Spin-dependent 7m7* gap in graphene on a magnetic substrate
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We present a detailed analysis of the electronic properties of graphene/Eu/Ni(111). By using
angle and spin-resolved photoemission spectroscopy and ab initio calculations, we show that the
intercalation of Eu in the graphene/Ni(111) interface gives rise to a gapped freestanding dispersion
of the 77* Dirac cones at the K point with an additional lifting of the spin degeneracy due to the
mixing of graphene and Eu states. The interaction with the magnetic substrate results in a large
spin-dependent gap in the Dirac cones with a topological nature characterized by a large Berry
curvature, and a spin-polarized van Hove singularity, whose closeness to the Fermi level gives rise to

a polaronic band.

Graphene is a highly promising material for spintron-
ics applications due to its large spin transport coherence
length [1} 2], and its particular band structure, especially
for the massless Dirac cones and the nearly flat van Hove
singularities (VHSs) [3H7]. Despite graphene being a non-
magnetic material, it can acquire spin polarization by
the proximity effect in contact with magnetic materials.
However, on transition metals Fe, Co, and Ni the inter-
action with 3d states strongly modifies the m7* states,
which form complex hybrid bands and lose their linear
character [8H11]. One of the goals of spintronics would
be turning graphene into a spin-conductor, finding sup-
porting magnetic materials that preserve the graphene
electronic properties almost unaltered [5H7, [12]. Remov-
ing the spin degeneracy may turn graphene into a spin
field effect transistor [13], spin valve [14], or spin-transfer
torque device [15]. In turn, a spin-polarized VHS may
lead to unconventional superconductivity [16], quantum
phases[17], and insulating topological states [18] [19].

Recent works have addressed the intercalation in
graphene/ferromagnet heterostructures [9] [19H27], where
the m and 7* bands recover their characteristic linearity.
In particular, the rare earth metallic intercalants addition-
ally induce a heavy electron doping that brings the VHS to
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the proximity of the Fermi level (FL) [19H21]. A remark-
able example is the Eu intercalated graphene/Ni(111)
system, which has been studied by density functional
theory (DFT) calculations and x-ray magnetic circular
dichroism (XMCD) [21]. The calculations show that the
2p states of C atoms lose the characteristic hybridization
with the 3d states of Ni. The electron density of states
(DOS) is spin-dependent and the XMCD data show that
the Eu monolayer (ML) is ferromagnetic within the layer
while being antiferromagnetically coupled to the Ni un-
derlayer. The presence of the Ni film leads to a magnetic
ordering above room temperature in the Eu layer, in con-
trast to the case of an iridium substrate that leads to
a much lower transition temperature [28]. This makes
the graphene/Eu/Ni(111) system interesting for possible
applications in spintronics.

In this Letter, we investigate the electronic and mag-
netic properties of graphene/Eu/Ni(111), carried out
by angle- and spin-resolved photoemission spectroscopy
(ARPES and spin-ARPES), and DFT calculations. Our
results show that, as a consequence of the intercalation,
graphene is decoupled from Ni, and its m7n* states re-
cover a linear dispersion in the proximity of the K point.
The interaction with the Eu 4f states removes the spin
degeneracy near the Dirac point and induces a large spin-
dependent gap between the m and 7* bands. The large
Eu-induced n-doping leads to the emergence of a spin-
polarized VHS at FL and a pronounced quasiparticle band.
In the vicinity of the energy gap, our calculations suggest
the presence of a large Berry curvature, corroborating the
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topological nature of the bands [29] [30].

Fig. [[(a) shows the calculated band structure of
graphene/Eu/Ni(111) (for details see Sec. I of Sup-
plemental Material (SM)[31]). The system forms a
(v/3 x V/3) R30° superstructure with respect to the pris-
tine graphene and Ni(111) lattices [21]. Its bands are
folded as indicated in Fig. [I(b) and by the z-axis la-
bels of Fig. E(a). Since the superlattice-related replicas
are not experimentally observed in our photoemission
study, due to a weakening of the scattering potential after
the intercalation [11l [19] 53], we will not consider the
folding-induced bands and will refer to the (1 x 1) surface
for the indexing. The graphene’s 77* bands are shifted
to higher binding energy with respect to freestanding
graphene (see Fig. S1(a) of SM Sec. I[31]), due to the
electron doping from Eu. The position of the Dirac cone
overlaps with the Eu 4f minority states shown by green
color (Fig. [1)). The magnitude of the doping-induced shift
(1.4 eV approximately) is similar to the one observed in
other graphene systems doped with rare earth or alkaline
metals [4] [54H57].

Figs. [I(c) and [L(d) show a zoom of the region of the
Dirac point along I'K (k,) and the perpendicular direc-
tion, p(I'K) (k.), respectively, indicated in the Fig. b),
revealing several important details in the graphene band
structure. First, the 77* bands exhibit close to K a con-
ical dispersion, typical of a gapped quasi-freestanding
graphene [9, [58] 59], indicating that the Eu intercala-
tion attenuates the graphene-Ni interaction. Second, the
graphene states acquire a spin-polarization in some de-
fined binding energy and wave vector regions where they
interact with the Eu states. A large gap of about 900
meV opens for the spin-minority channel, mostly due to
the hybridization with the polarized Eu 4f states (see
SM Sec. I[31]). For the majority-spin states, which are
not affected by the interaction with the Eu 4f, the gap is
about 150 meV. Furthermore, we notice in the 'K direc-
tion a strong bending of the Dirac 7* band (Fig. [L(a)).
Such flat dispersion is related to the presence of the VHS
at the M point, which is shifted close to FL because of
the large electron doping (Fig. S1(a,b) of SM Sec. I[31]).
The interaction with the spin-polarized Eu sp-bands is
expected to induce a spin polarization also for the 7*
bands associated with the VHS. This is clearly seen in
Fig. S1(b) of SM|31], which shows the calculated band
structures of graphene on Eu without the Ni substrate,
where the VHS shows two spin-split branches. On a Ni
substrate, the indirect interaction with Ni states leads
to a stronger delocalization of the VHS’s minority spin
branch, so only the majority branch can be observed (see
Fig. S2(a,b) of SM Sec. I|31] for the corresponding densi-
ties of states). Similar results on the VHS properties were
recently reported for the graphene/Eu/Co(0001) [19)].

ARPES and spin-ARPES measurements were per-
formed in order to confirm the dispersion and spin-
polarization of the graphene 77* bands, in particular
near the Dirac point, predicted by the theoretical cal-
culations (for details see Sec. II of SM[31]). Figs. [2(a)

and 2(b) show the ARPES data of the system close to
K along k, and k;, respectively, that can be compared
to Figs. [[(c) and [I[(d). Dispersing graphene bands are
crossed by a broad flat Eu 4f state close to 1.5 eV. We can
confirm the effects of doping and an almost linear disper-
sion of the 77* bands (see also Fig. S4 of SM Sec. II[31]).
The second derivative spectra more clearly indicate the
presence of two cone-like features and the opening of two
different energy gaps at the K point (Figs. |Z(c,d))7 that
amount to 250 + 50 meV (blue arrows) and 1100 + 50
meV (red arrows). Fig.[2(e) reports the spin-integrated
energy distribution curves (EDCs) extracted from the
p(I'K) map, where it is possible to follow the dispersion
of the m7* states for the two spin channels. These results
are in agreement with the DFT predictions for two spin-
dependent gaps, that we further confirm by spin-ARPES
measurements. We analyzed the spin polarization at two
different wave vectors: away from the Dirac point, where
only the Eu 4f states are visible (k, = —0.8 A~1), and
at the Dirac point (k, = 0 A=), where Eu and graphene
states overlap (black dashed lines in Fig. 2(b)). Figs. [2|f-i)
show the corresponding majority and minority intensities
(panels (f,h)) and spin polarization curves (panels (g,i)).
Away from the K point, we confirm the spin polarization
of the Fu 4f states: the majority- and minority- states
of Eu (at ~ 1.5 eV) show two similar large single-peak
energy profiles with a non-complete spin polarization of
about 15%, due to the finite temperature and a non-
complete magnetic saturation of the sample (Figs. [2[f,g)).
The sharp peaks just below FL are the Ni states with
prevalent polarization opposite to the Eu 4f states. At
the K point, the majority- and minority-spin states show
two-peaked profiles with clearly different energy distances
between the peaks (Fig. [2(h)). We can distinguish the
corresponding minima and maxima in the spin polariza-
tion spectra (Fig. [2(i)), better visible for 7 states, and
estimate the peak separation to be about (400 + 100)
meV for the majority-spin channel and (1050 £+ 100) meV
for the minority-spin channel. These results are in agree-
ment with the majority and minority gap values provided
by our calculations.

Close to FL we can notice in Figs. 2(a,c) a strong
bending of the 7* band with increasing the k, values
(towards the M point). Such feature is in a very good
agreement with the DFT calculations that predict the
VHS of the 7* band to be located just above FL [4] [19]
60]. Figs. [3(a) and [3(b) show the experimental Fermi
surface where the VHS is marked by black arrows. In
the ARPES maps (Figs. B(c,d)) it can be observed as
a weak intensity right at FL that extends towards the
M point. Due to the low intensity of the VHS, we were
not able to access experimentally its spin polarization.
The agreement between the DFT calculations and our
ARPES and spin-ARPES data for the Dirac cone suggests
that the VHS preserves a spin-polarization with minority
character, similarly to the graphene/Eu/Co system[19].

In Figs. a—e) we can also notice a second low-dispersive
feature, which stems out from the Dirac cone at about



> >

8 S

0 [

c [

o 3]

2 2

k=] ©

£ £

o @

ke (A7)

Figure 1: (a) Spin resolved DFT band structure calculated for graphene/Eu/Ni/(111) along the main high symmetry directions.

The red (blue) color indicates the graphene minority (majority) bands. The green (yellow) color indicates the Eu minority
(majority) spin channels. The weight of the Ni states, in the background, is artificially reduced for clarity. (b) Schematic of the
surface BZs of the (1 x 1) graphene/Ni(111) (black), and the (v/3 x v/3) R30° superstructure (magenta). The two segments,
investigated by theory and experiment, are drawn in yellow and light blue colors. (c¢) and (d) Zoom of the calculated bands along

'K and p(T'K), respectively. Red (blue) arrows indicate the minority (majority) cones. The binding energy scale is referred to
FL.
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Figure 2: (a-d) Spin-integrated ARPES maps of graphene/Eu/Ni(111) (a,c) along the 'K direction and (b,d) along the p(I'K)
directions. (a,b) As-taken data and (c,d) their second derivative along the energy axis. (e¢) EDC spectra extracted from the
map shown in panel (b). Black dots follow the dispersion of the m and 7" states for the two spin channels. The bolded lines
correspond to k; = 0 and k, = —0.8 A~*. Red (blue) dots indicate the edges of the minority (majority) gap. The non-dispersive
peak at 180 meV of binding energy is the PB band. (f,;h) Minority-spin (red curves) and majority-spin (blue curves) EDCs at (f)
ky = —0.8 A=' and (h) k, = 0 A~ (as the dashed lines indicate in (b)). Red (blue) arrows indicate the width of the minority

(majority) gap. (g,i) Spin polarizations corresponding to the spectra shown in panels (f,h), respectively. Data were acquired at
25 K and a photon energy of 50 eV.

180 meV of binding energy. We identify the nature of this

on highly n-doped graphenes close to M, it is rarely
spectral feature as related to polaronic effects, and we

reported at K [4, [19, [56] 64, 65], and often attributed

denote it as polaronic band (PB). Such spectral feature,
which is also clearly visible in Figs. c—f ), is absent in the
DFT simulations. We can observe that it extends towards
M as a replica of the VHS in Fig. c). A kink at a similar
binding energy is commonly observed in graphene bands
and is attributed to electron-phonon (el-ph) coupling
[58, [61H63]. While a band similar to PB is observed

to the substrate or dopants [19] 64} 65]. This hypothesis
is in contrast with the variety of systems where this band
was observed. The 180 meV binding energy corresponds
to the phonon mode of graphene, and indeed several
studies associated the PB band to a strong el-ph coupling
in the polaronic regime [4 [56], boosted by the closeness
of the VHS. Our findings support this view: in Fig. d)
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(a,b) Experimental Fermi surface of graphene/Eu/Ni(111) with and without the surface Brillouin zone on top (hv=50

eV). (c) ARPES maps along KM with an enhanced contrast (hv=40 eV). (d) Cut perpendicular to I'K direction at the point
indicated by the black dashed line in (a) and (c) (hv=75 eV); (e,f) ARPES spectra along 'K and p(T'K) showing the zoom on
the vicinity of PB band, white dashed lines indicate the slope of the 7* band in the proximity of the kink (hv=>50 eV); (g,h)
Theoretical simulations of the ARPES spectral function along the same cuts as in panels (c)-(d) including the many-body effects
of the retarded electron-phonon self-energy. The binding energy scale is referred to FL.

the main spectral feature at low-energy w ~ 0 associated
with the VHS, is accompanied by a weak replica at w ~
160 — 180 meV, where no DFT bands are expected, with
the typical profile of a polaronic replica [56} [66] (see Fig. S5
of SM Sec. III[31]). We confirm the robustness of this
interpretation by performing many-body self-consistent
calculations of the retarded el-ph self-energy in the strong-
coupling regime (see Sec. ITI of SM|31] for details). From
the ratio of the low-energy and high-energy slopes (see
Figs. e7f)) we estimate A = 1.63 and A = 0.3 along I'K)
and p(['K), respectively. The resulting spectral features
along T'K and p(TK), are shown in Figs. g,h). The
so-extended observed polaronic band is well reproduced
when the VHS is placed in the proximity of FL. The result
of the model, using the same strength of el-ph coupling
but with the VHS far from FL, leads to a much weaker
PB band (see Fig. S6 and Sec. IIT of SM [31]). This
demonstrates a direct relation of PB to the VHS band at
FL and hence to the large n-doping induced by Eu.

The above reported large and spin-dependent
graphene’s gap can give rise to a number of effects for spin-
tronic applications, such as spin-filtering, spin-selective
injections or the quantum anomalous Hall effect. Regard-
ing the latter, we evaluated the topological character of
the gap by calculating the Berry curvature |67, [68] of a
(v/3 x v/3)R30° Eu in contact with freestanding graphene
(see Fig. S1(b) of SM Sec. I[31]). Fig. [i(a) shows the
Berry curvature %, [69] as a function of binding en-
ergy and wave vector in the proximity of the Dirac cone,

for the in-plane spin polarization, corresponding to the
present experimental case. We can observe a finite Berry
curvature that gives rise to a sizeable k-resolved integral
curvature (Fig. [fb)). Higher values can be obtained for
the out-of-plane spin polarization direction (Figs. c,d))
that can be experimentally realized, for example, on a
thin Co substrate [70]. Due to the (v/3 x v/3)R30° re-
construction, there is an overlap of the Dirac cone with
the Eu sp-states, and a superposition of two opposite
contributions from K and K’ leading to a lowering of
the integral curvature. In order to cross-check our find-
ings, we also analyzed the (2 x 2) graphene/Eu system
(Fig. S7(a) of SM Sec. IV[31]), that can be realized on
Ir(111) [28]. The disentanglement of the contributions
from K, K’ and Eu sp-band provides a simpler electronic
pattern in the proximity of the Dirac point, and leads
to an increase of the Berry curvature values by orders of
magnitude (Figs. S7(b,c) of SM Sec. IV[31]). For this sys-
tem, we also calculated the anomalous Hall conductivity
and found that it reaches about —e?/h at the minority
gap (Fig. S8 of SM Sec. IV[31], red arrows). This finding,
according to the literature [68] [71] [72], elucidates the pos-
sibility of turning the graphene-Eu heterostructures into
candidate systems for quantum anomalous Hall effect. In
conclusion, through theoretical studies and experimen-
tal evidence, we show that graphene on a magnetic Eu
presents an almost unaltered dispersion of the m7* states
together with a lifting of spin degeneracy and a large
electron doping. DFT predicts that, at the Dirac point,
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Figure 4: Berry curvature calculation. (a) k-resolved Berry
curvature for the graphene/Eu system with in-plane spin di-
rection in the proximity of the Dirac cone along the KI'M
direction. The energy scale is referred to the Dirac point.
The color scale is logarithmic where red=positive, green=zero,
blue=negative. (b) Band-integrated k-resolved Berry curva-
ture, taken on the valence states. (c,d) same as (a,b) for an

out of plane spin direction.

a large energy gap opens for the minority spin channel
due to the spin-dependent interaction with Eu 4f states,
while in the opposite spin channel, which is undisturbed

by substrate states, a smaller gap opens. ARPES and
spin-ARPES data provide experimental evidence for this
spin-polarized gap. We furthermore report on the spec-
troscopic signature of a polaronic band and demonstrate
its direct relation to the large Eu-induced n-doping and
the VHS. A finite Berry curvature across the gap and
the breaking of the time-reversal symmetry allow for the
emergence of a quantum anomalous Hall effect in this
system.
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