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Here we revisited the electronic structure of potas-
sium doped graphite using angle-resolved photoemission
spectroscopy (ARPES). We perform an analysis of the
charge transfer from potassium to graphite employing a
tight-binding model for the band structure. Our ARPES
measurements clearly show that the π∗ band of graphite
becomes occupied upon deposition and intercalation of
small amounts of potassium.

The observed shift in the Fermi level of ∼ 400 meV is
well below the appearance of staged graphite compounds
and is described by a rigid band shift model. The π∗ band
in pristine graphite is unoccupied and can therefore not
be measured by ARPES. Thus potassium doping in the
dilute limit provides a key for measuring the π∗ bands
close to the Fermi level by ARPES.

1 Introduction The recent interest in graphene [2,3]
and its parent compound, graphite [4] also stimulates re-
search on doped graphite. For high doping stages, the crys-
tal structure of graphite is significantly modified which is
also known as staging. For low doping levels, i.e. high
carbon to intercalant atom ratios we refer to as the di-
lute limit. The occupied π electron energy band structure
is well known from angle-resolved photoemission spec-
troscopy (ARPES). However, in this case the π∗ band is
unoccupied and therefore cannot be probed by ARPES. It
is therefore the aim of this work to dope the π∗ band in
the dilute limit with potassium in order to probe the pho-
toemission from electrons of the π∗ states of graphite. Low
doping levels ensure that we do not modify the band struc-
ture beyond the rigid band shift model. Thus the doping
levels that we use here are well below the appearance of
staging. In a recent work [5] we have developed a third-
nearest neighbour (3NN) tight-binding (TB) Hamiltonian

that was used successfully to calculate the quasiparticle
band structure in the whole three-dimensional unit cell of
graphite. In addition we have also fitted the TB matrix
elements to the well-known Slonzcewski–Weiss–McClure
(SWMC) Hamiltonian that is valid in the vicinity to the
Fermi level (EF ) [6,5]. The TB parameters that enter the
SWMC Hamiltonian are γ = (γ0, . . . , γ5,Δ,EF ). The
electron energy bands as calculated by the SWMC Hamil-
tonian also agree with ARPES data close to EF [7]. These
hopping matrix elements are shown in Fig. 1(a) along with
the graphite unit cell. Natural graphite occurs mainly with
AB stacking order and has four atoms in the unitcell (two
in adjacent graphene planes). The three-dimensional Bril-
louin zone is depicted in Fig. 1(a). Each of the four atoms
contributes one electron to the four π electronic bands in
the 3D Brillouin zone (BZ). The atoms in the 3D unit cell
are labelled A1,B1 for the first layer and A2,B2 for the
second layer. A1 and A2 are directly above each other in z
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Figure 1 The graphite unit cell consists of four atoms denoted by A1,B1,A2 and B2 (light blue). The red arrows denote the interatomic
tight-binding hopping matrix elements γ0, γ1, . . . , γ5 of the nearest neighbor SWMC Hamiltonian [1]. (b) The 3D Brillouin zone of
graphite with the high symmetry points and the coordinate system used throughout this work.

Figure 2 Intercalation of pristine graphite single crystals by potassium (silver metal inside the capillary) inside a quartz tube. The
golden colour is characteristic for stage I graphite intercalation compounds and the graphite crystals with a silver surface are weakly
doped (dilute limit).

direction (perpendicular to the layers). Within the xy plane
the nearest neighbour interaction is described by γ0 (e.g.
A1B1 and A2B2) for the nearest neighbours. A further pa-
rameter, γ1 (A1A2), is needed to couple the atoms directly
above each other (in z direction). Other hopping param-
eters couple atoms in adjacent layers of sites that are not
directly above each other (γ3 and γ4). The small coupling
of atoms in the next-nearest planes is γ2 and γ5. The TB
parameters are directly related to the electronic band struc-
ture of graphite. E.g. γ0 is proportional to the Fermi veloc-
ity in the kxky plane and 4γ1 gives the bandwidth in the
kz direction. The bandwidth of the weakly dispersing band
in kz that crosses EF approximately halfway in between
K and H is equal to 2γ2. This parameter is responsible
for the semi metallic character of graphite. The negative
sign of γ2 causes the electron(hole) pockets to appear at
K(H) points. The magnitude of γ2 determines the overlap
of electrons and holes and thus the volume of the Fermi
surface. It also strongly affects the concentration of elec-

tron and hole carriers and hence the conductivity and free
charge carrier plasmon frequency. In the case of pristine
graphite, the electron and hole concentrations are equal to
each other. For the case of electron (hole) doping, the elec-
tron (hole) pocket increases in size [5]. At ±25 meV dop-
ing level, we have observed a transition to a single carrier
regime and the carriers are electrons (for the case of elec-
tron doping) or holes (for the case of hole doping). For
low doping levels, the changes in the electron energy band
structure follow a rigid band shift model, i.e. for electron
(hole) doping, the Fermi energy is shifted rigidly upwards
(downwards) to higher (lower) values. From an experimen-
tal point of view, hole doping is carried out by intercalation
of e.g. iron-III-chloride (FeCl3) and electron doping by in-
tercalation of alkali (and alkaline) earth metals [1]. On the
one hand, the strong electron affinity of FeCl3 depopulates
the π band by causing an electron transfer from graphite to
the intercalant. On the other hand, the low ionization poten-
tial of alkali metals causes a transfer of the valence s elec-
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tron from the intercalant to the graphite π∗ bands. In this
work, we will concentrate on the case of electron doped
graphite single crystals with low doping levels. As an in-
tercalant we use potassium, which transfers its 4s electron
to the π∗ band of graphite. We will then discuss the results
of photoemission from the π∗ band.

2 Preparation of potassium doped graphite
Since potassium doped graphite is not air stable the doping
is carried out in high-vacuum conditions. Thus the potas-
sium doping is either carried out in a sealed quartz tube
using a potassium metal capillary or in a special prepara-
tion chamber using a commercially available getter source
(SAES company). In both cases potassium is evaporated
onto the graphite and forms a thin overlayer. Equilibra-
tion at elevated temperatures causes the overlayer to in-
tercalate into the graphite via defects and the crystal edges.
It has been experimentally found that a potassium mono-
layer intercalates already at 150 K [8] from the surface of
graphite. Depending on the amount of potassium on the
surface and the equilibration temperatures [1], it is possi-
ble to synthesize either dilute phases or staged compounds.
For high doping levels, the stage I-III can be determined by
visual inspection, e.g. stage I intercalated graphite (KC8) is
golden. For low doping levels, the Fermi level shift and sto-
ichiometry can be determined from a direct measurement
of the band structure by ARPES and comparision to the
pristine band structure [4].

For the case of ARPES measurements, it is possible
to break a sealed quartz tube with an intercalated graphite
in the measurement chamber [9] or to perform the inter-
calation in-situ by evaporation of potassium from getter
sources [10,11]. For the optical spectroscopies such as res-
onance Raman or optical absorption spectroscopy, doped
graphite is preferably prepared in a quartz tube where it
can directly be measured by visible light. In both cases the
sample can be measured as-prepared and one does not need
to expose it to air.

In Fig. 2 we show a photograph of the intercalation
of graphite single crystals. A smaller cylindrical shaped
quartz capillary is filled with liquid potassium in an Argon
box and sealed together with graphite inside a quartz tube
of about 1 cm diameter. Afterwards the quartz tube is evac-
uated to a pressure better than 10−7 mbar and sealed. Then
the intercalation procedure begins by heating the potas-
sium so that it evaporates and condensates on the graphite
crystals, where it readily intercalates and transfers elec-
tron to the graphite π∗ bands. In Fig. 2 there are silver and
golden crystals visible. While silver colour corresponds to
undoped or weakly doped graphite crystals, the stage I in-
tercalation compound has golden colour [10].

For achieving a doping level in the dilute limit we equi-
librated at 110 ◦C and for higher doping levels a lower tem-
perature was chosen [10]. The unambiguous assignment of
the different intercalation stages was also verified by low
energy electron diffraction (LEED) experiments.

Figure 3 The electronic band structure of doped graphite. The
lower π band and the upper π∗ band are clearly visible. The dop-
ing level is about 400 meV. The photon energy was 83 eV which
corresponds to a cut close to K point [4].

3 Electronic structure of doped graphite Ex-
periments were done at BESSY II using the UE112-PGM2
beamline and a Scienta RS 4000 analyzer yielding a to-
tal energy resolution of 15 meV and a momentum reso-
lution better than 0.01 Å−1. Natural graphite single crys-
tal samples were mounted on a three axis manipulator and
cleaved in-situ. Intercalation was performed with the sam-
ple at room temperature by evaporating potassium metal
from a commercially available SAES getter source. In or-
der to check the doping level, we measured ARPES after
each intercalation step.

In Fig. 3 we show the band structure as measured by
ARPES around EF that is crossing the KH axis. From a
comparision with pristine graphite [4], it can be seen that
the π∗ band, with a positive electron mass is getting occu-
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Figure 4 (a) Momentum dispersion curve (MDC) through the
Fermi energy. The circles denote the experimental values and the
line the fit by a sum of two Lorentzians. (b) The maxima of MDCs
in an energy range between 0.3 eV binding energy and the Fermi
level. The circles denote the experimental MDC maxima and the
red line a linear fit close to the Fermi level.

Figure 5 Calculated dopant/carbon stoichiometric ratio versus
Fermi level shift for electron and hole doping.

pied. Still there are two valence π bands visible which in-
dicates that we do not have a staging compound. The pho-
toemission intensity of the π∗ band is visibly larger which
proofs that we shifted EF into a band with different sym-
metry compared to the π band. This increase in the photoe-
mission intensity is due to a different initial state entering
the dipole matrix element in the photoemission process. In
undoped graphite, the doping level lies at the crossing of
the π and π∗ bands [1]. From a consideration of Fig. 3 it is
clear that the Fermi level is shifted from the crossing point
by ∼400 meV.

In Fig. 4(a) we show the momentum dispersion curve
(MDC) at EF fitted by two Lorentzians. In Fig. 4(b) we
show the band dispersion close to EF obtained from the
MDC maxima. From this slope we determine the average
Fermi velocity of the conduction band as vF = 0.95× 106

ms−1. This is in excellent agreement to our TB calcula-
tion [5] and proofs that we are really able to probe the pre-
viously unoccupied π∗ band of graphite.

We now discuss how the potassium doping changes
the volume inside the Fermi surface and thus the number
of free carriers. Note that a detail description of the de-
pendence of the electron and hole pockets on the doping
level is given in Ref. [5]. The trigonal warping has lit-
tle effect on this volume. When we set γ3 = 0, then the
Fermi surface is isotropic around KH axis. This simplifi-
cation results in little change of the volume. In this case,
the cross section of the Fermi surface A(kz) has an ana-
lytical form which is given in [12]. Then, vep and vhp, the
volumes of the electron and hole pockets are obtained by
integrating the cross section of the Fermi surface, A(kz),
along kz [5]. The integration is carried out for the kz values
which are in the region of electron and hole carriers. Thus
the integration borders depend on the doping level and for
EF = 0 we have e.g. vep = 2

∫ KH/2

K
A(kz)dkz and vhp =

2
∫ H

KH/2
A(kz)dkz . The number of electrons and holes in-

side the pockets are given by 4vep/vbz and 4vhp/vbz . Here
vbz denotes the volume of the Brillouin zone which is given
by vbz = 3

√
3K2

xHz with Kx = 1.70 Å−1 for the dis-
tance of Γ to K point and Hz = 0.47 Å−1 for the kz

value at H point. The numbers of electrons and holes per
cm−3 are then given by ne = 4 × 1024vep/(vbzvuc) and
nh = 4 × 1024vhp/(vbzvuc). Here vuc and vbz denote the
volume of the unit cell (units are Å) which is given by
vuc = 3

√
3a2

0ac/2. Here we used a0 = 1.44 Å for the
in-plane C-C distance, ac = 6.7 Å for the length of the
unit vector in z direction.

It is interesting to discuss the potassium/carbon sto-
ichiometry required to reach the low doping level from
Fig. 5. We therefore convert the electron densities to a
dopant stoichiometry assuming a full charge transfer. The
result is shown in Fig. 5. It can be seen that a shift of EF by
400 meV corresponds to a stoichiometric ratio of 3 dopant
atoms per thousand carbon atoms.

4 Discussion and conclusions In conclusion we
have synthesized weakly doped graphite (dilute limit) and
performed ARPES measurements. We found that the low
dopant to carbon concentration does not affect the band
dispersion since we do not have a staging compound. The
doping follows a rigid band shift model [10]. Upon deposi-
tion and subsequent intercalation of potassium atoms, the
π∗ band becomes occupied by electrons transferred from
the potassium to the graphene layers. This π∗ band has a
higher photoemission intensity as compared to the π band.
Such an effect is attributed to the matrix element for a
dipole transition from the π bands to an unoccupied state
above the Fermi level.

We could successfully perform ARPES of the conduc-
tion band of graphite which is not occupied in pristine
graphite. From the maxima of the MDCs we have deter-
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mined the Fermi velocity (i.e. the band velocity of the π∗
band). The obtained value vF = 0.95× 106 ms−1 is in ex-
cellent agreement to the value that we calculated by tight-
binding [5] (vF = 1.01 × 106 ms−1 ). This proofs that we
could really measure the unadultered π∗ band by photoe-
mission. This is in stark contrast to higher doping levels,
where the π energy band structure is significantly changed
with respect to pristine graphite and does not follow a rigid
band shift model.

The measured dispersion of the π∗ band provides valu-
able input to double resonance Raman and transport exper-
iments of doped graphite. Our results circumvent the prob-
lems which are associated with strong substrate interaction
of graphene [2,13,3] or with interlayer interaction [4]. Our
ARPES experiments are of particular interest, when com-
pared to gated few-layered graphene devices. From our
measurements we can determine the conduction band that
is responsible for electron transport in a gated FLG device
and its band parameters.

The charge transfer is analyzed using the SWMC
model which accurately describes the band structure close
to the KH axis. By integration of the Fermi surface we
determined the amount of charge transferred. Assuming a
full (ionic) charge transfer of one electron per potassium
atom we derived a stoichiometry of about 1 potassium
atom per three hundred carbon atoms.

Finally, from the present data we propose a combined
ARPES and resonance Raman analysis of doped graphite
in order to investigate the doping dependence of corre-
lation effects. The ARPES measurements would provide
a detail information on the electronic energy band struc-
ture and the doping level. Based on the ARPES results a
suitable laser energy for resonance and off-resonance Ra-
man measurements could be chosen. The correlation of the
asymmetry of the Raman G band (which measures LO and
TO zone center phonons) and the doping level would give
valuable information of how doping affects the electron–
phonon coupling.
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