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Narrow photoemission lines from graphite valence states
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Valence-band photoelectron angular distributions, measured in the photon energy range 202150 eV, are
obtained from crystalline graphite overlayers prepared by heating SiC~0001! and from a graphite natural single
crystal. The dispersion of the valence bands for the overlayers agrees well with that of the single crystal. The
valence electrons have binding energies, which agree with LDA calculations if the calculated binding energies
are multiplied by a factor of 1.13. The uppers state atG and states near the Fermi level at the zone corners
give quite narrow emission lines. Since the widths are on par with that of the C 1s level the lines are of interest
as an alternative to the core line when graphite is used as substrate for adsorption or absorption studies.
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I. INTRODUCTION

Stimulated by the recent observation using low-ene
electron diffraction~LEED! that crystalline surface layers o
graphite can be prepared by heating SiC crystals1 we have
recorded angle-resolved photoemission spectra to probe
valence states of such layers and also for a natural si
crystal. The overlayers are of interest as an alternative
natural single crystals, which are inconveniently small
many experiments. After noting that the overall valence ba
dispersion in high symmetry directions of the overlaye
agrees well with previous results for natural single crystal2,3

we have used the samples to search for narrow emis
lines. Such lines are valuable for observing adsorbate or
sorbate induced binding energy shifts when these shifts
small. Of obvious interest in this respect are the states n
the Fermi energy, which are found near the corners of
Brillouin zone. The band structure is complicated in this
gion but is of main interest since the states are involved
the electron transfer to or from an adsorbate or absorbate
important for electron transport properties. In a search
narrow emission lines another state of interest is the uppes
state at the center of the Brillouin zone. This state mark
band maximum, which means that only Auger processe
interband type can contribute to the decay of the photoh
For a semimetal one furthermore expects this decay to
slow due to the low density of states in the vicinity of th
Fermi level.

Electron lifetimes in graphite are of general interest due
the marked deviation from Fermi liquid theory observed
experiments covering the range 0–2.4 eV above the Fe
level.4,5 The anomalous behavior was ascribed to the an
tropic band structure of graphite.5,6 Since this should influ-
ence also hole lifetimes the linewidths measured in
present work ought to be of interest for further modellin
Furthermore graphite has high vibration frequencies whic
favourable for observing the influence on the line shape
the electron-phonon interaction when states near the F
level are probed.7,8
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II. EXPERIMENTAL

The experiments were performed at beamline 33 in
MAX synchrotron radiation facility, Lund, Sweden. Th
beamline is equipped with a spherical grating monoch
mator and an end station with a 75 mm radius electron a
lyzer with variable angular resolution down to60.4°. The
experimental energy resolution for the spectra taken is, if
stated otherwise, around 60 meV. An incidence angle of
was chosen for the experiment. One set of samples was
pared by in situ heating ofn-doped 6H-SiC~0001! as de-
scribed by Fourbauxet al.1 Before insertion in the experi
mental chamber these samples were rinsed in HF solut
The samples were then heated in ultrahigh vacuum by a
current. The temperature, measured with a pyrometer,
increased to 1450 °C in steps such that the various sur
reconstructions1,9 could be monitored by LEED. The heatin
was continued well beyond the time where the Si 2p photo-
emission line observed athn5150 eV was no longer de
tected. Most spectra presented below for graphite overla
were measured from samples preparedin situ. The spectral
profile produced by the states near theK point is intricate and
somewhat better resolved using an overlayer sample
pared in a separate oven. This sample is an off axes(8°) cut
4H-SiC~0001! crystal, which was heated to a significant
higher temperature, around 2000 °C, in a graphite enclos
and at 1 atm. argon pressure. The sample was then kept i
before insertion into the photoemission chamber and he
to 980 °C prior to measurements. The LEED pattern a
STM images~Fig. 1! from this sample show that there a
two different facets with an angle of around 160° betwe
them.

The two facets give two sets of photoemission spec
Nevertheless the spectral features of each facet can easi
identified due to the large angle between the facets. The
tensity of the LEED pattern shows that one facet is stron
and according to the STM images this orientation consist
larger and rather flat terraces. Of further interest is that e
of the facets gives a threefold LEED pattern, indicative
perfect termination, whereas a sixfold pattern is observed
the samples preparedin situ and also for the natural crysta
©2002 The American Physical Society22-1
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Compared to the terraced sample those prepared in situ
rough, according to the STM measurements, consisting
large number of terraces with different heights.

III. RESULTS AND DISCUSSION

A. Overall band structure

Figure 2 shows binding energies measured in theG-K and
G-M symmetry directions plotted versus the parallel wa
vector component of the emitted electrons. The photon e
gies are 46 and 70 eV. Included also in Fig. 2 is a ba
structure based on a calculation using the local density
proximation with the full-potential linear muffin-tin-orbita
~FPLMTO! method10 with the binding energies multiplied b
1.13 such that the calculated band bottom~19.2 eV below
EF) coincides with our experimental value~21.7 eV!. The
bandwidth is in excellent agreement with experimental
sults and quasiparticle calculations performed by He
et al.,11 who found a widening of the valence band in grap
ite compared to the local-density approximation~LDA ! cal-
culations. As for the maximum of uppers band, Ref. 10,
gives a value of 3.4 eV, which when multiplied by 1.13 giv
3.84 eV, rather close to our experimental value of 4.1 eV
should however be mentioned that the degree of agreem
obtained with the simple stretching picture~Fig. 2!, depends
on which one of the many band structure calculations

FIG. 1. ~a! LEED pattern obtained with the electrons (E
5122 eV) incident normally to the terraces marked by A in t
lower panel. The LEED spots marked by squares are obtained
this facet and the spot marked by a circle is the~00! spot from the
second facet.~b! STM image of the off-axis cut(8°) 4H-SiC~0001!
sample showing terraces of graphite (500 nm3500 nm).
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ported for graphite the comparison is made with. As an
ample of the scatter in the calculated band energies, a tab
Ref. 10 of previously calculated energies shows values in
range from 3.0 to 4.6 eV for the maximum of the uppers
band. More recent calculations give energies near 3.0
~Refs. 12,13! which according to the simple stretching pi
ture gives a value of 3.39 eV clearly suggesting that
future refinements on the simple stretching picture is need

For s states the dispersion along thec axis (k') is insig-
nificant so the plot in Fig. 2 gives the in-plane dispersion
thes states. Since thep states disperse withk' , thep state
binding energies plotted in Fig. 2 are merely representa
of the two photon energies used. The binding energy of thp
state measured in the normal direction at different pho
energies is shown in Fig. 3~a! and the full width at half
maximum of the emission line is shown in Fig. 3~b!. The
dispersion of thep states along thec axis and in lateral high
symmetry directions agrees well with earlier work on sing
crystals2,3 as well as with our own results for a natural cry
tal. Comparison with the stretched LDA calculation in Fig.
shows agreement for the minimum binding energy of
dispersingp band. Our experimental value of 8.9 eV shou
be compared to 8.8 eV, which is the value of the bindi
energy given in Ref. 10 multiplied by the factor 1.13. Th
agreement is less for the maximum binding energy of
dispersing band.

In a recent photoemission study of graphite therma
grown on SiC the interest was focused on the width of thep
state observed in normal emission at photon energies
tween 23 and 55 eV.12 From the data a lifetime broadening o
3.8 eV was obtained, varying insignificantly with the phot
energy. However, as shown in Fig. 3~b!, the peak width var-

m

FIG. 2. Plot of binding energy vsk// in symmetry directions for
an in situ prepared sample. The filled and open circles are the
perimentally determined points corresponding to 46 and 70 eV p
ton energy respectively. The line is a band structure calculated
local density approximation~Ref. 10!, where the calculated binding
energy has been stretched by 13 %~see text for details!. The
crosses, obtained with hn546 eV, is due to an anomalous pea
shown in Fig. 4.
2-2
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NARROW PHOTOEMISSION LINES FROM GRAPHITE . . . PHYSICAL REVIEW B 66, 235422 ~2002!
ies within the band from around 1.9 eV at minimum bindi
energy to 2.9 eV at maximum binding energy. A sample
spectra for thep state in normal emission is shown in Fi
3~c!. One can notice that at the higher photon energies u
here the emission peak is less distorted by final state effe
which are probably responsible for the larger width noted
Strocov et al.12 The bottoms state ~no spectrum shown!
gives a line width of 2.7 eV.

Figure 4 shows a strong and dispersive peak at around
eV binding energy near the corners of the Brillouin zone~see
also Fig. 2!. We observe this peak at different photon en
gies hn546 and 70 eV, forin situ and ex situ prepared
samples as well as for the natural single crystal although
more distinct for the terraced sample. This peak, which w
observed also in previous work,3 is anomalous since it has n
counterpart in the calculated band structure. In the meas
photoemission spectra we have not noticed any influenc
the additional period introduced by the ordered step terra

FIG. 3. Two panels, both forin situ prepared samples.~a! Bind-
ing energy measured along the surface normal versus photon en
for thep band~larger uncertainty in energy for unfilled circles!. ~b!
the width ~FWHM! of the p-emission line.~c! p-emission line at
50, 80, and 110 eV photon energy.
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B. The upper s state

Figure 5~a! shows the uppers state, at 4.1 eV binding
energy, measured at theG points in the first and second Bril
louin zones with the incidence plane parallel toG-K and the
detector perpendicular to the incidence plane. Compare
thep line at 7.9 eV binding energy, a quite small intensity
recorded for the uppers state atG in the first zone, but when
the detector is instead positioned to observe the state in
second Brillouin zone it dominates the emission@Fig. 5~a!#.
The state gives an asymmetric line with a narrow low bin
ing energy side~83 meV at half maximum! and a wide tail
towards high binding energies. This width is observed wh
the sample is at 100 K and the line is slightly narrower th
at room temperature.

The width for the uppers state is on par with that mea
sured for the C 1s core level~160 meV! in graphite14 but the
s line is more asymmetric. The core level emission w
found to have two components. This was ascribed to a b
surface split 1s binding energy with 120 meV higher bindin
energy for C atoms in the surface layer.14 The C 1s spectra,
which were recorded along the surface normal at differ
photon energies extending to 65 eV above the 1s excitation
threshold, show that the surface component gives the st
ger signal, by a factor of 5 or more. Thes states in adjacen
layers have an insignificant overlap one could expect a b
surface split binding energy also for the uppers state but
this we do not observe.

In the first zone, emission from the uppers-state appears
only above a threshold photon energy of around 36 eV@Fig.
5~c!#. The narrows line then appears on the low bindin
energy side of a broader peak, which is observed alread
hn520 eV and gains strength as the photon energy exce
approximately 30 eV. In previous work the narrows line
was not resolved and the broader peak was assigned to ts
state.

rgy

FIG. 4. Photoemission spectra at different polar angles of theex
situ prepared sample showing an anomalous peak~marked! indicat-
ing the existence of states near zone corners with a binding en
of around 7.5 eV. The spectra are recorded alongG-K-M , parallel
to the incident plane. At a polar angle of 35° the anomalous p
has a parallel wave vector near the zone corner.
2-3



is
g
e
po
tri
f 3

At
el.
nt
ith
of

d
ad

e to

t

t
e
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In a plane wave approximation for the final state no em
sion is expected from thes state in spectra recorded alon
the surface normal.15 The reason is that the state chang
sign across the surface such that there are equally large
tive and negative contributions to the photoemission ma
element. Our observation of a threshold photon energy o

FIG. 5. Photoelectron energy spectra, all forin situ samples
except for the upper spectrum in~a! which is measured for the
terraced sample.~a! Normal emission~lower spectrum! and spec-
trum recorded with the detector set at 67.5° polar angle to probe
uppers state in the second zone in a plane normal to the plan
incidence~upper spectrum!. ~b! The s line in the second Brillouin
zone at RT and at 100 K.~c! The uppers line recorded along the
surface normal at three different photon energies.
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eV suggests that the appearance of thes line can be ex-
plained by including diffracted waves in the final state.
hn536 eV the final energy is 32 eV above the Fermi lev
In a recent very-low-energy electron diffraction experime
an energy band characterized by strong hybridization w
off-normal diffracted waves was found to give an onset
absorption at 33 eV for normally incident electrons.13 The
emergence of the narrows line may therefore be explaine
by transitions into this band. The interpretation of the bro
peak on the high binding energy side of thes line is uncer-
tain. The binding energy suggests that the emission is du
s band states in the vicinity ofG. The observation of strong
emission from thes state in the second zone~Fig. 5! is in
accordance with observations of Shirleyet al.15 and Daimon
et al.16

FIG. 6. Angle resolved spectra of theex situprepared sample a
different polar angles choosen to probe states alongG-K-M near the
K point. ~a! hn520 eV (57° corresponds to K!. ~b! hn546 eV
(31° corresponds to K!.
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FIG. 7. ~a! Details of band structure calculations along different symmetry directions around the Fermi level~a! ~SWMc! ~Ref. 20!, ~b!
~FPLMTO! ~Ref. 10!.
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The linewidth for the uppers state atG is an order of
magnitude smaller than the widths for thep states atG and
the bottoms state. An obvious reason for this is that th
quenching of the photohole proceeds by Auger processe
different type. The hole in thep and bottoms state can be
filled via intraband Auger processes. These are typic
more effective than interband processes, which are the
possible ones for the uppers state since this makes a ban
maximum. As recently found for electrons with energies n
above EF ~Refs. 5,6! the unusual electronic structure o
graphite will affect also hole lifetimes. The minute density
states atEF in graphite and the low density within a coup
of eV of EF means a further reduction of the rate at which
hole in the uppers state is filled. Thep and the lowers
states are at lower energies and line widths are there
expected to be less influenced by the density of states
range nearEF .

C. States nearEF

In addition to the narrows line, a sharp line is resolved
for the p electrons close to the Fermi level. To our know
edge this has not been noted in previous work. A sample
spectra is shown in Fig. 6. With the azimuthal detect
angle in theG-K-M direction one finds that a narrow emi
sion peak@A in Fig. 6~a!# appears at near zero binding ener
for polar angles set to observe states close to a corner o
Brillouin zone. As the polar angle exceeds 57° and sta
beyondK are probed at hn520 eV, peak A rapidly looses
intensity. Peak B shifts to higher binding energies toget
with a new peak C such that the energy separation betw
the two remains nearly constant as the polar angle
changed.

The two peaks B and C reflect the two bands predicted
the K-M direction outside the zone corner@Fig. 7~b!#. The
development of the spectral features is similar, with one
ception, when the angular dependence is measured at d
ent photon energies in the range 20–46 eV@for example,
hn546 eV in Fig. 6~b!#. At 35 eV only one peak is observe
beyond the corner of the Brillouin zone. A possible reason
that with a photon energy of 35 eV the emission is fro
states close to theH point, where there is only one ban
outside the zone corner.17 The peaks C and B have a sepa
tion of about 0.4 eV at photon energies in the ranges 20
eV and 40–46 eV. The energy separation between pea
and B near the zone corner is also measured to be 0.4 eV
hn520–46 eV. The electronic structure near the Fermi
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ergy and the shape of the Fermi surface is often describe
the SWMc parameters.18,19From the different parameter va
ues reported, the following values of the separation betw
the two bands at theK point are 0.52,17 0.58,20 0.67,21 0.80
eV ~Ref. 22! and the lower of the two bands alongK-M is
0.54,17 0.59,20 0.69,21 0.81 eV ~Ref. 22! below the Fermi
level at theK point. The latter energies can be compared w
the binding energy of 0.46 eV for peak B in Fig. 6~a!.

At photon energies, above 46 eV, the acceptance an
(60.8°) of the detector makesk-parallel selection too crude
to measure accurately the rapid spectral variation near
zone corner. Even athn520 eV the strong angular depen
dence makes it difficult to monitor the changes in bindi
energy and intensity with the desired resolution. As may
noted in Fig. 6, the spectral changes can be large even w
the change in angle is less than the acceptance angle. W
the spectra are similar for the different samples, the featu
due to states near the zone corner with small binding ene
are clearer in the spectra obtained for theex situprepared
sample. In particular peak A at near zero binding energy
better resolved. The linewidth is 90 meV~FWHM!, which is
obtained with an experimental resolution of 50 meV. No s
nificant change of the width is observed upon cooling
sample to 100 K. We ascribe peak A to theE3

1 band~see Fig.
7!. The Fermi surface of graphite lies within 0.077 Å21 ~Ref.
20! of the corner of the Brillouin zone. The range of emi
sion angles for which peak A is observed corresponds to ak//
range of 0.096 Å21, in fair agreement with the expecte
range of populated wave vectors near the Fermi energy.
a further comparison with the Fermi surface models o
notes in Fig. 6~a! that peak A disappears abruptly as the po
detection angle is increased from 59° to 60° and states
side the zone corner are probed. A cut of the Fermi surf
with kz50 shows a triangular shape20,22 which is consistent
with the rapid disappearance of peak A beyond the corne
the zone.

Although the spectra are quite similar at the zone cor
for the different photon energies, the spectral features
lower polar angles are rather different, as shown in Fig. 6.
hn520 eV @Fig. 6~a!#, the p band emerges from slightly
higher binding energies when the angle is increased c
pared to hn546 eV @Fig. 6~b!#. This difference in binding
energy may be explained by the dispersion of thep states
along thec axis in the manner observed when the bindi
energies ofp electrons are measured along the surface n
mal at different photon energies. A possible explanation
2-5
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the difference is then, at hn520 eV states near the lowe
band@E2 in Fig. 7~a!# are detected while at hn546 eV the
emission is from states near the upper band@E3

2 in Fig. 7~a!#.

IV. SUMMARY

In summary we find that there are narrow emission lin
in the valence band photoemission spectrum of graphite.
width of the line due to the uppers state is similar to that
measured for the C 1s core level. This makes thes state of
interest as an alternative to the 1s level for adsorption and
absorption studies. The linewidth of thes state should also
be of interest for hole lifetime estimates in a near 2D c
where intraband Auger-processes are prohibited and
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phase space for interband processes limited due to the s
metal character of graphite. Another narrow line, at near z
binding energy, demonstrates that photoemission can be
to resolve details of the electronic structure near Fermi le
in graphite. Of experimental interest is that graphite overl
ers prepared by heating SiC at high temperature give ph
emission spectra with a quality that compare quite well w
those recorded for natural single crystals.
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