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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 rantg020/, are
obtained from crystalline graphite overlayers prepared by heatin@8Q) 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 upperstate atl’ and states near the Fermi level at the zone corners
give quite narrow emission lines. Since the widths are on par with that of trel€/&l 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 Il. EXPERIMENTAL

The experiments were performed at beamline 33 in the

Stimulated by the recent observation using low-energyMAX synchrotron radiation facility, Lund, Sweden. The
electron diffraction(LEED) that crystalline surface layers of beamline is equipped with a spherical grating monochro-
graphite can be prepared by heating SiC cryStals have mator and an end station with a 75 mm radius electron ana-
recorded angle-resolved photoemission spectra to probe thgzer with variable angular resolution down t©0.4°. The
valence states of such layers and also for a natural singlexperimental energy resolution for the spectra taken is, if not
crystal. The overlayers are of interest as an alternative tetated otherwise, around 60 meV. An incidence angle of 45°
natural single crystals, which are inconveniently small forwas chosen for the experiment. One set of samples was pre-
many experiments. After noting that the overall valence bangbared byin situ heating ofn-doped 6H-Si@001) as de-
dispersion in high symmetry directions of the overlayersscribed by Fourbauet al! Before insertion in the experi-
agrees well with previous results for natural single cryétals mental chamber these samples were rinsed in HF solution.
we have used the samples to search for narrow emissiofhe samples were then heated in ultrahigh vacuum by a dc
lines. Such lines are valuable for observing adsorbate or atzurrent. The temperature, measured with a pyrometer, was
sorbate induced binding energy shifts when these shifts aracreased to 1450 °C in steps such that the various surface
small. Of obvious interest in this respect are the states neaeconstructions® could be monitored by LEED. The heating
the Fermi energy, which are found near the corners of thavas continued well beyond the time where the 8ighoto-
Brillouin zone. The band structure is complicated in this re-emission line observed dtv=150 eV was no longer de-
gion but is of main interest since the states are involved irfected. Most spectra presented below for graphite overlayers
the electron transfer to or from an adsorbate or absorbate a¢ere measured from samples prepaireditu. The spectral
important for electron transport properties. In a search foProfile produced by the states near Kigoint is intricate and
narrow emission lines another state of interest is the upper S0mewhat better resolved using an overlayer sample pre-

state at the center of the Brillouin zone. This state marks ®ared in a separate oven. This sample is an off §&&y cut

band maximum, which means that only Auger processes dffi-SiC0001) crystal, which was heated to a significantly
igher temperature, around 2000 °C, in a graphite enclosure

interband type can contribute to the decay of the hotoholeh oo
! yp o y P nd at 1 atm. argon pressure. The sample was then kept in air

For a semimetal one furthermore expects this decay to b efore insertion into the photoemission chamber and heated

slow due to the low density of states in the vicinity of the o : P

Fermi level to 98(_) C prior to measurements. The LEED pattern and
' STM images(Fig. 1) from this sample show that there are

Electron lifetimes in graphite are of general interest due t(}wo different facets with an angle of around 160° between
the marked deviation from Fermi liquid theory observed in

experiments covering the range 0-2.4 eV above the Fermi 1o g facets give two sets of photoemission spectra.
level."> The anomalous behavior was ascribed to the anisoyeyertheless the spectral features of each facet can easily be
tropic band structure of graphité. Since this should influ- jgentified due to the large angle between the facets. The in-
ence also hole lifetimes the linewidths measured in theensity of the LEED pattern shows that one facet is stronger
present work ought to be of interest for further modelling. and according to the STM images this orientation consists of
Furthermore graphite has high vibration frequencies which isarger and rather flat terraces. Of further interest is that each
favourable for observing the influence on the line shape obf the facets gives a threefold LEED pattern, indicative of
the electron-phonon interaction when states near the Fermpierfect termination, whereas a sixfold pattern is observed for
level are probed? the samples prepared situ and also for the natural crystal.
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FIG. 2. Plot of binding energy Vs, in symmetry directions for
an in situ prepared sample. The filled and open circles are the ex-
perimentally determined points corresponding to 46 and 70 eV pho-
ton energy respectively. The line is a band structure calculated by
local density approximatiofRef. 10, where the calculated binding
energy has been stretched by 13 (Bee text for details The
crosses, obtained withil=46 eV, is due to an anomalous peak
shown in Fig. 4.

FIG. 1. (a) LEED pattern obtained with the electron& (

=122 eV) incident normally to the terraces marked by A in the ported for graphite the comparison is made with. As an ex-
lower panel. The LEED spots marked by squares are obtained froggmple of the scatter in the calculated band energies, a table in
this facet and the spot marked by a circle is (06) spot from the - pef 10 of previously calculated energies shows values in the
second faceib) STM image of the off-axis cul8°) 4HSiC(000D 1 ange from 3.0 to 4.6 eV for the maximum of the upper
sample showing terraces of graphite (5000600 nm). band. More recent calculations give energies near 3.0 eV

... (Refs. 12,13 which according to the simple stretching pic-
Compared to the terraced sample those prepared in situ afgre gives a value of 3.39 eV clearly suggesting that the

rough, according to the STM measurements, consisting of §,re refinements on the simple stretching picture is needed.
large number of terraces with different heights. For o states the dispersion along tbexis (k, ) is insig-
nificant so the plot in Fig. 2 gives the in-plane dispersion of
Ill. RESULTS AND DISCUSSION the o states. Since the states disperse witk, , the 7 state
binding energies plotted in Fig. 2 are merely representative
of the two photon energies used. The binding energy ofithe
Figure 2 shows binding energies measured inlt€ and  state measured in the normal direction at different photon
I'-M symmetry directions plotted versus the parallel waveenergies is shown in Fig.(8 and the full width at half
vector component of the emitted electrons. The photon enemaximum of the emission line is shown in Fig(b3 The
gies are 46 and 70 eV. Included also in Fig. 2 is a bandlispersion of ther states along the axis and in lateral high
structure based on a calculation using the local density appymmetry directions agrees well with earlier work on single
proximation with the full-potential linear muffin-tin-orbital crystal$® as well as with our own results for a natural crys-
(FPLMTO) method® with the binding energies multiplied by tal. Comparison with the stretched LDA calculation in Fig. 2
1.13 such that the calculated band bott@18.2 eV below shows agreement for the minimum binding energy of the
Er) coincides with our experimental valu@1.7 e\). The  dispersingm band. Our experimental value of 8.9 eV should
bandwidth is in excellent agreement with experimental rebe compared to 8.8 eV, which is the value of the binding
sults and quasiparticle calculations performed by Heskenergy given in Ref. 10 multiplied by the factor 1.13. The
et al,' who found a widening of the valence band in graph-agreement is less for the maximum binding energy of the
ite compared to the local-density approximatitDA) cal-  dispersing band.
culations. As for the maximum of upper band, Ref. 10, In a recent photoemission study of graphite thermally
gives a value of 3.4 eV, which when multiplied by 1.13 givesgrown on SiC the interest was focused on the width ofithe
3.84 eV, rather close to our experimental value of 4.1 eV. Itstate observed in normal emission at photon energies be-
should however be mentioned that the degree of agreemetween 23 and 55 e¥# From the data a lifetime broadening of
obtained with the simple stretching pictuiféig. 2), depends 3.8 eV was obtained, varying insignificantly with the photon
on which one of the many band structure calculations reenergy. However, as shown in Figh3, the peak width var-

A. Overall band structure
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FIG. 4. Photoemission spectra at different polar angles oéthe
N c situ prepared sample showing an anomalous pearked indicat-
7 ""ﬂ ing the existence of states near zone corners with a binding energy
- -, of around 7.5 eV. The spectra are recorded albrg-M, parallel
-~ - Vo, [ to the incident plane. At a polar angle of 35° the anomalous peak
= o ,,..-'.',"' p  Now has a parallel wave vector near the zone corner.
= T o e 10 eV
1 E N R N
= 5 M et B. The upper o state
< & Y
% va ~ %\”"‘*’% Figure 5a) shows the upper state, at 4.1 eV binding
§ s N T 00 €V energy, measured at tfiepoints in the first and second Bril-
= ) S Ran . . . .
= kY louin zones with the incidence plane parallellteK and the
N detector perpendicular to the incidence plane. Compared to
g 50 eV the 7r line at 7.9 eV binding energy, a quite small intensity is
el . recorded for the upper state afl” in the first zone, but when
5 10 15 the detector is instead positioned to observe the state in the

second Brillouin zone it dominates the emiss|éiig. 5a)].

The state gives an asymmetric line with a narrow low bind-
FIG. 3. Two panels, both fdn situ prepared sample&) Bind- NG energy sidg83 meV at half maximumand a wide tail

ing energy measured along the surface normal versus photon enertgwards high binding energies. This width is observed when

for the 7~ band(larger uncertainty in energy for unfilled circlegp) ~ the sample is at 100 K and the line is slightly narrower than

the width (FWHM) of the mr-emission line.(c) w-emission line at ~at room temperature.

50, 80, and 110 eV photon energy. The width for the upper state is on par with that mea-

sured for the C & core level(160 meV} in graphité” but the

ies within the band from around 1.9 eV at minimum binding]? Iindetishmor(i asymmetric. tTh$_hc.;0re level ggnijstion gvalf
energy to 2.9 eV at maximum binding energy. A sample of ound to have two components. 'his was ascribed to a bulk-

spectra for ther state in normal emission is shown in Fig. surface split $ binding energy with 120 meV higher binding

3(c). One can notice that at the higher photon energies used o' Y for C atoms in the surface layéThe C Is spec;ra,
L . . . which were recorded along the surface normal at different
here the emission peak is less distorted by final state effect

: i : hoton energies extending to 65 eV above tlseekcitation
which are probably responsible for the larger width noted by, . <1014 show that the surface component gives the stron-
Strocov et al}? The bottomo state (no spectrum shown |

gives a line width of 2.7 eV, ger signal, by a factor of 5 or more. Tlestates in adjacent
iv ine wi . s

layers have an insignificant overlap one could expect a bulk-

Figure 4 shows a strong and dispersive peak at around 7§, face split binding energy also for the upperstate but
eV binding energy near the corners of the Brillouin zés®€e  ihis we do not observe.

also Fig. 2. We observe this peak at different photon ener- |p the first zone, emission from the upperstate appears
gies hv=46 and 70 eV, forin situ and ex situ prepared  only above a threshold photon energy of around 3¢ e.
samples as well as for the natural single crystal although it i%(c)]. The narrowe line then appears on the low binding
more distinct for the terraced sample. This peak, which wagnergy side of a broader peak, which is observed already at
observed also in previous wotks anomalous since it has no hy=20 eV and gains strength as the photon energy exceeds
counterpart in the calculated band structure. In the measurespproximately 30 eV. In previous work the narrawline
photoemission spectra we have not noticed any influence afias not resolved and the broader peak was assigned to the
the additional period introduced by the ordered step terracestate.

Binding Energy (eV)
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FIG. 5. Photoelectron energy spectra, all forsitu samples eV suggests that the appearance of théine can be ex-

except for the upper spectrum (@ which is measured for the 1 -inoq™hy including diffracted waves in the final state. At
terraced sample@) Normal emissiorllower spectrumand spec- |y, 35 oy the final energy is 32 eV above the Fermi Iével.
trum recorded with the detector set at 67.5° polar angle to probe th a recent very-low-energy electron diffraction experiment
uppero state in the second zone in a plane normal to the plane OEn energy band characterized by strong hybridization with
incidence(upper spectrum (b) The ¢ line in the second Brillouin off-normal diffracted waves was found to give an onset of
zone at RT and at 100 Kc) The uppero line recorded along the - opqrtion at 33 eV for normally incident electrdAsThe
surface normal at three different photon energies. emergence of the narrow line may therefore be explained
by transitions into this band. The interpretation of the broad
In a plane wave approximation for the final state no emispeak on the high binding energy side of thdine is uncer-
sion is expected from the state in spectra recorded along tain. The binding energy suggests that the emission is due to
the surface normdf The reason is that the state changess band states in the vicinity df. The observation of strong
sign across the surface such that there are equally large pogimission from thes state in the second zon€ig. 5 is in

tive and negative contributions to the photoemission matrixaccordance with observations of Shirletyal ®> and Daimon
element. Our observation of a threshold photon energy of 36t all®
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FIG. 7. (a) Details of band structure calculations along different symmetry directions around the Fermiple(@IVMc) (Ref. 20, (b)
(FPLMTO) (Ref. 10.

The linewidth for the upperr state atl’ is an order of ergy and the shape of the Fermi surface is often described by
magnitude smaller than the widths for thestates al” and  the SWMc parameter$:*® From the different parameter val-
the bottomo state. An obvious reason for this is that the ues reported, the following values of the separation between
quenching of the photohole proceeds by Auger processes @fie two bands at th& point are 0.527 0.582° 0.6721 0.80
different type. The hole in ther and bottomo state can be eV (Ref. 22 and the lower of the two bands alokgM is
filled via intraband Auger processes. These are typicallyy 541" 0.59%° 0.692% 0.81 eV (Ref. 22 below the Fermi
more effective than interband processes, which are the onlgyel at thek point. The latter energies can be compared with
possible ones for the upper state since this makes a band the pinding energy of 0.46 eV for peak B in Figah
maximum. As recently found for electrons with energies near ¢ photon energies, above 46 eV, the acceptance angle
above E¢ (Refs. 5,6 the unusual electronic structure of (. goy of the detector makdsparallel selection too crude
graphite will affect also hole lifetimes. The minute density of to measure accurately the rapid spectral variation near the

states aEg in graphite and the Iowl density within a com_,lple zone cormer. Even dtv=20 eV the strong angular depen-
of eV of Er means a further reduction of the rate at which 4dence makes it difficult to monitor the changes in binding

hole in the uppewr state IS filled. Theﬁ ar_1d the loweror energy and intensity with the desired resolution. As may be
states are at lower energies and line widths are therefore

expected to be less influenced by the density of states in oted in F'g: 6, the spectral changes can be large even Whe_:n
range neaE the change in angle is less than the acceptance angle. While
F .

the spectra are similar for the different samples, the features
due to states near the zone corner with small binding energy
are clearer in the spectra obtained for #e situ prepared

In addition to the narrowr line, a sharp line is resolved Ssample. In particular peak A at near zero binding energy is
for the 7 electrons close to the Fermi level. To our knowl- better resolved. The linewidth is 90 mé¥WHM), which is
edge this has not been noted in previous work. A sample opbtained with an experimental resolution of 50 meV. No sig-
spectra is shown in Fig. 6. With the azimuthal detectionnificant change of the width is observed upon cooling the
angle in the['-K-M direction one finds that a narrow emis- sample to 100 K. We ascribe peak A to thg band(see Fig.
sion pealA in Fig. 6(a)] appears at near zero binding energy 7). The Fermi surface of graphite lies within 0.077 A(Ref.
for polar angles set to observe states close to a corner of tHi20) of the corner of the Brillouin zone. The range of emis-
Brillouin zone. As the polar angle exceeds 57° and statesion angles for which peak A is observed correspondskip a
beyondK are probed at =20 eV, peak A rapidly looses range of 0.096 A!, in fair agreement with the expected
intensity. Peak B shifts to higher binding energies togetherange of populated wave vectors near the Fermi energy. For
with a new peak C such that the energy separation betweem further comparison with the Fermi surface models one
the two remains nearly constant as the polar angle isotes in Fig. 6a) that peak A disappears abruptly as the polar
changed. detection angle is increased from 59° to 60° and states out-

The two peaks B and C reflect the two bands predicted foside the zone corner are probed. A cut of the Fermi surface
the K-M direction outside the zone cornffig. 7(b)]. The  with k,=0 shows a triangular shaf¥&? which is consistent
development of the spectral features is similar, with one exwith the rapid disappearance of peak A beyond the corner of
ception, when the angular dependence is measured at diffethe zone.
ent photon energies in the range 20-46 [édf example, Although the spectra are quite similar at the zone corner
hv=46 eV in Fig. &b)]. At 35 eV only one peak is observed for the different photon energies, the spectral features at
beyond the corner of the Brillouin zone. A possible reason idower polar angles are rather different, as shown in Fig. 6. At
that with a photon energy of 35 eV the emission is fromhy=20 eV [Fig. 6(@], the = band emerges from slightly
states close to thél point, where there is only one band higher binding energies when the angle is increased com-
outside the zone cornéf.The peaks C and B have a separa-pared to =46 eV [Fig. 6b)]. This difference in binding
tion of about 0.4 eV at photon energies in the ranges 20—36nergy may be explained by the dispersion of thestates
eV and 40-46 eV. The energy separation between peak Along thec axis in the manner observed when the binding
and B near the zone corner is also measured to be 0.4 eV fenergies ofr electrons are measured along the surface nor-
hy=20-46 eV. The electronic structure near the Fermi enmal at different photon energies. A possible explanation for

C. States nearEg
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the difference is then, atih=20 eV states near the lower phase space for interband processes limited due to the semi-
band[E, in Fig. 7(a)] are detected while atih=46 eV the = metal character of graphite. Another narrow line, at near zero
emission is from states near the upper bpBgl in Fig. 7(a)]. binding energy, demonstrates that photoemission can be used
to resolve details of the electronic structure near Fermi level
IV. SUMMARY in graphite. Of experimental interest is that graphite overlay-

) ~ ers prepared by heating SiC at high temperature give photo-
~In summary we find that there are narrow emission linesmission spectra with a quality that compare quite well with
in the valence band photoemission spectrum of graphite. Thgyose recorded for natural single crystals.
width of the line due to the upper state is similar to that
measured for the Cslcore level. This makes the state of
interest_as an qlternative_ to t_hes fevel for adsorption and ACKNOWLEDGMENT
absorption studies. The linewidth of tlestate should also
be of interest for hole lifetime estimates in a near 2D case Financial support from the Swedish Research Council is
where intraband Auger-processes are prohibited and thgreatly acknowledged.
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