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Direct evidence for a metallic interlayer band in Rb-intercalated bilayer graphene
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We have fabricated Rb-intercalated bilayer graphene on 6H-SiC(0001) and performed low-energy electron
diffraction (LEED) and high-resolution angle-resolved photoemission spectroscopy (ARPES). In LEED
experiments, we observed a 2 x 2 pattern identical to that of the bulk graphite intercalation compound CgRb.
The existence of a 2 x 2 Rb layer is also confirmed by ARPES, where band folding due to the periodic potential
of intercalated atoms was observed. All these results indicate that Rb atoms are intercalated between the two
graphene monolayers in a regular manner similar to that of bulk CsRb. Further, we observed a parabolic metallic
band at the Brillouin-zone center, analogous to the so-called interlayer band, which is thought to play an important
role for the superconductivity in graphite intercalation compounds.
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I. INTRODUCTION

Graphite intercalation compounds (GICs) represent a large
class of materials consisting of foreign atomic layers inserted
between the weakly coupled carbon layers of bulk graphite.'
Superconductivity has been recorded in a wide variety of
GICs including alkali-metal compounds CgK, CgRb, and
CsCs.'” Recently, the discovery of an unexpectedly high
superconducting transition temperature in C4Ca and C¢Yb®
has revived the long-standing debate over the electronic
structure and subsequent superconducting mechanism of
GICs. Although it is generally accepted that charge transfer
from the intercalated atoms triggers the superconductivity,
the charge balance between the 7* band and the so-called
interlayer band has remained controversial, as seen by the
two distinctly different models for the electronic structure of
GICs.”® This difference is directly related to the character
of electrons and phonons involved in the superconductivity.
While a recent angle-resolved photoemission spectroscopy
(ARPES) study’ has reported the existence of the interlayer
band below the Fermi level (Ef) at the I' point in C¢Ca in
line with the theoretical prediction,lo‘12 the existence of the
metallic interlayer band is still hotly debated.'3-!7

The interlayer electron is located just between two graphite
layers in GICs and forms a free-electron-like electronic state
with a parabolic dispersion. In this sense, metal-intercalated
bilayer graphene may be regarded as the two-dimensional (2D)
limit of GIC. Recently, the possibility of superconductivity in
metal-deposited monolayer graphene has been proposed'® and
many attempts have been performed to fabricate metal (alkali
metals and gold, etc.) adsorbed monolayer graphene.!®->
However, superconductivity has not been reported yet. It is
worth noting that a free-electron-like band corresponding
to the GIC interlayer band has not been observed in these
metal-deposited monolayer graphene samples. It is not clear
at present whether the absence of superconductivity and the
interlayer band in metal-deposited monolayer graphene is due
to the disordered nature of deposited metals, in contrast to
the regularly arranged intercalants in GICs, and/or the lack
of an adjoining graphene sheet which sandwiches the metal
atoms. In order to address this problem in metal-deposited
monolayer graphene and the controversy in the charge balance
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between the 7 * band and the interlayer band in bulk GICs,
it is very important to fabricate a fully 2D GIC, namely
metal-intercalated bilayer graphene, and clarify the electronic
structure.

In this article, we report the fabrication of Rb-intercalated
bilayer graphene on a SiC(0001) surface and its characteriza-
tion by low-energy electron diffraction (LEED) and ARPES.
We observed a clear 2 x 2 LEED pattern in Rb-deposited
bilayer graphene similar to that of bulk CsRb, which indicates
the regular arrangement of Rb atoms. ARPES results have
revealed that the band dispersion is folded by the superstructure
of the regularly intercalated Rb atoms. Further we clearly
observed a free-electron-like metallic band at the Brillouin-
zone (BZ) center. This indicates that the metallic interlayer
band, which is thought to play a key role in driving the
superconductivity,”'1? is also present in the thinnest limit
of GICs.

II. EXPERIMENTS

Bilayer graphene was prepared on a 6H-SiC(0001) sin-
gle crystal by heating the crystal at temperature between
1500 and 1600 °C.?* The crystal was kept in argon atmosphere
of 1.1 MPa during the heating process to ensure large, flat
terrace growth.”> We verified by ARPES that the sample
grown on the 6H-SiC(0001) crystal consists of unambiguously
two graphene layers, with no mixing of mono- or trilayer
graphene. The relatively large terrace size (~5 um) was
observed by atomic force microscopy. Intercalation of alkali
atoms was achieved in situ by depositing Rb atoms on the
bilayer graphene film from an alkali-atom dispenser (SAES
getter) under ultrahigh vacuum of about 3 x 10~'° Torr. The
sample was kept at 80-90 K during the deposition to promote
the well-ordered intercalation.’%?’

ARPES measurements were performed using a VG-
SCIENTA SES-2002 spectrometer with a high-flux helium
discharge lamp and a toroidal grating monochromator. The
He IIa (40.814 eV) resonance line was used to excite
photoelectrons. The energy and angular resolutions were set at
16 meV and 0.2° respectively. The temperature of the samples
was maintained at 30 K during the ARPES measurements.
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FIG. 1. (Color online) LEED patterns of (a) bilayer graphene and
(b) Rb-deposited bilayer graphene grown on SiC, measured with a
primary electron energy of 125 eV.

The Fermi level of samples was referred to that of a gold film
deposited on the sample holder.

III. RESULTS AND DISCUSSION

Figure 1(a) shows the LEED pattern of bilayer graphene
grown on SiC(0001). We observe the 1 x 1 SiC substrate
pattern, the 6+/3 x 6+/3 R30° spots from the buffer layer,
and the 1 x 1 carbon lattice pattern in good agreement
with previous reports.>*?> After deposition of Rb atoms, a
new structure with the 2 x 2 periodicity emerges as seen in
Fig. 1(b). This indicates the formation of an ordered alkali-
metal layer. The observed superstructure is analogous to that
of bulk CgRb, although markedly different from the v/3 x +/3
R30° pattern of bulk C¢Li.! According to previous experiments
of depositing Rb atoms onto graphite,’®>’ Rb atoms are readily
intercalated into the surface of graphite above 80 K, forming a
2 x 2 monolayer under the topmost layer before diffusing into
the bulk. It is inferred that the relatively large atomic size of Rb
atom hinders them from penetrating rapidly into the graphite
lattice."?® In our experiments, a low-intensity highly dispersive
LEED pattern was observed just after the deposition, which
then gradually developed into a clear 2 x 2 pattern once the
sample was heated slightly above 80 K. This indicates that Rb
atoms deposited on bilayer graphene are readily intercalated
between two graphene layers upon heating the sample as in the
case of graphite surface.”®?’ In contrast, when we deposited
Rb atoms on monolayer graphene, we did not observe a clear 2
X 2 superstructure even after heating the sample above 80 K.
This supports the above conclusion that Rb atoms are actually
intercalated bilayer graphene and form the well-ordered 2 x 2
superstructure.

Figures 2(a) and 2(b) show the valence-band dispersion
measured along the 'K direction of the graphene BZ for
Rb-intercalated and pristine bilayer graphene, respectively.
While the band structure of intercalated bilayer graphene is
dominated by the prominent o and 7 bands as in pristine
bilayer graphene, the band dispersion is shifted toward higher
binding energies by about 0.3 eV, suggesting a substantial
electronic charge transfer from the alkali atoms to the graphene
layers. Two strong nondispersive features at 15 and 16 eV in
Rb-intercalated bilayer graphene are attributed to the Rb 4p
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FIG. 2. (Color online) Experimental band dispersion of (a) Rb-
intercalated and (b) pristine bilayer graphene (Ref. 24) obtained by
taking the second derivative of ARPES spectral intensity as a function
of wave vector and binding energy. White arrows indicate folded
bands. White rectangles in (a) and (b) show the measured regions
around I" point shown in Figs. 4(b) and 4(c). Expansion of band
structure near Er around K point of (c) Rb-intercalated and (d) pristine
bilayer graphene (Ref. 24).

core levels.?”* In addition to the prominent dispersive 7 and
o band and the flat Rb 4p core levels, we observed weak but
highly dispersive bands around the midpoint between I" and K
[K point in Fig. 2(a)] in Rb-intercalated bilayer graphene. It
is noted that these weak features are not observed in pristine
bilayer graphene. These newly emerging bands are assigned to
the folded w and o bands due to the superstructure of interca-
lated atoms, as the band dispersion at the K point mirrors the
band at the K point while the dispersive band with its maximum
around 5 eV at the M point is similar to the o band at the I
point.

Figures 2(c) and 2(d) show the expansion of the band
dispersions near Eg around the K point for Rb-intercalated
and pristine graphene, respectively. We at first notice that the
intersection of the two almost straight bands (Dirac point)
in pristine bilayer graphene grown on SiC is located at
0.33 eV in binding energy, and is shifted downward to 1.0 eV
in Rb-intercalated bilayer graphene. While the initial shift of
the Dirac point of 0.33 eV from EF in pristine bilayer graphene
is probably due to the charge transfer from the SiC substrate,**
the additional downward shift to 1.0 eV is definitely due to
the charge transfer from Rb atoms to graphene layers. We also
find in Fig. 2(c) that a small band gap looks to open between
the 7 and 7 * bands in Rb-intercalated bilayer graphene,
similar to various ARPES results on bulk GICs,!3-13-17:27
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FIG. 3. (Color online) ARPES intensity at Er of Rb-intercalated
bilayer graphene plotted as a function of the 2D wave vector. Intensity
at Ey is obtained by integrating the ARPES spectral intensity within
+30 meV with respect to Eg. Broken and solid black lines show
the two-dimensional BZ of graphene and the 2 x 2 folded BZ,
respectively. Red lines are guidelines for the kg points.

but contrary to the band calculations.”® According to
recent theory’®3! this gap opening may be related to the
change in the distance between intercalated atoms and carbon
atoms.

To elucidate the band-folding effect in intercalated bilayer
graphene in more detail, we plot in Fig. 3 the ARPES intensity
near Er of Rb-intercalated bilayer graphene as a function of
the 2D wave vector. The Fermi surface (FS) of Rb-intercalated
bilayer graphene is significantly modified from that of pristine
bilayer graphene, as demonstrated by a double-triangular
contour at the K point. This newly emerging FS at the K
point is attributed to the 7 * band of graphene which is located
above Efg in undoped graphene and is pulled down below
Er by charge transfer from the alkali atoms. We also find
additional weak features around the K point in intercalated
bilayer graphene, which resemble the FS at the K point of
graphene BZ. This additional FS at the K point is a replica
of the 7* band folded due to the 2 x 2 periodic potential of
intercalated Rb atoms. In fact, the shape and volume of the
additional FS is in good agreement with the FS at the K point.

Figures 4(a) and 4(b) show a set of near- Er ARPES spectra
and the intensity plot around the I" point, respectively, for Rb-
intercalated bilayer graphene, where we find a weak intensity
variation showing a parabolic band dispersion symmetric with
respect to the I point at Eg. Figures 4(c) and 4(d) show
similar ARPES intensity plots for pristine and Li-intercalated
bilayer graphene, respectively. In pristine bilayer graphene,
we do not observe any band dispersions in this energy and
momentum region as seen in Fig. 4(c). In Li-intercalated
bilayer graphene [Fig. 4(d)], on the other hand, we observe
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two steep band dispersions symmetric with respect to the I"
point. These band are assigned to the folded 7 * band since
the /3 x /3 R30° superstructure of intercalated Li atoms
folds the original 7* band at the K point to the I point. It
is noted here that there are no additional features near Eg
around the I' point. On the other hand, in Rb-intercalated
bilayer graphene [Fig. 4(b)], we observe a relatively strong
dispersive feature around k, = 0.65 A~!, which is assigned to
the folded 7 * band at the K point of the 2 x 2 folded BZ. Since
the superstructure is different between Li- and Rb-intercalated
bilayer graphene (v/3 x /3 R30° vs 2 x 2), the original
m* band at the K point is folded to the I' point in the Li
case while it is folded to the K point just between the T’
and K points in the Rb case (see Fig. 3). This means that
no replica of the 7* band should appear around the I point
in Rb-intercalated bilayer graphene. Nevertheless, as seen in
Fig. 4(b) we observe a faint but well symmetric band dispersion
near Er in Rb-intercalated bilayer graphene. We ascribe this
band to the interlayer band, because, as discussed above, no
replica of the 7 * band appears at the I point and the shape
and position of band dispersion are in good agreement with the
theoretically predicted interlayer band.'*"'?3! The absence of
a similar parabolic band in pristine and Li-intercalated bilayer
graphene strengthens this conclusion.”!"!2 The observed
weak intensity of the parabolic band in Rb-intercalated bilayer
graphene further confirms the above assignment because the
interlayer state originating essentially from the Rb 5s state has
a very small photoionization cross section (0.02 Mbarn) at the
photon energy used in this experiment (40.8 eV), compared
with those of the C 2s (1.9 Mbarn) and C 2p (1.2 Mbarn)
states.*’

Next, we estimate the electron occupancy in the 7 * and
the interlayer band from the volume of FS in Fig. 3. It is
0.40 £ 0.05 ¢~ and 0.53 £ 0.10 ¢~ for the w* and the
interlayer band, respectively. This indicates that the Rb atoms
intercalated between the graphene layers are almost fully
ionized and the donated electronic charges are transferred
almost equally to the 7* and the interlayer band. This result
is in good agreement with previous photoemission studies of
bulk CgRb'#, suggesting that the distribution ratio of donated
electrons between the m* and the interlayer band may be
similar in bilayer graphene and bulk graphite. It is noted here
that the total electron count donated from Rb atoms is almost
17 (0.40 4+ 0.53 ¢7) per unit cell. This suggests that Rb atoms
are intercalated with the well-ordered 2 x 2 superstructure
between graphene layers, but do not reside on the surface or
in the interface between graphene and SiC crystal.

The present observation of the interlayer band in Rb-
intercalated bilayer graphene may shed light on the mechanism
of superconductivity in bulk GICs. It has been intensively
argued that a key to understanding the superconducting
mechanism lies in the existence or absence of a metallic
interlayer band at the T' point.”'%!> The present ARPES
study has revealed that the metallic interlayer band exists in
Rb-intercalated bilayer graphene in contrast to Li-intercalated
bilayer graphene. This closely resembles the case of three-
dimensional GICs where CgRb is superconducting® while
CgLi is not.! Hence the present ARPES result not only
provides evidence for an essential similarity of electronic states
irrespective of the dimensionality, but also suggests a crucial
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FIG. 4. (Color online) (a) and (b) A set of near- Er ARPES spectra around I" point for Rb-intercalated bilayer graphene and its intensity
plot, respectively. Yellow dots in (a) and (b) show the peak position in ARPES spectrum determined by numerical fittings with Lorentzians.
(c) and (d) Near- Er ARPES-intensity plot for pristine and Li-intercalated bilayer graphene (Ref. 32), respectively. The measured regions for

(b) and (c) are shown by white rectangles in Figs. 2(a) and 2(b).

role of the interlayer band as a mechanism of superconductivity
in GICs.

IV. CONCLUSION

We have succeeded in fabricating Rb-intercalated bilayer
graphene on SiC(0001). LEED and ARPES measurements
have confirmed that Rb atoms are intercalated in a regular
manner as in bulk CgRb, forming the 2 x 2 superstructure
between graphene layers. The ARPES experiment has revealed
that there is a metallic interlayer band at the center of the

Brillouin zone in Rb-intercalated bilayer graphene in contrast
to metal-deposited monolayer graphene. This suggests that the
appearance of a metallic interlayer band is closely related to
the GIC crystal structure, wherein metal atoms are sandwiched
by two graphene sheets.
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