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The electronic structure and band dispersion of graphen8iOn have been studied by X-ray absorption
spectroscopy (XAS), X-ray emission spectroscopy (XES)@stnant inelastic X-ray scattering (RIXS). Us-
ing first-principles calculations, it is found that the cdrale effect is dramatic in XAS while it has negligible
consequences in XES. Strong dispersive features, due wotiservation of crystal momentum are observed
in RIXS spectra. Simulated RIXS spectra based on the Krateisenberg theory agree well with the exper-
imental results, provided a shift between RIXS and XAS dughéoabsence/presence of the core hole is taken
into account.

PACS numbers:

INTRODUCTION of the XAS excitation energy. Viewing the two processes as
one resonant scattering process, the final state consists of

The recent discovery of graphene has attracted intense réole in the valence band and electron in the conduction band
search interest due to its extraordinary propertieS, sisch a’\”thout core-hole and contains a contribution resonarti @it
high carrier mobiiity [1]’ Strong mechanical Strength [h:kh direct transition between the two band states at the dame
tunable band gap [3]. There are several methods to prepaR9int[17]. This process may conserve crystal momentum and
graphene samples, for example, micromechanical cleafage Bence provides a way to do band structure mapping, which has
graphite [1], annealing SiC single crystal at high tempexat already been successfully applied to diamond [12], graphit
[4] and chemical vapor deposition (CVD) epitaxial growth on [14, 18, 19], Go [20], Cro [21], SIiC [16], and LiBC [22].
different metallic surfaces [5-8]. Among these methods, th However, it remains to be answered whether vibrations break
preparation of graphene through the CVD process becomége Symmetry of the intermediate excited state in RIXS with
most promising since it can produce |arge_area Singie |ayet|he excitonic localization of ther* levels which promotes
graphene and moreover, can be transferred to arbitrary sufe resonant transitions or whether the RIXS is unaffected b
strates to fabricate graphene_based electronic deVicﬁ[G core-hole final-state effects because of the final state X8RI
Specia”y, graphene transferred onto g@bstrate has been Consisting of a hole in the valence band and an electron in
the common system used for the majority of transport experithe conduction band [23-25]. The uniqueness of single layer
ments as it has shown the most interesting electrical tarhsp 9raphene may offer the opportunity to test if similar bebavi
properties [1, 6, 9-11]. Therefore, detailed understapdin N broadbband metals as it does in graphite.
the electronic structure for both conduction and valencelba
of graphene on Si@is a prerequisite to better understand the
transport properties of graphene and improve the perfocman
of graphene-based electronic devices, to which much less at In the present work, XAS, XES and RIXS measurements
tention has been paid so far [10]. have been employed to study the electronic properties of

Soft X-ray absorption spectroscopy (XAS), soft X-ray graphene on SiQsubstrate. Furthermore, calculations of the
emission spectroscopy (XES) and resonant inelastic X-rak-conserving RIXS spectra of graphene have been carried out
scattering (RIXS) have been confirmed to be powerful techwithin the Kramers-Heisenberg formulation [26—28], ird:lu
nigues for investigating carbon allotropes [12-15]. Thylou ing the relevant matrix elements. A key point in comparing
the matrix elements coupling the core-hole wave function taheory with experiment for such spectra is the aligment be-
the empty and filled states respectively, XAS and XES protween the XAS and XES with empty and filled partial den-
vide site and angular momentum resolved partial densifies csities of states (PDOS), respectively. We show that the-pres
states (PDOS) of the conduction and valence bands [15, 16gnce/absence of the core hole in the final state of these two
In RIXS, one studies the variation of the XES as a functionprocesses, repectively, requires a shift in the alignment.
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FIG. 1: (a) C K-edge XAS spectrum of single-layer graphene on

SiO;. The bars indicate where RIXS spectra have been recorded. (b RESULTSAND DISCUSSIONS
XES and RIXS spectra recorded with different excitationrgies as

indicated in the figure. (c) Coherent fraction of the RIXScpeein

(b). The percentage values indicate the coherent corigitsito the The XAS measurement recorded across th&-€dge of
measured spectra. All the emission spectra have been ripeshly ~ graphene on Si@substrate is shown in Fig. 1(a). Fig. 1(b)
the strongest inelastic peak in each spectrum. shows the K-edge RIXS spectra with the variation of exci-

tation energy above the absorption threshold. These emissi
spectra were detected at°3®om the surface normal and the
excitation energy separation between the successiverapect
was not uniform. For comparison, the uppermost XES spec-
trum with excitation energy at 320.0 eV is also shown.

For the RIXS spectra, the strong emission peak located at
high emission energy denotes the elastic scattering channe
and shifts to higher emission energies as a function of the ex

The experiments were performed on the undulator beantitation energy. The spectral shape of the inelastic featur
line 7.0.1 [20] at Advanced Light Source (ALS), Lawrence presents a strong dependence on the excitation energy. How-
Berkeley National Laboratory (LBNL). The XAS measure- ever, thek-conserving resonant contribution is only part of
ments were performed in total-electron-yield (TEY) modethis spectrum [12, 18], and contributes less for the spettra
from sample drain current with the resolution at 0.1 eV. Thehigher excitation energies [16, 28]. The incoherent fracti
emission spectra were measured with a grazing incident gragan be viewed as representing the non-resonant XES contribu
ing spectrometer mounted with its optical axis perpendicul tjon [12, 18]. This contribution is maximally subtractecden
to the incident X-ray beam and in the direction of the po&fiz  the condition that the spectrum should nowhere become neg-

tion vector. The resolution of both monochromator and specative and leads to the indicated fractions of the coherertt pa
trometer were set to 0.45 eV for the XES and RIXS measureof the Spectrum shown in F|g Z(C) In this ﬁgure’ the elastic

ments. All the emission spectra were acquired in the samgeaks are topped-off for clarity.

time scale and normalized to unity for the strongest inglast Fig. 2 shows a comparison of the XAS and XES spectra

emission feature in each spectrum. Single-layer graphene Quiyh various theoretical models. According to the widely ac
Si0; substrate was prepared following the method describede e final state rule, the XAS spectrum should reflect the

in ref. [6]. The microstructure and quality of the grapheneppgs in the presence of the core-hole. We therefore car-
film_s were _characterized by Raman spectroscopy (ISA Groupgeq oyt calculations in @ x 2 x 1 supercell with a core-hole
Horiba) using a 488 nm wavelength laser. included on the central atom which means that its 3 nearest
neighbors as well as the 6 next nearest neighbors do not have a
The band structure of graphene was calculated usingore-hole. The presence of core-hole significantly chatiges
the full-potential linearized muffin-tin orbital (FP-LMTO local DOS compared to the unperturbed graphene and pulls a
method [29] in the local density approximation [30]. Tke  bound state out of the conduction band. This can be illuesdrat
conserving parts or coherent RIXS spectra were calculated iin Fig. 3, which shows the PDOS on the core-hole atom and
the Kramers-Heisenberg formalism as described in ref.. [31] the nearest and second nearest neighbor atoms, companed wit

EXPERIMENTAL AND COMPUTATIONAL METHODS
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that on a carbon atom in a primitive unit cell without core-
hole. We can clearly see that a bound state is pulled out
the conduction band, and even on the second neighbor atol
the PDOS still has significant weight on the bound state. Thi
indicates that the core-hole affects not only the atom orciwhi B e S N . <ol
the core-hole is located but also its nearest neighborsifA sh 260 262 264 266 268 270 272 274 276 278 280 282 284
of about 1.7 eV can be seen between the core-hole bound st XES Energy (eV)

and ther* peak in the undisturbed graphene.

FIG. 4: RIXS spectra (black lines) compared to calculatestsp

Because the incident X-ray beam is at@om the nor- (red lines) at different excitation energies. Bot.h the expental
mal and is s-polarized, the XAS spectrum can be modeled bnd calculated RIXS spectra have been normalized by thegsisd
3p.+1ip, PDOS. This conduction-band PDOS on the atom helastic peak in each spectrum.
including the core-hole is shown by the blue dashed line in
Fig. 2 with the bound state peak (or core-exciton) alignedpe Kramers-Heisenberg equation [12, 14, 28] given by Eq. 1:
with the experimentat* peak. The corresponding weighted
PDOS from a carbon without the core-hole in perfect crystal do
graphene is shown as the dash-dotted cyan line. We can see [m} 5 & ZZ
that the theory including the core-hole effect much beteer a “ koo
counts for the experimental line shape, in particular tregosh X6(wr — wy = Eer, + Eug)- 1)

of the onset beyon*d the bounq state upito about 290.0 eV arlQere,<ck| and|vk) represent the conduction band and valence
the location of ther* peak relative to the* peak. Even peaks band states &, with energiesz.,., Euy; |s) is the core-hole

upto gbout310.0 eV can be recognized as weak featuresin ﬂ%?ate with energyZ, ; p. andp; denote the momentum oper-
experiment, ators for the incoming and outgoing beam polarization, with

Returning now to the XES in Fig. 2, it should be r(:Jpre_energiessul andw?, respectivelyl“ is the core-hole Iifetime.
sented by the PDOS without core-hole according to the final N the calculations we consider XAS and XES energies rel-
state rule. Furthermore, because in the XES process no pgtive to the Dirac point. Accordm_g to the alignments worked
larization sensing is done, we compare directly with thaltot Ut above from the XAS-XES with PDOS, the spectrum at
p-like PDOS without relative weighting of the. andp, in XAS energyw; at 284.7 eV should correspond to exciting at
pure graphene. We find that in order to align this with thethe_ Dirac point, but the calculgted spectrum should then be
XES spectrum, we need to shift down the calculated spectrurdifted up by 283.0 eV as we did with the non-resonant XES
by about 1.7 eV (see Fig. 3). This can be explained by théNce the core-hole does not affect the position of the RIXS
fact that the core-hole, which pulled down the PDOS by abouPectrum. If it were, then the periodicity and hence khe
1.7 eV, is not present in the final state of XES and hence thgonservation would be broken. The calculated spectra fer va
experimental spectrum should be shifted up by 1.7 eV to undéPUs excitation energies are shown and compared to the-exper
this core-hole shift. Since we know precisely where the ®ira Imental spectra with this alignmentin Fig. 4. In other words
point in the band structure occurs relative tothgpeak of the ~ the above analysis allows us to determine which theory spec-
PDOS without core-hole, and this is in fact very close to thel’Um to align with which experimental spectrum and how to
position of ther* bound state with core-hole, we can identify &lign their energy axes. The experimental spectra showa her

the Dirac point as occurring at 284.7 eV in the XAS spectrum '€ more precisely the RIXS in which the incoherent fraction
was removed according to the procedure mentioned earlier.

To understand thke-dependent RIXS spectra in more detail ~ Various features in the RIXS spectra are labeled with let-
we have simulated the RIXS spectra for graphene based ders in Fig. 4 for the ease of the following discussion. The
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Graphene

weakr*-7 emission feature has been observed for graphite,
which was attributed to the inequivalence of carbon sites in
the presence of ABAB stacking [14]. Our calculations show
that the feature D gradually increases in intensity as weemov
from K towardM where ther andr* peaks occur in the DOS.
The reason why this weak feature is not seen may also in part
be due to the fact that it occurs in an energy range close to
the large elastic peak and therefore the subtractions dhthe
coherent part and elastic peak may have removed the feature
all together. In other words, it is hidden under the tail af th
elastic peak. At higher excitation energies the relatiothwi
the k-points becomes less clear because then the excitation
energies intersect the conduction bands at various paints i
-20F KM 20507 " 07 os cluding nearl’. The dispersion of the A, B and C features is
DOS (states/eVicell similar to that observed for graphite by Carlisteal. [14] and
shows the similarity of the overall band structure of gréghi
and graphene. The experimental spectra for 284.7-285.5 eV
as excitation energies show considerable spectral wemght i
the range 274.0-280.0 eV, which is not accounted for in the
dashed line are guides for the eye on how these features digalculated RIXS spctra. This may be because of imperfect
perse with excitation energies. Fig. 5 shows the band streict  syptraction of the incoherent part or may indicate sourées o
and density of states in pure graphene and indicates the fegarhon different from pure graphene, such as defectivestat
tures correlation with the bands, or band mapping. First ofjye to the interaction with the substrate [32], which cowdd b
all, we note that at low excitation energies we essentialy s expected to affect-bonded states in this energy range.
emission from ther bands only. This is because the emitted \yjle the Krames-Heisenberg simulations confirm the ma-
beam is at right angles from the incoming beam,3(€.from  jor features to be related to the band dispersion in grapinene
the normal and hence primarily corresponds to in-plane poa similar manner as in graphite [14], their explicit caldida
larization. The low excitation energies are close to thedir provides further insight in the evolution of the spectraisa
point or K -point in the BZ. There is very little DOS at this of the RIXS with variation of the XAS excitation energy as
point, and hence the spectral weight is low. It is worth men-jiscussed in the discussion of the evolution of the caledlat
tioning that Fig. 4 shows calculated spectra scaled by peajeatures above. The band mapping assumption that at each
height but the absolute intensity is weak for the low excita-xAS energy the bands are only intersected at aKepoints
tion energies. So, the feature labeled A corresponds te the gng then the bands in XES are got from just thkseoints
band close td<. The fact that the feature B below it extends js somewhat oversimplified [16]. The core-hole electron in-
down to several eV indicates that we pick up contributionsteraction and matrix elements were previously includedhén t
from some range df-points neaK in the spectrum. Thisis  study of RIXS spectra for graphite by Carliseal. [33], us-
related to the core-hole lifetime broadening fadton the Eq.  jng the Bethe-Salpeter equation [34]. Our present approach
1. has the advantage that it can be more readily included in a
The fine structure of this peak is not resolved in the experband structure code and defers the core-hole interaction ef
iment but the broad shoulder extending down to 265.0 eV igects to the questions of alignment discussed earlier i thi
clearly visible in all the experimental spectra. As incirgs paper. This provides a simpler perspective on these effects
the excitation energy it can be seen these features shift be-
cause we move away frol towardsI” andM. The lower
band (feature B) moves down and the upper one (feature A) CONCLUSIONS
moves up. At about 285.5 eV excitation energy, a new fea-

ture C appears which disperses upward and grows in inten- To conclude, the electronic properties and band dispersion
sity. This is because we approach #epoint in the BZ. At of graphene on Sighave been investigated by XAS, XES and
M there is a large density of states due to a saddle point iR|XS and analyzed using first-principles calculations. The
the band structure (see Fig. 5). The agreement between thgiXs spectra show distinct dispersive features and are-inte
ory and experiment in terms of the shape of the spectrum igreted as due to the conservation of crystal momentum dur-
particularly good in the range of 285.0-288.0 eV. ing the RIXS process. Kramers-Heisenberg calculations of
The feature D in the theory corresponding tottier emis-  the k-conserving RIXS spectra display the same band dis-
sion atM is not visible in the experiment. This could be be- persion trends as in graphite. However, in order to obtain
cause the emission by-bands is symmetry forbidden since an optimal agreement between the similated and experimen-
ther andn* states of the two carbon atoms in the graphendal RIXS spectral shapes with varying XAS excitation energy
unit cell have an opposite phase relation [14, 32]. Howeverthe shift between XAS and XES energy scales due to the pres-

Energy (eV)
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FIG. 5: Band structure and DOS of graphene.
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