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We report a photoemission study on high-quality single-crystal graphite epitaxially grown on SiC. The
results are interpreted using independent information on the final states obtained by very-low-energy electron
diffraction. Significant intrinsic photoemission and surface effects are identified, which distort the photoemis-
sion response and narrow the observed dispersion range of #iate. We assess its true dispersion range
using a model photoemission calculation. A significant dependence of the excited-state self-energy effects on
the wave-function character is found. The experimental results are compared @it Galculation.
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[. INTRODUCTION theory (DFT) and quasiparticle band calculations. This has
revealed strong excited-state self-energy effects whose band
The electronic structure of graphite, a prototype quasidependence correlates with the spatial localization of the
two-dimensionalquasi-2D material, is important for under- one-electron wave functions.
standing more complicated systems in this family, for ex-
ample transition-metal dichalcogenides and HTSCs. Despite Il. EXPERIMENT
extensive studies, mainly using angle-resolved photoemis- A. Sample preparation

sion (PE) spectroscopy? it remains far from being com- Th hit | d by th | epitaxial
pletely understood. In particular, knowledge about the 3D € grapnite sample was prépared by thermal epitaxia

effects connected with remnant interlayer interaction is espegrowth on the Si-terminated surfape of GH'mO.OD : The
. ) . . . substrate was cut from a commercial 0.3-mm-thick nitrogen-
cially poor: a considerable disagreement remains betwe

. . . e('i]oped 6H-SIC wafe(CREE Researgh It was fixed on a
the experimental and calculated dispersion of thestate hollow Mo sample holder with an electron bombardment
perpendicular to the layers.

_ ) _ heating system on the underside. After introduction into the
Several problems complicate the interpretation of the P'-:ultrahigh—vacuum chamber, the sample was heated to 850°C
spectra of graphite. That of the structural imperfection ofynger a Sj flux from a resistively heated Si wafer. This clean-
available graphite single crystals is solved in this study usingng| procedure, which removes the native surface oxide, leads
an epitaxial growth technique of sample preparafiéAThe o a Si-rich 3<3 reconstruction as observed by low-energy
intense secondary-electr¢8E) structure in the PE spectra is electron diffraction(LEED). The sample was then annealed
reduced using the constant-final-sta@FS mode of data for several minutes at temperatures above 1100°C without
acquisition. The prominent final-state effects, which are cruthe Si flux. At this temperature, SiC dissociates and Si sub-
cial for proper evaluation of the layer-perpendicular disperdimates, leaving C-rich surface layers that tend to form a
sions, are taken into account based on the recent informatiagraphite structurd® These cycles were repeated several
on the unoccupied states obtained by very-low-energy eleaimes increasing the annealing temperature up to 1400°C.
tron diffraction (VLEED).’ The procedure gives a layer-by-layer growth of an epitaxial
These approaches enabled us to reveal new intriguingraphite film. Its crystallographic quality was ascertained by
properties of the electronic structure of graphite. In particu-a sharp X1 LEED pattern without any visible rings, which
lar, we have found that the controversy regarding#hleand  would indicate an azimuthal disorder. The graphite film
dispersion is mainly due to strong distortion of its PE re-thickness was such that the SiC substrate could not be de-
sponse by intrinsic lifetime and surface effects. Deconvoluttected by LEED.
ing of the intrinsic effects has allowed for a reliable compari- The resulting epitaxial film, as was demonstrated in our
son of the experimental results with density-functionalprevious studies, is indistinguishable from a bulk graphite
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crystal. First, this was confirmed by grazing-incidence x-ray '
diffraction (GIXD) experiment3in which the in-plane dif-
fraction profiles gave the lateral lattice constant2.451 A
+0.01 A. It is in excellent agreement with the valae \) O-stares hy
=2.4589 A documented for single-crystal graphite. The ep- \ w
itaxial film is thus fully relaxedno strain or reconstruction 55
Furthermore, the out-of-plane diffraction profiles confirmed
the characteristicABAB stacking. Interestingly, the lateral
lattice constant remained essentially unchanged from the
very first graphene plane. This demonstrates a very weak
interaction of graphite with the SiC substrate, in contrast to

il

metal substrate@.g., Nj. Clearly, the epitaxy of graphite on ? \ g
SiC adopts the van der Waals mechanism, i.e., the substrate =~ & \ 17
only orients the epitaxial layer without affecting the lattice 8| SE & 35
parameters. Second, the whole body of the inversé PE, :Mg 33
VLEED, and PE data measured on the epitaxial film was , — %

compared with the available data measured on the single =
crystals. The comparison showed no notable differences in \
the electronic structure regardless of the orientation of the ! \
orbitals relative to the layers. This again implies the same :
lattice constants and a very weak interaction with the sub- ) -
strate. Furthermore, a high surface quality of the epitaxial } \
film was confirmed by both GIXD and scanning tunneling ; \ »
microscopy(STM). They revealed the formation of flat ter- N 52
races with the same orientation and an average width greater 24
than 200 A. 23
Epitaxial graphite samples have several advantages over
natural or Kish single-crystal graphite. First, flexibility of
the natural graphite crystals and inhomogeneity of their FiG. 1. Experimental normal-emission EDC spectra. Identifica-
surface make it difficult to maintain uniform angular orien- tion of the spectral peaks is shown. A reverse dispersion of the
tation of the sample surface. Second, the natural and Kish-state peak in the low-energy final-state band ¢sge the text
graphite crystals typically contain a few azimuthally mis- below is indicated by the dashed line.
oriented crystallites. As the probing area often covers several
crystallites, the angle-dependent measurements may become

less reliable. In contrast, eplt_aXIaI graphl_te films IrOWNsense of a better spectral contrast due to a better quality of
on top of an electronic-grade SiC wafer polished to an opti-

L . epitaxial graphite. Also the SE intensity is lower due to rela-
cal finish have a very flat surface and truly single-crystal; . )
character. tively weak higher-order light.

In the low-energy region, the SE structures remain never-

theless rather intense, which can impair proper evaluation

B. Experimental results of the valence-band energies. To suppress their influence,
in this region we have measured a series of spectra in the

The photoemission experiment on epitaxial graphite wags . : .
. P . FS mode by varyindhv with constant final-state energy
performed at LURE, beamline SA{@reliminary studies of E'. In these spectra, the SE structures, which are character-

the electronic-structure evolution during the graphite film, y
growth were carried out on the Spanish beamline, SUBe  12€d by E'=const, form only a constant background and
spectra were taken at normal emission, which corresponds §uS do not interfere with the peaks from the valence band.
the layer-perpendiculaf A direction of the bulk Brillouin These spectra aftgr the noise reduction are ;hown in Fig. 2.
zone(BZ). Linearly polarized monochromatic light from the They were normalized to the photon flux using the current
plane grating monochromator was used with a polar incidenffom a gold mesh installed after the exit slits of the mono-
angle of 45° and the electric vector lying in the plane ofchromator.
incidence containing the surface normal, giving thus equal The experimental spectra were insensitive to details of the
amplitudes of the electric vector parallel and perpendiculasample preparation procedure. Only a shoulderlike structure
to the surface. To cover a wide range of photon enefigies near —5.6 eV, developing at lovh», showed some varia-
we used two different gratings. tions and reduced in amplitude upon improvement of the
The experimental spectra taken in the energy-distributiongraphite film quality. Lying outside any band dispersion
curve (EDC) mode (smoothed by Gaussian with a 50-meV ranges or the regions of high density of states, this structure
half-width to reduced the noigsare shown in Fig. 1. Our might not be intrinsic for graphite but due to a remnant sig-
results compare well with previous data obtained on naturahal from the SiC substrate or from Si atoms embedded in the
single-crystal graphitébut the spectra are “cleaner” in the film.

grating 1
30

10 -8 6 -4 2 E-Egp(eV)
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FIG. 2. Experimental normal-emission CFS spectra. The spec- O-states
tral peaks are identified as in Fig. 1. T-state
-10

[1l. DISCUSSION ) . i i
FIG. 3. E(k,) of the main PE final bands in the region of the

A. @ state band gaps in thé" point (black lines modeled using the VLEED
data. Note the smoothing of the dispersion due td/; and dra-

Analysis of thek, dispersions in the valence band re- i . S
. first of all, knowledge of the PE final bands Thematlc increase of Ik, in the band gaps resulting in decrease of the
quires, ’ ) photoelectron escape depth=(2 Imk, ). For clarity, the inset

_Corre_Spondng(ki) is described by complek, , Whos? showsE(k, ) for V;=0. The lower panel shows the DFT-LDA cal-
imaginary part Ink, accounts for the Bloch wave damping cylated valence bands from Ref(ifi the photoemission process,
due to finite electron lifetime and coherent scattering off theremains real, contrary to the final bands, because the initial-state
crystal potential in the band gaps. wave function is almost undamped due to a very large absorption
Recently, we have performed an independent study of th&ength of the light.
final bands of graphite using VLEEDThese bands demon-
strated dramatic deviations from a free-electron-like disper- The experimental dispersion of thestate peak in the PE
sion due to strong perpendicular corrugation of the crystaspectra, intriguingly, deviates from that expected from the
potential resulting from the quasi-2D layered nature offinal-statek; dispersion. Indeed, the bottom of theband in
graphite. The band gaps in tliepoint were found to extend theI” point (Fig. 3) is reached when the final bands pass this
from 10.8 to 18.6 eV and from 36.3 to 42.7 eV. In addition, point in the lower-energy band gap Bt=14.5 eV (taking
we estimated the energy dependence of the electron absoripto account the double-zone dipole selection rthe<One
tion potentialV;, giving the final-state lifetime. These data, would expect that this energy delivers the dispersion mini-
as demonstrated on certain transition-metal dichalcogeflidegnum of the PE peak. However, in the experiment, the mini-
allow us to obtain the final-state, dispersions using a fitt mum is~4 eV higher inE', closer to the upper edge of the
ting procedure. In the present study, focusing on determindfinal-state band gap, with @verse dispersiottowards the
tion of the -state dispersion range along tRé line, we  middle of the gap. This effect does not occur for the upper
will proceed with a simplified model for the final bands. ~ edge of ther band, coupled to the higher-energy pass of the
The final bands were modeled using the empirical pseuddt point: E'=39.4 eV predicted by the final sta(k,)
potential method. The basis included only plane waves wittgrees well witfE'=40+0.5 eV corresponding to the maxi-
the vectorsk+ G perpendicular to the surface, which is suf- mum of the PE peak dispersion.
ficient for the main bands coupling to vacuum in the region The observed peculiarity of the PE response ofttetate
of interest near th& point? E(k, ) was calculated by reduc- reveals that the analysis of the dispersions requires, be-
ing the secular equation for compldx to an eigenvalue sides knowing the final-state dispersions, accountingrfor
problem!® The empirical parameters—the effective mags  trinsic effectsinvolved in the PE process that cause shifting
and two relevant Fourier components—were determined bpf PE spectral peaks from the true quasiparticle bands, i.e.,
settingV; =0 and fittingE(k, ) to the two experimental band the dispersions of the peaks of the valence-band spectral
gaps in theI' point. The calculatedE(k,) is shown function A(w,k). These effects are essentially due to the
in Fig. 3. The dispersions are smoothed dueVto The final-statek, broadening Ink, and the initial-state energy
photoelectron escape depth, determined byklmas A broadeningv=h/r, wherer is the hole lifetime; their com-
=(Im/k,)"?, due to wide final-state band gaps dramaticallybination determines the profile of the PE peak, see, e.g.,
deviates from the usual dependence of a monotonous irRefs. 12 and 13. Recently, it was noticed that if the initial-
crease upon decreasihg. Note that by using the VLEED statek, dispersion is nonlinear, then the broadenings form
data, the obtainedE(k,) incorporates the true non-free- an asymmetric PE peak with the maximum shifted from the
electron and self-energy effects. energy, dictated by the direct transition, toward a larger inte-
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AES]| siparticle band is measured in the PE experiment, and de-
pends on the parameters of the selected final state.
7 The results give a good qualitative description of the ex-
S perimental results. The reverse dispersion near the bottom of
=t the 7 band occurs because the increase ok|nin the cor-
E responding final-state band géfig. 3) is exceptionally large
due to a very large gap width and relatively smé|l This
' results in an exceptionally large increase of khebroaden-
e ST o ing and, therefore, in-band shifting, which overcomes the
i : LAE, trend dictated by the final staté(Rek, ).}’ For the upper
r ki A edge of ther band, coupled to the higher-energy final-state
band gap, a similar effect is negligible because, due to the
12k larger V; and smaller gap width, the relative increase of
I (arb. units) Imk, is much smaller. Note that if the final bands were
described within the usual model of free-electron-like bands,
FIG. 4. Modeled PE response of thestate as the maxima of the implied empirical adjustments would mimic the reverse
the PE peakgdots, which line up in branches according to different dispersion and this intrinsic photoemission effect would be
final band$ on top of the true band dispersion. The deviations, hidden.
particularly notable in the reverse dispersion near the band bottom, The experimental reverse dispersion range is-slll2 eV
are the intrinsic shifts. The shown peak pl’OfIle |“Ustrates this eﬁ:ecqarger Compared to the model Calculat|0n Though Sma”’ thls
for the band bottom; the peak maximumy is shifted fromE,  giscrepancy may indicate two effects. First, it may have a
dictated by the direct transition. The corrections applied to the Xeontribution due to surface effects not included in the model
perimental peak dispersion range are indicated. calculation. As in the middle of the final-state band gap the
valence-band wave function is probed at reduaedom-
pared to that near the gap eddas-0.8 A and 1.7 A corre-
spondingly, as determined from lkn in Fig. 3). The poten-
tial near the surface differs intrinsically from the ideally
terminated bulk one due to overlap with the surface barrier
and, probably, a minor relaxation of the interlayer distance.
“This causes a surface modification of the band structure in
that the wave function differs from the ideally terminated

[=)}
'
o0

L E-E-(eV) |

=

gral number of states within the broadening proffi&° Be-
low, we will show that this intrinsic effect severely distorts
the PE response of the state.

We modeled the intrinsic effects using the VLEED-
derived final bands and assuming the unperturbed hulk
band. The PE peak profiles were calculated by analyti
integratiort® of the expressioff3

bulk one, which may result in a shift of the PE peak. The
+ o 1
|(Ef)3cJ same effect may occur near the upper edge ofzthigand
-= (k] —Rek; )2+ (Imk, )2 (A~1.2 A). Second, the phototransition matrix element may
sharply decrease near theband bottom, a rather common
1 K phenomenon for thep bands, which, in combination with
X[Ef_hv_Ei(ki)]z_i_(VP)zd L strong broadening of the PE peak, will result in its shift to

higher energie§.The small value of the observed discrep-
where the first term is the final-state Lorentzigndistribu-  ancy suggests, however, that neither effect is pronounced.
tion centered on the final-state Re, and the second is the To achieve the truer-band dispersion range, we first de-
initial-state energy distribution centered on the band dispereonvoluted the intrinsic effects. The corresponding correc-
sion E'(k,). The matrix element and surface transmissiontions were found near the band extrema from the above
factors were assumed to be constdEli(k,) was approxi- model calculations as shown in Fig.(for the band bottom,
mated by a quadratic dispersion fitted to the DFTwe used the peak dispersion minimum away from the
calculations’ The V" value of ~1.9 eV, varying insignifi- ~ point, where\ increases and the surface effects are reduced
cantly within the band, was obtained from the experimentaWith the experimental PE peak dispersing fron®.1 eV

PE peak width using the known final state km. (determined from the CFS spectra —7.9 eV (EDC), we
The results of modeling are shown in Fig. 4. In particular,obtained them-band dispersion range from-9.3 eV to
near the band edges, as shown for the bottom ofthand, ~ —7.7 eV with the integral accuracy abot0.1 eV. Decon-

the peaks become asymmetric and shift from the positionvoluting of the matrix element and surface effects is presum-
dictated by the direct transition, into the band interfor- ~ ably also important, but their modeling requires slab band

band shifting due to the absence of states beyond the bangtructure and one-step PE calculations, which are computa-
limits. This effect results in a deviation of the peak disper-tionally difficult and has not been done in this work.

sion from the trueE(k, ), which is significant compared to

thek, dispersion rangésimilar effects treated in the frame- .

work of one-step PE calculations are discussed in Ref. 16 B. Excited-state self-energy effects

We stress that this deviation is an intrinsic PE effect that has The experimental band energies were compared with the
nothing to do with a deviation of the quasiparticle band fromtheoretical results, calculated in the DFT-local-density-

the ground-state pictur@see belo it reflects how the qua- approximation(LDA) framework using the first-principles
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graphene layejglepending on the layer-perpendicutacoordinate
DFT GWA EXP perpendicular to the layers. The vertical arrows indicate the position

FIG. 5. Comparison of the experimenta! ando-state energies ©f the graphene layers.

with the DFT-LDA and quasiparticl&W calculations. _
same difference betwe€or|V, o) and{ |V, 7). TheGW

pseudopotential metho@Fig. 5). The deviations are signifi- calculatedAS are therefore basically equal for both states.
cant, on the whole-1 eV. In our case, the error introduced Nevertheless, for many systems such as Cu the dynamic
by the LDA is presumably insignificantfor the valence exchange-correlation has a stronger dependence on the elec-
band, the LDA and generalized gradient approximation giveron density than the static one, and a stronger localization of
almost identical resulfs The deviations occur, therefore, a state in a high-density region with a larger value(of
because the dynamic electron exchange-correlation potentiahads to a strongeAs.>%° The observed band dependence
expressed by the self-energy differs from the static DFT  of A, in Fig. 5 seems to indicate that this behavior is also
oneV,.. The self-energy corrections to the band energies argresent in graphite. It is an open question as to why this
determined by the expectation value&X=(¢|ReX  effect is not found in the prese@W results. It should be
—V,d #). The observed > show a band dependence: #he noted that an analysis of the specific physical origins of the
states, despite being closerig, are more strongly shifted AS, shifts is highly sensitive to the numerical accuracy of the
compared to ther state. GW and DFT calculations, as the difference between the
The results of a first-principles quasiparticle calculationdynamic and static exchange-correlation is normally less
are also shown in Fig. 5. The self-energy operator was evaluhan 10% of the total value.
ated here within th&sW approximation based on the DFT-

. 19 .
LDA pseudopote_nnal_ schent®!® The calcul_at|on repro- IV. CONCLUSION
duces well the direction and average magnitude ofAbe
shifts to within a few tenths of an eV. Refined PE measurements on graphite have been per-

The band dependence &, may be related to the spatial formed using an epitaxially grown high-quality sample. The
localization of the one-electron wave functions determinedsalence band along the layer-perpendicililérline of theBZ
by their overlap with the varying valence electron densitywas studied in detail. Interpreted using VLEED experimental
n(r) (the core electrons make a negligible contribution to thedata on the final bands, the PE data have revealed new pe-
dynamic self-energy effects in the valence band due to largeuliarities of the electronic structure of this prototype layered
energy separations and thus weak virtual scattering fronmaterial.(i) PE response of the band is severely distorted
them.’>2°This effect can be expressed through an effectivepy intrinsic broadening effects, which narrow the observed
wave-function-weighted densityn)= [n(r)|#(r)|?dr. The  band dispersion and can even reverse it. Similar effects can
calculation in Fig. 6 shows that the states are weighted occur in other layered materials whose final bands are highly
mainly in the interlayer region. They experience thus a smalstructured due to their quasi-2D nature. The experimental
effective(n)=0.105 (a.u.) 3. The o states are weighted, on data deconvoluted from the intrinsic effects place theand
the contrary, within the layers with large electron density andalong thel’A line from —9.3 to —7.7 eV, but these figures
experience a largén)=0.208(a.u.) . Concomitantly, ther  are still to be improved against the surface and matrix ele-
states have a much stronger expectation véijiReX|o) of  ment effects(ii) The experimental valence band experiences
the self-energy, in ouGW calculation—17.3 eV, than ther  significant excited-state self-energy effects whose band de-
state valug(mReX|m)=—13.1 eV. This effect, however, is pendence is connected with the spatial localization of the
already found within the DFT-LDA, which yields almost the one-electron wave functions.
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