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We reveal a giant Rashba effect (�R � 1:3 eV �A) on a surface state of Ir(111) by angle-resolved

photoemission and by density functional theory. It is demonstrated that the existence of the surface state,

its spin polarization, and the size of its Rashba-type spin-orbit splitting remain unaffected when Ir is

covered with graphene. The graphene protection is, in turn, sufficient for the spin-split surface state to

survive in ambient atmosphere. We discuss this result along with indications for a topological protection

of the surface state.
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The Rashba effect is based on symmetry breaking [1]: In
the bulk of crystallographically inversion symmetric solids
the time-reversal symmetry results in degenerate spin sub-
bands of electronic valence states. At crystal surfaces or
interfaces this structural inversion symmetry is broken and
the spin degeneracy is lifted. A gradient of the electric
potential perpendicular to the surface will then lead to a
Rashba effect in two-dimensional systems with large spin-
orbit coupling [2]. It emerges as a splitting of the band
structure into subbands E�ðkkÞ of opposite spin which are

displaced by electron wave vectors ��kk in opposite

directions in momentum space. Regarding the transport
properties of the solid this leads to the generation of dis-
sipationless spin currents without the necessity for ferro-
magnetic materials or magnetic fields [3,4].

In the quantum-mechanical description of a two-
dimensionally confined electron gas, the Rashba effect is
accounted for by the Hamiltonian

HR ¼ �R

�
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@

@y
� �y

@
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�
;

where � denotes Pauli spin matrices and the parameter �R

is proportional to the potential gradient rV in the z direc-
tion and accounts for the size of the spin-orbit interaction.
For free electrons, the two spin-split bands E�ðkkÞ are

described by

E�ðkkÞ ¼
@
2k2

k
2m� � �Rjkkj;

where m� is the effective mass. The two E�ðkkÞ parabolas
are shifted relative to the origin �� (kk ¼ 0) by a momen-

tum splitting �kk ¼ ðm��RÞ=@2.
The Rashba effect has been investigated first and fore-

most for semiconductor heterostructures [2], reaching
Rashba parameters of up to 4� 10�11 eVm in InAs-based
structures [5]. As for metal surfaces and interfaces,

their applications in spintronics are rather conditional and
restrained by bulk conductivity of the materials.
Nevertheless, metal surfaces remain crucially important
model systems for elucidating the physical aspects of the
Rashba effect. Spin currents produced by the spin Hall
effect in all-metal devices are much larger than in semi-
conductors [6,7], and very large Rashba effects have been
measured formetal surface states which are localized at the
outermost atomic layers of the solid-vacuum interface.
Discovered by Russian theoretician Tamm in 1932 [8],
metal surface states had to wait for their experimental
scrutiny until ultrahigh vacuum sample environments be-
came available [9]. They are highly sensitive to adsorbates,
and it is hard to conceive an adsorbate that will leave a
surface state unaffected while protecting it against the
influence of air.
The most prominent example of the Rashba effect at

metal surfaces is the L-gap surface state on Au(111)
[10,11]. Spin- and angle-resolved photoelectron spectros-
copy (ARPES) reveal a large spin-orbit splitting (�R ¼
3:3� 10�11 eVm) [10]. Rashba-type splittings were also
evidenced in Bi [12] andW(110) covered by monolayers of
hydrogen [13], Li [14], Au and Ag [15]. Large spin-orbit
effects were recently observed in quantum well states of
Au=Wð110Þ (�R � 1:6� 10�11 eVm) [16] and also
Pb=Sið111Þ (�R � 4� 10�12 eVm) [17]. A Rashba effect
emerges also in the linear bands of massless Dirac fermi-
ons in graphene on a Au monolayer [18]. The term giant
Rashba effect has been coined recently for a Rashba pa-
rameter�R of the order of 10

�10 eVm for a surface state of
Bi=Agð111Þ (�R � 3:05� 10�10 eVm) [19]. For most of
these states holds that they cannot exist but in ultrahigh
vacuum and, therefore, have no apparent practical appli-
cation. In the present work by means of angle-resolved
photoemission we reveal a giant Rashba effect on an
Ir(111) surface state and demonstrate that this surface state
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can persist in ambient atmosphere when the Ir gets pro-
tected by a graphene overlayer. Experimental details can be
found in the Supplemental Material [20].

Figures 1 and 2 show the characterization of clean
and graphene-covered Ir samples. Bare Ir(111) shows a
sharp pð1� 1Þ pattern in low-energy electron diffraction
(LEED). The LEED image of graphene=Irð111Þ [Fig. 1(b)]
reveals a characteristic diffraction pattern with multiple
satellite spots which are due to the formation of a super-
structure of the moiré type which, in turn, is caused by a
large misfit (� 10%) between crystal lattices of graphene
and Ir [21]. The high structural quality of the moiré-pat-
terned graphene is also confirmed by direct microscopic
characterization by scanning tunneling microscopy [20]. A
minor presence of graphene domains rotated by 30� [22] is
also seen [single spots between moiré constellations in
Fig. 1(b)].

Figure 1(c) shows the Ir 4f5=2 and 4f7=2 core levels, both
with components originating from inside the bulk and from
the surface. The components at 0.5 eV lower binding
energy are exclusively due to emission from the topmost
atomic layer of Ir(111) [23], and they were shown by
oxygen adsorption to be very sensitive to the local atomic
environment [24]. It is, therefore, remarkable that the
spectra of the Ir4f core level in Fig. 1(c) cannot be used
as an indicator for the presence of graphene on Ir(111). On
the contrary, the formation of graphene on top does not
visibly affect the surface component, and line fits show that
the energy splitting between bulk and surface components
decreases by only 2% [25]. This indicates very weak
graphene-Ir interaction and is in line with the observation
that Ir(111) is a metal substrate that supports the formation
of an ideal quasifreestanding electronic structure of gra-
phene [26], similar to the substrate Au=Nið111Þ [18].

Figures 2(a) and 2(b) compare the overall valence band
structure of Ir(111) before and after formation of graphene,
respectively. For graphene=Irð111Þ [Fig. 2(b)] one can see

strongly dispersing graphene-derived� and� states reach-

ing at �� binding energies of 8.38 and 3.65 eV, respectively.
(Note that the � and � dispersions are accidentally degen-
erate with emission from Ir bulk bands.) The high struc-
tural quality of the synthesized graphene is additionally
confirmed by the observation of a sharp conical dispersion
of Dirac fermions at the �K point [20].
The comparison between Figs. 2(a) and 2(b) delivers

another important message: Apparently, the Ir bands pre-
serve their overall dispersions and binding energies upon
graphene deposition. This agrees well with the weak inter-
action between graphene and Ir(111), noted above. In this

FIG. 1 (color online). Preparation of epitaxial graphene.
(a) LEED image of bare Ir(111) and (b) of moiré-patterned
graphene=Irð111Þ. (b) Comparison of 4f core-level spectra mea-
sured from (i) bare Ir(111) and (ii) graphene=Irð111Þ. The
surface component remains unchanged.

FIG. 2 (color online). Overall valence band structure. (a) Bare
Ir(111) and (b) graphene-covered Ir(111) (h� ¼ 62 eV). Spin-
orbit split surface state (SS) is marked with a white frame. (c),
(d) Normal-emission spectra [corresponding to the �� point of the
surface Brillouin zone] extracted from (a) and (b), respectively.
The spectra allow for a quantitative comparison between inten-
sities of Ir surface state and graphene bands. (e) Band structure
calculation for Ir(111) showing the spin-orbit split surface state
without and (f) with graphene on top with identical Rashba
splittings.
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context, very intriguing is the band showing up at 0.2–

0.3 eV below EF at �� [the region is marked by a frame and
the dispersion is denoted as SS in Figs. 2(a) and 2(b)].

From studies at �� this band is known to be an Ir(111)
surface state situated at 0.4 eV binding energy above the
bulk L6� point at 1 eV binding energy [27]. The state is
related to the L-gap surface states of Au(111) but in Ir the
bulk bands have a different order so that the surface state is
reversed (i.e., with effective mass m� < 0). It is seen now
that this surface state is also clearly split in kk, resembling

classical Rashba-type spin-orbit split surface states [10].

The splitting amounts to 2�kk ¼ 0:075 �A�1. The popula-

tion of this state remains unaffected by the formation of
graphene on Ir(111). This can be seen quantitatively in

normal-emission ( ��) spectra plotted in Figs. 2(c) and 2(d).
We paid attention explicitly to the splitting sampling the
surface-state region with enhanced angular and energy
resolution. The dispersion acquired for bare Ir(111) is
shown in Fig. 3(a). Indeed, the electronic state is composed
of two identical parabolic bands with a Rashba parameter
of �R � 1:3� 10�10 eVm. The binding energy of the top

of the bands is determined as 340 meV. Figure 3(b) dem-
onstrates what happens to the split state when graphene is
grown on top: The only change concerns the binding
energy of the parabolic bands, which decreases by
150 meV to 190 meV. (The different sharpness of the bands
is not a systematic effect.) This is clear evidence that the
split band is a surface state of Ir(111) which persists under
graphene, but is not affected by the graphene band struc-
ture. Such behavior is quite different from that of d-type
surface states of Ir emerging at the �K point of Ir(111) which
apparently interact with the � band of graphene [22]. It is
also interesting to note that neither binding energy nor the
spin splitting of the Ir surface state under graphene depends
on rotational variants [22] of graphene on Ir(111).
Density functional calculations [20] with spin-orbit in-

teraction performed for a 15-atomic-layer-thick slab of Ir
with graphene placed at a distance of 3.5 Å and expanded
to the Ir(111) lattice constant confirm the presence of a
pz-type surface state; see Fig. 2(e). A large symbol size
indicates surface localization and gray (red and blue) in-
dicates the spin. Apart from a small shift of 0.1 eV towards

FIG. 3 (color online). Characterization of the spin-orbit split surface state on Ir(111). Dispersion of surface state on (a) bare Ir(111)
and (b) under graphene grown on Ir(111). (c) Dispersion of the surface state under graphene on Ir(111) after exposure to ambient
atmosphere for 15 min. (d) Detailed comparison of spin-orbit splitting �ESOðkkÞ for bare and graphene-covered Ir(111). (e)–

(h) Constant energy surfaces of the Ir surface state extracted from full photoemission mapping around ��. In agreement with the Rashba
model, two circles are revealed corresponding to opposite directions of spin circulation. (i) Sketch of spin-orbit splitting of the surface
state indicating topological protection. (j)–(l) Direct proof of spin splitting of the Ir surface state under graphene by spin-resolved
photoemission. Measured spectra correspond to wave vectors k1, k2, and k3 as denoted in (b). The photon energy was 62 eV.
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the Fermi level, the surface state is hardly influenced by the
graphene adsorption in the calculation [Fig. 2(f)].

Results of a full photoemission mapping of the Ir surface
state under graphene are presented in Figs. 3(e)–3(h) as a
sequence of constant energy surfaces cut at binding ener-
gies of 630, 410, 250, and 175 meV. The maps are fully
consistent with the Rashba model of spin-orbit splitting:
For higher binding energies two circles are observed which
correspond to opposite directions of spin circulation [ar-
rowheads in Fig. 3(i)]. At �250 meV, the inner circle
shrinks to a point which is the Kramers point of spin
degeneracy, and for 175 meV binding energy only one
circle is left, which corresponds to the only direction of
spin rotation. This mapping also shows that two bands that
disperse in parallel from the zone center as have been
obtained from Ir(111) recently [28] can easily result from
a slight misalignment of the experimental setup.

We have additionally confirmed this Rashba scenario
through direct observation of the spin. Spin-resolved spec-
tra measured for the emission angles corresponding to the
electron wave vectors k1, k2, and k3 [labels of Fig. 3(b)] are
displayed in Figs. 3(j)–3(l). Indeed, the splitting of the
bands is a spin splitting. The splitting �ESO is large for

k1 > 0 far from ��, decreases for k2 closer to ��, and,
expectedly, reverses for k3 < 0.

We have fitted the surface-state dispersions shown in
Figs. 3(a) and 3(b) and investigated how the spin-orbit
splitting �ESO behaves with wave vector kk for bare

Ir(111) and for graphene-covered Ir(111). Figure 3(d)
shows that in both cases �ESOðkkÞ is linear, corresponding
to parabolic, free-electron-like bands, and fulfills the cri-
terion �ESOðkk ¼ 0Þ ¼ 0 of the Rashba effect. However,

�ESO suffers a kink at kk ¼ 0:06 �A�1. This is ascribed to

the interaction of the surface state with Ir bulk d bands in
this range because the surface states are partially degener-
ate with bulk bands [27] and become three dimensional.

The other surprising information available from
Fig. 3(d) is a quantitative equality of the Rashba splitting
�ESO for bare Ir(111) and for graphene=Irð111Þ.
According to a recent analysis [29] there is a large and
universal potential step �V at any graphene-metal inter-
face which can be estimated for graphene=Irð111Þ from the
work function of Ir(111) (5.8 eV), work function of gra-
phene (4.5 eV), and from the Fermi-energy shift �EF

(0.1 eV) as 1.2 eV. The surface or interface potential
gradient has been assigned an important role for the
Rashba effect [11,13,14]. Based on Li=Wð110Þ adsorption
experiments, the spin-orbit splitting has even been sug-
gested as a local probe of surface potential gradients [14].
Previously, we found no such influence for Au=Wð110Þ
and related systems [16]. Here, the change in surface
potential modifies the binding energy but not the spin-orbit
splitting of the present surface state. This is also confirmed

by our ab initio calculations (Fig. 2): �R is 1:30 eV �A with
and without graphene despite the change in the work

function by 0.84 eV. The splitting of the state is therefore
ascribed to the large nuclear number of the 77Ir. It is

insensitive to the change in the surface potential due to
the graphene adsorption as long as the asymmetry of the
wave function is not modified [10(d),11]. This insensitivity
can be verified from the charge-density plots in Fig. S5
[20]. It can further be seen that the Ir surface state

possesses pz-like orbital character close to the �� point of

Ir(111) only. Away from �� it has dx;z-like character

and behaves as a deeply bulk penetrating surface
resonance [20].
Before closing, we want to address the reason for the

robustness of the surface state. Recently, topological sur-
face states have been predicted and observed which are
spin-orbit split and protected by time-reversal symmetry
[30–32], and the question is whether the presently encoun-
tered stability of the surface state towards graphene depo-
sition is related. It was pointed out recently [31] that the
spin-polarized and Rashba-split L-gap surface state of
Au(111) does not fulfil the criterion for topological pro-
tection, which is an even number of Fermi level crossings
between two time-reversal invariant k points of the surface
Brillouin zone, as occurs with the surface state identified
on Bi2Se3 [31]. Unlike on Au, the present Ir surface state
becomes degenerate with bulk d bands, and its tails con-
nect to bulk d bands as seen in Fig. 2. Acquiring the
dispersion of Ir bands with k? by performing photoemis-
sion measurements with variable photon energy, we dem-
onstrate that this state connects bulk states of Ir across a
bulk band gap [20].
While it apparently does not fulfil the criterion for

topological insulators of an even number of crossings of

EF between the two time-reversal invariant k points �� and
�M, the criterion for topological protection, if adopted to a
metal, has to consider instead of the Fermi level a curved
line lying between the relevant bulk bands, and such a line
is crossed by the surface state in fact only an odd number of

times between �� and �M [20]. A similar situation has been
found for the (111) surface of Sb recently [32], but the Ir is
a more complicated case for which the topological prop-
erties such as the Z2 invariant cannot be obtained theoreti-
cally at present.
Finally, considering the ability of the spin-split surface

state to exist under graphene, we have tested how well
graphene may protect the Ir surface state from the environ-
ment. We have exposed a graphene-covered Ir(111) sample
to ambient atmosphere for 15 min and measured the dis-
persion of the surface state right after this. The result is
presented in Fig. 3(c). Although a somewhat stronger
background is seen due to remaining adsorbates, an
accurate analysis shows that neither binding energy nor
spin splitting of the surface state is influenced by the air
[Fig. 3(d)]. In a technological context this means that
graphene, weakly interacting with its substrate, can be
considered an ideal capping layer, which on the one hand
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protects metallic surfaces from a chemically reactive en-
vironment [20,33], and on the other hand keeps its elec-
tronic and spin structure intact even at the atomic level of
surface electronic states which are most promising gener-
ators of two-dimensional spin currents.

In summary, we have demonstrated in experiment and
theory (i) a previously unknown Rashba-type splitting of
giant size of a surface state on Ir(111), (ii) that the surface
state survives when Ir(111) becomes covered with epitaxial
graphene while it changes its binding energy by 150 meV,
(iii) that neither dispersion nor Rashba splitting of the
surface state is influenced by the presence of graphene on
top of Ir(111), (iv) that the spin-dependent band dispersion
is consistent with topological protection, and we showed
that (v) graphene protects the surface electronic structure
of Ir(111) so well that the spin-orbit split surface state
survives the exposure of the sample to ambient
atmosphere.

This work was supported by SPP 1459 of the Deutsche
Forschungsgemeinschaft.
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