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Europium underneath graphene on Ir(111): Intercalation mechanism,
magnetism, and band structure
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The intercalation of Eu underneath Gron Ir(111) is comprehensively investigated by microscopic, magnetic, and
spectroscopic measurements, as well as by density functional theory. Depending on the coverage, the intercalated
Eu atoms form either a (2 x 2) or a («/5 X «/.°7a)R30O superstructure with respect to Gr. We investigate the
mechanisms of Eu penetration through a nominally closed Gr sheet and measure the electronic structures and
magnetic properties of the two intercalation systems. Their electronic structures are rather similar. Compared to
Gr on Ir(111), the Gr bands in both systems are essentially rigidly shifted to larger binding energies resulting in n
doping. The hybridization of the Ir surface state S; with Gr states is lifted, and the moiré superperiodic potential
is strongly reduced. In contrast, the magnetic behavior of the two intercalation systems differs substantially,
as found by x-ray magnetic circular dichroism. The (2 x 2) Eu structure displays plain paramagnetic behavior,
whereas for the (v/3 x +/3)R30° structure the large zero-field susceptibility indicates ferromagnetic coupling,
despite the absence of hysteresis at 10 K. For the latter structure, a considerable easy-plane magnetic anisotropy

is observed and interpreted as shape anisotropy.
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I. INTRODUCTION

Graphene (Gr) is a promising material for spintronics
and related applications because of its small spin-orbit and
hyperfine interactions [1,2]. To make full use of this potential
it is necessary to bring Gr in contact with magnetic materials.
However, the ferromagnetic transition metals Fe, Co, and Ni
possess localized valence orbitals of d symmetry that interact
with the C p, orbitals and thereby destroy the electronic &
system of Gr [3,4].

As an alternative, it was proposed to bring Gr in contact
with the ferromagnetic insulator EuO in order to induce an
exchange-split Dirac cone [5]. In this context, it has recently
been shown that high-quality EuO films can be grown on Gr
onIr(111) [6,7], and it would certainly be rewarding to analyze
spin injection through EuO contacts into Gr.

As a further approach to induce a spin-split Dirac cone, one
might be tempted to bring Gr into contact with a magnetic
metal that does not destroy the Gr band structure. In this
respect, rare earth elements are of interest as (i) most of them
do not possess d orbitals close to the Fermi level that tend to
form covalent bonds, and (ii) the magnetic moment carried by
the highly localized 4 f shell is very robust to the chemical
environment. Questions that arise are as follows: Is there a
hybridization between the 4 f states and Gr? Is there potential
for a ferromagnetic order of the 4 f moments and is it possible
to induce a spin-split Dirac cone?

As a step of research in this direction we report here
on the intercalation of Eu underneath Gr on Ir(111). We
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investigate the atomic structure by scanning tunneling mi-
croscopy (STM) and low-energy electron diffraction (LEED).
Furthermore, we follow the intercalation process in real
time by low-energy and photoemission electron microscopy
(LEEM/PEEM). The magnetic properties are measured by
x-ray magnetic circular dichroism (XMCD). Finally, we
investigate the effect of intercalation on the Gr band structure
by angle-resolved photoemission spectroscopy (ARPES) and
relate this to Raman spectroscopic data. Our experimental
results are complemented by density functional theory (DFT)
calculations.

There are a number of points that make Eu an interesting
candidate for our study: (i) Eu has a large magnetic moment
of 7up and displays magnetic order below 90 K [8-10].
(i1) The Eu binding to Gr is predominantly of ionic character
and thus expected to leave the Gr band structure intact [11].
(iii) Based on our experience with Eu intercalation [12,13], we
are able to establish two different, well-defined intercalation
phases of Eu underneath Gr on Ir(111), namely, a (2 x 2) and
a (\/§ X \/§)R30° structure with respect to Gr. This opens the
possibility to study the influence of the interatomic distance
on the magnetic properties. (iv) The (ﬁ x /3 )R30° structure
also occurs in the layers of the well-investigated first-stage Eu
graphite intercalation compound (GIC) EuCg, which shows a
complex metamagnetic behavior, i.e., the magnetic ordering
changes with the magnitude of the magnetic field [14,15].
Thus, Eu is well suited to investigate the changes in magnetism
when going from the bulk Eu GIC to a single intercalation layer
and to analyze the influence of the supporting substrate. (v) The
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reactive Eu layer is efficiently protected underneath Gr against
oxidation. Thus, one may consider the investigation of the
magnetic Eu layer under Gr also as a unique chance to analyze
the magnetic properties of a clean, unreacted, monatomic Eu
layer, an endeavor that is practically impossible without the
Gr cover.

II. EXPERIMENT

As the substrate we used an Ir(111) single crystal which
was prepared by cycles of sputtering at 920 K and annealing
to 1520 K, yielding clean terraces with sizes in the order of
100 nm. A well-oriented and perfectly closed Gr monolayer
was prepared by room temperature ethylene adsorption until
saturation, thermal decomposition at 1500 K, and subsequent
exposure to 5 x 1077 mbar ethylene at 1170 K for 600 s
[combined temperature-programmed growth and chemical
vapor deposition (TPG+CVD) method] [16].

High-purity Eu [17] was evaporated from a water-cooled
Knudsen cell at a sample temperature of 720 K. Prolonged
degassing of the Eu, which usually has a high H, content,
ensured a background pressure below 1 x 107! mbar during
growth. Using a quartz crystal microbalance, the Eu deposition
rate was calibrated. We used rates on the order of 1 A/min,
equivalent to a Eu flux of fg, = 3.5 x 10'® atoms m—2s~!.

Characterization of the intercalated structures was per-
formed in an ultrahigh vacuum (UHV) variable-temperature
STM system in Cologne with a base pressure of 3 x
10~!! mbar. Images were taken at room temperature and
digitally postprocessed with the WSXM software [18]. LEED
measurements were performed using a three-grid rearview
analyzer.

Magnetic measurements by means of XMCD were con-
ducted at the IDO8 beamline of the European Synchrotron
Radiation Facility (ESRF) in the total electron yield (TEY)
mode using (99 £ 1)% circularly polarized light and external
magnetic fields up to 5 T. While the magnetic field direction
is always fixed either parallel or antiparallel to the direction of
the incident light beam, the sample can be rotated to adjust the
angle 6 of the surface normal to the incoming x-ray beam and
external magnetic field. This allows us to obtain information
about magnetic anisotropy. In order to avoid nonmagnetic
artifacts resulting from switching of either the x-ray helicity or
the external field direction, spectra were always measured for
all four combinations of magnetic field direction and helicity
and appropriately averaged. For brevity, we refer to x-ray
helicity parallel (antiparallel) to the magnetic field simply
as positive (negative) helicity. The samples were prepared
in situ using the same preparation described above. The sample
quality was verified by STM and LEED.

LEEM and PEEM measurements were performed using a
commercial spectroscopic photoemission (SPE)-LEEM sys-
tem [19] in Duisburg. For PEEM experiments the sample
was illuminated with light from a Hg discharge lamp (hv =
4.9 eV) under 74° grazing incidence.

Photoemission experiments were conducted in an ARPES-
dedicated setup in Zagreb. A Scienta SES100 hemispherical
electron analyzer (25 meV energy resolution, 0.2° angular
resolution) was used for data acquisition in two directions:
along 'KM and perpendicular to I'KM. For excitation, a
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helium discharge lamp provided photons of 21.2 eV energy
with mixed polarization. The spectra were recorded at 200 K
(along 'KM) and 250 K (perpendicular to I'KM).

Spin-polarized DFT calculations were performed using
the generalized gradient approximation (GGA) [20] and the
projector augmented wave (PAW) basis sets [21,22] as imple-
mented in the Vienna ab initio simulation package (VASP) [23].
The strong local Coulomb interaction of the Eu 4 f electrons
was taken into account within the GGA+U approach using the
Coulomb parameters U = 7 eV and J = 1 eV, which have
previously been shown to be well suited to describe rare earth
systems [24,25].

III. STRUCTURE OF INTERCALATED EUROPIUM

As previously shown in Ref. [12], Eu deposited at 720 K
intercalates under Gr on Ir(111). For partial coverages a
complex pattern consisting of stripes, compact islands, and
channels is formed. The pattern formation can be explained
by the interplay of the chemically modulated binding of Gr
to the substrate and the release of preexisting strain in Gr.
Upon depositing more Eu, the layer can be completely filled.
Only occasionally are narrow channels and pointlike spots at
pentagon-heptagon defects found where no Eu is intercalated.

The intercalated Eu atoms adsorbina (2 x 2) superstructure
with respect to Gr, as obvious in the LEED pattern in Fig. 1(a).
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FIG. 1. (Color online) (a), (b) Inverted contrast LEED patterns
at 82 eV primary electron energy of a fully intercalated (2 x 2) and
a (v/3 x ~/3)R30° Eu layer, respectively. First-order spots of the
Ir substrate, the Gr layer, and the Eu superstructure are indicated.
(c) STM topograph with superstructure resolution of the (2 x 2) Eu
layer (/; = 0.1 nA, U; = —62 mV, 8.5 nm x 8.5 nm). The unit cell
of the intercalated Eu is indicated by a diamond. (d) STM topograph
with superstructure resolution of the (v/3 x +/3)R30° Eu structure
(I =1 nA, Us = =540 mV, 8.5 nm x 8.5 nm). Again, the unit cell
of the intercalated Eu is indicated by a diamond.
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Depositing more Eu than the (2 x 2) saturation coverage
(one Eu atom per four Gr unit cells) compresses the layer
into a (\/5 X ﬁ)R30° structure with respect to Gr. The
corresponding LEED pattern for a saturated layer (one Eu
atom per three Gr unit cells) is shown in Fig. 1(b). Under
appropriate imaging conditions both Eu superstructures are
resolved by STM through the covering Gr layer, as shown in
Figs. 1(c) and 1(d). Similar imaging of atomic details through
Gr was reported by Mallet et al. [26].

Continued Eu deposition at 720 K does not further compress
the intercalation layer beyond the (ﬁ X \/§)R 30° structure.
Instead, the surplus Eu completely reevaporates back into the
vacuum. This fact enables a simple preparation of a perfectly
filled (v/3 x +/3)R30° layer by exposing Gr/Ir(111) to a Eu
excess. The saturated (2 x 2) layer can be either prepared
by stepwise Eu deposition and subsequent LEED checking,
or by annealing a (v/3 x +/3)R30° layer to 1240 K. After
this treatment, LEED exclusively shows (2 x 2) spots and
STM reveals a homogeneous intercalation layer. As the latter
technique is better reproducible with less effort, we used it for
the subsequent investigations.

As an alternative option to prepare an intercalated Eu layer,
one might consider to deposit Eu at room temperature followed
by annealing to 720 K. While this method in fact may result
in a high-quality intercalation layer, it implies that Eu is
exposed for some time to the background pressure of the UHV
system prior to annealing. Due to its extremely high reactivity,
nonvolatile Eu compounds may form, e.g., ferromagnetic EuO
by reaction with residual water. We found samples prepared
by room temperature Eu deposition and subsequent annealing
to be poisoned by nonreproducible spurious ferromagnetic
XMCD signals, presumably resulting from trace amounts of
EuO.

IV. MECHANISM OF INTERCALATION

Using DFT, we recently calculated a considerable energy
gain for intercalation of Eu atoms under Gr on Ir(111) [12].
Nevertheless, Eu intercalation is a thermally activated process,
since only adsorption, but no intercalation, takes place upon
exposure of Gr/Ir(111) to Eu at 300 K [11,13]. It is therefore
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of interest to identify the mechanisms of intercalation and the
nature of the activated process.

Several mechanisms for the intercalation process are
discussed in the literature: Since Eu intercalates under a
fully closed Gr layer, (i) intercalation from the edges of
Gr flakes towards their interior, as observed in the case
of O, intercalation [27,28], can be directly excluded here.
An alternative pathway suggested for intercalation is (ii) Gr
penetration at wrinkles via nanoscale cracks formed by large
forces, where wrinkles of different orientation connect [29].
Moreover, the (iii) intercalation though pointlike defects in
Gr has been proposed for several cases [30-34]. Finally,
intercalation via (iv) reactive passage by defect formation has
been postulated [35-37].

To investigate which of the mechanisms (ii)—(iv) are of
importance for Eu intercalation, the intercalation process
was imaged in real time by electron microscopy. We used
PEEM imaging which turned out to yield a better contrast
than LEEM, probably because of its high sensitivity to the
work function difference between Eu-intercalated and pristine
Gr [13]. At an intercalation temperature of 720 K, only
a homogeneous brightness change on the whole sample is
observed during Eu deposition. At this temperature Eu is
either too mobile or the locations of penetration are too
abundant to obtain information by PEEM. Therefore, the
intercalation temperature was lowered to 620 K. Furthermore,
the temperature of the CVD step in Gr growth was increased
from 1170 to 1470 K. This results in more wrinkles, but
less other defects, making it easier to distinguish between the
relevance of both.

The PEEM image in Fig. 2(a) shows the early stage of
intercalation. Using a PEEM series during Eu deposition
(see the Supplemental Material [38]), the bright regions are
identified as the intercalated areas. Since the intercalated
material is distributed inhomogeneously on a mesoscopic
scale, we consider mechanism (iv), reactive passage via
defect formation, to be unlikely. Figure 2(b) shows a slightly
defocused mirror mode LEEM image of the region highlighted
by a box in Fig. 2(a). Since wrinkles are substantially higher
than the average surface, the slight defocus results in a
pronounced contrast for the wrinkle network. When overlaying
in Fig. 2(c) the PEEM image of the same region (with

FIG. 2. (Color online) (a) PEEM image during Eu deposition at 620 K (25 wm field of view). Intercalated regions are imaged bright.
(b) Defocused mirror mode LEEM image (15 um x 10 um) of the region indicated in (a). The wrinkle network is well visible. (c) Same image
as (b), but overlayed with the corresponding PEEM image. The intercalated regions colored in red are attached to the wrinkle network, as

especially well visible in the encircled regions.
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FIG. 3. (Color online) (a) STM topograph (160 nm x 160 nm)
of a small intercalated Eu amount decorating pentagon-heptagon
defects in small-angle grain boundaries in Gr. (b) Zoom on two
pentagon-heptagon defects decorated by intercalated Eu in a horse-
shoe shape (30 nm x 30 nm). (c) Same as (b), but partially overlaid
with a honeycomb lattice with moiré periodicity to expose the
pentagon-heptagon defects (in green).

the intercalated areas colored in red for better visibility), it
becomes apparent that the intercalated material is attached to
the most prominent wrinkles [compare the circled locations
in Fig. 2(c)]. These observations indicate that mechanism (ii),
penetration at wrinkles via nanoscale cracks, is operative here.

One might argue that the Eu penetrates at random locations
through mechanisms (iii) or (iv) and only accumulates at
wrinkles. However, then one would expect the material to
accumulate at all wrinkles, and not only the most pronounced
ones, which presumably involve the largest Gr deformations at
their crossing points and thus the highest probability to develop
cracks.

Based on the present experiments, we cannot exclude that
other intercalation mechanisms are operative in the absence of
a wrinkle network or for different intercalation temperatures.
A relevant finding in this respect is presented in Fig. 3. The
STM topographs display a closed Gr layer, grown with a CVD
temperature of 1170 K, after exposure to a very small amount
of Eu at 720 K. In the overview topograph in Fig. 3(a), the
intercalated material is found in the form of short stripes.
Most of these short stripes arrange in lines. The lines are
small-angle domain boundaries in the Gr layer, and the short
stripes are attached to the pentagon-heptagon defects which are
the constitutive elements of these grain boundaries. As shown
in Figs. 3(b) and 3(c), the intercalated Eu often decorates
the defects in a horseshoe shape, with the open end of the
horseshoe at the pentagon side of the defect. Note that while
the lattices visible in Figs. 3(a)-3(c) belong to the moiré of Gr
on Ir(111) and not to the atomic lattice, a pentagon-heptagon
defect in the moiré lattice is simply a magnified version of the
same defect in the underlying atomic lattice [39].

There are two possible explanations for our observation.
First, pentagon-heptagon defects serve as penetration points
for intercalation, either per se [mechanism (iii)] or as locations,
where reactive passage becomes possible [mechanism (iv)].
Second, intercalation through wrinkle cracks in a mesoscopic
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distance might give rise to dilute and highly mobile Eu adatoms
underneath Gr. Since pentagon-heptagon defects possess a
considerable out-of-plane deformation [40], they might trap
Eu atoms in locations, where the bending of Gr away from the
substrate creates a cavity. Consistent with the latter argument
is the finding that pentagon-heptagon defects are not only the
locations where intercalated material is seen for the lowest
coverage, but also where even after long Eu exposure tiny
nonintercalated spots are still visible. These would correspond
to locations where Gr is bent towards the substrate, making
it energetically rather costly to insert additional atoms in
between.

We conclude that mechanism (ii), penetration at wrinkles
via nanoscale cracks, appears to be operative for the Eu depo-
sition temperature of 620 K and in the presence of a wrinkle
network. For Gr formed by other growth methods, resulting in a
differing concentration of wrinkles and point defects, as well as
for other intercalation temperatures, intercalation mechanisms
(iii) or (iv) cannot be excluded. Additional temperature-
dependent and high-resolution imaging experiments during
intercalation might resolve this issue.

V. MAGNETIC MEASUREMENTS

Since the magnetism of Eu originates from its 4 f electrons,
we investigated the Eu Ms 4 edges, i.e., transitions from 3ds,
and 3d3/; to 4f. Figure 4(a) exemplarily shows the x-ray
absorption spectroscopy (XAS) signal across those edges
obtained for a fully intercalated (v/3 x +/3)R30° Eu layer in
normal incidence for both helicities. The external magnetic
field is Bex = 5 T and the sample temperature 7 = 10 K. The
spectra have been normalized to the average intensity in the
pre-edge region between 1100 and 1120 eV. The corresponding
spectra for the (2 x 2) intercalation structure are shown in the
Supplemental Material [38].

Figure 4(b) shows the XMCD signal u* — u~ which
results from subtraction of the two absorption spectra. In order
to deduce the orbital (2, ) and spin (mg) magnetic moments
from the XMCD data, we used the sum rules derived by Thole
et al. [41] and Carra et al. [42]. From the general formula, one
obtains for the Ms 4 edges

o =4 (1)
TS
5p—3 T. 5p—3
ms _dp—3q () Sp—3q @
nhuB 2r N 2r

Herein, p and g are the integrals of the XMCD signal over
the Ms and both absorption edges, respectively, and n, denotes
the number of holes in the 4 f shell. The dipolar term (7)
vanishes for zero orbital momentum [42-44], as is the case
for Eu>* in a 4 f7 configuration. Evidence for the absence of
other oxidation states is provided below. Therefore, we will
not distinguish between real and effective spin moments in the
following.

For normalization we used the integral r over the
polarization-averaged absorption cross section %(uf +u),
which is shown in Fig. 4(c). Schillé ez al. pointed out that if the
isotropic spectrum for rare earths differs from the polarization-
averaged one, it has to be taken into account, too [45].
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FIG. 4. (Color online) (a) Normalized XAS signal at 10 K and
5T for positive (ut, solid green line) and negative (u~, dashed
red line) helicities in normal incidence. (b) Resulting XMCD signal
(ut — ™). (c) Polarization-averaged XAS spectrum %(;ﬁ +u7)
(blue solid line) with a steplike continuum background (green dashed
line).

Therefore, we also recorded data at room temperature without
a magnetic field applied to ensure a nonmagnetic state. These
spectra did not differ from the polarization-averaged ones,
justifying our approach. The polarization-averaged spectrum is
indistinguishable from the one for divalent Eu in Refs. [46,47],
but is distinct from the one of Eu®* in the same references.
Hence, we can exclude the higher oxidation state.

In order to separate the Ms,4 contributions from the
continuum, a steplike function as depicted in Fig. 4(c) has
been subtracted. The heights of the plateaus were fitted in
the regions before, between, and after the edges. The ratio of
the step heights at the Ms and My edges (branching ratio)
agrees within 10% with the theoretically expected value of 3:2
resulting from the degeneracy of the 3ds,, and 3d3,, orbitals.

By applying the orbital sum rule to the XMCD data
measured at 10 K and 5 T for incidence angles of 0° and 60°,
we find m, to be zero within the error of our measurement for
both structures. This implies that Eu is present in the half-filled
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TABLE 1. Spin moment mg per Eu atom derived from the sum
rules (for ny, = 7), and zero-field susceptibilities for intercalated
layers of different densities. The data were taken at 10 K under a
field of 5 T. X rays and magnetic field were both incident normally
(0°) or grazing (60°). We estimate the relative errors to be 10%.

mg () X [us/(T - atom)]
Sample 0° 60° 0° 60°
2x2) 4.9 5.3 1.2 1.5
(V3 x /3)R30° 6.3 6.8 6.2 24

4 f7 configuration, in agreement with our assumptions above.
Thus, we specify the spin moments listed in Table I per Eu
atom using ny, = 7. We also measured data for 20° and 40°
incidence angles, yielding consistent results.

To learn more about the magnetic behavior, we measured
magnetization versus field loops, which were obtained by
normalizing the XAS signal obtained at the Eu M5 edge to
a pre-edge value in dependence on the magnetic field. The
loops for normal and grazing incidence are shown in Fig. 5 for
a fully intercalated (+/3 x ~/3)R30° Eu layer (squares) and a
saturated (2 x 2) Eu layer (circles). As we do not observe
any hysteresis, the loops were averaged over increasing
and decreasing field direction. Furthermore, the data were
symmetrized, i.e., the magnetization M (B.x) was replaced by
2[M(Bex)) — M(—Bex)] as we expect M(—Bey) = —M (Bey).
Each curve is scaled using the corresponding spin moment per
Eu atom at 5 T from Table I. As a characteristic quantity
we determine the zero-field susceptibility by fitting the curve
linearly at Bex = 0. We note that this method probably
underestimates the susceptibility due to the limited resolution.
Therefore, the values listed in Table I should be interpreted as
lower limits.

(2;<2)

(o]
1
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71— Brillouin function
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N
1

N
1

o

4 = Oo

'
N
1

magnetization per atom (ug)
A
1

'
[«
1

-5 —4'—3'—2'—‘;'0'1'2'3'4'5
magnetic field (T)

FIG. 5. (Color online) Magnetization loops for a fully interca-

lated («/5 X \/§)R30O Eu layer (squares) and a (2 x 2) Eu layer

(circles) at 10 K for normal (half solid) and grazing (solid) incidence.

Each curve is scaled to the corresponding effective spin moment per
Eu atomat 5 T.
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VI. DISCUSSION OF THE MAGNETIC PROPERTIES

First, we address the measurements concerning the interca-
lated (2 x 2) structure. The magnetization curves for normal
and grazing incidence are nearly identical, show an almost
linear behavior with a low zero-field susceptibility of about
1.4up /(T - atom), and do not saturate at 5 T. The slightly
flatter magnetization curve for a normal compared to a grazing
magnetic field points to a weak easy-plane anisotropy. The flat
and almost isotropic magnetization behavior is indicative of
a paramagnetic system. To confirm this hypothesis, we recall
that the field-dependent magnetization M(B) per atom for
a paramagnet at a temperature 7 is given by the Brillouin

function
2J +1 2J +1
M(B) = g/LBJ|: + coth ( + x)

2J 2J
1 1
— —coth| —=x )|, 3)
2J 2J
with x = g‘zg#. J denotes the total angular momentum

J = % for § = % and L =0) and g is the Landé factor
(g = 2 for Eu). The function M(B) is plotted in Fig. 5 as
a magenta line. Comparing the curve to the measured data
yields an excellent agreement, except for the weak easy-plane
anisotropy, which will be discussed later. Therefore, we
conclude that the intercalated (2 x 2) structure behaves as an
ordinary paramagnet.

In contrast to the (2 x 2) intercalation structure, in the
(\/§ X \/§)R30O layer the moments are almost saturated at
5 T. The saturation value is close to the expected one of 7ug
for the 4 f7 configuration. The measurements further show a
much higher zero-field susceptibility of 6.2ug /(T - atom) in
normal and 24 /(T - atom) in grazing incidence compared to
the paramagnetic (2 x 2) layer. These observations give strong
evidence for a significant ferromagnetic coupling.

To explain the fundamentally different magnetic behavior
of the two structures, we consider that magnetic coupling
between Eu moments is mediated by the Ruderman-Kittel-
Kasuya-Yosida (RKKY) interaction, as for the first-stage
Eu GIC EuCg. The RKKY interaction has an oscillatory
nature and can be ferro- or antiferromagnetic depending on
the distance. Indeed, for EuCg the transition between ferro-
and antiferromagnetic RKKY coupling occurs at around the
interatomic distance present in the (2 x 2) structure [15],
thereby inhibiting magnetic coupling.

However, in the present case the Ir substrate has to be taken
into account. To this end, we calculated the spin densities by
DFT, which are shown in Fig. 6 for the (2 x 2) and («/§ X
\/§)R30° intercalation structures. In both cases, a substantial
polarization of the Ir substrate is evident, which largely exceeds
the one of the Gr layer. For the (2 x 2) structure, we calculate
a magnetic moment per C atom of 0.001 g, whereas we get
—0.0095up in the Ir surface layer, which is larger by one
order of magnitude. For the (ﬁ X \/§)R30° structure, the
magnetic moment per C atom of —0.001 pp is again small, but
with reversed sign. Also here, the moment per Ir surface atom
of —0.017up is substantially larger than the C magnetization,
and also larger than the Ir surface magnetization for the (2 x
2) structure. The main difference between the two structures
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OAPS 2 £

FIG. 6. (Color online) Spin densities for Eu (black) intercalated
between Gr (yellow) and Ir(111) (gray) for (a) (2 x 2) and (b)
(v/3 x ~/3)R30° structures. Isosurfaces of the spin density (|m(r)| =
0.001 e//okz) are shown. The majority spin isosurface (m > 0) is
shown in red, and the minority one (7 < 0) in blue.

occurs in the Ir subsurface layer: Whereas the (2 x 2) structure
induces alternating Ir moments that average to a small value of
—0.003 g per Ir surface unit cell area, for the («/§ X \/§)R3OD
structure a homogeneous spin polarization of —0.012up per
Ir surface unit cell is found.

Based on the calculations we tentatively conclude the
following: (1) The RKKY interaction through the Ir substrate,
rather than through Gr, is dominating the magnetic Eu-Eu
interaction, because the induced magnetic moments are larger
for Ir than for the C layer. (2) The coupling for the (3 x
V3)R30° structure is stronger than for the (2 x 2) structure,
because the magnetic moments in the first and second Ir surface
layer are larger.

Although we find evidence for ferromagnetic coupling
in the (v/3 x v/3)R30° structure, there is no spontaneous
magnetization or hysteresis. This indicates that at 10 K the
layer is either (i) just above its Curie temperature T¢ or
(i) composed of magnetic units that display superparamag-
netic behavior. Finally, one might argue that (iii) according
to the Mermin-Wagner theorem in two dimensions there
cannot be spontaneous magnetization at all at nonzero tem-
perature [48].

Considering (i), we note that, according to the Curie-Weiss
law, the susceptibility of a ferromagnet diverges as T ap-
proaches T¢ from above, which explains the high susceptibility
without hysteresis if measuring close to, but above, T¢. Based
on the calculated Curie constant C for J = %, we estimate
that our measurement temperature would need to be just a few
percent above T¢ to get the observed susceptibility .

Considering (ii), the superparamagnetic unit could be
constituted by the moiré unit cell given that the Eu atoms’
adsorption positions relative to the Ir surface atoms (e.g., top,
hollow, bridge) are dependent on the position within the moiré
unit cell and so will the magnetic coupling between these
Eu atoms. Indeed, calculating the paramagnetic susceptibility
of a magnetic moment equal to the sum of Eu moments
in a moiré unit cell at our measurement temperature yields
37ug /(T - atom), which is not far from the 24ug /(T - atom)
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experimentally determined for grazing incidence, where the
demagnetization effect (see below) is smallest.

Finally, considering (iii), we note that the Mermin-Wagner
theorem is based on an isotropic model. As we will argue
below, magnetocrystalline anisotropy is indeed absent or at
least negligible in our system. However, it has been shown
that the long-range dipolar interaction present in our case
is sufficient to change the magnon dispersion such that the
Mermin-Wagner theorem no longer applies [49]. In this
case, there is a temperature 77 o< J S2 at which short-range
order occurs, and a logarithmically lower temperature T
J§?/1In(J/A) below which long-range order evolves. Herein,
A is an energy determined by the dipole-dipole interaction.
The logarithmic factor is typically on the order of 20 [49].
It may be plausible that our measurement temperature lies
between these two temperatures, where one would expect long-
wavelength spin waves to lead to an average magnetization of
zero in the zero-field case, but a much larger response of the
magnetization to small fields than in the paramagnetic case.
Unfortunately, a simple analytical solution to this problem
does not exist.

In conclusion, it is understood that the (\/g X \/§)R30O
structure’s large susceptibility must arise from ferromagnetic
regions, although it remains unclear whether these regions
are limited in size by thermal fluctuations, as in (i) and (iii),
or are of structural origin, as in (ii). Temperature-dependent
magnetization loop measurements should allow to resolve this
issue.

VII. ORIGIN OF THE MAGNETIC ANISOTROPY

The two intercalation structures both display an easy-plane
anisotropy, weak in the case of the (2 x 2) and rather strong
in the case of the (\/3 X \/§)R30° structure. We consider two
sources of anisotropy: (i) magnetocrystalline and (ii) shape
anisotropy. _

(i) As we find m; = 0 and thus L = 0, we can exclude
the presence of magnetocrystalline anisotropy in the Eu layer,
which is caused by spin-orbit coupling and is thus proportional
to L - S. For the contributions from induced moments in the
Ir atoms, where m; # 0, an upper bound can be estimated
which is well below what we find for the shape anisotropy
energy. Therefore, we discard magnetocrystalline anisotropy
as insignificant.

(i1) In contrast, the shape anisotropy energy per atom in our
system is expected to be large, because the layer is ultimately
thin at only one monolayer, and the magnetic moment of Eu of
7ug/atom, which enters quadratically, is large as well. Using
a simple continuum treatment [cf. Eq. (3) in Ref. [50]], and
assuming a layer thickness equal to the Eu-Eu distance in
the respective structure, we obtain shape anisotropy energies
per atom of 160 ueV [for (2 x 2)] and 246 ueV [for (W3 x
\/§)R30°]. For comparison, these values are large, in the range
of what can be found in other systems only in the form of
magnetocrystalline anisotropy energy (e.g., 60 ueV for hep
Co [51] or 3000 eV for L1y FePt [52]).

We will consider shape anisotropy as a demagnetization
effect. Given a volume susceptibility x,, the apparent suscep-
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tibility will be

Xv

v,aapp — T .+, 4
Xv,app 1+ Ny 4

when the demagnetization factor N is taken into account. For
an external field in the plane of an infinitely extended layer it
is N = 0, and perpendicular to the plane it is N = 1. Under
an angle 6 to the surface normal, a mixing according to

Xv

Xvam = T cos? 6 + xy sin’ @ (5)

\4

can be derived by appropriately treating the demagnetization
factor as a tensor. The volume susceptibility is calculated
from the x used above, which was in units of ug/(T - atom),
according to x, = 5 x, with V the volume occupied by one
Eu atom, again assuming a layer thickness equal to the Eu-Eu
distance.

For the (2 x 2) structure we use the theoretically expected
susceptibility of a paramagnetic J = 7/2ionat T = 10 K to
obtain x(0°) = 1.22ug /(T - atom) and x(60°) = 1.36ug /(T -
atom), in good agreement with the experimental data given
that 10% is already our estimate of the error in .

Now concerning the (\/§ X \/§)R30° structure, where we
almost have a ferromagnet, the stronger anisotropy compared
to the (2 x 2) structure can be understood as well with Eq. (5)
within better than a factor of 2 by taking into account the larger
susceptibility.

As pointed out by Johnson et al. [50], for a magnetic
monolayer, calculations based on discrete dipoles should be
preferred over a continuum treatment as performed above.
We therefore conducted such discrete calculations (see the
Supplemental Material [38]) and found only slight quantitative
deviations for the anisotropy energy and zero-field suscepti-
bility from our continuum treatment.

In conclusion, the observed anisotropy is understood for
both intercalation structures to result predominantly from
shape, while the magnetocrystalline contribution appears to
be negligible.

VIII. COMPARISON WITH THE GRAPHITE
INTERCALATION COMPOUND EuC,

It is tempting to compare the magnetic properties of the
(«/5 X \/§)R300 intercalation structure with those of the first-
stage Eu GIC EuCg as both have the same in-plane structure. As
already stated in the Introduction, EuCg shows metamagnetic
behavior [14,15]: In the low-field range neighboring spins
include angles of 120°, which is a typical ground state for
a frustrated antiferromagnet on a triangular lattice [53]. Upon
applying higher fields the 120° order changes to ferrimagnetic
order, i.e., two of three spins align parallel and one antiparallel
to the magnetic field, yielding a plateau at one third of the
saturation magnetization. By further increasing the field, the
spin structure changes to a canted spin state and finally turns
to be ferromagnetic at fields higher than 20 T. Above a
temperature of 40 K the system stays paramagnetic for all
fields.

In Fig. 7 the first quadrant of our magnetization loops
from Fig. 5 is shown together with data for EuCq adapted
from Ref. [54]. Unfortunately, no directly comparable data are
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FIG. 7. (Color online) Magnetization loops for a fully interca-
lated (\f3 X \[3)R30° Eu layer at the indicated temperatures and
incidence angles (same data as in Fig. 5). Additionally, corresponding
data for EuCg¢ taken from Ref. [54] are shown.

available as we can only measure under a grazing angle of
60°, while bulk measurements allow fields exactly in plane.
Furthermore, for normal fields, data are available only at 16 K
instead of 10 K.

Both systems show a pronounced easy-plane anisotropy, but
besides this similarity the magnetic behavior is very different:
While for the intercalation layer the initial magnetization
steeply rises and goes into saturation close to 7ugp, the
magnetization curve of EuCg has a much lower zero-field
susceptibility and already saturates at about 2.5ug. The low
zero-field susceptibility is due to an antiferromagnetic 120°
spin order which changes to ferrimagnetic order, yielding a
saturation at 2.5ug.

We conjecture two reasons for the differing magnetic
behavior: First, the Eu layer is in contact with the Ir substrate
on one side if intercalated underneath Gr, while it is embedded
between two Gr layers in the GIC. This is expected to
substantially change the RKKY coupling, since we have shown
before that the Ir substrate predominantly contributes to the
RKKY interaction. Second, it has been shown that a small
coupling between adjacent Eu layers is an important ingredient
to explain the metamagnetic behavior of EuCg [15]. This
coupling is of course absent in our system, as it is restricted to
a single Eu layer.

IX. BAND STRUCTURE AND DOPING

To investigate the electronic structure of Gr/Eu/Ir(111), we
performed ARPES measurements. Figure 8 shows ARPES
spectra in the vicinity of the K point taken along the 'KM
direction for a (2 x 2) and a (\/5 X \/§)R3Oo intercalation
layer, respectively. Both show a graphene band structure
shifted down in energy by about 1.4 eV due to strong n doping.
The noticeable intensity anisotropy between the two branches
is due to the electronic chirality of Gr [55]. Due to the moiré
superperiodicity, minigaps are present for Gr/Ir(111) in the
7 band about —0.5 to —1 eV below the Fermi level [56].
For Gr/Eu/Ir(111) such minigaps are absent, indicating a
substantially reduced superperiodic potential. Due to a small
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FIG. 8. (Color online) ARPES spectra of Eu intercalated Gr on
Ir(111) in the I'KM direction, i.e., along k,. An azimuthal offset A¢
mimics a band gap at the Dirac cone. Thin black lines indicate fitted
tight-binding bands in the nearest-neighbor approximation including
the azimuthal offset as a fit parameter [57,58]. (a) (2 x 2) structure
with an azimuthal offset A¢ ~ 1.5°. (b) (v/3 x +/3)R30° structure
with A¢ ~ 1°. The arrows in (b) highlight a flat band (see text). For
the intensity scale, see Fig. 9.

azimuthal misalignment with respect to the I'KM direction,
the precise location of the K point is missed in Fig. 8 and the
cone sections of the 7 and 7* band seemingly form a band
gap of about 500 meV (see the Supplemental Material for
geometry [38]).

To investigate the electronic structure around the K point
in detail, we took maps perpendicular to the I'KM direction
(i.e., along k) for fixed values of k, on the I'KM line (see the
Supplemental Material for geometry [38]). The data obtained
for the (2 x 2) intercalation structure are shown in Figs. 9(a)—
9(e). We compare the band structure to the well-known result
from the tight-binding approximation (TBA) [57] with a
nearest-neighbor hopping energy of —2.848 eV taken from
Ref. [58]. The doping level Ep was fitted to the data. At the
K point in Fig. 9(c), we find the best coincidence for a doping
level of Ep = —1.36 V.

Figure 9(c) displays a perpendicular scan precisely through
the K point. When moving away from the K point towards the
I' point in Figs. 9(b) and 9(a), the measured bands quickly
deviate from the TBA band structure. Such deviations are
not unexpected, as the TBA does not include many-body
interactions such as electron-phonon and electron-electron
interactions or plasmon excitations [59,60]. Moving away
from the K point towards the M point in Figs. 9(d) and 9(e),
the opening of the measured bands is much better reproduced
by the TBA.

In Figs. 9(c) and 9(h) the Dirac cones appear “stretched”
in such a way that positive and negative chirality bands (i.e.,
upper and lower parts of the cone) do not extrapolate to the
same crossing point. Similar effects have been observed in
ARPES of doped graphene on SiC [59,61] and were attributed
to the formation of plasmarons. A similar mechanism could
be effective here if damping of plasmons in Eu-intercalated Gr
on Ir(111) is not too strong [62].

In addition to the Dirac cone, a nondispersing band is visible
at about —0.25 eV, as highlighted by two arrows in Fig. 9(c).
A similar observation has been made in the case of n-doped
Li-intercalated graphene [63]. We assign this band to the Ir
surface state S (compare Ref. [56] for nomenclature), which
is close to the Fermi edge for bare Gr on Ir(111), while in the
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FIG. 9. (Color online) ARPES spectra of Gr intercalated by Eu in (a)-(e) (2 x 2) and (H)—() (v/3 x ~/3)R30° structure. All spectra are
taken perpendicular to the I'KM direction at the indicated values of k, on this line. The black lines correspond to the 7 /7* bands in TBA
rigidly shifted by Ep = —1.36 and —1.43 eV, respectively. The arrows highlight flat bands (see text).

case of a strongly doped system it is shifted down below the
Fermi energy. A modification of the Ir surface states by Eu
beyond doping is not expected, since Eu does not possess d
electrons to form directional bonds, while the 4 f orbitals are
far below the Fermi level. This leaves only the 6s electrons,
which can be donated to dope Ir and Gr.

The ARPES data for the («/3 X «/§)R30° structure are
shown in Figs. 9(f)-9(j). At the K point in Fig. 9(h) the
TBA fits to the measured cone using Ep = —1.43 eV, which
corresponds to a slightly higher doping level compared to the
(2 x 2) intercalation structure. Moving away from the K point,
the measured data are again better reproduced by TBA in the
KM direction than in the KT direction. The flat band, which we
have related before to the Ir surface state Sy, is still present, but
is now shifted to a lower energy of —0.4 eV. This also indicates
a higher doping of Ir by the (v/3 x +/3)R30° compared to the
(2 x 2) intercalation layer.

The 7* band is broader for the (+/3 x +/3)R30° intercala-
tion structure than for the (2 x 2) layer. This might be related to
hybridization with a flat band at —1.0 eV, which is highlighted
in Fig. 8(b) by arrows and is faintly visible in Fig. 9(f) as well.
In principle, the surface state S of pristine Ir(111) is located at
this energy (compare Ref. [56]), but this state should then also
be present for the (2 x 2) intercalation structure. As we do not
observe it there, the band is probably related to Eu. Finally, we
note that there seems to be another nondispersing band around
—1.6 eV, as indicated in Fig. 9(f), but it is very faint and of
unknown origin.

For Gr aligned with its dense packed rows to the Ir(111)
substrate, as used in our experiments, Starodub et al. [64] found
the characteristic G and G’ (or 2D) peaks in Raman spec-
troscopy to be absent. The quenching of these Raman active

Gr phonons was interpreted to result from the hybridization of
Gr with the flat Ir S; surface state located directly at the Fermi
edge. Gr phonons then cause excitations of electrons in the
S state with high efficiency, thereby decreasing the phonon
lifetime to an extent that leaves them undetectable in Raman
spectroscopy.

Here, we find that upon formation of the (ﬁ X «/§)R30°
Eu intercalation structure, the surface state S; is down-
shifted to —0.4 eV [compare Fig. 9(g)]. Since the energy
of the Gr phonons is below 0.2 eV, excitation of electrons
in the S; should no longer be possible and we would expect
the characteristic Gr phonons to become measurable in Raman
spectroscopy. We conducted ex sifu Raman spectroscopy for
a sample with a (+v/3 x +/3)R30° Eu intercalation structure
and indeed found the characteristic Raman active Gr phonon
modes to be present. However, significant complications arise
in the interpretation of the Raman spectrum because of the
high doping level (cf. the Supplemental Material [38]).

In conclusion, the effect of a Eu intercalation layer on the
Gr band structure is to first approximation a rigid band shift
resulting in n doping, a lifting of hybridization of Gr with the Ir
S surface state close to the Fermi level, and a strong reduction
of the moiré superperiodic potential.

X. SUMMARY

We identified two well-ordered Eu intercalation layers,
either with a (2 x 2) ora (+/3 x +/3)R30° superstructure with
respect to Gr. Using PEEM and LEEM, we found intercalation
to take place by penetration at the wrinkles, if present.

The two intercalation structures exhibit fundamentally
different magnetic behaviors: We have found the (2 x 2) layer
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to be simply paramagnetic. In contrast, the (+/3 x +/3)R30°
layer is ferromagnetically coupled, yet does not exhibit
either spontaneous magnetization or hysteresis. Easy-plane
anisotropy is, for both structures, understood to be the shape
anisotropy of the Eu monolayer. Interestingly, the magnetic
behavior of the (v/3 x +/3)R30° layer strongly deviates from
its bulk counterpart EuCg, indicating the importance of the Ir
substrate and the restriction to a single layer.

Using ARPES we find the band structure of Gr to stay
largely intact upon Eu intercalation. The shift of the Gr bands
induced by doping was determined to be about —1.36 eV for
the (2 x 2) and —1.43 eV for the (ﬁ X ﬁ)R3OO structure.
Additionally, we find a shift of the Ir surface state S

PHYSICAL REVIEW B 90, 235437 (2014)

to —0.4 eV in the (\/5 X \/§)R 30° structure. Accordingly,
hybridization between Gr states and Ir surface states is strongly
suppressed.
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