D FFT image of the map presented in (d) showing graphene atomic lattice spots (marked by blue

circles) as well as intervalley scattering features located at the (
√
3 ×

√
3)R30◦ positions (marked by green circles). f) Electronic dispersion relation E(k)

of the graphene flake shown in (c) and (d), as derived from the size of intervalley scattering features obtained from dI/dVmaps recorded at different
bias voltages (44.2 × 21.5 nm2; I = 400 pA; T = 4.6 K). The corresponding fit is shown as a solid line. Confidence interval is shown in green. Insets:
Magnifications of the intervalley scattering features at various energies (scale bars in all FFTs: 2 nm−1). All presented FFT images are symmetrized for
clarity by rotating the FFT by 60° and 120°, then overlaying the original and both rotated images and thereby adding up their intensities.

show a rectangular shape with a flat plateau on top (upper part of
Figure 3a).
Figure 3b,d shows high-resolution STM images obtained on

one of the faces of a wegde-shaped island presented in Figure 3a.
The atomically-resolved image shows a honeycomb structure
with a periodicity of about 7.2 Å (obtained from the analysis
of STM (Figure 3d) and the corresponding Fast Fourier trans-
form (Figure 3e) images) being very close to the unit cell pa-
rameter a = 7.184 Å of Mn5Ge3 suggesting the formation of the
Mn5Ge3(0001) surface.
The honeycomb structure contrast is consistent with the Mn-

termination on top of Mn5Ge3.
[43–46] The corresponding atomic

model is presented in Figure 3 d with Mn surface layer atoms
marked asMn-(S). The step height between two adjacent terraces
of theMn5Ge3(0001) nanoisland obtained from the height profile
(bottom panel of Figure 3b), amounts to about 5 Å being very
close to the unit cell parameter of c = 5.053 Å.
Figure 3c,f shows high-resolution STM images obtained on

top of a rectangular island. The analysis of the symmetry and
lattice parameters obtained from atomically-resolved STM im-
ages (Figure 3f) and corresponding 2D FFT images (Figure 3g)
yield a rectangular lattice with parameters of about a = 5.1 Å
and b = 12.5 Å. This is consistent with the (112̄0) surface plane

of the Mn5Ge3 crystal (unit cell parameters are a = 5.053 Å
and b = 12.443 Å). The atomic model of the Mn-terminated
Mn5Ge3(112̄0) surface is shown in Figure 3f. The atomic rows
visible in the STM image correspond to the two-atom Mn rows
running along the [0001]-direction. Every single feature within
the row correspond to two pairs of surface Mn atoms constitut-
ing a rectangle with a second layer Ge atom in the center. The step
height of about 3.5 Å between the adjacent terraces corresponds
to the interlayer distance d = 3.592 Å along the [112̄0] direction.
The epitaxial orientations of the two types of islands with re-
spect to the substrate correspond toMn5Ge3(112̄0)||Ge(110) with
[112̄0]Mn5Ge3

|| [110]Ge; [1̄100]Mn5Ge3
|| [1̄10]Ge and Mn5Ge3(0001)

roughly parallel to Ge(001) with [0001]Mn5Ge3
roughly parallel to

[001]Ge.
[45]

Upon Mn5Ge3 formation, intercalation of Mn in the
graphene/Ge(110) interface takes place, which leads to the
presence of graphene flakes on top of the Mn5Ge3 islands.
Graphene flakes can be easily distinguished owing to their par-
ticular shape on top of Mn5Ge3 islands observed in STM images,
as shown in Figure 3, and do not change in size or distribution
compared to the initial coverage on Ge(110). Graphene flakes are
found on terraces away from step edges (Figure 3a) or partially
incorporated into Mn5Ge3 terraces with the flake edge being
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Figure 3. a) Large-scale STM topographic image of the surface after Mn deposition showing compact Mn5Ge3 islands (V = +1.3 V; I = 60 pA, T = 4.6 K).
b) STM image obtained on top of a Mn5Ge3(0001) island (marked by dashed square in (a)) together with the corresponding height profile (V = +1 V;
I = 700 pA; T = 4.6 K). c) STM image obtained on top of a Mn5Ge3(112̄0) island together with the corresponding height profile (V = +2 V; I = 60 pA;
T = 4.6 K). Both islands show graphene flakes on top. d) Atomically-resolved STM image of the Mn5Ge3(0001) surface (V = -200 mV; I = 700 pA; T =
5.7 K). Corresponding unit cell (cyan rhombus) and atomic model are depicted. e) 2D FFT image of (d) with the reciprocal lattice spots of Mn5Ge3(0001)
marked by red circles. f) Atomically-resolved STM image of the Mn5Ge3(112̄0) surface (V = +10 mV; I = 100 pA; T = 5.7 K). Corresponding unit cell
(cyan rectangle) and atomic model are depicted. g) 2D FFT image of (f) with the reciprocal lattice spots of Mn5Ge3(112̄0) marked by red circles.

connected to the adjacent Mn5Ge3 step-edge (Figure 3b,c). The
flakes’ surface appears very flat with only very small corrugation.
Depending on the applied bias voltage and tip state we are able
to discriminate between the Mn5Ge3 and graphene surface
areas. For suitable tip states and often larger bias voltages (both
polarities) graphene is virtually transparent. Only flake contours
as well as an unaltered atomic structure of Mn5Ge3 underneath
the graphene layer are visible, in contrast to the altered atomic

structure of Ge(110) discussed earlier. When the bias voltage
is lowered toward EF, the atomic lattice of graphene can be
resolved, as shown in Figure 4a,b on top of Mn5Ge3(0001) and
Mn5Ge3(112̄0), respectively.
2D FFT images obtained from the STM topographies show

the presence of both graphene-related and Mn5Ge3-related
atomic spots (Figure 4c,d) and allow for the identification of
the graphene lattice orientation with respect to the underlying
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Figure 4. a) and c) Atomically-resolved STM images of graphene on Mn5Ge3(0001) and on Mn5Ge3(112̄0), respectively ((a): V = −200 mV; I = 700 pA,
T = 4.6 K, (c) V = -10 mV; I = 100 pA, T = 4.6 K). b) and d) 2D FFT images obtained from (a) and (c), respectively. Graphene reciprocal lattice spots are
marked by blue circles, Mn5Ge3 atomic lattice spots are marked by red circles. e) Top views of the atomic ball models of graphene/Mn5Ge3(0001) and
graphene/Mn5Ge3(112̄0), respectively. The cyan rhombus and the cyan rectangle correspond to the Mn5Ge3 unit cells.

substrate lattice. For the graphene/Mn5Ge3(0001) interface we
found that graphene is aligned to the substrate with the graphene
zigzag edges along the Mn5Ge3 [1̄010] and the armchair edges
alongMn5Ge3 [1̄21̄0] directions. The lattice arrangement roughly
corresponds to a (3 × 3) graphene/Mn5Ge3(0001) structure, as
presented in Figure 4b (bottom panel) as an atomic model.
In case of graphene/Mn5Ge3(112̄0) the situation turns out to
be more complex as the honeycomb graphene lattice has to
accommodate the rectangular atomic lattice of the substrate.
Graphene zigzag edges are found to align roughly along the
Mn5Ge3 [0001] and the armchair edges along Mn5Ge3[1̄100] di-
rections, as presented in the atomic model in Figure 4d (bot-
tom panel). We note that, as for graphene/Ge(110), small ro-
tational offsets of up to 9° relative to these directions can be
found depending on the actual graphene flake, (see also the cor-
responding low energy electron diffraction (LEED) images in
Figure S1, Supporting Information). The exact origin of these
small rotational offsets[37,39] remains unclear. One possible ex-
planation is that, despite temperatures being within a few de-
grees of the Ge melting point, they may still be insufficient to
completely anneal out orientation defects. Alternatively, the weak
interaction between graphene and the Ge(110) surface, may al-
low for a small degree of rotational freedom during nucleation
and growth. Overall, our STM results indicate the formation of
clean and flat graphene/Mn5Ge3 interfaces with a high degree of

structural order down to the atomic level within the investigated
regions.
In order to obtain information about the electronic properties

of graphene/Mn5Ge3, QPI (dI/dV) maps were recorded on ex-
tended graphene flakes on flat Mn5Ge3 terraces. We note that
a pronounced scattering in graphene on Mn5Ge3 could be ob-
served, which allows for dI/dV map sizes down to about 10
× 10 nm2, thus, providing enough intensity in QPI as well as
acquisition of dI/dV maps in a very broad voltage range be-
tween −700 mV and +900 mV. Figure 5a,b shows examples of
dI/dV maps together with the corresponding 2D FFT images.
Besides the atomic spots, we observe intervalley scattering fea-
tures centered at the (

√
3 ×

√
3)R30◦ positions with respect to

the graphene atomic lattice spots.
As shown in Figure 5d, the overall round intervalley scatter-

ing features clearly vary in size with energy. While they appear
point-like close to EF (between ±300 mV), at energies further
away they gradually open into a circle, for both occupied and un-
occupied states. Even at energies particularly close to EF, e.g.,
±2 mV, scattering in graphene is still observed (see Figure S2,
Supporting Information) setting the margin of a possible band
gap size to just severalmillielectronvolt. Recent ARPES results[30]

indicated the existence of a bandgap of 20±10 meV, being some-
what larger as observed in our studies. This can be explained
by averaging over different adsorption configurations and thus
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Figure 5. a) and b) Atomically-resolved dI/dV maps and corresponding FFT images of the graphene/Mn5Ge3(112̄0) and graphene/Mn5Ge3(0001)
surfaces, respectively ((a): V = +900 mV; I = 700 pA; Vmod = 100 mV; T = 4.6 K; (b): V = +50 mV; I = 500 pA; Vmod = 20 mV; T = 5.4 K). In FFT images
the features are marked as follows: graphene reciprocal lattice - blue, intervalley scattering features - green, Mn5Ge3 reciprocal lattice - red. c) Electronic
dispersion relation E(k) of graphene/Mn5Ge3(112̄0), as derived from the size of intervalley scattering features obtained from dI/dV maps recorded at
different bias voltages. The corresponding fit is shown as a solid line. Confidence interval is shown in green. d) Magnifications of the intervalley scattering
features at various energies obtained on graphene/Mn5Ge3(112̄0) (scale bars in all FFTs: 5nm

−1; maps: 10.4 × 10.4 nm2; I = 700 pA; T = 4.6 K) as well
as on graphene/Mn5Ge3(0001) (scale bars in all FFTs: 5nm

−1; maps: 7.8 × 7.8 nm2; I = 500 pA; T = 5.4 K). FFT images of graphene/Mn5Ge3(0001) are
symmetrized. All features are marked by circles as guide for the eye. We note that at energies further away from the Dirac point trigonal warping sets in
and the features are not exactly round any more. For the energies with noticeable warping the measured values correspond to the Γ-K direction, which
exhibits linear dispersion in the relevant energy range.

different average interaction strength between graphene and
Mn5Ge3 in case of ARPES compared to the local measurement
presented in our work. The analysis of the QP scattering fea-
tures from the maps obtained on graphene/Mn5Ge3(112̄0) at
different energies allow us to plot the dispersion relation E(k) of
graphene (Figure 2c). The experimental data yields a linear dis-
persion relation for graphene with ED = (–28 ± 57) meV with re-
spect to EF and a Fermi velocity of vF = (1.19± 0.1) × 106 m/s. For
graphene/Mn5Ge3(0001) only few dI/dV maps around EF could
be acquired showing only point-like intervalley scattering features
(see Figure 5d), which could not be used for the quantitative dis-
persion analysis but suggesting that the position of the Dirac
point is also close to EF as found for graphene/Mn5Ge3(112̄0).
Table 1 summarizes the different values of ED and vF obtained in
this study.
We further investigated the electronic properties of graphene

by single-point dI/dV spectroscopy. Figure 6 shows a single-
point dI/dV spectrum recorded on graphene/Ge(110) (violet)

showing three pronounced features at bias voltages of –1 V,
–0.55 V, and +0.8 V. Those dominant features stem from the
surface states of Ge(110) underneath graphene as discussed
in earlier studies,[47,48] thus, suggesting only a small influ-
ence of graphene on the observed DOS. Further spectroscopic
measurements were performed on Mn5Ge3(0001) as well as
graphene/Mn5Ge3(0001), which are also shown in Figure 6.
These area-averaged dI/dV curves show a metallic character
and overall comparable spectral shape, which does not show

Table 1. Summary of Dirac point energies (ED) and Fermi velocities (vF)
for the different studied systems.

System ED [meV] vF [× 106 m/s]

Graphene/Ge(110) +5±35 1.58±0.35

Graphene/Mn5Ge3(112̄0) −28±57 1.19±0.1
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Figure 6. Single-point dI/dV spectrum obtained on graphene/Ge(110) –
violet (Vset = 1 V; I = 300 pA; T = 4.6 K). Area-averaged dI/dV spectra (5 ×
5 point grid on 5 × 5 nm2; Vset = –1 V; I = 700 pA; T = 4.6 K) obtained on
Mn5Ge3(112̄0) – orange, graphene/Mn5Ge3(112̄0) – blue, Mn5Ge3(0001)
– red and graphene/Mn5Ge3(0001) – green.

particularly pronounced features in the range between –1 and
+1 V. Only small variations of DOS are visible, which can be
attributed to the presence of surface/interface states.[28,46] The
small dip at EF most likely originates from spin-splitting of the
Mn5Ge3 bands, resulting in a reduction of the total DOS at
EF.

[28] For Mn5Ge3(112̄0) and graphene/Mn5Ge3(112̄0) the spec-
tra show roughly the same shape as for the case of the (0001)
plane. No features pointing at strong hybridization between the
electronic states of Mn5Ge3 and graphene 𝜋-bands are observed,
thus suggesting a decoupled quasi-free-standing graphene layer,
which is in agreement with our dI/dVmapping results.
Thus, our data points at the realization of the

graphene/Mn5Ge3 interface with graphene being particu-
larly close to charge neutrality and the value of vF almost
coinciding with that of free-standing graphene. The formation of
quasi-free-standing graphene can be attributed to the absence of
orbital mixing of the electronic states of graphene and Mn5Ge3
close to the Fermi level, which can be deduced from the analysis
based on the DFT calculations.[28] Our findings are in line
with recent ARPES experiments,[30] where linear dispersion
of the graphene-derived 𝜋-bands around the K-point and a
small n-doping was observed upon Mn intercalation underneath
graphene on Ge and formation of graphene/Mn5Ge3. In par-
ticular, a very good agreement with our study is found for the
extracted positions of the Dirac points ED − EF = (–65 ± 10) meV
for graphene/Mn5Ge3/Ge(110) and ED − EF = (–90 ± 10) meV
for graphene/Mn5Ge3/Ge(111), respectively.

3. Conlusion

We performed a detailed study of the atomic structure and local
electronic properties of the epitaxial graphene/Mn5Ge3/Ge(110)
system prepared by Mn evaporation on graphene/Ge(110) com-
bined with annealing during and after deposition. Mn5Ge3 crys-
tallites of two different types, each showing a primary plane
of Mn5Ge3 – Mn5Ge3(0001) and Mn5Ge3(112̄0) – are found
on the sample surface after the solid-state precipitation. Low-
temperature STM studies show graphene/Mn5Ge3 interfaces for
both types of crystallographic structures very well ordered down
to the atomic level within the investigated regions. The local
electronic structure of graphene/Mn5Ge3 was thoroughly char-

acterized by quasiparticle interference mapping and single-point
dI/dV spectroscopy. Graphene is characterized by the linear dis-
persion of the 𝜋− bands around the K point with a Fermi velocity
of vF = 1.19 ± 0.1 × 106 m/s and a particularly small n-doping
of ED − EF = −28 ±57 meV. The quasi-free-standing nature of
graphene onMn5Ge3 is explained by the rather weak orbital mix-
ing of the electronic states of Mn5Ge3 and graphene 𝜋-bands
close to the Fermi level. Taking into account the strong exchange-
splitting in ferromagnetic Mn5Ge3, proximity exchange of Dirac
electrons in graphene/Mn5Ge3 can still be present even with-
out strong orbital hybridization in the vicinity of the Dirac point,
thus, encouraging further investigations of this interface with the
main focus on spin-resolved experiments regarding graphene 𝜋-
states.

4. Experimental Section
Growth and STM studies were performed in a ultra-high vacuum
system (Scienta Omicron) with base pressure of 1 × 10−10 mbar.
Ge(110) substrates (G-materials (Germany), Sb-doped, resistivity 0.015
–0.017 Ω ·cm) were cleaned by repeated cycles of Ar+-sputtering (1.5 keV;
pAr = 5.5 × 10−5 mbar) and subsequent annealing (T = 870°C). Graphene
was grown by carbon evaporation from an atomic carbon source (Dr.
Eberl MBE-Komponenten GmbH) with the substrate temperature kept
at T = 925°C. Mn evaporation was performed from an effusion cell (Dr.
Eberl MBE-Komponenten GmbH) at a fixed rate of 2 Å/min onto the
graphene/Ge(110) sample kept at 450°C. This procedure yields large epi-
taxial Mn5Ge3 islands on Ge(110). The temperature was chosen based
on previous studies demonstrating efficient formation of Mn5Ge3 on
Ge(111)[29,43,44,46] and Ge(001)[45] by annealing after Mn deposition in
the temperature range of 300–650°C. Low-temperature STM experiments
were performed in a Cryogenic STM (Scienta Omicron) operated at 4-10 K.
STM data were acquired in the constant-current mode using grinded and
polished PtIr tips (Nanoscore GmbH). The sign of the bias voltage (V)
corresponded to the potential applied to the sample. The differential con-
ductance dI/dV point spectra as well as dI/dV mappings were acquired
using a standard lock-in technique or by numerical differentiation of the
I–V curves, with parameters given in the paper text.
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